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	I	

Summary	
	
	
Brown	 adipose	 tissue	 (BAT)	 is	 a	 highly	 specialized	 tissue	 that	 functions	 to	 maintain	

body	 temperature	 during	 cold	 challenge	 through	 non-shivering	 thermogenesis.	

Numerous	genes	and	pathways	 that	 regulate	brown	adipocyte	biology	have	now	been	

identified.	However,	the	role	of	cell	cycle	regulators	in	the	development	and	the	function	

of	this	oxidative	fat	depot	has	not	been	thoroughly	studied	yet.	Cyclin-dependent	kinase	

4	(CDK4)	is	a	cell-cycle	regulator	known	to	modulate	several	metabolic	processes.	This	

protein	 is	 associated	 to	 the	 regulation	 of	 oxidative	 metabolism	 and	 now,	 we	 aim	 to	

determine	 its	 role	 in	 thermogenesis.	 Interestingly,	 Cdk4	 inactivation	 in	 vivo	 led	 to	 a	

marked	metabolic	phenotype	in	BAT,	pointing	towards	a	participation	of	CDK4	in	non-

shivering	 thermogenesis.	 First,	 BAT	 from	 Cdk4-/-	 is	 smaller	 and	 exhibits	 increased	

mitochondrial	 number	 and	 decreased	 lipid	 droplet	 size.	 Moreover,	 the	 expression	 of	

canonical	 thermogenic	 genes	 is	 increased	 in	 the	BAT	 of	 these	 animals,	which	 renders	

them	more	resistant	to	cold	exposure.	 Interestingly,	sympathetic	 innervation	of	BAT	is	

also	 increased	 in	 these	 mice	 maintained	 at	 room	 temperature,	 a	 condition	 of	 low	

adrenergic	activation.	Moreover,	neurotrophins’	gene	expression	analysis	in	Cdk4-/-	mice	

suggested	 that	 CDK4	 controls	 neuronal	 growth	 in	 BAT.	 On	 the	 other	 hand,	 specific	

deletion	 of	Cdk4	 in	BAT	has	 no	 effect	 in	 the	 regulation	 of	 thermogenesis.	Overall,	 our	

findings	 demonstrate	 that	 CDK4	 has	 a	 major	 role	 in	 BAT	 biology	 and	 in	

thermoregulation	through	the	central	nervous	system.	
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	III	

Résumé	
	
	
Le	 tissu	 adipeux	 brun	 (BAT)	 assure	 la	 thermogenèse	 non-frissonnante	 qui	 permet	 le	

maintien	 de	 la	 température	 corporelle	 dans	 un	 environnement	 froid.	 De	 nombreux	

gènes	 et	 voies	 régulant	 la	 biologie	 de	 l’adipocyte	 brun	 ont	 été	 découverts	 jusqu’ici	 ;	

cependant,	 le	 rôle	 des	 régulateurs	 du	 cycle	 cellulaire	 dans	 le	 développement	 et	 la	

fonction	de	ce	tissu	adipeux	oxydatif	n’a	jamais	été	étudié.	La	protéine	cyclin-dependent	

kinase	 4	 (CDK4)	 est	 un	 régulateur	 du	 cycle	 cellulaire	 connu	 pour	 également	moduler	

plusieurs	 processus	 métaboliques.	 CDK4	 est	 associée	 à	 la	 régulation	 du	 métabolisme	

oxydatif	et	au	cours	de	ce	 travail,	nous	avions	pour	objectif	de	déterminer	sa	 fonction	

dans	la	thermogenèse.	In	vivo,	l’inactivation	de	Cdk4	(souris	Cdk4-/-)	induit	un	phénotype	

majeur	dans	 le	BAT,	mettant	 en	 évidence	 le	 rôle	de	CDK4	dans	 la	 thermogenèse	non-

frissonnante.	Chez	ces	souris,	le	BAT	est	plus	petit	et	contient	des	gouttelettes	lipidiques	

plus	petites	et	un	plus	grand	nombre	de	mitochondries.	De	plus,	chez	les	souris	Cdk4-/-,	

l’expression	 des	 gènes	 thermogéniques	 est	 augmentée	 et	 rend	 ces	 souris	 plus	

résistantes	au	froid.	De	plus,	l’innervation	sympathique	du	BAT	est	augmentée	chez	les	

souris	 Cdk4-/-	 élevées	 à	 température	 ambiante,	 une	 situation	 où	 l’activation	

adrénergique	 est	 limitée;	 enfin,	 l'analyse	 de	 l'expression	 des	 gènes	 de	 la	 famille	 des	

neurotrophines	suggère	que	CDK4	contrôle	la	croissance	neuronale	dans	le	BAT.	D’autre	

part,	la	délétion	de	Cdk4	spécifiquement	dans	le	BAT	n’a	pas	d’effet	sur	la	régulation	de	

la	thermogenèse.	En	conclusion,	nos	résultats	démontrent	que	CDK4	joue	un	rôle	majeur	

dans	la	biologie	du	BAT	et	dans	la	thermorégulation	via	le	système	nerveux	central.	
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Chapter	  1:	  Introduction	  

I. Therapeutic	  potential	  of	  brown	  adipose	  tissue	  

	  
1) Obesity,	  metabolic	  syndrome	  and	  energy	  balance	  

	  

Nowadays,	   obesity	   is	   a	   rapid	   growing	   epidemic	   because	   of	   the	   alarming	   rates	   of	  

overweight	   individuals	   worldwide	   (1).	   The	   prevalence	   of	   obesity	   is	   increasing	  

constantly	  and	  in	  2014,	  39%	  of	  the	  adult	  population	  was	  overweight.	  	  Obesity	  is	  defined	  

by	  using	  the	  Body	  mass	  index	  (BMI).	  A	  BMI	  greater	  or	  equal	  to	  25	  is	  defined	  overweight,	  

a	  BMI	  greater	  or	  equal	  to	  30,	  obesity	  and	  a	  BMI	  equal	  or	  over	  40,	  extreme	  obesity.	  

	  

Obesity	   is	  strongly	  associated	   to	   the	  development	  of	   the	  so-‐called	  metabolic	  syndrome,	  

which	  has	  been	  shown	   to	   induce	   the	  outcome	  of	  diabetes	  and	  cardiovascular	  diseases	  

(CVD).	  The	  metabolic	  syndrome	  appears	  with	  the	  weight	  gain	  and	  in	  particular	  with	  the	  

increase	  in	  intra-‐abdominal	  fat	  accumulation	  represented	  by	  larger	  waist	  circumference.	  	  

It	   includes	   metabolic	   disturbances	   such	   as	   high	   blood	   pressure,	   dyslipidemia,	   insulin	  

resistance	   and	   high	   plasma	   glucose.	   All	   of	   these	   pathophysiologies	   can	   result	   in	  

increased	  risk	  of	  type-‐2	  diabetes	  (T2D)	  and	  cardiovascular	  episodes	  (2).	  

	  

Energy	  balance	  is	  described	  as	  the	  equilibrium	  of	  energy	  intake	  and	  energy	  expenditure	  

(EE).	   When	   energy	   balance	   is	   positive	   because	   energy	   intake	   exceeds	   energy	  

expenditure,	   it	   causes	   weight	   gain	   and	   therefore,	   obesity.	   	   Energy	   taken	   in	   the	   body	  

includes	   dietary	   and	   food	   intake	   in	   the	   form	   of	   carbohydrates,	   lipids	   and	   proteins.	   In	  

contrast,	   energy	   expenditure	   is	   the	   combination	   of	   basal	   metabolism	   and	   physical	  

activity	   (3-‐5).	   	   Moreover,	   it	   is	   well	   known	   that	   thermogenesis	   (heat	   production)	  

contributes	  to	  the	  equation	  and	  it	  is	  a	  component	  of	  EE	  (Figure	  1-‐1).	  
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Figure	  1-‐1.	  Energy	  balance.	  Energy	  balance	  is	  the	  equilibrium	  between	  energy	  taken	  in	  

by	   the	   organism	   as	   food	   and	   energy	   dissipated	   by	   the	   body	   as	   basal	   metabolism,	  

physical	   activity	   and	   thermogenesis.	   Brown	   adipose	   tissue	   (BAT)	   is	   dedicated	   to	   heat	  

production	   increasing	   the	   whole	   energy	   expenditure	   of	   the	   organism.	   If	   energy	   in	  

exceeds	  energy	  expenditure,	   then	   the	  extra	  calories	  are	  stored	   in	  white	  adipose	   tissue	  

(WAT)	   inducing	  weight	   gain.	   In	   contrast,	   if	   energy	   expenditure	   is	   higher	   than	   energy	  

intake,	  body	  weight	  loss	  is	  favored.	  
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2) White	  adipose	  tissue	  at	  the	  center	  of	  obesity	  

	  

The	  excess	  of	   calories	  of	   the	  positive	  energy	  balance	   is	   stored	   in	  white	   adipose	   tissue	  

(WAT)	   (5,	   6).	   There	   are	   several	   different	  WAT	   depots	   in	   the	   organism	   but	   there	   are	  

mainly	  two	  different	  localizations,	  the	  visceral	  and	  the	  subcutaneous.	  The	  visceral	  WAT	  

surrounds	   the	  organs	  and	   includes	   the	  omental,	  mesenteric,	  perirenal,	   retroperitoneal	  

and	   gonadal.	   On	   the	   other	   hand,	   the	   subcutaneous	   WAT	   is	   localized	   mainly	   at	   the	  

abdominal	  level	  (Figure	  1-‐2)	  (7).	  	  

	  

Considered	  a	   longtime	  as	  an	   inactive	   tissue,	  WAT	   is	   the	  main	  organ	  of	   energy	   storage	  

and	   it	   is	   mainly	   composed	   of	   cells	   named	   white	   adipocytes.	   They	   are	   also	   called	  

unilocular	  adipocytes	  because	  they	  have	  a	  big	  lipid	  droplet	  that	  occupies	  the	  majority	  of	  

the	  cytoplasmic	  space	  of	  the	  cell.	  The	  principal	  function	  of	  white	  adipocytes	  is	  to	  store	  

energy	  in	  the	  form	  of	  triglycerides	  (TG)	  to	  provide	  fuel	  to	  other	  organs	  when	  needed.	  	  

WAT	   is	  also	  considered	  as	  an	  endocrine	  organ	  because	   it	   is	   capable	   to	  secrete	  several	  

hormones,	   named	   adipokines,	   to	   communicate	   with	   other	   organs	   in	   response	   of	  

physiological	  processes	  (8,	  9).	  	  

	  

Chronic	  calorie	  overconsumption	  results	  in	  hyperplasia	  and	  hypertrophy	  of	  WAT,	  which	  

are,	   respectively,	   the	   formation	  of	  new	  adipocytes	  and	  the	  enlargement	  of	   the	  existing	  

ones.	   However,	   accumulation	   of	   lipids	   in	   non-‐adipose	   depots,	   like	   skeletal	   muscle	   or	  

liver,	   is	   also	   possible	   and	   results	   in	   lipotoxicity,	   which	   triggers	   the	   failure	   of	   the	  

functions	  of	  other	  metabolic	  organs	  and	  a	  dysregulation	  of	  whole-‐body	  metabolism	  (10,	  

11).	  	  

	  

	  

3) Brown	  adipose	  tissue	  (BAT)	  and	  energy	  balance	  

	  

As	  an	  imbalance	  towards	  positive	  energy	  balance	  is	  the	  cause	  of	  obesity,	  strategies	  for	  

promoting	  negative	  energy	  balance	  are	  of	  great	  interest.	  Reducing	  food	  intake	  through	  
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caloric	   restriction	   can	   decrease	   energy	   intake	   (12).	   	   Besides	   this,	   increasing	   EE	   also	  

promotes	  negative	  energy	  balance.	  One	  of	  the	  most	  straightforward	  methods	  to	  increase	  

EE	  is	  physical	  activity	  that	  successfully	  decreases	  adiposity	  (13).	  	  

	  

As	   mentioned	   earlier,	   thermogenesis,	   which	   is	   the	   process	   of	   generating	   heat	   to	  

maintain	  body	   temperature,	   contributes	   to	   increase	  EE.	   	   In	   fact,	   targeted	   strategies	   to	  

chemically	  stimulate	  mitochondrial	  uncoupling	  have	  been	  proved	   to	  promote	  negative	  

energy	   balance.	   Adenosine	   triphosphate	   (ATP)	   is	   considered	   as	   the	   energy	   exchange	  

factor.	  Mitochondria	  are	  organelles	  that	  produce	  ATP	  by	  the	  enzymatic	  activity	  of	  ATP	  

synthase	  from	  the	  catalysis	  of	  carbohydrates,	  lipids	  and	  proteins.	  	  

Dinitrophenol	   (DNP)	  was	   broadly	   used	   as	   a	  weight-‐loss	   drug	   in	   the	   early	   1930s.	   The	  

mechanism	   of	   action	   of	   DNP	   is	   to	   reduce	   the	   efficiency	   of	   ATP	   synthase	   favoring	   the	  

uncoupling	  of	   the	  energy	   in	  the	   form	  of	  heat.	  Nevertheless,	  administration	  of	  DNP	  had	  

other	  side	  effects	  because	  of	  its	  non-‐specific	  impact	  in	  all	  of	  the	  organism’s	  mitochondria	  

and	  its	  use	  was	  discontinued	  in	  the	  late	  1930s	  (14,	  15).	  

However,	   increasing	   uncoupling	   occurs	   naturally	   in	   BAT.	   BAT	   is	   a	   highly	   specialized	  

organ	   that	   is	   capable	  of	  maintaining	  body	   temperature	  by	   regulating	  heat	  production.	  	  

Its	  more	  relevant	  and	  iconic	  protein	  is	  the	  Uncoupling	  protein	  1	  (UCP1).	  UCP1	  is	  found	  

in	   the	   mitochondria	   and	   it	   is	   in	   charge	   of	   uncoupling	   the	   excess	   of	   protons	   from	  

oxidative	   phosphorylation	   in	   the	   form	   of	   heat.	   This	   heat	   production	   is	   called	   non-‐

shivering	  thermogenesis,	   to	  distinguish	   it	   from	  the	  heat	  generated	  from	  skeletal	  muscle	  

contraction	  which	  is	  called	  shivering	  thermogenesis	  (16).	  	  

It	   has	   been	   shown	   that,	   when	   activated,	   BAT	   heat	   production	   increases	   EE	   and	  

diminishes	  weight	  gain	  in	  diet	  induced	  obesity	  models	  (17,	  18).	  Moreover,	  inducing	  BAT	  

activation	   in	   obese	  mice	   results	   in	   lipid	   and	   glucose	   clearance	   (17-‐19).	   In	   conclusion,	  

boosting	  BAT	  function	  has	  beneficial	  effects	  to	  restore	  the	  metabolic	  disorders	  of	  obesity
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II. Murine	  brown	  and	  beige	  adipose	  tissue	  	  

	  
	  

1) BAT	  in	  rodents	  
	  

Small	  mammals	  are	  more	  susceptible	  than	  larger	  animals	  to	  lower	  ambient	  temperature	  

because	   of	   their	   higher	   surface	   volume	   ratio	   that	   favors	   the	   heat	   loss	   of	   body	  

temperature	   to	   the	  environment.	  Nevertheless,	   these	  mammals	  have	  developed	  a	  new	  

mechanism	   that	   replaces	   body	   heat	   lost	   by	   new	   heat	   production.	   This	   is	   possible	  

because	  of	  the	  existence	  of	  BAT,	  a	  very	  highly	  specialized	  tissue	  crucial	  for	  these	  animals	  

to	  maintain	  their	  core	  body	  temperature	  (16).	  	  

	  

BAT	  is	  considered	  scientifically	  a	  relatively	  new	  organ.	  It	  was	  identified	  for	  the	  first	  time	  

in	  1551,	  but	  it	  was	  not	  until	  last	  century	  that	  it	  was	  known	  to	  be	  present	  in	  all	  mammals	  

and	   its	   function	  was	   not	   described	   until	   1960s	   (20).	   BAT	  biology	   has	   been	   classically	  

studied	  in	  rodents.	  It	  is	  found	  dispersed	  in	  several	  areas	  of	  the	  body.	  The	  principal	  and	  

biggest	  depot	   is	   the	   interscapular	  BAT	   (iBAT)	  and	  smaller	  depots	  of	  brown	   fat	   can	  be	  

found	  in	  intercostal,	  axillary,	  perirenal	  or	  periaortic	  areas	  (Figure	  1-‐2)	  (21).	  	  

	  

BAT	   is	   the	   major	   site	   of	   non-‐shivering	   thermogenesis.	   It	   is	   constituted	   by	   brown	  

adipocytes	  that,	  like	  white	  adipocytes,	  have	  the	  capacity	  to	  store	  lipids.	  However,	  brown	  

adipocytes	  are	  characterized	   for	  having	  smaller	  and	  numerous	   lipid	  droplets,	  which	   is	  

classifies	   them	  as	  multilocular	  adipocytes.	  Moreover,	   these	  adipocytes	  are	  very	  rich	   in	  

mitochondria,	   which	   are	   used	   to	   provide	   the	   energy	   for	   heat	   dissipation.	   These	  

mitochondria	   express	   UCP1	   that	   is	   in	   charge	   of	   uncoupling	   the	   proton	   gradient	   from	  

substrate	  oxidation	  to	  transform	  energy	  in	  the	  form	  of	  heat.	  	  

In	   addition,	   BAT	   is	   a	   very	   plastic	   organ	   that	   adapts	   to	   external	   cues.	   When	  

environmental	  temperature	  decreases,	  body	  heat	  loss	  increases	  and	  consequently,	  BAT	  
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thermogenic	  capacity	  is	  enhanced	  to	  compensate	  it.	  This	  process	  is	  called	  adaptation	  or	  

acclimation	  (16).	  

Furthermore,	  BAT	   can	   also	  participate	   in	  diet-‐induced	  thermogenesis	   (DIT)	  where	   it	   is	  

activated	  in	  response	  of	  high	  nutrient	  consumption,	  for	  example	  with	  high	  fat	  diet	  (HFD)	  

feeding,	   to	   compensate	   for	   the	   excess	   of	   calories	   ingested	   (22).	   	   However,	   in	   sharp	  

contrast,	   there	  are	  other	  studies	   that	  do	  not	  support	   the	  concept	  of	  DIT	  (23).	   	   Indeed,	  

Foster	  and	  colleagues	  remarked	  that	  no	  direct	  contribution	  of	  iBAT,	  to	  increased	  oxygen	  

consumption	  after	  high-‐caloric	  diet,	  was	  assessed	  to	  prove	  its	  effect	  on	  DIT	  (24).	  In	  the	  

same	  line	  than	  this	  study,	   it	  has	  been	  reported	  that	  oxygen	  consumption	  in	  Ucp1	  wild-‐

type	   (WT)	   and	   knockout	   (KO)	   was	   comparable	   after	   switching	   from	   chow	   diet	   to	  

cafeteria	  diet	  (25).	  	  

	  

	  

2) Beige	  adipose	  tissue	  in	  rodents	  

	  

Apart	   from	   the	   role	   of	   BAT	   in	   adaptive	   thermogenesis,	   other	   UCP1-‐expressing	  

adipocytes	   can	   emerge	   from	   WAT	   in	   response	   to	   chronic	   cold	   exposure.	   These	  

adipocytes	   are	   called	   “beige”	   or	   “brite”	   (from	   brown-‐in-‐white)	   adipocytes	   and	   the	  

recruitment	   process	   of	   these	   beige	   adipiocytes	   is	   known	   as	   browning	   of	   WAT.	   In	  

addition,	  treatment	  with	  β3-‐adrenergic	  activators	  can	  also	  mimic	  browning	  (26,	  27).	  

	  

Compared	  to	  the	  classical	  brown	  adipocytes	  that	  are	  mainly	  found	  in	  the	  interscapular	  

region,	  beige	  adipocytes	  exist	   in	   the	  subcutaneous	  WAT	  of	   rodents	   (Figure	  1-‐2).	  Beige	  

adipocytes	   share	   biochemical	   characteristics	   with	   brown	   adipocytes,	   such	   as	   the	  

multilocularilty	   and	   the	   increased	   mitochondrial	   respiratory	   capacity.	   As	   mentioned	  

before,	  when	   recruited,	   they	   can	   express	   UCP1	   at	   similar	   levels	   to	   brown	   adipocytes.	  

Although	   the	   levels	  of	   expression	  of	  other	   thermogenic	  genes	   can	  also	  be	   shared	  with	  

brown	   adipocytes,	   beige	   adipocytes	   have	   distinctive	   gene	   expression	   signatures	   (26,	  

27).	  
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Figure	  1-‐2.	  Distribution	  of	  adipose	  tissue	  depots	  in	  mouse.	  BAT	  is	  found	  in	  different	  

depots	   in	   the	  mouse:	   interscapular,	   axillary,	  periaortic,	   intercostal	  and	  perirenal.	  WAT	  

depots	   represented	   are	   retro-‐peritoneal,	   perigonadal	   and	   subcutaneous.	   Beige	  

adipocytes	  are	  preferentially	  recruited	  in	  subcutaneous	  WAT.	  	  
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3) Origins	  and	  developmental	  lineages	  of	  brown	  and	  beige	  adipocytes	  

	  

The	  classical	  brown	  adipocytes,	  that	  constitute	  the	  brown	  fat	  depot,	  arise	  at	  late	  stages	  

of	   embryonic	   development.	   In	   particular,	   BAT	   can	   be	   identified	   in	   rodents	   from	  

embryonic	   day	   15.5	   (28).	   In	   contrast,	   subcutaneous	   WAT	   (scWAT)	   appears	   by	  

embryonic	  day	  18	  and	  visceral	  WAT	  by	  post-‐natal	  day	  6	  (29).	  

	  

Lineage-‐tracing	   studies	  have	   shown	   that	  brown	  adipocytes	   arise	   from	  precursors	   that	  

express	  Myf5	   (myogenic	   factor	   5)	   and	   Pax7	   (Paired	   box	   7),	   two	   genes	   known	   to	   be	  

expressed	   in	   committed	   skeletal	   muscle	   precursors.	   Both	   brown	   adipocytes	   and	  

myocytes	  originate	   from	  a	  mesodermal	  multipotent	  cell	  population	   in	  the	  somites	  (26,	  

30).	  	  There	  are	  specific	  factors	  that	  will	  influence	  the	  differentiation	  of	  one	  or	  the	  other	  

cell	  type.	  For	  example,	  PRDM16	  (PR	  domain	  zinc	  finger	  protein	  16)	  is	  known	  to	  promote	  

the	   differentiation	   of	   brown	   adipocytes	   and	   EHMT1	   (Euchromatic	   histone	   lysine	  

methyltransferase	  1),	  a	  regulator	  of	  PRDM16,	  is	  necessary	  to	  suppress	  the	  expression	  of	  

factors	  that	  are	  pro-‐myogenic	  (31,	  32).	  

	  

The	   origin	   of	   beige	   adipocytes	   is	   not	   yet	   fully	   understood.	   It	   is	   considered	   that,	   in	  

contrast	   to	   brown	   adipocytes,	   beige	   adipocytes	   do	   not	   derive	   from	   the	   same	  Myf5+-‐

lineage	  origin.	  Additionally,	  Ebf2	  (Early	  b-‐cell	  factor	  2)	  has	  been	  identified	  as	  marker	  of	  a	  

population	  of	  cells	  that	  can	  be	  induced	  to	  express	  UCP1	  (33).	  

	  

On	   the	   other,	   hand,	   recent	   evidence	   suggests	   that	   beige	   adipocytes	   can	   be	   developed	  

directly	  from	  the	  transdifferentiation	  of	  white	  adipocytes	  under	  certain	  external	  stimuli,	  

such	   as	   cold	   stress	   or	   chemical	   adrenergic	   stimulation	   (34).	   It	   has	   been	   proved	   that	  

adrenergic	  stimulation	  results	  in	  browning	  without	  affecting	  adipocyte	  proliferation	  or	  

DNA	   content,	   suggesting	   that	   the	   new	   beige	   adipocytes	   arise	   from	   preexisting	   white	  

adipocytes	  (35).	  Nevertheless,	  Wang	  et	  al	  have	  labeled	  mature	  adipocytes	  to	  show	  that	  

after	  cold	  or	  adrenergic	  stimulus	  a	  large	  population	  of	  beige	  adipocytes	  is	  not	  emerging	  

from	  the	  original	  white	  adipocytes	  (36).	  
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In	  summary,	   these	  studies	  suggest	  different	  mechanisms	   to	  explain	   the	  origin	  of	  beige	  

adipocytes,	  but	  further	  research	  will	  be	  needed	  to	  thoroughly	  determine	  from	  where	  are	  

arising	  these	  cells.	  

	  

	  

4) Networks	  in	  rodent	  brown	  and	  beige	  adipose	  tissues	  

	  

Despite	   the	   fact	   that	   adipocytes	   are	   the	  major	   cell	   type	   of	   adipose	   tissue	   (AT),	   other	  

cellular	  compartments	  are	  necessary	  for	  the	  tissue	  to	  maintain	  its	  function,	  such	  as	  the	  

vasculature	  and	  the	  nervous	  system.	  	  

	  

	  

§ Vasculature	  of	  AT	  

	  

AT	   is	   highly	   vascularized	   to	   supply	   the	   blood	   flow	   essential	   for	   developing	   its	   own	  

functions.	   Blood	   is	   supplied	   via	   arterioles	   that	   subdivide	   into	   capillaries.	   BAT	   is	  more	  

vascularized	  than	  WAT	  to	  provide	  heat	  and	  endocrine	  factors	  throughout	  the	  body	  and	  

to	   receive	   oxygen	   and	   oxidative	   substrates	   from	   the	   blood.	   Moreover,	   blood	   flow	   is	  

essential	  not	  only	  for	  adipose	  tissue	  function	  but	  also	  for	  its	  expansion.	  The	  production	  

of	  new	  adipocytes	   is	  coupled	  to	   the	  generation	  of	  new	  capillaries.	  Angiogenesis	   is	  also	  

associated	  with	  the	  browning	  of	  WAT	  (37).	  	  

	  

	  

§ Innervation	  of	  AT	  

	  

AT	   is	   innervated	   with	   efferent	   sensory	   nerves	   and	   afferent	   sympathetic	   nerves	   that	  

communicate	   with	   the	   central	   nervous	   system	   (CNS)	   (38).	   The	   sections	   that	   follow	  

describe	  both	  types	  of	  nerves.	  
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-‐ Sensory	  innervation	  	  

	  

Sensory	  fibers	  express	  substance	  P	  or	  calcitonin	  gene	  related	  peptide	  (CGRP)	  and	  their	  

function	  is	  not	  fully	  understood	  (38).	  BAT	  and	  WAT	  sensory	  nerves	  report	  information	  

regarding	  heat	  production	  or	  lipolysis	  to	  key	  areas	  of	  the	  brain.	  For	  example,	  in	  WAT	  the	  

adipokine	  leptin	  travels	  to	  the	  brain	  by	  sensory	  nerves	  to	  suppress	  appetite	  (39).	  	  

	  

	  

-‐ Parasympathetic	  innervation	  

	  

Parasympathetic	   innervation	   has	   been	   identified	   by	   immunohistochemical	   staining	   in	  

two	  depots	  of	  BAT,	   the	  mediastinal	  and	  pericardial	  BAT	  depots	  (40,	  41).	  Nevertheless,	  

no	  evidence	  of	  parasympathetic	  nervous	  system	  (PSNS)	  has	  been	  described	  for	  the	  iBAT	  

depot.	   Similarly	   for	  WAT,	   neurochemical	  markers	   of	   parasympathetic	   innervation	   are	  

absent	  in	  this	  AT	  (42).	  	  

	  

	  

-‐ Sympathetic	  innervation	  

	  

Neuronal	   circuits	   control	   the	   functions	   of	   brown	   and	   beige	   adipocytes.	   Sympathetic	  

innervation	   has	   been	   detected	   in	   both	   BAT	   and	  WAT.	  Moreover,	   several	   studies	   have	  

demonstrated	   that	  modulations	   of	   neuronal	   activity	   in	   the	   CNS	   result	   in	   regulation	   of	  

brown/	  beige	  adipocyte	  thermogenesis	  (43-‐45).	  	  	  

	  

Among	   the	   parenchymal	   innervation	   of	   BAT,	   there	   are	   thin	   nerves	   poorly	  myelinated	  

that	   contain	   the	  noradrenergic	   fibers,	  which	   express	   the	  protein	   tyrosine	  hydroxylase	  

(TH)	  (the	  rate	  limiting	  enzyme	  for	  norepinephrine)	  and	  co-‐express	  the	  neuropeptide	  Y	  

(NPY)	  (38).	  	  
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In	   WAT,	   we	   can	   also	   find	   sympathetic	   innervation	   but	   to	   a	   lower	   extent	   (21).	   The	  

potential	  of	  WAT	  depots	  to	  develop	  browning	  is	  proportional	  to	  the	  level	  of	  innervation	  

(46).	  	  	  

	  

5) Regulating	  thermogenic	  capacity	  in	  rodents	  

	  

There	   is	   a	   complex	   network	   between	   the	   sympathetic	   nervous	   system	   (SNS),	   the	  

immune	   system	   and	   autocrine	   and	   endocrine	   factors	   to	   regulate	   the	   thermogenic	  

capacity	  of	  brown	  and	  beige	  adipocytes.	  

	  

	  

§ Role	  of	  SNS	  in	  the	  control	  of	  thermogenesis	  

	  

The	  main	   organ	   that	   regulates	   the	   response	   to	   cold	   is	   the	   CNS.	   Cold	   is	   sensed	   by	   the	  

terminals	   of	   sensory	   neurons	   found	   in	   skin,	   then,	   these	   signals	   are	   transmitted	   and	  

integrated	   in	   the	   hypothalamic	   preoptic	   area	   (POA),	   also	   known	   as	   the	  

thermoregulatory	   center	   (47).	   The	   transduction	   of	   the	   signal	   will	   stimulate	   other	  

hypothalamic	  regions,	  namely	   the	  Lateral	  Hypothalamic	  Area	   (LHA),	   the	  Ventromedial	  

Hypothalamus	  (VMH),	  the	  Dorsomedial	  Hypothalamus	  (DMH)	  and	  the	  Arcuate	  Nucleus	  

(ARC).	  	  

Orexin	   producing	   neurons	   that	   are	   located	   in	   the	   LHA,	   named	   orexin	   neurons,	  

participate	   in	   the	   regulation	   of	   thermogenesis.	   The	   central	   administration	   of	   orexin	  

peptide	   has	   been	   described	   to	   stimulate	   BAT	   activation	   and	   therefore,	   thermogenesis	  

(48).	  Moreover,	   orexin	   infusion	   into	   the	   VMH	   can	   stimulate	   the	   sympathetic	   firing	   in	  

BAT	   (49).	   Both	   the	   LHA	   and	   the	   VMH	   can	   synergistically	   interact	   and	   activate	   BAT.	  

Hypothalamic	   expression	   of	   bone	   morphogenetic	   protein	   8b	   (BMP8B)	   in	   the	   VMH	  

stimulates	   orexin	   secretion	   in	   the	   LHA	   through	   a	   decrease	   in	   AMP-‐activated	   protein	  

kinase	   (AMPK)	  activity,	   and	   thus	  enhances	   the	   firing	  of	  projections	   that	  will	   stimulate	  

BAT	   thermogenesis	   (50).	   Interestingly,	   BMP8B	   can	   also	   be	   produced	   in	   BAT	   and	  
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promote	   norepinephrine	   (NE)	   signaling	   locally,	   activating	   the	   mitogen-‐activating	  

protein	  kinase	  (MAPK)	  pathway	  and	  lipolysis	  in	  brown	  adipocytes	  (51).	  	  

Several	  studies	  have	  linked	  the	  DMH	  with	  the	  response	  to	  cold.	  For	  instance,	  a	  chemical	  

stimulation	   of	   this	   area	   increases	   the	   thermogenic	   response	   in	   rats	   (52).	   Similarly,	  

administration	   of	   the	   incretin	   hormone	   glucagon-‐like	   peptide	   1	   (GLP-‐1)	   in	   the	   DMH	  

increases	   BAT	   thermogenesis	   (53).	   Outflow	   from	   these	   areas	   is	   triggered	   by	   the	  

premotor	   neurons	   found	   in	   the	   brain	   stem	   region	   Raphe	   Palidus	   (RPA).	   It	   has	   been	  

broadly	   discussed	   that	   sympathetic	   nerves	   are	   abundant	   within	   the	   parenchyma	   of	  

adipose	  tissue.	  These	  nerves	  express	  tyrosine	  hydroxylase,	  the	  enzyme	  responsible	  for	  

the	  secretion	  of	  the	  catecholamine	  hormone	  NE	  (54).	  Norephineprine	  stimulates	  the	  β3-‐

adrenergic	   receptor	   (ADBR3)	   and	   activates	   the	   cAMP/PKA	   pathway,	   thus	   triggering	  

lipolysis	   and	   increasing	   the	   expression	   of	   UCP1.	   Free	   fatty	   acids,	   resulting	   from	   the	  

lipolysis,	  are	  used	  both	  as	  energy	  substrates	  and	  as	  activators	  of	  UCP1	  to	  uncouple	  ATP	  

production	  from	  mitochondrial	  respiration	  into	  heat	  (Figure	  1-‐3)	  (16,	  55).	  

	  

Cold	  exposure	  induces	  sympathetic	  nerve	  fiber	  branching	  in	  BAT	  and	  scWAT.	  The	  main	  

regulators	   of	   this	   process	   are	   neurotrophins,	   molecules	   that	   coordinate	   the	   growth	  

potential	  of	  neurons.	  	  

Nerve	  growth	  factor	  (NGF)	  is	  a	  neurotrophin	  required	  for	  sympathetic	  neuron	  survival	  

that	  can	  be	  produced	  by	  BAT	  (56).	  Even	  though	  sympathetic	  innervation	  is	  increased	  in	  

response	   to	   cold	   temperatures,	   NGF	   expression	   is	   counterintuitively	   reduced	   in	   BAT	  

under	  these	  conditions	  (56,	  57).	  	  

Brain-‐derived	   neurotrophic	   factor	   (BDNF)	   has	   also	   been	   described	   as	   a	   neurotrophin	  

that	  regulates	  thermogenesis.	  Periferal	  treatment	  of	  BDNF,	  results	   in	  increased	  oxygen	  

consumption,	  body	  temperature	  and	  UCP1	  expression	  in	  BAT	  (58,	  59).	  	  

	  

On	   the	   other	   hand,	   semaphorins	   (SEMA)	   are	   a	   large	   family	   of	   secreted	   or	  

transmembrane	   proteins	   that	   serves	   as	   axonal	   guidance	   cues	   (60).	   In	   particular,	  

SEMA3A	  and	  SEMA3C	  act	  as	  repulsive	  signals	  to	  cause	  sympathetic	  neuron	  growth	  cone	  

collapse	   (61,	   62).	   Another	   family	   of	   secreted	   or	   transmembrane	   proteins	   involved	   in	  
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axon	  growth	  is	  the	  neuroregulins	  (NRG).	  NRG1,	  NRG2	  and	  NRG3	  promote	  survival	  and	  

proliferation	  of	  neurons	  in	  the	  development	  of	  the	  brain.	  NRG4	  is	  expressed	  in	  WAT	  and	  

BAT	  and	  it	  is	  up-‐regulated	  by	  cold	  exposure	  (63,	  64).	  Indeed,	  the	  adipokine	  BMP8B	  can	  

induce	   NRG4	   secretion	   to	   promote	   sympathetic	   innervation	   upon	   adrenergic	  

stimulation	  (65).	  	  
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Figure	   1-‐3.	   PKA	   pathway	   in	   brown	   adipocyte.	   The	   adrenergic	   stimulation	   of	   β3-‐

adrenergic	   receptor	   (ADRB3)	   by	   norepinephrine	   (NE)	   is	   the	  main	  mediator	   of	   brown	  

adipocyte	   functions.	   This	   will	   trigger	   the	   enzymatic	   activity	   of	   adenylate	   cyclase	   to	  

generate	  cAMP	  and	  stimulate	  PKA	  pathway.	  Therefore,	  PKA	  activation	  will	  activate	  the	  

lipolysis	   of	   TG	   to	   feed	   the	   mitochondria	   with	   substrates	   to	   generate	   heat	   by	   Ucp1-‐

mediated	   uncoupling.	   This	   pathway	   and	   the	   thyroid	   hormones	   (T3,	   T4)	   will	   also	  

enhance	  the	  expression	  of	  thermogenic	  genes	  necessary	  for	  adipocyte	  functions.	  	  
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§ Role	  of	  thyroid	  hormone	  metabolism	  in	  the	  control	  of	  thermogenesis	  

	  

Apart	   from	   catecholamines,	   thyroid	   hormones	   can	   also	   trigger	   BAT	   activity	   (66).	   The	  

thyroid	  hormones	  T3	   and	  T4	   are	   synthetized	   in	   the	   thyroid	   gland	  upon	  hypothalamic	  

stimulation	   of	   the	   pituitary	   gland,	   by	   the	   thyrotropine-‐releasing	   hormone	   (TRH),	   and	  

therefore	   by	   the	   production	   of	   thyroid-‐stimulating	   hormone	   (TSH)	   (67).	   Thyroid	  

hormones	   access	   brown	   adipocytes	   from	   the	   blood	   stream	   through	   specific	  

transporters.	  In	  brown	  adipocytes	  T4	  can	  be	  converted	  to	  its	  active	  form	  T3	  via	  the	  type	  

2	  iodothyronine	  deiodinase	  (DIO2)	  thus	  compensating	  for	  the	  low	  levels	  of	  secreted	  T3	  

by	  the	  thyroid	  gland	  (68).	  T3	  directly	  activates	  lipolysis	  through	  the	  PKA	  pathway.	  The	  

relevance	  of	   thyroid	  hormone	  regulation	  for	  BAT	  function	   is	   illustrated	  by	  the	  blunted	  

thermogenic	   response	   observed	   in	   DIO2	   knockout	   mice,	   despite	   an	   increased	   UCP1	  

expression	  (69).	  Moreover,	  thyroid	  hormone	  status	  also	  controls	  BAT	  activation.	  Indeed,	  

hyperthyroid	   mice	   have	   increased	   BAT	   activation	   and	   upregulation	   of	   thermogenic	  

genes	  (70).	  

	  

	  

§ Role	  of	  the	  endocrine	  factors	  in	  the	  control	  of	  thermogenesis	  

	  

Due	   to	   the	   potential	   therapeutic	   effect	   of	   increasing	   overall	   energy	   consumption	   by	  

promoting	  beige	  and	  brown	  adipose	  cell	  metabolism,	  recent	  research	  has	  focused	  on	  the	  

identification	   of	   natural	   hormones	   or	   compounds	   with	   the	   capability	   to	   promote	  

thermogenic	  function,	  such	  as	  fibroblast	  growth	  factor	  21	  (FGF21),	  irisin	  and	  bile	  acids	  

(BAs).	  	  

	  

Under	   cold	   exposure,	   FGF21	   can	   be	   secreted	   by	   BAT	   and	  WAT	   and	   have	   a	   paracrine	  

effect	   to	   stimulate	   the	   expression	   of	   thermogenic	   genes	   (71).	   Some	   groups	   have	  

reported	  that	  FGF21	  knockout	  mice	  have	  impaired	  adaptation	  to	  chronic	  cold	  exposure	  

and	   decreased	   browning	   of	   WAT	   (72).	   However,	   others	   have	   shown	   that	   the	   lack	   of	  

FGF21	  in	  long-‐term	  cold	  adaptation	  does	  not	  impair	  the	  thermogenic	  response	  of	  mice	  
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(73).	   Despite	   the	   evidence	   of	   FGF21	   production	   in	   WAT,	   controversial	   results	   were	  

published	  by	  Véniant	  et	  al	  who	   showed	   that	   beneficial	   effects	   of	  weight	   loss	   observed	  

after	  cold	  were	  not	  directly	  related	  to	  FGF21-‐induced	  browning	  (74).	  However,	  hepatic	  

FGF21	  production	   	   can	  also	  be	   induced	  by	   cold,	   and	  blunted	  hepatic	  FGF21	   secretion,	  

but	   not	   adipocyte-‐FGF21	   secretion,	   results	   in	   impaired	   cold	   tolerance	   and	   decreased	  

sympathetic	   nerve	   activity	   in	   BAT	   (75).	   	   Importantly,	   hepatic	   FGF21	   requires	   intact	  

expression	  of	   the	  FGF21	  receptor	  β-‐klotho	   in	  adipose	  tissue	   for	   its	   thermogenic	  effect,	  

but	   its	   expression	   is	   increased	   upon	   acute	   cold	   exposure	   (6	   hours	   maximum)	   but	  

decreased	  after	  a	   longer	  cold	  exposure	   (3	  days)	   (75).	   In	  conclusion,	  additional	   studies	  

are	   needed	   to	   completely	   elucidate	   the	   role	   of	   FGF21	   in	   the	   control	   of	   non-‐shivering	  

thermogenesis.	  

	  

Besides	  their	  role	  in	  the	  digestion	  of	  dietary	  lipids,	  hepatic	  BAs	  can	  be	  induced	  by	  cold	  

exposure	  (76).	  It	  has	  been	  described	  that	  BA	  secretion	  increases	  energy	  expenditure	  in	  

BAT	   by	   enhancing	   the	   enzymatic	   activity	   of	   DIO2	   and	   therefore,	   regulating	   thyroid	  

hormone	  metabolism	  in	  BAT	  (77).	   	  Moreover,	  studies	  using	  BA	  receptor	  TGR5	  adipose	  

tissue	  specific	  knockout	  mice	  proved	  that	  BAs	  also	  participate	  in	  the	  browning	  of	  WAT.	  

These	   mice	   show	   neglectable	   browning	   and	   exhibit	   reduced	   cold	   tolerance	   due	   to	  

reduced	  adipose	  mitochondrial	  fusion	  (78).	  	  

Historically,	   UCP1	   has	   been	   considered	   indispensable	   for	   thermogenesis	   in	   BAT.	  

However,	   recent	   research	   demonstrates	   that	   UCP1	   is	   not	   essential	   for	   non-‐shivering	  

thermogenesis	  (73,	  79,	  80).	  Peptidase	  M20	  domain-‐containing	  1	  (PM20D1),	  a	  secreted	  

enzyme	   produced	   by	   brown	   and	   beige	   adipocytes,	   has	   been	   recently	   discovered	   to	  

contribute	   to	   this	   alternative	   thermogenesis	   by	   participating	   in	   the	   uncoupling	   of	  

mitochondria	  in	  an	  UCP1-‐independent	  manner	  (79,	  80).	  
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§ Feeding	  as	  an	  inducer	  of	  thermogenesis	  

	  

Cold	   is	   not	   the	   only	   stimulus	   that	   activates	   non-‐shivering	   thermogenesis.	   It	   has	   been	  

demonstrated	  by	  several	  groups	  that	   there	   is	  a	  meal-‐associated	  thermogenesis	   (81-‐83).	  

The	  activation	  of	  feeding-‐responsive	  thermogenesis	  has	  been	  strongly	  associated	  to	  food	  

intake	  regulation	  by	  inhibiting	  orexigenic	  activation	  in	  the	  brain,	  revealing	  a	  Gut-‐Brain-‐

BAT-‐Brain	   axis	   (84).	   In	   particular,	   feeding	   activates	   the	   secretion	   of	   periprandial	   gut	  	  

hormones,	   such	   as	   cholecystokinin	   (CKK),	   GLP-‐1	   or	   secretin	   (85-‐87).	   Most	   of	   these	  

molecules	  act	  through	  the	  brain,	   like	  GLP-‐1	  and	  CCK,	  where	  they	  increase	  sympathetic	  

activation	   and	   therefore	   stimulate	   the	   local	   release	   of	   NE	   in	   the	   BAT.	   Interestingly,	  

secretin	  can	  stimulate	  BAT	  thermogenesis	  in	  a	  non-‐sympathetic	  manner,	  and	  contribute	  

to	   induce	   satiation.	   A	   secretin	   injection	   in	   fasted	   mice	   directly	   activates	   BAT	  

thermogenesis	  by	  increasing	  lipolysis	  in	  this	  through	  the	  cAMP-‐PKA	  pathway.	  Moreover,	  

secretin	   treatment	   increases	   the	   expression	   of	   the	   anorexigenic	   proopiomelanocortin	  

(POMC)	  peptide	  in	  the	  hypothalamus	  and	  therefore,	  reduces	  food	  intake	  (87).	  

	  

Apart	  from	  its	  role	  in	  the	  regulation	  of	  food	  intake	  described	  above,	  leptin	  can	  increase	  

EE	  by	  inducing	  BAT	  activation.	  The	  actions	  of	   leptin	  and	  insulin	   in	  POMC	  neurons,	  can	  

also	   be	   triggered	   by	   a	   decrease	   of	   the	   hypothalamic	   levels	   of	   T	   cell-‐protein	   tyrosine	  

phosphatase	   (TCPTP),	   which	   is	   a	   negative	   regulator	   the	   insulin	   signaling,	   to	   further	  

increase	  the	  browning	  of	  WAT	  and	  EE	  (44,	  88).	  This	  mechanism	  can	  limit	  the	  effects	  of	  

diet-‐induced	  obesity	  (DIO).	  

	  

	  

§ Regulation	  of	  thermogenesis	  by	  immune	  cells	  

	  

WAT	   and	   BAT	   also	   include	   immune	   cells,	   like	   macrophages,	   eosinophils	   and	   innate	  

lymphoid	  type	  2	  cells	  (ILC2s).	   Interestingly,	  a	  role	   in	   the	  control	  of	   thermogenesis	  has	  

been	   described	   for	   macrophages.	   In	   fact,	   cold	   exposure	   triggers	   the	   polarization	   of	  

macrophages	   to	   M2-‐like	   phenotype.	   M2	   macrophages	   seem	   to	   release	   NE	   in	   AT	   to	  
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contribute	  to	  the	  activation	  of	  thermogenesis	  (89).	   In	  the	  same	  line,	  BAT	  macrophages	  

were	   also	   reported	   to	   be	   involved	   in	   sympathetic	   innervation	   of	   the	   tissue	   (90).	  

Nevertheless,	  opposite	  findings	  were	  reported	  by	  Fisher	  et	  al	  claim	  that	  deletion	  of	  Th	  (a	  

key	  gene	  in	  the	  catecholamine	  synthesis)	  expression	  in	  AT	  macrophages	  does	  not	  alter	  

energy	  expenditure	  in	  response	  to	  cold	  exposure	  (91).	  
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III. Human	  brown	  adipose	  tissue	  

	  

Although	  described	  in	  the	  16th	  century	  to	  be	  present	  in	  small	  mammals,	  evidence	  of	  an	  

active	  BAT	   in	   adult	   humans	  was	  only	   found	   in	  2002	  by	  using	  2-‐[18F]-‐fluoro-‐2-‐desoxy-‐

glucose	   positron	   emission	   tomography	   coupled	   with	   computed	   tomography	   (18FDG-‐

PET/CT)	   (92).	   18FDG-‐PET	   measures	   the	   uptake	   and	   accumulation	   of	   a	   radioactive	  

analogue	  of	  glucose	  (18FDG).	  This	  procedure,	  normally	  used	   to	  detect	   tumors,	  can	  also	  

identify	   other	   tissues	   that	   have	   high	   rates	   of	   glucose	   uptake	   and	   indeed,	   some	   scans	  

using	   this	  method	  showed	  areas	  of	   18FDG	  uptake	  around	   the	  neck	  and	  shoulders	  with	  

similar	  characteristics	  to	  AT	  (93).	  	  

	  

Moreover,	   BAT	   has	   long	   been	   known	   to	   be	   present	   in	   newborns	   (16,	   94).	   BAT	   is	  

essential	   for	   human	   infants	   after	   birth	   to	   maintain	   their	   core	   body	   temperature	   and	  

defend	  the	  ambient	  colder	   temperatures.	  Nevertheless,	  BAT	   is	  known	  to	  progressively	  

disappear	  through	  adulthood	  (95).	  

	  

Evidence	   suggests	   that	   human	   BAT	   contains	   both	   “brown”-‐like	   and	   “beige”-‐like	  

adipocytes	  (96,	  97).	  	  For	  example,	  the	  BAT	  of	  human	  infants	  is	  structurally	  similar	  to	  the	  

one	   of	   rodents	   because	   it	   has	   UCP1-‐expressing	   adipocytes	   separated	   from	   the	  

surrounding-‐white	  adipocytes	  (96).	  

	  

Interestingly,	  human	  BAT	  also	  responds	  to	  external	  cues	  and	  it	  is	  thermogenically	  active	  

under	   lower	   ambient	   temperatures	   (98).	   Its	   potential	   role	   in	   enhancing	   energy	  

expenditure,	   glucose	   clearance	   and	   lipid	   utilization	   make	   it	   a	   special	   target	   for	   new	  

developing	  therapeutic	  strategies.	  
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IV. Cyclin-‐dependent	  kinase	  4	  	  

	  
	  

1) Cell	  cycle	  
	  

Eukaryotic	   cell	   cycle	   is	   divided	   into:	   DNA	   replication,	   mitosis	   and	   interphase.	   During	  

DNA	  replication,	  all	   chromosomes	  are	  duplicated.	  Mitosis	   consists	  of	   the	  separation	  of	  

daughter	  chromosomes	  and	  ends	  with	  cell	  division	  (cytokinesis)	  and	  during	  interphase,	  

chromosomes	  are	  decondensed	  and	  distributed	  uniformly	  thorough	  the	  nucleus.	  These	  

cell	  cycle	  phases	  are	  called	  M	  phase,	  G1	  phase	  and	  S	  phase.	  M	  phase	  is	  mitosis,	  and	  it	  is	  

followed	   by	   the	   G1	   phase,	   which	   corresponds	   to	   the	   interval	   between	   mitosis	   and	  

initiation	  of	  DNA	  replication	  in	  S	  phase	  (synthesis).	  Finally	  in	  G2	  phase,	  cell	  grows	  and	  

proteins	  are	  synthesized	  in	  preparation	  for	  mitosis	  (99).	  

	  

Cell	   cycle	   regulators	   control	   cell	   cycle	   progression	   to	   extracellular	   stimuli.	   The	  major	  

components	  of	  the	  cell	  cycle	  regulatory	  machinery	  are	  cyclin	  dependent	  kinases	  (CDKs),	  

cyclins,	   the	   retinoblastoma	   family	   of	   proteins	   (RB)	   and	   the	   E2F	   transcription	   factors	  

(99).	  

	  

The	   activity	   of	   these	   kinases	   is	   regulated	   during	   the	   cell	   cycle	   and	   these	   results	   in	  

phosphorylations	  /	  dephosphorylations	  of	  cell	  cycle	  regulatory	  proteins	  (100).	  

	  

	  

2) Cyclin-‐dependent	  kinases	  	  

	  

CDKs	  are	  a	  family	  of	  cell-‐cycle	  regulators	  that	  control	  the	  successions	  of	  cell	  cycle.	  There	  

are	  over	   thirteen	  different	  genes	   that	   code	   for	  CDKs.	   	  The	  activity	  of	   these	  proteins	   is	  

dependent	  on	  their	  dimerization	  with	  Cyclins	  (101,	  102).	  There	  are	  four	  types	  of	  Cyclins:	  
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1) G1/S	  phase	  cyclins.	  They	  activate	  specific	  CDKs	  at	  the	  end	  of	  G1	  phase	  and	  their	  

expression	  is	  decreased	  in	  S	  phase.	  

2) S	  phase	  cyclins.	  They	  bind	  specific	  CDKs	  to	  stimulate	  chromosome	  duplication.	  

3) M	  phase	  cyclins.	  They	  activate	  specific	  CDKs	  that	  stimulate	  mitosis.	  

4) G1	  phase	  cyclins.	  They	  control	  the	  activity	  of	  G1/S	  CDKs.	  

	  

Moreover,	  CDKs	  are	  formed	  by	  a	  catalytic	  subunit	  and	  an	  activating	  cyclin	  subunit.	  When	  

a	  CDK	  forms	  a	  complex	  with	  a	  Cyclin,	   it	  becomes	  active	  and	  it	   is	  able	  to	  phosphorylate	  

several	  substrates	  that	  will	  allow	  the	  progression	  of	  the	  cell	  cycle	  (101,	  102).	  CDKs	  are	  

serine/threonine	   kinases	   that	   can	   phosphorylate	   consensus	   sequences	   that	   are	   [S/T]-‐

Px-‐[K/R]	  (where	  S	  is	  serine,	  T	  threonine,	  P	  proline,	  K	  lysine	  and	  R	  argine)	  (103).	  	  

	  

	  

3) The	  CDK4-‐pRB-‐E2F	  pathway	  

	  

CDK4	  is	  a	  serine/threonine	  kinase	  that	  can	  be	  activated	  by	  D-‐type	  cyclins	  (cyclin	  D1,	  D2	  

or	  D3).	  The	  complex	  CDK4/D-‐type	  cyclin	  participates	  in	  the	  transition	  of	  the	  G1/S	  phase	  

of	  the	  cell	  cycle.	  In	  animal	  cells,	  the	  key	  function	  of	  the	  CDK4/6-‐D-‐type	  cyclin	  complex	  is	  

to	  activate	  a	  group	  of	  transcription	  factors:	  the	  E2F	  proteins.	  These	  proteins	  bind	  to	  the	  

promoter	   of	   specific	   genes	   encoding	   for	   proteins	   important	   for	   DNA	   synthesis	   and	  

chromosome	  duplication.	  

	  

Under	  non-‐proliferative	   stimuli,	   E2F	   is	   repressed	  by	   the	  members	  of	   the	  RB	   family	   of	  

proteins.	   On	   the	   other	   hand,	   under	   proliferative	   stimuli	   CDK4	   is	   activated	   and	  	  

phosphorylates	   the	   protein	   pRB,	   releasing	   the	   repression	   of	   E2F,	   thus	   it	   activates	   the	  

transcription	  of	  different	  proliferative	  genes	  (104).	  

	  

The	   hyperactivity	   of	   the	   CDK4-‐pRB-‐E2F	   pathway	   is	   associated	   with	   the	   abnormal	  

proliferation	  of	  cancer	  cells	  (105).	  In	  fact,	  there	  is	  a	  described	  mutation	  of	  CDK4,	  which	  

renders	   the	   protein	   hyperactive	   because	   it	   cannot	   be	   inhibited	   by	   the	   INK4	   family	   of	  
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inhibitors.	   The	   mutation	   happens	   when	   the	   arginine	   in	   position	   24	   is	   replaced	   by	   a	  

cysteine	   and	   it	   is	   called	   R24C.	   Mice	   homozygous	   for	   this	   mutation	   naturally	   develop	  

endocrine	  and	  epithelial	  tumors	  and	  also	  sarcomas	  (105).	  

	  

	  

	  

4) The	  regulation	  of	  the	  complex	  CDK4/D-‐type	  cyclins	  

	  

To	  orchestrate	  the	  cell	  cycle	  process,	  CDKs	  receive	  multiple	  regulatory	  signals.	   Indeed,	  

extracellular	   growth	   factors	  will	   activate	   CDKs.	   The	   activation	   of	   CDK4	   depends	   on	   a	  

CDK-‐activating	   kinase	   (CAK)	   that	  will	   phosphorylate	  CDK4	   to	   fully	   activate	   it.	   	  On	   the	  

other	   hand,	   antiproliferative	   signals	   will	   induce	   the	   activity	   of	   CDK	   inhibitors	   (CKIs).	  

There	  are	  two	  different	  families	  of	  CDK	  inhibitors:	  the	  INK4	  including	  p16INK4A,	  p15INK4B,	  

p18INK4C	  and	  p19INK4	  and	  the	  CIP-‐KIP	  family	  formed	  by	  p21CIP1,	  p27KIP1	  and	  p57KIP2	  (102).	  

The	   inhibitors	   from	   the	   INK4	   family	   can	   interfere	   to	   repress	   the	   CAK	   activating	  

phosphorylation	  and	  also	  by	  avoiding	  the	  formation	  of	  the	  complex	  CDK4/D-‐type	  cyclin.	  

In	   contrast,	   the	  CIP-‐KIP	   inhibitors	   can	  be	   associated	   to	  both	  CDK	  and	   cyclins	   to	   avoid	  

their	  interaction	  (106).	  	  
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Figure	   1-‐4.	   CDK4-‐pRB-‐E2F	   pathway	   in	   cell	   cycle.	   E2F	   is	   a	   transcription	   factor	  

normally	   repressed	   by	   the	   members	   of	   the	   retinoblastoma	   family	   of	   proteins	   (RB).	  

When	   mitogenic	   or	   proliferative	   stimuli	   are	   sensed	   by	   the	   cell,	   a	   D-‐type	   cyclin	   is	  

activated	  to	  form	  a	  complex	  with	  the	  protein	  cyclin-‐dependent	  kinase	  4	  (CDK4).	  CDK4	  is	  

a	   kinase	   that	   will	   phosphorylate	   RB,	   releasing	   the	   repression	   of	   E2F,	   which	   will	  

therefore;	   activate	   the	   transcription	   of	   different	   proliferative	   genes	   needed	   for	   the	  

progression	  of	  G1-‐S	  phase.	  CDK-‐inhibitors	  (CKI)	  from	  the	  CIP/KIP	  and	  INK4	  families	  can	  

repress	  the	  kinase	  function	  of	  CDK4.	  
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5) CDK4-‐pRB-‐E2F	  pathway	  in	  metabolic	  processes	  

	  

Metabolic	   reprogramming	   is	  not	  only	  a	  hallmark	  of	  normal	  physiological	  homeostasis,	  

but	   also	   of	   pathological	   conditions.	   Growing	   evidences	   exist	   about	   the	   regulatory	  

crosstalk	   between	   metabolic	   pathways,	   cell	   cycle	   progression	   and	   cell	   division.	   Our	  

laboratory	   has	   been	   focusing	   for	   a	   long	   time	   on	   the	   function	   of	   the	   CDK4-‐pRB-‐E2F	  

pathway	   in	   the	  control	  of	  metabolism.	  We,	  and	  others,	  have	  clearly	  demonstrated	  that	  

these	  G1	  and	  S-‐phase	  cell	  cycle	  regulators	  unequivocally	  control	  metabolic	  processes,	  to	  

ensure	   the	  metabolic	  reprogramming	  required	   for	  cell	  cycle,	  and	   independently	  of	  cell	  

cycle	  (107-‐111).	  

	  	  

Actually,	   E2F1	  was	   shown	   to	   be	   a	   positive	   regulator	   of	   adipogenesis,	  while	   E2F4	   is	   a	  

negative	   regulator	   of	   adipocyte	   differentiation	   (112).	   This	   regulation	   is	   orchestrated	  

through	   the	   control	   of	   the	   key	   adipogenic	   regulator	   peroxisome	  proliferator-‐activated	  

receptor	  gamma	  (PPARγ).	  Similarly,	  it	  has	  been	  shown	  that	  pRB,	  the	  pocket	  protein	  that	  

represses	   E2F1	   transcriptional	   activity,	   plays	   numerous	   roles	   in	   adipogenesis,	   as	  

reviewed	  by	  Galderisi	  et	  al	  (113).	  Moreover,	  CDK4	  and	  one	  of	  its	  partners,	  cyclin	  D3,	  can	  

also	  promote	  adipocyte	  differentiation	  via	  the	  direct	  activation	  of	  PPARγ	  (114,	  115).	  

Cyclin	   D1	   (CCND1)	   and	   cyclin	   D3	   (CCND3),	   two	   possible	   partners	   of	   CDK4,	   have	  

independently	   been	   revealed	   to	   play	   opposite	   roles	   in	   adipogenesis,	   since	   CCND3	  has	  

been	   shown	   to	   promote	   adipogenesis	   (115),	   whereas	   CCND1	   inhibits	   both	   PPARγ	  

activity	  and	  adipogenesis	  (115).	  These	  findings	  are	  in	  agreement	  with	  the	  discovery	  that	  

the	   association	   between	   CDK4	   and	   CCND2	   and	   CCND3	   increases	   during	   adipocyte	  

differentiation,	   whereas	   the	   association	   between	   CDK4	   and	   CCND1	   is	   limited	   to	   the	  

proliferative	  phase	  and	  the	  clonal	  expansion	  of	  3T3-‐L1	  adipocytes	  (116).	  

	  

Studies	  using	  mouse	  models	  have	  further	  underscored	  the	  role	  of	   the	  CDK4-‐pRB-‐E2F1	  

pathway	   in	   metabolism,	   since	   transgenic	   animal	   models	   for	   these	   proteins	   exhibit	  

marked	   metabolic	   phenotypes.	   For	   instance,	  E2f1	  −/−	  mice	   and	  Ccnd3	  −/−	  mice	   are	  

resistant	   to	   high-‐fat	   diet-‐induced	   obesity	   and	   show	   increased	   insulin	   sensitivity	   (112,	  
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115,	  117).	  E2f1	  −/−	  mice	  also	  exhibit	   increased	  oxidative	  metabolism	   in	  brown	  adipose	  

tissue	   (118).	   pRb	   adipose-‐specific	   knockout	   (119)	   are	   protected	   from	   diet-‐induced	  

obesity	   and	   exhibit	   browning	   of	   the	   white	   adipose	   tissue,	   and	   pRb	   haploinsufficient	  

animals	   express	   brown	   adipocyte-‐related	   genes	   in	   white	   adipose	   tissue	   (120).	  

Furthermore,	   like	   pRb	   deficient	   animals,	   mice	   lacking	   p107	   are	   lean	   and	   displayed	   a	  

conversion	  of	  WAT	   into	  BAT	   (121).	  Additionally,	  mice	   lacking	  p130	   showed	  a	  marked	  

reduction	  in	  subcutaneous	  fat	  (122).	  

	  

The	   above-‐mentioned	   studies	   highlight	   the	   dual	   role	   of	   cell	   cycle	   regulators	   in	  

adipogenesis	   and	  mature	   adipocyte	   function.	   On	   the	   one	   hand,	   the	   positive	   cell	   cycle	  

regulators	   CDK4,	   CCND3	   and	   the	   transcription	   factors	   E2F1	   promote	   adipocyte	  

differentiation	  by	  promoting	  PPARγ	  expression	  or	  activity	  (112,	  114,	  115).	  This	  positive	  

effect	  on	  PPARγ	  can	  partially	  explain	  the	  protection	  from	  diet-‐induced	  obesity	  observed	  

in	  E2f1	  −/−	  mice	  and	  Ccnd3	  −/−	  mice	  (115,	  117).	  

	  

On	  the	  other	  hand,	   the	  negative	  cell	  cycle	  regulators	  of	   the	  retinoblastoma	  family	  play	  

controversial	   roles	   in	   adipogenesis.	   The	   lack	   of	   pRb	   inhibits	   adipogenesis	   in	   3T3	   and	  

MEF	  cells	   (119,	  123),	  whereas	   the	   lack	  of	  p107	   and	  p130	   increases	   the	  differentiation	  

potential	   in	  3T3	  cells	  (123).	  However,	  pRB	  can	  directly	  repress	  PPARγ	  thus	  the	  lack	  of	  

pRb	  promotes	  adipogenesis	   in	   the	  presence	  of	  PPARγ	  agonists	   (124).	  Despite	   the	  dual	  

role	  of	  retinoblastoma	  proteins	  in	  adipogenesis,	  pRb-‐,	  p107-‐	  and	  p130-‐	  deficient	  mice	  are	  

also	  leaner	  than	  their	  control	  counter	  parts	  (119-‐122).	  However,	  the	  use	  of	  the	  adipose-‐

specific	   model	   by	  Dali-‐Youcef	   et	   al	   allows	   focusing	   on	   the	   function	   of	   pRB	   in	   mature	  

adipocytes	  (119).	  

The	   similarities	   between	   pRb-‐,	   p107-‐	   and	   p130-‐deficient	   mice,	   which	   are	   expected	   to	  

have	  increased	  E2F1	  activity,	  and	  E2f1	  −/−	  mice	  underscore	  the	  importance	  of	  E2F1	  both	  

as	   a	   transcriptional	   repressor,	   when	   complexed	   with	   a	   pocket	   protein,	   and	   as	   a	  

transcriptional	  activator.	  Moreover,	  they	  suggest	  that	  there	  are	  other	  factors	  implicated	  

in	  the	  regulation	  of	  gene	  expression	  by	  the	  pocket	  protein/E2F1	  complexes.	  
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In	  addition,	  Cdk4	  full	  knockout	  (Cdk4-‐/-‐)	  mice	  are	  smaller	  in	  size	  compared	  to	  the	  control	  

mice	   and	   insulin-‐deficient	   diabetic	   because	   of	   a	   striking	   decrease	   in	   the	   amount	   of	  β-‐

cells	  (125).	  The	  phenotyping	  of	  Cdk4-‐/-‐	  mice	  revealed	  that	  CDK4	  is	  involved	  in	  the	  insulin	  

secretion	  describing	  a	  new	  role	  of	  CDK4	  in	  the	  pancreatic	  function.	  

Other	  roles	  of	  CDK4	  related	  to	  the	  control	  of	  glucose	  homeostasis	  have	  been	  described.	  

Lee	  et	  al	  found	  that	  CDK4	  shuts	  down	  hepatic	  gluconeogenesis	  by	  inhibiting	  the	  activity	  

of	   the	   transcription	   factor	   peroxisome	   proliferator-‐activated	   receptor	   gamma	  

coactivator	  1-‐alpha	  (PGC1α)	  (126).	  

	  

Finally,	  Cdk4	  nc/nc	  mice,	  expressing	  Cdk4	  only	  in	  pancreatic	  beta	  cells,	  have	  decreased	  fat	  

mass,	   and	   exhibit	   insulin	   resistance;	   whereas	  Cdk4	  R24C/R24C	  mice,	   carrying	   a	   point	  

mutation	   that	   prevents	   the	   interaction	   between	   CDK4	   and	   the	   INK4	   family	  members,	  

have	   increased	   fat	   mass	   and	   improved	   insulin	   sensitivity	   in	   an	   E2F1-‐independent	  

manner,	  via	  increased	  phosphorylation	  of	  the	  insulin	  receptor	  substrate	  2	  (IRS2)	  protein	  

(127).	   Recombinant	   adeno-‐associated	   virus	   (AAV)	   were	   used	   to	   trigger	   an	   acute	  

deletion	  of	  Cdk4,	  and	  conclusively	  prove	  that	  the	  effects	  of	  CDK4	  in	  the	  insulin	  signaling	  

pathway	  are	  due	  to	  the	  modulation	  of	  terminally	  differentiated	  adipocytes,	  and	  not	  to	  its	  

role	  in	  adipogenesis	  (127).	  	  

	  

Interestingly,	   CDK4	   has	   also	   been	   placed	   in	   the	   center	   of	   the	   control	   of	   muscle	  

metabolism	   to	   regulate	   fatty	   acid	   oxidation	   through	   the	  modulation	   of	   AMPK	   activity	  

(128).	  	  

	  

Cell	   cycle	   regulators	   have	   been	   shown	   to	   modulate	   the	   activity	   of	   several	   metabolic	  

tissues	  via	   the	  regulation	  of	  master	  metabolic	   regulators	   like	  PPARγ,	  PGC1α	  and	   IRS2.	  

The	  studies	  described	  before	  suggest	   that	   there	  might	  be	  other	  cell	   cycle	   independent	  

functions	   in	   metabolic	   tissues	   remaining	   to	   be	   discovered.	   These	   findings	   place	   the	  

CDK4-‐pRB-‐E2F1	  axis	  as	  a	  key	  sensor	  of	  metabolism	  at	  the	  cellular	  and	  at	  the	  organismal	  

level.
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	   Chapter	  2:	  Aim	  of	  the	  thesis	  
	  
	  
As	  already	  mentioned	  in	  the	  introduction,	  BAT	  research	  has	  gained	  strong	  relevance	  on	  

the	   field	   of	   metabolic	   studies.	   Indeed,	   the	   importance	   of	   this	   fat	   depot	   relies	   on	   its	  

potential	   to	   increase	   energy	   expenditure	   and	   glucose	   clearance	   through	   its	   activation.	  

The	  above-‐mentioned	  functions	  of	  BAT	  are	  seen	  as	  novel	  strategies	  against	  obesity	  and	  

diabetes.	  

	  

Several	   novel	   proteins	   have	   been	   newly	   identified	   as	   participants	   of	   the	   BAT	   activity	  

regulation.	  Among	  them,	  numerous	  cell	  cycle	  regulators	  have	  been	  attributed	  to	  regulate	  

brown	   fat	   activity	   (118,	   119,	   129,	   130).	   However,	   no	   role	   for	   CDK4	   has	   been	   yet	  

described.	  	  

	  

The	  aim	  of	  this	  thesis	  rests	  on	  the	  following	  observations	  from	  rodent	  models:	  

	  

1. CDK4	  has	  a	  role	  independent	  from	  cell	  cycle	  

2. CDK4	  is	  a	  protein	  that	  is	  highly	  expressed	  in	  BAT	  

3. CDK4	   has	   been	   described	   to	   regulate	   metabolic	   pathways	   in	   mature	   white	  

adipocytes	  

	  

Overall,	   the	   aim	   of	   this	   thesis	   was	   to	   further	   investigate	   the	   role	   of	   CDK4	   in	   other	  

metabolic	  tissues	  and	  in	  particular,	  in	  BAT	  and	  thermoregulation.	  

	  

The	  first	  objective	  was	  to	  determine	  whether	  or	  not	  CDK4	  plays	  a	  role	  in	  the	  regulation	  

of	  BAT	  non-‐shivering	  thermogenesis.	  The	  second	  objective	  was	  to	  investigate	  how	  CDK4	  

regulates	   thermoregulation,	   if	   it	   is	   direct	   effect	   in	   the	   BAT	   or	   not.	   As	   this	   part	   of	   the	  

study	  revealed	  that	  the	  effect	  was	  not	  cell	  autonomous,	  the	  third	  objective	  of	  the	  thesis	  

was	   to	   further	   study	   the	   mechanism	   by	   which	   CDK4	   regulates	   BAT	   activity.
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Chapter	  3:	  Results	  

I. CDK4	   regulates	   non-‐shivering	   thermogenesis	   through	  

modulation	   of	   thyroid	   hormone	   metabolism	   and	   sympathetic	  

innervation	  

	  

The	   first	  part	   of	   the	   results	   is	   the	  manuscript	   of	   the	  unpublished	  article	   that	  we	  have	  

entitled	   “CDK4	   regulates	   non-‐shivering	   thermogenesis	   through	   modulation	   of	   thyroid	  

hormone	  metabolism	  and	  sympathetic	  innervation”	  which	  includes	  the	  studies	  of	  BAT	  in	  

Cdk4	   knockout	   (Cdk4-‐/-‐)	   and	   Cdk4	   BAT-‐specific	   knockout	   (Cdk4	   bKO)	   mice.
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CDK4	  regulates	  non-‐shivering	  thermogenesis	  through	  modulation	  of	  

thyroid	  hormone	  metabolism	  and	  sympathetic	  innervation	  
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Abstract	  

	  

Brown	   adipose	   tissue	   (BAT)	   is	   a	   highly	   specialized	   tissue	   that	   functions	   to	   maintain	  

body	   temperature	  during	  cold	  challenge	   through	  non-‐shivering	   thermogenesis.	  Cyclin-‐

dependent	  kinase	  4	  (CDK4)	  has	  been	  described	  as	  a	  regulator	  of	  oxidative	  metabolism.	  

However,	   the	   role	   of	   cell	   cycle	   regulators	   in	   the	  development	   and	   the	   function	  of	   this	  

oxidative	  depot	  has	  not	  been	  thoroughly	  studied	  yet.	  We	  now	  aim	  to	  determine	  the	  role	  

of	  CDK4	  in	  the	  function	  of	  BAT.	  Interestingly,	  Cdk4	  inactivation	  in	  vivo	  led	  to	  a	  marked	  

metabolic	  phenotype	  in	  BAT,	  pointing	  towards	  a	  participation	  of	  CDK4	  in	  non-‐shivering	  

thermogenesis.	  BAT	   from	  Cdk4-‐/-‐	  mice	  are	   smaller,	   and	  exhibit	  a	  decreased	  number	  of	  

lipid	   droplets.	   Moreover,	   mitochondrial	   number	   and	   the	   expression	   of	   canonical	  

thermogenic	   genes	   are	   increased	   in	   the	  BAT	  of	   these	  mice,	  which	   renders	   them	  more	  

resistant	  to	  cold	  exposure.	  Nevertheless,	  these	  effects	  are	  not	  cell-‐auntonomous	  because	  

BAT-‐specific	   deletion	   of	   Cdk4	   does	   not	   alter	   the	   regulation	   of	   thermogenesis.	  

Importantly,	  deiodinase	  2	  (Dio2)	  and	  Thyroid	  hormone	  receptor	  beta	  (Thrβ)	  expression	  

is	   increased	   in	   the	   BAT	   of	   Cdk4-‐/-‐	   mice,	   suggesting	   that	   there	   might	   be	   an	   increased	  

intracellular	   thyroid	   hormone	   signaling.	   Interestingly,	   BAT	   sympathetic	   innervation	   is	  

also	   increased	   in	   these	   mice	   indicating	   that	   a	   higher	   level	   of	   BAT	   activation	   by	   the	  

sympathetic	  nervous	  system.	  Overall,	  our	  findings	  suggest	  that	  CDK4	  has	  a	  major	  role	  in	  

brown	  adipose	  tissue	  biology	  and	   in	  temperature	  regulation	  through	  thyroid	  hormone	  

metabolism	  and	  sympathetic	  innervation.	  	  
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Introduction	  

	  

Energy	  balance	  is	  controlled	  by	  food	  intake	  and	  energy	  expenditure.	  A	  dysregulation	  in	  

this	  equation	  might	  produce	  excess	  in	  white	  adipose	  tissue	  (WAT)	  mass	  and	  therefore,	  

obesity	   (1).	   Cardiovascular	   diseases	   and	   diabetes	   are	   pathologies,	   which	   are	   highly	  

associated	  with	  obesity,	  a	  worldwide	  growing	  problem	  (2).	  	  

WAT	  is	  an	  organ	  dedicated	  to	  lipid	  storage	  in	  the	  form	  of	  triglycerides	  (TG)	  to	  provide	  

fuel	   to	   other	   organs	  when	   needed	   (3,	   4).	   In	   the	   last	   years,	   special	   attention	   has	   been	  

placed	   into	   brown	   adipose	   tissue	   (BAT)	   because	   of	   its	   ability	   to	   increase	   energy	  

expenditure	  and	  glucose	  clearance	  (5-‐7).	  Although	  described	  in	  the	  16th	  century	  to	  be	  

present	  in	  small	  mammals,	  evidence	  of	  an	  active	  BAT	  in	  humans	  came	  in	  2002	  (8).	  BAT	  

is	   a	   highly	   specialized	   organ	   dedicated	   to	   thermogenesis	   aiming	   to	   maintain	   body	  

temperature	  in	  cold	  stress	  (9).	  It	  is	  formed	  by	  brown	  adipocytes	  that	  contain	  numerous	  

lipid	  droplets	   and	  a	  high	  number	  of	  mitochondria,	   in	  which	   is	  present	   the	  uncoupling	  

protein	  1	  (UCP1).	  UCP1	  uncouples	  ATP	  production	  from	  mitochondrial	  respiration	  into	  

heat	  (9,	  10).	  	  

	  

Cold	   exposure	   is	   sensed	   by	   motor	   neurons	   found	   in	   the	   skin	   that	   send	   sensory	  

information	   to	   the	   central	   nervous	   system	   (CNS)	   (11).	   In	   the	   hypothalamus	   there	   are	  

several	  nuclei	  known	  to	  be	  involved	  in	  the	  thermogenic	  response	  (11-‐15).	  In	  particular,	  

the	  sympathetic	  nervous	  system	  directly	  innervates	  BAT	  to	  control	  heat	  production	  (16-‐

18).	   Thyroxine	   hydroxylase-‐expressing	   nervous	   fibers	   (TH-‐fibers)	   in	   BAT	   will	   locally	  

secrete	   norepinephrine,	   the	   principal	   inductor	   of	   BAT	   activity	   (18).	   Norepinephrine	  

stimulates	  β-‐adrenergic	   receptors	   in	   brown	   adipocytes	   to	   increase	   intracellular	   cAMP	  

levels	  by	  adenylyl	  cyclase	  and	  activate	   the	  PKA	  pathway	   to	   increase	   lipid	  mobilization	  

and	  thermogenesis	  (19).	  Moreover,	  sympathetic	   innervation	  also	  affects	  mitochondrial	  

number	  and	  activity	  (20-‐22).	  	  

	  

Other	   neuro-‐endocrine	   pathways	   had	   been	   described	   to	   regulate	   BAT	   thermogenesis.	  

The	   Hypothalamic-‐Pituitary-‐Thyroid	   (HPT)	   axis	   is	   one	   of	   them,	   which	   controls	   the	  
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production	  of	   thyroid	  hormones	  by	  the	  thyroid	  gland	  (23,	  24).	  Thyroid	  hormones	  (T3,	  

T4)	   are	   known	   to	   stimulate	   energy	   expenditure	   and	   heat	   production	   (25).	  

Type	  II	  iodothyronine	  deiodinase	  2	  (Dio2)	   is	  the	  key	  enzyme	  to	  generate	  T3,	  the	  active	  

form	  of	  the	  thyroid	  hormones,	  from	  T4.	  Numerous	  studies	  have	  studied	  the	  role	  of	  TH	  in	  

BAT	  (26-‐28).	  Indeed,	  there	  is	  evidence	  that	  T3	  signaling	  induces	  Ucp1	  and	  thermogenic	  

gene	  expression	  by	  binding	  to	  nuclear	  thyroid	  hormone	  receptor	  (THR)	  (29).	  

	  

CDK4	   is	  a	  cell-‐cycle	   regulator	   that	  participates	   in	   the	  G1/S	   transition	  phase	  of	   the	  cell	  

cycle.	  Growth	  factors	  or	  mitotic	  stimuli	  activate	  this	  kinase	  by	  promoting	  its	  interaction	  

to	  its	  regulatory	  proteins,	  D-‐type	  cyclins.	  Once	  active,	  CDK4	  is	  able	  to	  phosphorylate	  the	  

retinoblastoma	  protein	  (pRB)	  to	  release	  the	  repression	  of	  the	  E2F	  protein.	  E2F	  will	  thus	  

bind	   to	   the	   promoter	   of	   specific	   genes	   encoding	   for	   proteins	   important	   for	   DNA	  

synthesis	  and	  chromosome	  duplication	  (30).	  

Apart	  from	  that,	  growing	  evidences	  exist	  about	  the	  role	  of	  CDK4	  in	  adaptive	  metabolic	  

responses	  (31-‐33).	  Indeed,	  our	  lab	  reported	  that	  CDK4	  is	  a	  mediator	  of	  insulin	  signaling	  

in	   mature	   adipocytes	   (31)	   and	   the	   treatment	   with	   a	   chemical	   inhibitor	   of	   CDK4/6	  

proteins,	   protects	   against	   diet	   induced	   obesity	   and	   decreases	   fat	   mass	   through	  

increasing	   lipid	   utilization	   (34).	   Because	   of	   the	   role	   of	   CDK4	   in	   the	   regulation	   of	  

oxidative	  metabolism	  (33),	  we	  want	  to	  explore	  the	  function	  of	  CDK4	  in	  the	  BAT	  biology.	  	  

	  

In	  the	  present	  study,	  we	  focused	  on	  the	  study	  of	  CDK4	  in	  BAT	  function	  by	  investigating	  

the	   thermogenic	   phenotype	   of	   the	   already	   described	   Cdk4	   knockout	   mice	   (Cdk4nc/nc,	  

mentioned	  in	  this	  manuscript	  as	  Cdk4-‐/-‐)	  (31)	  and	  of	  a	  new	  model	  of	  Cdk4	  BAT-‐specific	  

knockout	  mice	   (Cdk4-‐bKO).	   BAT	   thermogenesis	  was	   increased	   in	   the	  Cdk4-‐/-‐,	   and	   this	  

was	   accompanied	  by	   a	   global	   increase	   in	   energy	   expenditure.	  Nevertheless,	  Cdk4-‐bKO	  

mice	  did	  not	  show	  any	  metabolic	  phenotype	  related	  to	  BAT,	  suggesting	  that	  CDK4	  has	  no	  

cell-‐autonomous	  effect	  of	   in	  mature	  brown	  adipocytes.	  Furthermore,	  we	  demonstrated	  

that	  sympathetic	  innervation	  and	  thyroid	  hormone	  metabolism	  were	  highly	  increased	  in	  

BAT	  of	  Cdk4-‐/-‐,	  which	  could	  explain	  its	  higher	  activation.	  Collectively,	  our	  results	  indicate	  
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that	   CDK4	   reduces	   BAT	   thermogenesis	   through	   the	   regulation	   of	   TH	  metabolism	   and	  

sympathetic	  innervation.	  

	  

	  

Results	  

	  

Cdk4	  knockout	  mice	  are	  smaller	  and	  have	  increased	  energy	  expenditure	  

Cdk4	  knockout	  mice	  (Cdk4-‐/-‐)	  were	  used	  to	  explore	  the	  role	  of	  CDK4	  in	  brown	  adipose	  

tissue	   metabolism.	   As	   described	   before	   by	   our	   lab,	   Cdk4-‐/-‐	   mice	   are	   smaller	   in	   size	  

(Supplemental	   figure	   1	   A-‐B)	   and	   present	   decreased	   fat	   mass	   (data	   not	   shown)	   (31).	  

Despite	  their	  smaller	  size	  and	  leaner	  phenotype,	  these	  mice	  have	  a	  20%	  increase	  in	  food	  

intake,	  when	  corrected	  by	  body	  weight	  (Supplemental	   figure	  1	  C-‐D).	  Moreover,	  Cdk4-‐/-‐	  

mice	   showed	   and	   important	   increased	   oxygen	   consumption	   and	   energy	   expenditure	  

(calculated	  as	  EE=((RERx1.232)+3.815)xVO2)/1000)	  in	  the	  dark	  and	  light	  phases,	  when	  

compared	  to	  wild-‐type	  mice	  (Supplemental	  figure	  1	  E-‐F).	  	  

	  

Increased	  adaptation	  to	  cold	  in	  Cdk4	  knockout	  mice	  

The	  contribution	  of	  BAT	  in	  increasing	  whole-‐body	  energy	  expenditure	  has	  been	  broadly	  

studied.	  We	  therefore	  hypothesized	  that	  the	  increased	  energy	  expenditure	  observed	  in	  

the	   Cdk4-‐/-‐	   could	   be	   explained	   by	   increased	   BAT	   activation.	   BAT	   is	   functional	   mainly	  

under	  cold	  exposure	  where	  it	  plays	  a	  role	  in	  maintaining	  body	  temperature.	  To	  explore	  

the	   activation	   of	   this	   tissue,	  we	   exposed	  Cdk4-‐/-‐	   	  mice	   to	   6°C	   to	   and	  measured	   oxygen	  

consumption	   and	   respiratory	   exchange	   ratio	   (RER)	   by	   indirect	   calorimetry.	   Cold	  

exposure	   increases	   oxygen	   consumption	   and	   decreases	   RER	   in	   the	   control	   animals	  

(Figure	  1,	  A-‐B).	  Interestingly,	  the	  differences	  between	  control	  and	  knockout	  mice	  were	  

even	  bigger	  at	  6°C,	  where	  Cdk4-‐/-‐	  have	  higher	  levels	  of	  oxygen	  consumption	  and	  a	  bigger	  

switch	  towards	  lipid	  utilization	  shown	  by	  the	  measurements	  of	  RER.	  These	  data	  strongly	  

suggested	  that	  Cdk4-‐/-‐	  mice	  could	  have	  developed	  a	  system	  to	  adapt	  to	  cold	  exposure.	  To	  

test	   this	   hypothesis,	   we	   exposed	   the	   animals	   to	   cold	   and	   followed	   their	   body	  

temperature	   for	   6	   hours.	   Even	   if	   their	   basal	   body	   temperature	   was	   just	   slightly	  
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increased	  compared	  to	  their	  control	   littermates	  (Figure	  1C),	  Cdk4-‐/-‐	  mice	  maintained	  a	  

higher	  body	  temperature	  during	  the	  6	  hours	  of	  cold	  exposure	  (Figure	  1D).	  These	  results	  

suggest	  that	  deletion	  of	  CDK4	  promotes	  thermogenic	  capacity.	  

The	   interscapular	   brown	   fat	   depot	   of	   Cdk4	   knockout	   mice	   was	   smaller	   and	   darker,	  

suggesting	   an	   increased	   activation	   of	   the	   tissue	   (Figure	   2A-‐B).	   By	   analyzing	   the	  

morphology	  of	  this	  tissue	  by	  hematoxylin	  eosin	  staining,	  we	  observed	  a	  decreased	  lipid	  

droplet	  size	  in	  the	  knockout	  mice	  (Figure	  2C),	  suggesting	  an	  increased	  activation	  of	  the	  

tissue.	   The	   most	   iconic	   BAT	   protein	   is	   the	   uncoupling	   protein	   1	   (UCP1),	   which	   is	  

involved	   in	   the	   uncoupling	   of	   protons	   to	   generate	   heat.	   Cdk4-‐/-‐	   mice	   presented	   an	  

increased	   amount	   of	   this	   protein	   at	   room	   temperature	   conditions,	   demonstrated	   by	  

immunohistochemical	   analysis	   (Figure	   2C)	   and	   western	   blot	   (Figure	   2D).	   Moreover,	  

gene	   expression	   analysis	   of	   BAT	   revealed	   a	   high	   up-‐regulation	   of	   thermogenic	   and	  

brown	   markers	   in	   the	   Cdk4-‐/-‐	   mice;	   where	   especially	   Ucp1	   and	   Bmp8b	   were	   highly	  

increased	   (Figure	   2E).	   These	   results	   suggest	   that	   there	   is	   a	   marked	   pro-‐thermogenic	  

phenotype	  in	  the	  Cdk4	  deficient	  mice.	  

	  	  

	  

Specific	  deletion	  of	  Cdk4	  in	  BAT	  does	  not	  affect	  thermogenic	  capacity	  

To	   determine	   the	   tissue-‐specificity	   of	   the	   phenotype	   found	   in	   the	  Cdk4-‐/-‐	  mice	   and	   to	  

further	   explore	   the	   cell-‐autonomous	   role	   of	   Cdk4	   in	   BAT,	   we	   generated	   BAT	   specific	  

knockout	   mice	   by	   crossing	   Cdk4flox/flox	   mice	   with	   Ucp1-‐Cre	   transgenic	   mice,	   which	  

express	  Cre	  recombinase	  specifically	  in	  brown	  adipocytes,	  generating	  Cdk4flox/flox	  Ucp1-‐

Cre	  mice	   (Cdk4-‐bKO).	  As	   shown	   in	  Supplemental	  Figure	  2	  A,	  Cdk4-‐bKO	  had	  decreased	  

expression	   of	   CDK4	   in	  BAT	  but	   not	   in	   subcutaneous	  white	   adipose	   tissue	   (scWAT)	   or	  

perigonadal	   WAT	   (pgWAT).	   No	   differences	   in	   size,	   body	   weight	   or	   fat	   mass	   were	  

observed	  in	  these	  mice	  compared	  to	  their	  control	  littermates	  (Supplemental	  figure	  2B,	  C,	  

D).	  

	  

For	  assessment	  of	  thermogenesis,	  Cdk4-‐bKO	  and	  control	  mice	  were	  exposed	  to	  cold	  for	  6	  

hours.	   No	   differences	   in	   basal	   body	   temperature	   (Figure	   3A)	   or	   response	   to	   cold	  
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exposure	  were	  observed	  (Figure	  3B).	  Interscapular	  BAT	  mass	  from	  Cdk4-‐bKO	  mice	  was	  

similar	  to	  the	  one	  of	  the	  controls	  (Figure	  3C,	  D)	  and	  hematoxylin	  eosin	  analysis	  revealed	  

no	  apparent	  difference	  in	  the	  lipid	  content	  or	  the	  morphology	  of	  the	  tissue	  between	  the	  

two	   genotypes	   (Figure	   3E).	   Likewise,	   western	   blot	   analysis	   of	   UCP1	   (Figure	   3F)	   or	  

thermogenic	   and	   brown	   gene	   expression	   levels	   (Figure	   3G)	   was	   indistinguisable	  

between	  both	  models.	  

	  

Altogether,	  these	  results	  demonstrate	  that	  there	  is	  not	  autonomous	  effect	  of	  CDK4	  in	  the	  

thermogenic	  function	  of	  brown	  adipocytes.	  Therefore,	  we	  focused	  on	  exploring	  what	  is	  

the	  organ	  crosstalk	  and	  upstream	  regulation	  of	  the	  BAT	  in	  the	  Cdk4-‐/-‐	  mice.	  

	  

Cdk4	  knockout	  mice	  have	  enhanced	  intracellular	  thyroid	  hormone	  signaling	  

BAT	   activity	   can	   be	   regulated	   by	   different	   mechanisms,	   among	   them,	   the	   endocrine	  

system	  and	   the	   sympathetic	   innervation.	   Thyroid	  hormones	   regulate	  BAT	  metabolism	  

and	  thermogenesis.	  First,	  we	  analyzed	  the	  morphology	  of	  the	  thyroid	  gland.	  Histological	  

analysis	   of	   this	   tissue	   by	   hematoxylin	   eosin	   staining	   did	   not	   show	   any	   apparent	  

difference	  between	  both	  genotypes	  (Supplemental	  Figure	  3A).	  Similarly,	  analysis	  of	  the	  

most	  abundant	  thyroid	  hormone,	  T4,	  levels	  in	  serum	  did	  not	  show	  differences	  between	  

both	  genotypes	  (Supplemental	  Figure	  3B).	  

As	  T4	  is	  more	  aboundantly	  synthetized	  than	  its	  active	  form	  T3,	  there	  is	  a	  special	  enzyme	  

in	   charge	  of	   its	   conversion	   to	  T3.	  This	   enzyme	   is	   the	  deiodinase	  2	   (DIO2).	  The	  higher	  

expression	  of	  Dio2	  found	  in	  the	  BAT	  of	  the	  Cdk4-‐/-‐	  mice	  (Supplemental	  Figure	  3C),	  led	  us	  

to	   suspect	   that	   thyroid	   hormones	   might	   play	   a	   role	   in	   the	   regulation	   of	   increased	  

thermogenesis	   in	   the	   Cdk4	   knockout	   mice.	   We	   therefore	   determined	   the	   expression	  

levels	   of	   the	   thyroid	   hormone	   receptors	   in	   BAT	   and	   found	   that	  Thrβ	   expression	  was	  

increased	   in	   the	  Cdk4-‐/-‐	  mice	   suggesting	   that	   there	  might	  be	   an	   increased	   intracellular	  

thyroid	  hormone	  metabolism	  in	  the	  BAT	  of	  Cdk4-‐/-‐	  mice.	  
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Increased	   sympathetic	   innervation	   in	   BAT	   and	   browning	   of	   scWAT	   in	   Cdk4	  

knockout	  mice	  

It	   is	  well	   established	   that,	  BAT-‐dependent	   thermogenesis	   is	   controlled	  by	  sympathetic	  

innervation.	   TH-‐positive	   fibers	   are	   found	  within	   BAT	   and	   are	   responsible	   of	   the	   local	  

production	  of	  norepinephrine	   to	  stimulate	   the	   tissue.	  Therefore,	  we	  hypothesized	   that	  

an	  increase	  in	  sympathetic	  innervation	  could	  explain	  the	  phenotype	  of	  Cdk4-‐/-‐	  mice.	  For	  

this	   reason,	  we	   explored	   innervation	   of	   BAT	   in	  Cdk4-‐/-‐	  mice	   by	   immunohistochemical	  

analysis	  of	  TH-‐fibers	  in	  tissue	  sections.	  Mice	  deficient	  in	  Cdk4	  presented	  higher	  levels	  of	  

TH-‐expressing	   fibers	   than	   the	  wild-‐type	  mice	   (Figure	   4A-‐B).	   In	   addition	   to	   its	   role	   in	  

regulating	   BAT	   activity,	   sympathetic	   innervation	   can	   also	   stimulate	   the	   browning	   of	  

WAT.	   As	   we	   saw	   an	   increased	   activation	   of	   BAT	   in	   Cdk4-‐/-‐	   mice,	   we	   suspected	   that	  

morphological	   differences	   towards	   thermogenesis	  would	   also	  be	   found	   in	   the	  WAT	  of	  

these	   mice.	   	   Accordingly,	   Cdk4-‐/-‐	   mice	   also	   presented	   browning	   of	   scWAT	   at	   room	  

temperature	   conditions	   as	   showed	  by	   hematoxylin	   eosin	   staining	   and	   thermogenic	   or	  

brown	  gene	  expression	  (Supplemental	  Figure	  4A-‐B).	  

As	   thermogenic	   activation	   of	   brown	   adipocytes	   mainly	   involve	   beta	   3	   adrenergic	  

receptor	   (ADRB3),	  we	   treated	   the	  mice	  with	  a	   specific	  ADRB3	  antagonist	   (SR59230A)	  

and	  we	  analyzed	   their	   response	   to	   cold	   after	   the	   treatment.	  Cdk4+/+	  mice	   treated	  with	  

the	   antagonist	   (SR)	   were	   more	   sensitive	   to	   cold	   test	   than	   the	   vehicle-‐treated	   group	  

(NaCl).	  Nevertheless,	   to	  our	  surprise,	  knockout	  mice	   treated	  with	  SR,	  did	  not	  decrease	  

their	   body	   temperature	   and	   exhibited	   the	   same	   cold	   resistance	   than	   the	   Cdk4-‐/-‐	  with	  

NaCl	  (Figure	  4C-‐D).	  To	  understand	  this	  paradox,	  we	  analyzed	  the	  expression	  of	  p-‐CREB	  

Ser133	   as	   a	  measurement	   of	   the	   activation	  of	   the	  PKA	  pathway	  by	  western	  blot.	   This	  

experiment	  showed	  that	  under	  SR	  treatment	  where	  β3-‐adrenergic	  signaling	  is	  blocked,	  

Cdk4-‐/-‐	  mice	  have	  increased	  activation	  of	  the	  PKA	  pathway	  in	  BAT,	  suggesting	  that	  there	  

is	  a	  higher	  thermogenic	  activity	  of	  this	  tissue	  despite	  the	  inhibition	  of	  the	  ADRB3	  by	  the	  

antagonist	  (Figure	  4E).	  

	  

	  

	  



Chapter	  3:	  Results	  
	  

_____________________________________________________________________________________________________	  

	   45	  

Cdk4	  deletion	  favors	  mitochondrial	  biogenesis	  and	  activity	  

Since	  mitochondria	  are	  crucial	  organelles	  for	  heat	  production,	  we	  decided	  to	  determine	  

the	  role	  of	  Cdk4	   in	  brown	  adipose	  tissue	  mitochondrial	  number	  and	   function.	  We	  first	  

assessed	   mitochondrial	   number	   by	   transmission	   electron	   microscopy	   (TEM).	   This	  

analysis	  showed	  that	  there	  was	  40%	  more	  of	  mitochondrial	  volume	  in	  the	  BAT	  of	  Cdk4-‐/-‐	  

mice	   (Figure	   5A-‐B).	   Next,	   we	   determined	   the	   oxidative	   capacity	   of	   this	   tissue	   by	  

respirometry	  analysis	  using	  the	  Oroboros	  system.	  Coupled	  respiration	  through	  complex	  

I	   (CI)	   or	   complex	   1	   +	   2	   (CI+CII)	   and	  maximal	   electron	   transport	   system	   capacity	  was	  

strongly	   increased	   in	   the	   BAT	   homogenates	   from	   the	   knockout	   mice	   (Figure	   5C).	  

Nevertheless,	   isolated	   mitochondria	   showed	   equal	   amounts	   of	   proteins	   from	   the	  

complexes	   of	   the	   electron	   transport	   chain	   in	   both	   wild-‐type	   and	   knockout	   models	  

(Figure	   2D).	   Taken	   together	   these	   results	   suggest	   that	   Cdk4-‐/-‐	   mice	   have	   a	   bigger	  

thermogenic	   response	   due	   to	   an	   increased	   mitochondrial	   number,	   which	   therefore	  

increased	  the	  efficiency	  of	  the	  tissue	  to	  uncouple	  and	  generate	  heat.	  

	  

	  

Discussion	  

	  

The	   study	   of	   BAT	   thermogenesis	   has	   gained	   great	   attention	   in	   the	   past	   years.	   BAT	  

activation	  increases	  energy	  expenditure	  and	  helps	  to	  maintain	  glucose	  homeostasis	  (5,	  

7,	   35,	   36).	   These	   traits	  make	   this	   organ	   a	   tissue	   of	   interest	   to	   be	   studied	   in	   detail	   to	  

design	  targeted	  therapies	  against	  obesity	  and	  diabetes	  (37-‐39).	  

	  

The	  cell-‐cycle	  regulator	  CDK4	  is	  known	  to	  be	  involved	  in	  adipose	  tissue	  metabolism,	  in	  

processes	   such	   as	   adipogenesis	   and	   insulin	   signaling	   in	  mature	  white	   adipocytes	   (31,	  

32).	   Moreover,	   CDK4	   activity	   has	   also	   been	   associated	   to	   the	   regulation	   of	   oxidative	  

metabolism	   (33).	   Here,	   we	   provide	   evidences	   that	   CDK4	   impairs	   non-‐shivering	  

thermogenesis	   by	   modulating	   intra-‐adipocyte	   thyroid	   hormone	   metabolism	   and	  

sympathetic	  innervation.	  	  
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First	   we	   showed	   that	   Cdk4	   knockout	   mice	   have	   increased	   energy	   expenditure	   and	  

oxygen	   consumption,	   especially	  under	   cold	  exposure	  where	   there	   is	   also	  an	   increased	  

metabolic	   switch	   towards	   lipids	   utilization.	   These	   data	   suggested	   a	   role	   of	   CDK4	   in	  

thermoadaptation.	  	  

Moreover,	   Cdk4-‐/-‐	   mice	   showed	   an	   increased	   cold	   tolerance	   accompanied	   by	   an	  

enhanced	   expression	   of	   Ucp1	   and	   other	   thermogenic	   genes	   in	   BAT.	   	   Nevertheless,	  

experiments	   with	   Cdk4-‐bKO	   mice	   proved	   that	   CDK4	   does	   not	   have	   cell	   autonomous	  

effects	   in	  BAT.	  Therefore,	  we	  hypothesized	   that	   the	   increased	   thermogenic	  capacity	  of	  

the	  Cdk4	  knockout	  mice	  was	  due	  to	  the	  regulation	  by	  other	  organs.	  While	  investigating	  

this	  we	   found	   that	   thyroid	   hormone	  metabolism	   in	   BAT	  was	   highly	   relevant	   in	   these	  

mice,	  represented	  by	  the	  enhanced	  expression	  of	  Dio2	  and	  Thrβ.	  These	  results	  suggested	  

an	   enhanced	   intracellular	   thyroid	   hormone	   metabolism	   that	   could	   explain	   a	   greater	  

activation	  of	  the	  PKA-‐pathway	  and	  in	  turn,	  of	  heat	  production.	  

	  

This	   study	   has	   also	   illustrated	   that	   Cdk4	   deficiency	   leads	   to	   increased	  mitochondrial	  

number	  in	  BAT.	  Several	  studies	  have	  associated	  that	  thyroid	  hormones	  play	  a	  role	  in	  the	  

regulation	  of	  mitochondrial	  biogenesis	  (39-‐42).	  As	  shown	  by	  our	  results,	  Cdk4	  knockout	  

mice	  might	  have	  increased	  thyroid	  hormones	  signaling	  in	  BAT	  and	  this	  could	  explain	  the	  

higher	  amount	  of	  mitochondria	  found	  in	  the	  BAT	  of	  these	  mice	  by	  electron	  microscopy	  

analysis.	  	  

	  

On	   the	   other	   hand,	   the	   increased	   presence	   of	   TH-‐positive	   fibers	   in	   the	   BAT	   of	  Cdk4-‐/-‐	  

mice,	  a	  measurement	  of	  sympathetic	  innervation,	  suggested	  that	  CDK4	  acts	  at	  the	  level	  

of	  sympathetic	  nervous	  system	  to	  repress	  sympathetic	  innervation	  in	  adipose	  tissue.	  

	  

The	   modulation	   of	   adrenergic	   stimulation	   of	   brown	   adipocytes	   is	   mediated	   by	   β3-‐

adrenergic	   receptor.	   However,	   blocking	   this	   receptor	   by	   a	   selective	  β3-‐antagonist	   did	  

not	   prevent	   the	   enhanced	   cold-‐tolerance	   of	   Cdk4-‐/-‐	   mice.	   The	   mechanisms	   of	  

thermogenesis	   from	   Cdk4-‐/-‐	   could	   include	   compensating	   pathways,	   such	   as	   other	  

adrenergic	   receptors,	   such	   as	   β1-‐adrenergic	   receptor	   that	   has	   been	   described	   to	  
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compensate	   the	   lack	   of	  β3-‐adrenergic	   receptor	   in	  vivo	   (43).	  Moreover,	   PKA-‐activation	  

can	  be	  triggered	  by	  other	  molecules,	  such	  as	  thyroid	  hormones	  (44).	  Therefore,	  lack	  of	  

β3-‐adrenergic	   mediating	   effects	   in	   Cdk4-‐/-‐	   could	   be	   compensated	   by	   increased	  

intracellular	   thyroid	   hormone	   signaling.	   Further	   investigation	   would	   be	   required	   to	  

determine	   the	   mechanisms	   driving	   the	   heat	   production	   of	   Cdk4-‐/-‐	   mice	   under	   these	  

conditions.	  

	  

Other	   cell-‐cycle	   regulators	   had	   been	   associated	   to	   the	   regulation	   of	   obesity	   and	   the	  

metabolic	   adaptation	   (45,	   46).	   Cdk6	   deficient	   mice	   present	   recruitment	   of	   beige	  

adipocytes	   in	  WAT	   demonstrating	   that	   CDK6	   impairs	   the	   transition	   of	  white	   to	   beige	  

adipocytes	   (46).	   Besides	   this,	   CDK4	   has	   recently	   gained	   attention	   as	   a	   possible	   target	  

against	   obesity.	   In	   addition	   to	   its	   previously	   reported	   effects	   in	   modulating	   fat	   mass	  

(34),	   here	   we	   are	   describing	   that	   Cdk4-‐/-‐	  mice	   present	   multilocular	   adipocytes	   in	   the	  

subcutaneous	   WAT,	   highlighting	   the	   relevance	   of	   CDK4	   as	   a	   regulator	   of	   adrenergic	  

activation	  and	  therefore,	  of	  WAT	  remodeling.	  	  

	  

It	  is	  worth	  noting	  that	  we	  also	  found	  that	  Cdk4	  regulates	  the	  expression	  of	  Bmp8b,	  a	  key	  

protein	   involved	   not	   only	   in	   browning	   of	   WAT	   but	   also	   in	   BAT	   differentiation	   and	  

function	  (47,	  48).	  Increased	  Bmp8b	   levels	  in	  adipose	  tissue	  are	  associated	  to	  increased	  

thermogenesis	   and	   increased	   innervation	   (48).	   This	   could	   explain	   the	   enhanced	  

parenchymal	  innervation	  of	  BAT	  in	  the	  Cdk4-‐/-‐	  mice.	  

	  

Although	   this	   study	   does	   not	   describe	   the	   specific	   region	   where	   CDK4	   is	   controlling	  

sympathetic	  innervation,	  it	  would	  be	  interesting	  to	  define	  the	  central	  impact	  of	  CDK4	  in	  

Cdk4-‐/-‐	  mice.	  To	  accomplish	  this	  goal,	  Nkx2.1-‐Cre	  transgenic	  mice	  could	  be	  use	  to	  delete	  

Cdk4	  in	  multiple	  hypothalamic	  cellular	  subtypes	  (49,	  50).	  

	  

In	   summary,	   we	   have	   shown	   that	   Cdk4	   deletion	   contributes	   to	   BAT	   activation	   and	  

function.	  CDK4	  is	  an	  upstream	  regulator	  of	  neuro-‐remodeling	  for	  thermogenic	  demands.	  
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Thus,	  targeting	  CDK4	  represents	  an	  alternative	  mechanism	  to	  control	  the	  coordination	  

of	  adipocyte	  thermogenic	  activity	  and	  its	  neuroregulation.	  

	  

	  

Materials	  and	  Methods	  

	  

Animals.	  The	  generation	  of	  Cdk4-‐/-‐	  (Cdk4nc/nc)	  mice	  has	  been	  previously	  described	  (28).	  

Cdk4flox/flox	  and	  Ucp1-‐Cre	  mice	  on	  a	  C57BL6/J	  background	  were	  intercrossed	  to	  generate	  

the	   experimental	   cohorts	   (Cdk4-‐bKO).	   Animals	   were	   maintained	   in	   a	   temperature-‐

controlled	  animal	  facility	  with	  a	  12-‐hour	  light/12-‐hour	  dark	  cycle	  and	  had	  access	  to	  food	  

and	  water	  according	  to	  Swiss	  Animal	  Protection	  Ordinance	  (OPAn).	  Only	  male	  animals	  

were	   used	   in	   this	   study.	   Body	   composition	   (fat	   and	   lean	   mass)	   was	   measured	   using	  

EchoMRI.	  Oxygen	   consumption	   and	  Respiratory	  Exchange	   ratio	   (RER)	  were	  measured	  

with	   Oxymax	   apparatus	   (Columbus	   Instruments)	   and	   normalized	   by	   body	   weight.	  	  

Energy	   expenditure	   was	   calculated	   as	   the	   following	   formula:	  

EE=((RERx1.232)+3.815)xVO2)/1000	   as	   previously	   described	   in	   (51).	   Acute	   cold	   test	  

was	  carried	  out	  on	  animals	  individually	  housed	  at	  4°C	  for	  6h	  and	  rectal	  temperature	  was	  

measured	   every	   hour	   using	   a	   thermal	   probe	   (Bioseb	   Lab	   Instruments).	   Animals	  were	  

sacrificed	   by	   cervical	   dislocation	   and	   tissues	   were	   collected,	   a	   piece	   was	   taken	   for	  

histological	  analysis	  and	  the	  rest,	  directly	  snap-‐frozen	  in	  liquid	  nitrogen.	  All	  animal	  care	  

and	   treatment	   procedures	   were	   performed	   in	   accordance	   with	   Swiss	   guidelines	   and	  

were	  approved	  by	  the	  Canton	  of	  Vaud	  SCAV	  (authorization	  VD	  3121.h).	  	  

	  

	  

β3-‐Antagonist	  experiment	  

For	   the	   β3-‐antagonist	   experiment,	   SR-‐59230A	   (S8688,	   Sigma)	   was	   injected	   i.p.	   at	  

3mg/kg/day	  during	  7	  days.	  Acute	  cold	  test	  was	  performed	  on	  the	  day	  5.	  The	  day	  before	  

sacrifice,	  mice	  were	  injected	  with	  β3-‐agonist	  CL-‐316243	  (1mg/kg,	  ab144605,	  Abcam)	  or	  

vehicle	  (NaCl).	  
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Measurement	  of	  respirometry.	  	  

BAT	   was	   freshly	   homogenized	   after	   dissection	   to	   assess	   respirometry	   using	   high-‐

resolution	   respirometry	   (Oroboros	   Oxygraph-‐2k,	   Oroboros	   Instruments,	   Innsbruck,	  

Australia).	   Homogenization	   was	   performed	   by	  mechanical	   permeabilization	   in	   MiR05	  

medium	   (0.5mM	   EGTA,	   3mM	   MgCl2,	   60mM	   Lactobionic	   acid,	   20mM	   Taurine,	   10mM	  

KH2PO4,	  20mM	  HEPES,	  110mM	  D-‐Sucrose,	  1g/l	  BSA,	  pH	  7.1)	  and	  the	  equivalent	  of	  2mg	  

of	  tissue	  was	  added	  to	  the	  experimental	  chamber.	  Malate	  (2mM),	  Pyruvate	  (10mM)	  and	  

Glutamate	   (20mM)	   were	   added	   to	   the	   chamber	   in	   the	   absence	   of	   ADP	   to	   measure	  

oxygen	  flux	  (also	  called	  “Leak”	  in	  the	  figure).	  Complex-‐I-‐dependent	  respiration	  (“CI”,	  in	  

the	  figure)	  was	  measured	  after	  adding	  ADP	  (5mM).	  After,	  succinate	  (10mM)	  was	  added	  

to	  analyze	  electron	  flow	  through	  both	  complex	  I	  and	  II	  (“CI+CII”,	  in	  the	  figure).	  This	  was	  

followed	   by	   addition	   of	   carbonylcyanide-‐4-‐(trifluoromethoxy)-‐phenyl-‐hydrazone	  

(FCCP)	   to	   obtain	   maximum	   flux	   through	   the	   electron	   transfer	   system	   (“ETS,”	   in	   the	  

figure).	   Finally,	   oxidative	   phosphorylation	  was	   fully	   inhibited	   by	   addition	   of	   rotenone	  

(0.1μM)	   and	   antimycin	   A	   (2.5μM),	   respectively	   (“ETS	   (CII)”,	   in	   the	   figure).	   The	  

remaining	  O2	  flux	  resulting	  from	  the	  inhibition	  with	  Antimycin	  A	  (ETS	  independent	  flux)	  

was	  substracted	   from	  the	  values	  of	  each	  of	   the	  previous	  measurements.	  O2	   flux	  values	  

are	  expressed	  as	  relative	  to	  leak	  respiration.	  

	  

Histology.	  Hematoxylin-‐eosin	   staining	  was	  performed	   in	  4μM	   formalin-‐fixed	  paraffin-‐	  

embedded	   tissue	   sections.	   Immunohisotchemical	   analyses	  of	  UCP1	  and	  TH	  expression	  

were	   performed	   using	   the	   antibodies	   anti-‐UCP1	   (ab10983,	   Abcam)	   and	   anti-‐TH	  

(AB1542,	  Merck	  Millipore).	  TH	  expression	  was	  analysed	  by	  counting	  TH-‐positive	  fibers	  

per	  a	  total	  of	  100	  adipocytes.	  	  

	  

Mitochondria	   and	   lipid	   droplet	   quantification.	   Mitochondria	   and	   lipid	   droplet	  

surfaces	   were	   quantified	   using	   electromicrographs	   from	   BAT	   of	   Cdk4-‐/-‐	   and	   Cdk4+/+	  

mice.	   In	   brief,	   samples	   were	   fixed,	   embedded	   and	   cut	   in	   ultra-‐thin	   sections.	   Four	  

micrographs	  were	   taken	  and	  assembled	  to	   form	  a	   final	   image	  that	  was	  analyzed	  using	  
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the	   program	   IMOD.	   Mitochondrial	   volume	   was	   obtained	   using	   the	   point-‐counting	  

technique	  with	  a	  superimposed	  grid	  of	  500	  ×	  500	  nm.	  

	  

RNA	  extraction,	  RT-‐PCR.	   	  Adipose	  tissues	  were	  powdered	  manually	  and	  thyroid	  gland	  

and	   hypothalamus	   were	   homogenized	   using	   the	   Precelly’s	   system	   with	   tubes	   with	  

beads.	  RNA	  was	   isolated	  with	  Tri-‐Reagent	   (T9424,	   Sigma-‐Aldrich).	   For	  BAT,	   500μL	  of	  

Tri-‐Reagent	  were	  used	  to	  lyse	  the	  tissue	  powder.	  After	  centrifugation	  to	  remove	  debris,	  

100μL	  of	  Chrloroform	  were	  used	  for	  phase	  separation.	  Aqueous	  fase	  was	  recovered	  and	  

precipitated	  with	   Isopropanol	  and	  after	  centrifugation;	  RNA	  pellets	  were	  washed	  with	  

500μL	  of	  75%	  ethanol.	  Pellets	  were	  resuspended	  in	  200μL	  of	  MiliQ	  water.	  A	  second	  step	  

of	  1:1	  Chloroform	  was	  used	  to	  obtain	  better-‐purified	  RNA.	  Aqueous	  fase	  was	  recovered	  

and	   incubated	   O/N	   at	   -‐20°C	  with	   70μL	   of	   ammonium	   acetate	   (NH4AC)	   and	   600μL	   of	  

absolute	  ethanol.	  Then,	  precipitation	  of	  RNA	  pellets	  was	  done	  by	  centrifugation.	  Pellets	  

were	  washed	  with	   75%	   ethanol	   followed	   by	   centrifugation	   and	   resuspended	   in	  MiliQ	  

water.	  	  For	  thyroid	  gland,	  RNA	  was	  extracted	  according	  to	  the	  manufacturer's	  protocol.	  

RNA	  concentrations	  were	  determined	  using	  Nanodrop	  and	  reversed	   transcribed	  using	  

1000ng	  of	  RNA	  and	   Superscript	   II	   enzyme	   (18064014,	   Invitrogen).	  qPCR	  analysis	  were	  

performed	  using	  SYBR	  green	  detection	  (04913914001,	  Roche)	  on	  a	  7900HT	  Fast	  Real-‐Time	  

PCR	  System	  (Applied	   Biosystems).	  Relative	  mRNA	   expression	  was	   calculated	   from	   the	  

comparative	   threshold	   cycle	   (Ct)	   values	   of	   the	   gene	  of	   interest	   relative	   to	  RS9	  mRNA.	  

Specific	  primer	  sequences	  are	  listed	  in	  Table	  S1.	  

	  

Protein	  extraction	  and	  western	  blot	  analysis.	  Proteins	  were	  lysed	  using	  mammalian	  

protein	  extraction	  reagent	  (MPER,	  Pierce)	  and	  analysed	  by	  gel	  electrophoresis	  and	  using	  

the	  antibodies	  anti-‐UCP1	  (ab10983,	  Abcam),	  anti-‐CDK4	  (C-‐22,	  sc-‐260,	  SantaCruz),	  anti-‐

p-‐CREB	   Ser133	   (87G3,	   9198S,	   Cell	   Signaling	   Technology)	   and	   anti-‐CREB	   total	   (48H2,	  

9197S,	  Cell	  Signaling	  Technology).	  

	  

Mitochondria	  isolation	  and	  mitoproteins	  analysis.	  Mitochondria	  were	  isolated	  from	  

BAT	   from	   Cdk4-‐/-‐	   and	   Cdk4+/+	   mice	   were	   homogenized	   in	   2ml	   cold	   isolation	   buffer	  
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(10mM	  Tris,	  200mM	  sucrose,	  1mM	  EGTA/Tris).	  Tissue	  homogenization	  was	  obtained	  at	  

1500rpm	  after	  20	  strikes.	  The	  homogenized	  extract	  was	  centrifuged	  at	  600g	  for	  10	  min	  

at	   4°C	   in	   order	   to	   remove	   cellular	   debris.	   This	   step	   was	   performed	   two	   times.	   The	  

mitochondrial	   fraction	   was	   pelleted	   at	   10	   000g	   for	   10min	   at	   4°C	   and	   subsequently	  

washed	  using	  the	  isolation	  buffer.	  The	  mitochondrial	  pellet	  was	  resuspended	  in	  isolation	  

buffer	   to	   assess	   protein	   quantification.	   	   Expression	   of	   mitochondrial	   proteins	   was	  

analyzed	   by	   western	   blot	   and	   using	   the	   antibodies	   anti-‐NDUFAB9	   for	   Complex	   I	  

(20C11B11B11,	   ab14713,	   Abcam),	   anti-‐SDHA	   for	   Complex	   II	   (2E3GC12FB2AE2,	  

ab14715),	   anti-‐UQCRC1	   for	   Complex	   III	   (16D10AD9AH5,	   ab110252),	   anti-‐COXIV	   for	  

Complex	  IV	  (20E8C12,	  ab14744),	  anti-‐ATP5A	  for	  Complex	  IV	  (15H4C4,	  ab14748),	  anti-‐

UCP1	   (ab10983,	   Abcam)	   and	   anti-‐TOMM20	   used	   as	   loading	   control	   (EPR15581-‐54,	  

ab186735,	  Abcam).	  

	  

Statistical	   analysis.	   Data	   are	   presented	   as	   mean	   ±s.e.m.	   Statistical	   analyses	   were	  

carried	   out	   with	   unpaired	   Student’s	   t-‐tests.	   Differences	   were	   considered	   statistically	  

significant	  at	  *p-‐value<0.05,	  **p-‐value<0.01,	  ***p-‐value<0.001.	  
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Supplemental	  Table	  1.	  List	  of	  oligonucleotide	  sequences	  used	  for	  RT-‐PCR	  analysis	  	  

	  

Gene	   Forward	  primer	   Reverse	  primer	  

Adrb3	   CACCGCTCAACAGGTTTGATG	   TCTTGGGGCAACCAGTCAAG	  

Bmp8b	   TCCACCAACCACGCCACTAT	   CAGTAGGCACACAGCACACCT	  

Cdk4	   GCCTGTGTCTATGGTCTG	   AAGCAGGGGATCTTACGC	  

Cidea	   TGCTCTTCTGTATCGCCCAGT	   GCCGTGTTAAGGAATCTGCTG	  

Cpt1b	   CCGGAAAGGTATGGCCACTT	   GAAGAAAATGCCTGTCGCCC	  

Dio2	   CAAACAGGTTAAACTGGGTGAAGA	   GTCAAGAAGGTGGCATTCGG	  

Pgc1α	   CCGATCACCATATTCCAGGTC	   GTGTGCGGTGTCTGTAGTGG	  

Prdm16	   CAGCACGGTGAAGCCATTC	   GCGTGCATCCGCTTGTG	  

RS9	   CGGCCCGGGAGCTGTTGACG	   CTGCTTGCGGACCCTAATGTGACG	  

Thrα	   ATGACACGGAAGTGGCTCTG	   ACTCTGCACTTCTCTCTCCTTC	  

Thrβ	   AACCAGTGCCAGGAATGTCG	   CTCTTCTCACGGTTCTCCTC	  

Ucp1	   CACCTTCCCGCTGGACACTGC	   TTGCCAGGGTGGTGATGGTCC	  
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Figure	  legends	  

	  

Figure	  1.	  Increased	  whole	  body	  oxygen	  consumption,	  lipid	  utilization	  and	  resistance	  to	  

cold	   exposure.	   Indirect	   calorimetry	   was	   performed	   using	   the	   monitoring	   system	  

Columbus	  Instruments	  in	  10w-‐old	  Cdk4+/+	  	  (n=6)	  and	  Cdk4-‐/-‐	  (n=5)	  mice.	  A.	  Whole-‐body	  

oxygen	  consumption	  rate	  (VO2)	  and	  B.	  respiratory	  exchange	  ratio	  (RER)	  were	  measured	  

at	   24°C	   and	   at	   6°C.	  C.	   Basal	   rectal	   temperature	   was	  measured	   at	   24°C	   and	  D.	   Rectal	  

temperature	  was	  monitored	   during	   acute	   cold	   exposure	   at	   4°C	   during	   6h	   in	   10w-‐old	  

Cdk4+/+	   (n=10)	  and	  Cdk4-‐/-‐	   (n=8)	  mice.	   	  All	  data	  are	  shown	  as	  mean	  +/-‐	  SEM.	  *P<0.05;	  

**<0.01,	  ***<0.001.	  

	  

	  

Figure	  2.	  Cdk4	  deficiency	  promotes	  BAT-‐thermogenic	  response.	  14w-‐old	  Cdk4+/+	  (n=6)	  

and	  Cdk4-‐/-‐	  (n=6)	  mice	  were	  fed	  with	  Chow	  diet	  and	  sacrificed	  after	  O/N	  fasting	  at	  RT.	  A.	  

General	  morphology	  of	  BAT	  B.	   	   Interscapular	  BAT	  weight	  compared	  to	  body	  weight	  C.	  

Hematoxylin	   and	   eosin	   staining	   and	   UCP1	   immunohistochemical	   staining	   of	   BAT	  

sections.	  	  D.	  Brown	  gene	  expression	  in	  BAT.	  E.	  UCP1	  and	  CDK4	  protein	  expression	  were	  

analyzed	  by	  western	  blot	  in	  Cdk4+/+	  (n=4)	  and	  Cdk4-‐/-‐	  (n=4)	  mice.	  Ponceau	  was	  used	  as	  

loading	  control.	  All	  data	  are	  shown	  as	  mean	  +/-‐	  SEM.	  *P<0.05;	  **<0.01;	  ***<0.001.	  

	  

	  

Figure	  3.	  Specific	  Cdk4	  deletion	   in	  BAT	  does	  not	  affect	   thermogenic	  characteristics.	  A.	  

Rectal	   temperature	  was	  measured	   at	   24°C	   and	  B.	   Rectal	   temperature	  was	  monitored	  

during	  acute	  cold	  exposure	  at	  4°C	  during	  6h	  in	  10w-‐old	  Cdk4flox/flox	  (Cdk4-‐WT)	  (n=9)	  and	  

Cdk4flox/flox	  Ucp1-‐Cre	  (Cdk4	  –bKO)	  mice	  (n=9).	  	  14w-‐old	  Cdk4flox/flox	  (Cdk4-‐WT)	  (n=6)	  and	  

Cdk4flox/flox	   Ucp1-‐Cre	   (Cdk4	   –bKO)	   (n=6)	   mice	   were	   fed	   with	   Chow	   diet	   and	   sacrificed	  

after	   O/N	   fasting	   at	   RT.	  C.	   	   General	  morphology	   of	   BAT	  D.	   Interscapular	   BAT	  weight	  

compared	   to	   body	   weight	   E.	   Hematoxylin	   and	   eosin	   staining	   and	   UCP1	  

immunohistochemical	   staining	   of	   BAT	   sections.	   F.	   Brown	   gene	   expression	   in	   BAT.	  G.	  

UCP1	  and	  CDK4	  protein	  expression	  were	  analyzed	  by	  western	  blot	  in	  Cdk4flox/flox	  (Cdk4-‐
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WT)	   (n=4)	   and	   Cdk4flox/flox	   Ucp1-‐Cre	   (Cdk4	   –bKO)	   (n=4)	   mice.	   Ponceau	   was	   used	   as	  

loading	   control.	   All	   data	   are	   shown	   as	   mean	   +/-‐	   SEM.	   *P<0.05;	   **<0.005.All	   data	   are	  

shown	  as	  mean	  +/-‐	  SEM.	  *P<0.05;	  **<0.005.	  

	  

	  

Figure	  4.	  Innervation	  is	  increased	  in	  BAT	  of	  Cdk4	  knockout	  mice.	  14w-‐old	  Cdk4+/+	  (n=6)	  

and	  Cdk4-‐/-‐	  (n=6)	  mice	  were	  fed	  with	  Chow	  diet	  and	  sacrificed	  after	  O/N	  fasting	  at	  RT.	  A.	  

TH	   immunohistochemical	   staining	   in	  BAT	  sections	  and	  B.	   quantification.	  C.	  Acute	   cold	  

test	   after	   5	   days	   of	  β3-‐adrenergic	   antagonist	   (SR)	   (12w-‐old,	  Cdk4+/+	   (n=8)	   and	  Cdk4-‐/-‐	  

(n=8))	   or	   vehicle	   (NaCl)	   (Cdk4+/+	   (n=5)	   and	   Cdk4-‐/-‐	   (n=5))	   treatment	   and	   D.	  

quantification	   of	   area	   under	   the	   curve	   (AUC)	   E.	   p-‐CREB	   S133	   and	   CREB	   protein	  

expression	   in	  BAT	  of	  Cdk4+/+	   (n=3)	   and	  Cdk4-‐/-‐	   (n=3)	  mice	   treated	  with	  β3-‐adrenergic	  

antagonist	  (SR).	  All	  data	  are	  shown	  as	  mean	  +/-‐	  SEM.	  *P<0.05;	  **<0.01.	  

	  

Figure	  5.	  Cdk4	  deficiency	  promotes	  mitochondrial	  biogenesis	  and	  activity	  in	  BAT.	  14w-‐

old	  Cdk4+/+	  and	  Cdk4-‐/-‐	  mice	  were	  fed	  with	  Chow	  diet	  and	  sacrificed	  after	  O/N	  fasting	  at	  

RT.	  A.	   Transmission	   electron	  microscopy	   (TEM)	   of	   BAT	  B.	   and	   quantification	   of	   lipid	  

droplets	   (LD)	   and	   mitochondria	   (Mito)	   (Cdk4+/+	   (n=4)	   and	   Cdk4-‐/-‐	   (n=4))	   C.	   Protein	  

levels	   of	   proteins	   from	   mitochondrial	   electron	   transport	   chain	   complexes	   in	   isolated	  

mitochondria	   (Cdk4+/+	   (n=2)	   and	   Cdk4-‐/-‐	   (n=2)).	   	   D.	   Respirometry	   analysis	   of	   BAT	  

measured	  by	  Oroboros	  (Cdk4+/+	  (n=6)	  and	  Cdk4-‐/-‐	  (n=6)).	  All	  data	  are	  shown	  as	  mean	  +/-‐	  

SEM.	  *P<0.05;	  **<0.01;	  ***<0.001.	  
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Supplemental	  Figure	  legends	  

	  

Supplemental	   Figure	   1.	  Cdk4	   knockout	  mice	   are	   smaller,	   have	   increased	   food	   intake	  

and	  energy	  expenditure	  at	  RT.	  A.	  Whole	  body	  image	  and	  B.	  Body	  weight	  of	  Cdk4+/+	  (n=5)	  

and	  Cdk4-‐/-‐	  (n=6)	  mice.	  Food	  intake	  was	  measured	  using	  the	  Phenomaster	  system.	  C,	  D.	  

Daily	  cummulative	  food	  intake	  of	  14w-‐old	  Cdk4+/+	  (n=7)	  and	  Cdk4-‐/-‐	  (n=8)	  mice.	  	  Indirect	  

calorimetry	  was	  performed	  using	  the	  monitoring	  system	  Columbus	  Instruments	  in	  10w-‐

old	  Cdk4+/+	  (n=6)	  and	  Cdk4-‐/-‐	  (n=6)	  mice.	  E.	  Whole-‐body	  oxygen	  consumption	  rate	  (VO2)	  

and	  F.	  Energy	  expenditure	  were	  measured	  at	  24°C.	  All	  data	  are	  shown	  as	  mean	  +/-‐	  SEM.	  

*P<0.05;	  **<0.01,	  ***<0.001	  

	  

Supplemental	   Figure	   2.	   	   Cdk4	   BAT	   specific	   knockout	   mice	   have	   normal	   body	  

composition.	   	   A.	   Western	   blot	   for	   CDK4	   and	   Tubulin	   in	   BAT,	   scWAT	   and	   pgWAT	   of	  

Cdk4flox/flox	  (Cdk4-‐WT)	  (n=3)	  and	  Cdk4flox/flox	  Ucp1-‐Cre	  (Cdk4	  –bKO)	  (n=3)	  mice.	  B.	  Whole	  

body	   image,	  C.	   Body	  weight	   and	  D.	   Body	   composition	   (fat	   and	   lean	  mass)	   of	   14w-‐old	  

Cdk4flox/flox	  (Cdk4-‐WT)	  (n=8)	  and	  Cdk4flox/flox	  Ucp1-‐Cre	  (Cdk4	  –bKO)	  (n=8)	  mice.	   	  All	  data	  

are	  shown	  as	  mean	  +/-‐	  SEM.	  *P<0.05;	  **<0.01,	  ***<0.001	  

	  

Supplemental	   figure	   3.	   Cdk4	   knockout	   mice	   have	   enhanced	   intracellular	   thyroid	  

hormone	  signaling.	  Cdk4+/+	  and	  Cdk4-‐/-‐	  mice	  were	   fed	  with	  Chow	  diet	  and	  sacrificed	  at	  

RT.	  A.	  H&E	  staining	  of	  thyroid	  gland	  B.	  T4	  levels	  in	  serum	  (14w-‐old,	  Cdk4+/+	  (n=14)	  and	  

Cdk4-‐/-‐	   (n=10))	  C.	  Gene	  expression	  of	  Dio2	   in	  BAT	   (14w-‐old,	  Cdk4+/+	   (n=6)	  and	  Cdk4-‐/-‐	  

(n=6)).	  D.	   Gene	   expression	   of	   thyroid	   receptors	   in	   BAT	   (14w-‐old,	   Cdk4+/+	   (n=6)	   and	  

Cdk4-‐/-‐	  (n=6)).	  All	  data	  are	  shown	  as	  mean	  +/-‐	  SEM.	  *P<0.05.	  

	  

Supplemental	   figure	   4.	   Cdk4	   deficiency	   promotes	   browning	   of	   subcutaneous	   WAT.	  

27w-‐old	  Cdk4+/+	   (n=5)	   and	  Cdk4-‐/-‐	   (n=6)	  mice	  were	   fed	  with	  Chow	  diet	   and	   sacrificed	  

after	  O/N	   fasting	   at	  RT.	  A.	  Hematoxylin	   and	   eosin	   staining	   in	   scWAT.	   	  B.	   Brown	  gene	  

expression	  in	  scWAT.	  All	  data	  are	  shown	  as	  mean	  +/-‐	  SEM.	  *P<0.05;	  **<0.01;	  ***<0.001.
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Figure 3
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Figure 4
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D

A B

0

10

20

30

40

B
od

y 
w

ei
gh

t (
gr

)

***

Cdk4-/-

Cdk4+/+ 

C

0.00

0.05

0.10

0.15

0.20

24h

Fo
od

 in
ta

ke
/B

W
 (g

r)
 Cdk4+/+

Cdk4-/-

0.00

0.05

0.10

0.15

0.20

D
ai

ly
 fo

of
 in

ta
ke

/B
W

 (g
r) ***

Cdk4-/-

Cdk4+/+

0.0 0.5 1.0
0

2000

4000

6000

8000

Time (days)

VO
2 (

m
l/k

g/
hr

)

Light Dark Total
0

2000

4000

6000

VO
2 (

m
l/k

g/
hr

) **
** **

E

0.0 0.5 1.0
0

10

20

30

40

50

Time (days)

EE
 (k

ca
l/h

r/k
g)

Cdk4+/+

Cdk4-/-

Light Dark Total
0

10

20

30

EE
 (k

ca
l/h

r/k
g)

Cdk4+/+

Cdk4-/-

** **
**

F

Cdk4+/+ Cdk4-/-

Castillo-Armengol, J. et al



Chapter	  3:	  Results	  
	  

_____________________________________________________________________________________________________	  

	   69	  

	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  

Supplemental Figure 2
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II. 	   Study	  of	  BAT	  thermogenesis	  in	  Cdk4R24C/R24C	  mice	  

	  
As	  described	  in	  the	  first	  part	  of	  the	  results,	  Cdk4	  knockout	  mice	  (Cdk4-‐/-‐)	  clearly	  showed	  

a	  marked	  phenotype	  of	  increased	  thermogenesis	  and	  BAT	  activation.	  To	  further	  analyze	  

the	   effects	   of	   CDK4	   in	   BAT	   biology,	   we	   decided	   to	   analyze	   the	   effects	   of	   a	   genetic	  

hyperactivation	  of	  CDK4	  in	  vivo.	  

	  

Cdk4R24C/R24C	  mice	  are	  homozygous	  for	  the	  non-‐synonymous	  point	  mutation	  R24C.	  This	  

mutation	  is	  the	  substitution	  of	  the	  arginine	  (R)	  located	  at	  the	  position	  24	  for	  a	  cysteine	  

(C).	  This	  modification	  at	  the	  sequence	  of	  the	  protein	  results	  in	  a	  conformational	  change	  

that	   prevents	   the	   inhibition	   of	   CDK4	   by	   the	   INK4A	   family	   of	   inhibitors,	   therefore	  

resulting	  in	  a	  highly	  active	  CDK4	  protein	  (125).	  

	  

	  

1) Hyperactivation	  of	  CDK4	  does	  not	  impair	  BAT	  thermogenesis,	  but	  increases	  

lipid	  content	  in	  BAT	  

	  

To	  elucidate	   the	  effects	  of	  CDK4	  hyperactivation	   in	  BAT,	  we	  examined	  the	  response	  of	  

Cdk4R24C/R24C	   mice	   to	   an	   acute	   cold	   stress.	   Surprisingly,	   we	   were	   not	   able	   to	   see	   the	  

expected	  opposite	  results	  to	  Cdk4-‐/-‐	  mice.	  Both	  Cdk4+/+	  and	  Cdk4R24C/R24C	  mice	  had	  very	  

similar	   responses	   to	   the	   cold	   exposure	   by	   decreasing	   to	   the	   same	   extent	   their	   body	  

temperature	  (Figure	  3-‐1A).	  	  

Nevertheless,	   hematoxylin	   eosin	   staining	   of	   BAT	   revealed	   that	   Cdk4R24C/R24C	   present	  

bigger	   lipid	   droplets	   in	   the	   brown	   fat	   depot	   (Figure	   3-‐1B).	   On	   the	   other	   hand,	   gene	  

expression	   analysis	   identified	   Dio2	   and	   Bmp8b	   differentially	   expressed	   between	  

genotypes	   with	   a	   higher	   expression	   in	   the	   knock-‐in	   mice,	   although	   UCP1	   and	   other	  

thermogenic	  or	  brown	  genes	  were	  not	  changed	  between	  the	  two	  genotypes	  (Figure	  3-‐

1C).	   Moreover,	   both	   Cdk4+/+	   and	   Cdk4R24C/R24C	   responded	   equally	   to	   adrenergic	  

stimulation	  with	  β3-‐agonist	  treatment	  (Figure	  3-‐1D).	   	   In	  conclusion,	  Cdk4R24C/R24C	  mice	  
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do	   not	   have	   impaired	   BAT	   thermogenesis	   in	   response	   to	   cold	   or	   chemically	   induced	  

adrernergic	  stimulation.	  
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Figure	  3-‐1.	  Hyperactivation	  of	  CDK4	  results	  in	  increased	  lipid	  content	  in	  BAT	  and	  

normal	   response	   to	   cold.	   A.	   Rectal	   temperature	   was	   monitored	   during	   acute	   cold	  

exposure	  at	  4°C	  during	  4h	  in	  16w-‐old	  Cdk4+/+	  (n=12)	  and	  Cdk4R24C/R24C	  (n=10)	  mice.	  	  B.	  

Hematoxylin	  and	  eosin	   staining	  of	  BAT	  sections.	   	  C.	  Brown	  gene	  expression	   in	  BAT	   in	  

basal	   and	   after	   chronic	   (10	   days)	   β3-‐agonist	   treatment	   18w-‐old	   Cdk4+/+	   (n=6)	   and	  

Cdk4R24C/R24C	   (n=6)	   mice.	   D.	   All	   data	   are	   shown	   as	   mean	   +/-‐	   SEM.	   *P<0.05;	   **<0.01,	  

***<0.001.	  
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III. 	   Study	  of	  BAT	  thermogenesis	  in	  Cdk4-‐adKO	  mice	  

	  
To	   elucidate	   if	   the	   effects	   seen	   in	   the	   Cdk4	   knockout	   (Cdk4-‐/-‐)	   mice	   are	   tissue	  

autonomous	   or	   due	   to	   a	   secondary	   effect	   of	   the	   deletion	   of	  Cdk4	   in	   other	   tissues	   and	  

before	  generating	  the	  BAT-‐specific	  knockout	  mice,	  we	  explored	  the	  result	  of	  the	  deletion	  

of	  Cdk4	   in	  brown	  and	  white	  adipose	  tissue	  with	  the	  Cdk4-‐adKO	  mice.	  These	  mice	  were	  

generated	   by	   breeding	   Cdk4flox/flox	   mice	   with	   transgenic	   mice	   that	   express	   the	   Cre	  

recombinase	   from	   the	   adipose-‐specific	   fatty	   acid	   binding	   protein	   (aP2)	  

promoter/enhancer.	  	  

	  

	  

1) Ablation	  of	  Cdk4	  in	  adipose	  tissue	  does	  not	  impair	  body	  weight	  or	  body	  

composition	  

	  

The	  efficiency	  and	  specificity	  of	  the	  Cdk4	  deletion	  were	  analyzed	  by	  Western	  blot.	  CDK4	  

expression	   was	   preserved	   in	   liver,	   brain,	   gastrocnemius	   heart,	   kidney,	   pancreas	   and	  

spleen,	   but	  decreased	   in	  BAT,	   subcutaneous	  WAT	  and	  perigonadal	  WAT	   (Figure	  3-‐2A,	  

data	   not	   shown).	   Body	   weight	   of	   wild-‐type	   and	   Cdk4	   ad-‐KO	   mice	   was	   not	   different.	  

Moreover,	   by	   using	   EchoMRI,	   we	   could	   determine	   that	   body	   composition	   was	   not	  

affected	  by	  the	  deletion	  of	  Cdk4	  in	  adipose	  tissues	  (Figure	  3-‐2B,	  C).	  	  

	  

	  

2) Adipose	  tissue-‐specific	  deletion	  of	  Cdk4	  triggers	  BAT	  gene	  expression	  

	  

The	  evidences	  of	  BAT	  activation	   in	  Cdk4-‐/-‐	  mice	  prompted	  us	   to	  study	   the	  response	   to	  

cold	  from	  Cdk4	  ad-‐KO	  mice.	  No	  differences	  were	  observed	  between	  wild-‐type	  and	  Cdk4	  

ad-‐KO	  mice	   on	   the	   response	   to	   the	   lower	   ambient	   temperatures	   and	   both	   genotypes	  

were	  equally	  resistant	  to	  the	  cold	  stress	  (Figure	  3-‐2D).	  	  
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Histological	  analysis	  with	  hematoxylin	  eosin	  staining	  of	  these	  mice	  indicated	  that	  BAT	  of	  

wild-‐type	  and	  Cdk4	   ad-‐KO	  mice	  was	  morphologically	  similar.	  However,	   the	  expression	  

levels	  of	  certain	  brown	  genes	  (Adrb3,	  Cpt1b,	  Pgc1α,	  Bmp8b,	  Prdm16)	  were	  increased	  in	  

BAT,	  as	  revealed	  by	  RT-‐PCR	  analysis	  (Figure	  3-‐2F).	  

In	  conclusion,	  Cdk4-‐adKO	  mice	  have	  increased	  thermogenic	  and	  brown	  gene	  expression	  

but	   no	   difference	   in	   the	   response	   to	   the	   cold	   exposure	   when	   compared	   to	   wild-‐type	  

mice.	  	  
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Figure	  3-‐2.	  AT	  deletion	  of	  Cdk4	  in	  vivo	  increases	  thermogenic	  gene	  expression	  but	  

not	   cold	   tolerance.	  A.	   Body	  weight	   and	  B.	   Body	   composition	   (fat	   and	   lean	  mass)	   of	  

18w-‐old	   Cdk4-‐WT	   (n=9)	   and	   Cdk4-‐AdKO	   (n=7)	   mice.	   	   C.	   Rectal	   temperature	   was	  

monitored	  during	  acute	  cold	  exposure	  at	  4°C	  during	  4h	  in	  16w-‐old	  Cdk4-‐WT	  (n=8)	  and	  

Cdk4-‐AdKO	  (n=9)	  mice.	   	  D.	  Hematoxylin	  and	  eosin	  staining	  of	  BAT	  sections.	   	  E.	  Brown	  

gene	   expression	   in	   BAT	   of	   Cdk4-‐WT	   (n=5)	   and	   Cdk4-‐AdKO	   (n=6)	   mice.	   All	   data	   are	  

shown	  as	  mean	  +/-‐	  SEM.	  *P<0.05;	  **<0.01,	  ***<0.001.	  
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IV. Study	  of	  BAT	  thermogenesis	  in	  Cdk4-‐Sf1Cre	  mice	  

	  
The	   studies	   that	   we	   have	   done	   on	   the	   Cdk4-‐AdKOCre	   and	   Cdk4-‐bKO	   helped	   us	   to	  

discriminate	  that	  the	  effects	  observed	  in	  the	  Cdk4-‐/-‐	  mice	  are	  not	  tissue	  autonomous,	  but	  

originated	   from	   other	   organs	   that	   regulate	   thermogenesis.	   In	   fact,	   as	   previously	  

described	   in	   the	   introduction,	   the	   CNS	   plays	   a	   very	   important	   role	   at	   the	   level	   of	  

thermoregulation.	  Indeed,	  several	  hypothalamic	  regions	  have	  been	  described	  to	  control	  

brown	  fat	  thermogenesis	  (47-‐50,	  52,	  53),	  among	  them,	  the	  VMH	  region.	  	  

	  

As	  Cdk4	  is	  a	  highly	  expressed	  in	  hypothalamus,	  we	  decided	  to	  explore	  the	  effects	  of	  the	  

deletion	  of	  Cdk4	  in	  Sf1	  neurons	  with	  the	  Cdk4-‐Sf1Cre	  mice.	  These	  mice	  were	  generated	  

by	   breeding	   Cdk4flox/flox	   mice	   with	   transgenic	   mice,	   kindly	   provided	   by	   Prof.	   Bernard	  

Thorens,	   that	   express	   the	   Cre	   recombinase	   from	   the	   steroidogenic	   factor-‐1	   (Sf1)	  

promoter/enhancer.	  Sf1-‐positive	  neurons	  are	  present	   in	   the	  VMH,	  as	  well	  as	  pituitary,	  

gonad	  and	  adrenal	  tissue.	  

	  

	  

1) Ablation	  of	  Cdk4	  in	  Sf1-‐positive	  neurons	  results	  in	  a	  mild	  decrease	  in	  body	  

weight	  and	  fat	  mass	  

	  

Under	  chow	  diet	   feeding,	  body	  weight	  of	  Cdk4	  Sf1-‐Cre	  mice	  was	  slightly	  reduced	  at	  14	  

weeks	  old	  (Figure	  3-‐3A).	  Moreover,	  body	  composition	  analysis	  using	  EchoMRI,	  showed	  

that	  these	  mice	  also	  have	  a	  mild	  decrease	  in	  the	  percentage	  of	  fat	  mass	  (Figure	  3-‐3B).	  

	  

	  

2) Cdk4	  deletion	  in	  Sf1	  neurons	  promotes	  cold	  tolerance	  but	  not	  thermogenic	  

gene	  expression	  in	  BAT	  

	  

We	   evaluated	   whether	   Cdk4-‐Sf1Cre	   mice	   were	   more	   cold	   tolerant	   by	   performing	   an	  

acute	  cold	  exposure	  to	  these	  animals.	   	  Cdk4-‐Sf1Cre	  animals	  fed	  with	  chow	  diet	  showed	  
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an	   improved	   response	   to	   the	   cold	   stress	   as	   compared	   to	   the	   wild-‐type	   littermates	  

(Cdk4flox/flox)	  (Figure	  3-‐3C).	  However,	  no	  changes	   in	  brown	  fat	  depot	  morphology	  were	  

seen	   in	   Cdk4-‐Sf1Cre	  mice	   when	   compared	   to	   wild-‐type	  mice	   (Figure	   3-‐3D).	   Next,	   we	  

aimed	   to	   identify	   the	  effects	  of	  Cdk4	   deletion	   in	  Sf1	  neurons	  on	   the	   thermogenic	  gene	  

expression	   in	   BAT.	   These	   analyses	   showed	   that	   thermogenic	   gene	   expression	   was	  

unaffected	  (Figure	  3-‐3E).	  

All	  together,	  these	  data	  demonstrate	  that	  Cdk4-‐specific	  deletion	  in	  Sf1-‐positive	  neurons	  

results	   in	   increased	   cold-‐induced	   thermogenesis	   with	   no	   effect	   in	   brown	   fat	   gene	  

expression.	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  



Chapter	  3:	  Results	  
	  

_____________________________________________________________________________________________________	  

	   81	  

	  
Figure	  3-‐3.	  Increased	  cold	  tolerance	  without	  changes	  in	  BAT	  in	  Cdk4flox/flox	  Sf1-‐Cre	  

mice.	   A.	   Body	   weight	   and	   B.	   Body	   composition	   (fat	   and	   lean	   mass)	   of	   18w-‐old	  

Cdk4flox/flox	   (n=17)	   and	   Cdk4flox/flox	   Sf1-‐Cre	   (n=11)	   mice.	   	   C.	   Rectal	   temperature	   was	  

monitored	  during	   acute	   cold	   exposure	   at	   4°C	  during	  4h	   in	   16w-‐old	  Cdk4flox/flox	   (n=27)	  

and	  Cdk4flox/flox	  Sf1-‐Cre	  (n=20)	  mice.	  	  D.	  Hematoxylin	  and	  eosin	  staining	  of	  BAT	  sections.	  	  

E.	   Brown	   gene	   expression	   in	   BAT	   of	  Cdk4flox/flox	   (n=15)	   and	  Cdk4flox/flox	   Sf1-‐Cre	   (n=12)	  

mice.	  All	  data	  are	  shown	  as	  mean	  +/-‐	  SEM.	  *P<0.05;	  **<0.01,	  ***<0.001.	  
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V. Effects	  of	  Cdk4	  deletion	  in	  thyroid	  gland	  

	  
The	   main	   objective	   of	   this	   thesis	   was	   to	   determine	   the	   participation	   of	   CDK4	   in	   the	  

regulation	   of	   brown	   fat	   thermogenesis.	   Since	   the	   results	   described	   in	   the	   previous	  

sections	  revealed	  that	  Cdk4	  deletion	   in	  adipose	  tissue	  or	  Sf1	  neurons	  has	  no	   impact	   in	  

BAT	  thermoregulation,	  we	  explored	  the	  participation	  of	  this	  protein	  in	  thyroid	  hormone	  

thyroid	   hormone	   metabolism.	   A	   part	   of	   this	   investigation	   in	   thyroid	   hormone	  

metabolism	  is	  already	  addressed	  in	  the	  manuscript	  found	  in	  section	  I.	  	  

	  

	  

1) Trh	  expression	  is	  enhanced	  in	  hypothalamus	  of	  Cdk4-‐/-‐	  mice	  

	  

As	   previously	   mentioned	   in	   the	   introduction,	   thyroid	   hormones	   are	   known	   to	   be	  

involved	  in	  the	  control	  of	  BAT	  heat	  production.	  The	  thyroid	  gland	  is	  the	  organ	  in	  charge	  

of	  the	  secretion	  of,	  T4	  and	  T3,	  hormones	  that	  stimulate	  brown	  adipocytes	  activation	  (66,	  

68,	  69).	  The	  first	  level	  of	  stimulation	  of	  thyroid	  hormone	  secretion	  is	  the	  hypothalamus	  

where	  there	  is	  the	  secretion	  of	  TRH	  to	  activate	  the	  pituitary-‐dependent	  secretion	  of	  TSH,	  

main	  activator	  of	  thyroid	  hormone	  production	  (67).	  To	  elucidate	  the	  role	  of	  CDK4	  in	  the	  

hypothalamic	   regulation	   of	   thyroid	   hormone	   metabolism,	   we	   analyzed	   the	   gene	  

expression	  of	  Trh	  in	  whole	  hypothalamus	  of	  Cdk4-‐/-‐	  mice.	  Cdk4-‐/-‐	  mice	  presented	  higher	  

levels	  of	  this	  gene	  compared	  to	  wild-‐type	  mice	  (Figure	  3-‐4	  A).	  This	  result	  prompted	  us	  

to	  study	  in	  detail	  the	  thyroid	  gland	  of	  these	  mice.	  

	  

	  

2) Increased	  expression	  of	  deiodinases	  in	  Cdk4-‐/-‐	  thyroid	  gland	  

	  

As	  already	  shown	  in	  the	  manuscript	  of	  the	  Results	  Section	  I,	  no	  apparent	  morphological	  

differences	   were	   found	   in	   this	   organ	   between	   both	   genotypes.	   Nevertheless,	   gene	  

expression	   analysis	   of	   the	   thyroid	   gland	   revealed	   that	   Dio2	   and	   Dio3	   levels	   were	  

increased	  in	  the	  knockout	  mice	  (Figure	  3-‐4B).	  These	  results	  were	  clearly	  controversial	  
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because	  of	   the	  natural	  roles	  of	   these	  deiodinases.	  DIO2	   is	   the	  key	  enzyme	  in	  charge	  of	  

the	   conversion	  of	  T4	   to	   its	  metabolic	  active	   form,	  T3.	  On	   the	  other	  hand,	  DIO3	  has	  an	  

opposite	  action	  because	  it	  mediates	  the	  degradation	  of	  T3	  to	  maintain	  normal	  levels	  of	  

this	   hormone	   (131).	   	   Other	   thyroid-‐specific	   genes	   such	   as	   the	   precursor	   of	   thyroid	  

hormones	   thyroglobulin	   (Tg),	   the	   thyroid	  hormone-‐synthesis	   enzyme	   thyroperoxidase	  

(Tpo)	  or	  the	  thyroid-‐stimulating	  hormone	  receptor	  (Tshr)	  were	  not	  affected	  (Figure	  3-‐4	  

B).	  

	  

	  
	  

Figure	  3-‐4.	  Thyroid	  hormone	  metabolism	  in	  Cdk4-‐/-‐	  mice	  A.	  Trh	  gene	  expression	  in	  

whole	   hypothalamus	   of	   Cdk4+/+	   (n=14)	   and	   Cdk4-‐/-‐	   (n=9)	   mice.	   	  B.	   Thyroid	   hormone	  

metabolism	  gene	  expression	  in	  BAT	  of	  Cdk4+/+	  (n=12)	  and	  Cdk4-‐/-‐	  (n=10)	  mice.	  All	  data	  

are	  shown	  as	  mean	  +/-‐	  SEM.	  *P<0.05;	  **<0.01,	  ***<0.001.	  
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VI. Effects	  of	  Cdk4	  deletion	  in	  adrenal	  gland	  

	  
The	  adrenal	  gland	  is	  a	  small	  endocrine	  organ	  located	  above	  the	  kidney	  and	  responsible	  

of	   the	   catecholamine’s	   synthesis.	   It	   is	   the	   main	   site	   of	   epinephrine	   (EPI)	   and	  

norepinephrine	  (NE)	  synthesis	  for	  the	  general	  circulation	  (132).	  The	  secretion	  of	  these	  

catecholamines	  is	  controlled	  by	  the	  sympathetic	  innervation	  of	  the	  adrenal	  glands	  (133).	  

	  

	  

1) Gene	  expression	  of	  cathecolamine-‐synthesizing	  enzymes	  is	  increased	  in	  

Cdk4-‐/-‐	  adrenal	  gland	  

	  

The	   conclusion	   that	  we	   extracted	   from	   the	   first	   part	   of	   the	   results	   (mentioned	   in	   the	  

manuscript	   found	   in	   Section	   I)	   is	   that	   CDK4	   inhibits	   sympathetic	   innervation	   in	   BAT,	  

confirmed	  by	  the	  increased	  levels	  of	  TH-‐positive	  fibers	  in	  the	  brown	  fat	  depot	  of	  Cdk4-‐/-‐	  

mice.	  As	  a	  consequence,	  we	  thought	  that	  general	  sympathetic	  innervation	  is	  enhanced	  in	  

Cdk4-‐/-‐.	   In	  order	  to	  elucidate	  this	  hypothesis,	  we	  checked	  the	  gene	  expression	   levels	  of	  

the	   catecholamine	   synthesis	   genes	   (Dbh,	  Pnmt,	  Th)	   in	   adrenal	   gland	   as	   readout	   of	   its	  

sympathetic	   activation.	   We	   found	   a	   2.5	   to	   4-‐fold	   increase	   in	   the	   expression	   of	   these	  

genes	  in	  the	  adrenal	  gland	  of	  Cdk4-‐deficient	  mice,	  suggesting	  an	  overall	  increase	  in	  the	  

levels	  of	  sympathetic	  stimulation	  of	  these	  mice	  (Figure	  3-‐5).	  
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Figure	   3-‐5.	   Catecholamine	   synthesis	   gene	   expression	   is	   enhanced	   in	   Cdk4-‐

deficient	  mice	  A.	  Catecholamine	  synthesis	  gene	  expression	  in	  BAT	  of	  Cdk4+/+	  (n=8)	  and	  

Cdk4-‐/-‐	  (n=8)	  mice.	  All	  data	  are	  shown	  as	  mean	  +/-‐	  SEM.	  *P<0.05;	  **<0.01,	  ***<0.001.	  
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VII. Aging	  and	  thermogenesis	  in	  Cdk4-‐deficient	  mice	  

	  
BAT	  non-‐shivering	   thermogenesis	   is	  a	   crucial	  process	   for	   the	  survival	  of	   rodents	   (16).	  

However,	   aging	   has	   been	   associated	   with	   a	   loss-‐of-‐function	   of	   this	   fat	   depot.	   Brown	  

adipocytes	   get	   enlarged	   and	   accumulate	   more	   lipids	   in	   elderly	   animals.	   Moreover,	  

thermogenic	  gene	  expression	  is	  reduced	  in	  BAT	  of	  older	  mice	  and	  in	  consequence,	  cold	  

tolerance	  is	  also	  diminished	  (134-‐136).	  	  

	  

	  

1) Differences	  in	  cold	  tolerance	  between	  Cdk4-‐/-‐	  and	  Cdk4+/+	  mice	  are	  greater	  

in	  older	  animals	  

	  

To	  determine	  how	  aging	  altered	  the	  phenotype	  of	  Cdk4-‐/-‐	  mice,	  we	  exposed	  30	  weeks	  old	  

mice	  to	  cold	  ambient	  temperature	  during	  6h.	  Surprisingly,	  Cdk4-‐/-‐	  mice	  maintained	  their	  

body	   temperature	  during	   the	  cold	   test	  whereas	  Cdk4+/+	  mice	  had	  a	  strong	  decrease	   in	  

their	   core	   body	   temperature	   of	   almost	   2°C	   (Figure	   Annex	   3-‐6A).	   Next,	   we	   conducted	  

histological	  analysis	  to	  explore	  the	  morphology	  of	  the	  BAT.	  The	  differences	  found	  on	  the	  

hematoxylin	   eosin	   staining	  were	   striking.	   BAT	   of	   Cdk4-‐/-‐	  mice	  was	   clearly	   delipidated	  

and	   only	   small	   lipid	   droplets	   were	   present.	   In	   contrast,	   BAT	   of	   Cdk4+/+	   mice	   showed	  

increased	   lipid	   droplet	   size	   and	   number	   (Figure	   3-‐6B).	   In	   addition,	   brown	   and	  

thermogenic	  gene	  expression	  (Adrb3,	  Cpt1b,	  Cidea,	  Dio2,	  Ucp1,	  …)	  was	  higher	  in	  the	  BAT	  

of	  Cdk4-‐deficient	  mice	  (Figure	  3-‐6C).	  In	  conclusion,	  differences	  in	  thermogenic	  response	  

between	  Cdk4-‐/-‐	  and	  Cdk4+/+	  mice	  are	  magnified	  by	  aging.	  
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Figure	   3-‐6.	   Old	   Cdk4-‐/-‐	   mice	   are	   hyperthermic	   under	   cold	   exposure	   and	   have	   a	  

very	  marked	   thermogenic	  phenotype	   in	  BAT	  A.	  Rectal	  temperature	  was	  monitored	  

during	   acute	   cold	   exposure	   at	   4°C	   during	   4h	   in	   30w-‐old	   Cdk4+/+	   (n=10)	   and	   Cdk4-‐/-‐	  

(n=10)	   mice.	   	   B.	   Hematoxylin	   and	   eosin	   staining	   of	   BAT	   sections.	   	   C.	   Brown	   gene	  

expression	  in	  BAT	  in	  30w-‐old	  Cdk4+/+	  (n=6)	  and	  Cdk4-‐/-‐	  (n=6)	  mice.	  All	  data	  are	  shown	  

as	  mean	  +/-‐	  SEM.	  *P<0.05;	  **<0.01,	  ***<0.001.	  
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2) Cdk4-‐/-‐	  increased	  thermogenesis	  is	  not	  present	  at	  younger	  stages	  of	  

development	  

	  

Sympathetic	  innervation	  occurs	  early	  in	  the	  mouse	  development	  and	  it	  is	  controlled	  by	  

transcriptional	  regulators	  but	  also,	  secreted	  factors	  like	  BMP8B.	  To	  better	  characterize	  if	  

the	   phenotype	   observed	   in	   the	   Cdk4-‐/-‐	   mice	   was	   a	   result	   of	   the	   adaptation	   to	   the	  

innervation,	  we	  studied	  the	  BAT	  of	  juvenile	  individuals	  in	  3	  weeks	  old	  mice.	  The	  BAT	  of	  

these	  young	  Cdk4-‐/-‐	  animals	  was	  not	  smaller	  when	  normalized	  by	  body	  weight	  but	  was	  

darker	   than	   the	   tissue	   of	   the	   controls	   (Figure	   3-‐7	   A-‐B).	   Hematoxylin-‐eosin	   staining	  

revealed	  that,	  similarly	  to	  what	  we	  found	  in	  older	  animals,	  Cdk4-‐/-‐	  mice	  had	  a	  substantial	  

decrease	  in	  the	  amount	  of	   lipid	  droplets	  compared	  with	  wild-‐type	  controls	  (Figure	  3-‐7	  

C).	  

We	  also	  defined	  the	  characteristics	  of	  the	  BAT	  of	  these	  mice	  by	  gene	  expression	  analysis.	  

In	  contrast	  to	  the	  14	  weeks	  old	  Cdk4-‐/-‐	  (described	  in	  Section	  I),	  we	  noted	  that	  most	  of	  the	  

genes	   that	  were	   found	   increased	   in	   those-‐	  mice	  were	  not	   changed	   in	   the	  BAT	  of	   the	  3	  

weeks	   old	   knockout	   mice	   and	   only	   Bmp8b	   was	   highly	   increased	   in	   those	   samples	  

(Figure	  3-‐7	  D).	  These	  results	  indicate	  that	  the	  phenotype	  gets	  stronger	  with	  aging.	  	  

	  

Additionally,	   we	   tested	   the	   gene	   expression	   of	   certain	   factors	   that	   are	   involved	   in	  

mediating	  axon	  guidance	  and	  innervation.	  Sema3c	  expression,	  a	  gene	  that	  encodes	  for	  a	  

protein	   that	   stops	   axon	   growth,	   was	   reduced	   whereas	  Nrg4,	   which	   encodes	   for	   axon	  

growth,	  was	  increased	  in	  the	  BAT	  of	  Cdk4	  deficient	  mice	  suggesting	  that	  there	  might	  be	  a	  

role	  of	  Cdk4	  in	  mediating	  axon	  growth	  and	  innervation	  (Figure	  3-‐7E).	  	  

	  

In	   conclusion,	   Cdk4-‐/-‐	   mice	   at	   post-‐weaning	   age,	   present	   a	   milder	   BAT	   phenotype	  

compared	  with	  animals	  from	  the	  same	  genotype	  at	  older	  stages,	  such	  as	  14	  or	  30	  weeks	  

old.	  	  
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Figure	   3-‐7.	   Young	  Cdk4-‐/-‐	  mice	   have	   a	   very	  mild	   thermogenic	   phenotype	   in	  BAT	  

and	   enhanced	  neuronal	   growth	   gene	   expression	   in	  BAT	  A.	  General	  morphology	  of	  

BAT	  B.	   	   Interscapular	  BAT	  weight	  compared	  to	  body	  weight	  C.	  Hematoxylin	  and	  eosin	  

staining	   of	   BAT	   sections.	   	   D.	   Brown	   gene	   expression	   and	   E.	   Neurotrophins	   gene	  

expression	  in	  BAT	  in	  3w-‐old	  Cdk4+/+	  (n=8)	  and	  Cdk4-‐/-‐	  (n=7)	  mice.	  All	  data	  are	  shown	  as	  

mean	  +/-‐	  SEM.	  *P<0.05;	  **<0.01,	  ***<0.001.	  
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Chapter	  4:	  General	  discussion	  
	  
	  
The	  number	  of	  publications	  that	  attribute	  metabolic	  processes	  to	  cell	  cycle	  proteins	  has	  

been	  growing	   in	   the	  past	  10	  years	   (107-‐109,	  111).	   Indeed,	   the	  CDK4-‐RB-‐E2F	  pathway	  

has	  been	  described	  as	  a	  mediator	  of	  physiological	  adaptation	  by	  regulating	  not	  only	  cell	  

cycle	   but	   also	  metabolic	   pathways	   (112-‐115,	   119-‐122,	   125,	   127,	   128).	   This	   thesis	   has	  

been	  focused	  on	  the	  study	  of	  the	  protein	  CDK4.	  	  

	  

CDK4	   is	   a	   protein	   kinase	   that	   is	   only	   active	  when	   complexed	  with	   D-‐type	   cyclins.	   Its	  

kinase	  activity	   is	   induced	  by	  extracellular	  signals,	   like	  growth	   factors,	  and	  triggers	  cell	  

cycle	   progression	   (104).	   On	   the	   other	   hand,	   several	   studies	   have	   proved	   that	   it	   is	   a	  

metabolic	   regulator.	   For	   example,	   it	   is	   known	   that	   CDK4	   participates	   in	   adipocyte	  

differentiation	  via	  direct	  regulation	  of	  PPARγ	   (114).	  Moreover,	   it	  also	  regulates	   insulin	  

secretion,	   fatty	   acid	   oxidation	   and	   insulin	   signaling	   in	   mature	   adipocytes	   (127,	   128,	  

137).	  	  

Even	  though	  it	  has	  been	  reported	  that	  cold	  induces	  enhanced	  levels	  of	  phosphorylated	  

pRB,	  a	  well-‐known	  CDK4	  target,	  in	  BAT	  (118),	  no	  specific	  role	  of	  CDK4	  in	  this	  tissue	  has	  

been	  reported	  before.	  	  

	  

Nowadays,	   obesity	   has	   been	   the	   focus	   of	   attention	   in	   research	   due	   to	   the	   increased	  

prevalence	   of	   metabolic	   diseases	   derived	   from	   it.	   BAT	   activation	   by	   chronic	   cold-‐

exposure	   or	   pharmacological	   approaches	   increases	   energy	   expenditure,	   glucose	  

clearance	  and	  lipolysis	  (18,	  19).	  All	  of	  these	  processes	  result	  in	  a	  decrease	  in	  weight	  gain	  

and	   fat	  mass.	   Therefore,	   identifying	  new	   factors	   that	   regulate	  BAT	   thermogenesis	   can	  

help	   to	   design	   new-‐targeted	   strategies	   to	   stimulate	   brown	   fat	   as	   a	   new	   therapeutic	  

approach	  against	  obesity	  (138-‐140).	  
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Interestingly,	   BAT	   activation	   and	   browning	   of	   scWAT	   are	   processes	   that	   are	   closely	  

related	   to	   the	   remodeling	   of	   nervous	   and	   vascular	   networks	   (38,	   46,	   141).	   For	   this	  

reason,	   the	   remodeling	   of	   nervous	   networks	   could	   be	   targeted	   by	   novel	   therapeutic	  

approaches	  to	  optimize	  the	  efficiency	  of	  directed	  strategies	  to	  increase	  weight-‐loss.	  

	  

As	  we	   found	   that	  Cdk4	   deletion	   augments	   EE	   and	   lipid	   oxidative	  metabolism	   in	  mice	  

especially	  in	  cold	  ambient	  temperatures,	  we	  decided	  to	  analyze	  the	  characteristics	  of	  the	  

brown	  fat	  depot	  of	  mice	  that	  are	  depleted	  from	  Cdk4.	  Cdk4-‐/-‐	  mice	  showed	  a	  very	  marked	  

thermogenic	  phenotype.	  Even	  though	  basal	   temperature	  was	  not	  affected,	  Cdk4-‐/-‐	  mice	  

were	  more	  resistance	   to	  short	  periods	  of	  cold-‐exposure.	  The	  upregulated	   thermogenic	  

gene	   expression	   and	   the	   decreased	   lipid	   content	   in	   BAT	   also	   indicated	   a	  more	   active	  

brown	  fat	  depot	   in	  these	  animals.	  These	  observations	   led	  us	  to	  hypothesize	  that	  CDK4	  

was	  affecting	  BAT	  biology	  and	  thermogenic	  capacity.	  

	  

This	  hypothesis	  was	  first	  explored	  using	  the	  AT-‐specific	  knockout	  (Cdk4-‐AdKO)	  in	  which	  

Cdk4	   was	   depleted	   in	   AT	   by	   Cre	   expression	   under	   the	   aP2-‐driven	   promoter.	   Gene	  

expression	   analysis	   of	   BAT	   from	   Cdk4-‐AdKO	   showed	   increased	   thermogenic	   gene	  

expression.	   It	  was	  expected	  that	  due	  to	  the	  differences	   in	  gene	  expression,	  Cdk4-‐AdKO	  

mice	   would	   have	   increased	   cold	   tolerance	   or	   morphological	   differences	   in	   BAT,	   but	  

neither	  of	  these	  two	  hypotheses	  were	  confirmed	  and	  no	  alterations	  were	  found	  in	  these	  

parameters.	  As	   the	  construction	  of	   the	  Cdk4-‐AdKO	  mice	  was	  not	  only	   targeting	  brown	  

and	   white	   AT,	   but	   also	   macrophages	   and	   some	   hypothalamic	   areas	   (142,	   143),	   we	  

decided	   to	   design	   a	   new	   animal	   model	   with	   the	   Ucp1-‐driven	   Cre	   expression	   to	  

specifically	  target	  brown	  adipocytes.	  	  

	  

Revealing	   the	   effect	   of	   CDK4	   in	   Cdk4	   BAT-‐specific	   knockout	   mice	   was	   surprisingly	  

challenging.	   In	   spite	   of	   the	   high	   levels	   of	   expression	   of	   this	   protein	   in	   this	   AT	   depot	  

(127),	  we	   could	   not	   demonstrate	   the	   results	   that	  we	   expected	  when	  we	  deleted	  Cdk4	  

from	   BAT	   in	   vivo.	   We	   hypothesized	   that	   Cdk4-‐bKO	   mice	   would	   show	   increased	  

thermogenesis,	   leading	   to	   reduced	   body	   weight	   and	   increased	   EE	   compared	   to	   WT.	  
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Nevertheless,	  this	  was	  not	  the	  case	  in	  these	  animals	  housed	  at	  21°C	  fed	  a	  chow	  diet	  or	  

housed	   at	   6°C	   during	   6	   weeks	   (data	   not	   shown).	   So,	   the	   enhanced	   thermogenesis	   of	  

Cdk4-‐/-‐	  mice	  was	  not	  due	   to	  cell	  autonomous	  effects	   in	  BAT,	  but	   from	   its	  activation	  by	  

other	  tissues.	  

	  

Subsequent	   experiments	   with	   the	   Cdk4	   knockout	   model	   (Cdk4-‐/-‐)	   were	   needed	   to	  

investigate	   the	   different	   hypotheses	   of	   the	   thermogenic	   regulation	   in	   these	   mice	   by	  

other	  organs.	  BAT	  activity	  is	  regulated	  by	  the	  SNS	  (46,	  47).	  Sympathetic	  innervation	  was	  

assessed	  directly	  in	  BAT	  by	  immunohistochemistry	  against	  TH,	  one	  of	  the	  key	  enzymes	  

of	  catecholamine	  synthesis	  expressed	  in	  nervous	  fibers	  innervating	  BAT	  (38,	  46).	  These	  

measurements	  showed	  that	  lack	  of	  Cdk4	  increased	  innervation	  of	  TH-‐positive	  fibers	  in	  

BAT,	  inducing	  an	  enhanced	  adrenergic	  activation	  of	  the	  tissue.	  

	  

The	  adrenergic	  dependence	  of	  the	  thermogenic	  response	  in	  Cdk4-‐/-‐	  mice	  was	  tested	  by	  

inhibiting	   the	   activation	   of	   the	   β3-‐adrenergic	   receptor	   in	   vivo	   using	   a	   selective	   β3-‐

antagonist.	   Surprisingly,	   the	  higher	  cold-‐resistance	  of	  Cdk4-‐/-‐	  mice	  was	  not	  affected	  by	  

this	  treatment.	  We	  believe	  that	  other	  mechanisms	  could	  compensate	  the	  blockade	  of	  this	  

receptor,	  such	  as	  the	  activation	  of	  other	  NE-‐responding	  receptors	  (144).	   Indeed,	   it	  has	  

been	  reported	  that	  ADRB3	  disruption	  in	  vivo	  does	  not	  affect	  thermogenic	  capacity,	  due	  

to	  the	  compensative	  overexpression	  of	  other	  β–receptors	  (145-‐147).	  On	  the	  other	  hand,	  

as	  PKA-‐pathway	   can	  also	  be	   activated	  by	  other	  mechanisms	   such	   as	   thyroid	  hormone	  

stimulation	  (66);	  enhanced	  thyroid	  hormone	  intracellular	  metabolism	  could	  induce	  PKA	  

activation	   in	   Cdk4-‐/-‐	   mice	   in	   the	   context	   of	   	   ADRB3	   inhibition.	   Nevertheless,	   other	  

experiments	  would	  be	  necessary	  to	  clarify	  this	  point.	  

	  

The	   UCP1-‐mediated	   heat	   production	   takes	   place	   in	   the	   mitochondria	   of	   brown	  

adipocytes.	  Therefore,	  alterations	  in	  mitochondria	  number	  or	  activity	  have	  an	  influence	  

on	  thermogenic	  capacity	  (148,	  149).	  By	  comparing	  the	  electromicrographs	  of	  BAT	  from	  

Cdk4+/+	   and	  Cdk4-‐/-‐	  mice,	  we	   could	   also	   notice	   a	   remarkable	   increase	   in	  mitochondria	  

content	   in	   the	  Cdk4-‐/-‐	   animals.	  Respirometry	   analysis	  of	  BAT	  homogenates	   from	   these	  
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mice	   revealed	   that	  Cdk4-‐/-‐	  have	  highly	  efficient	  ETC	  machinery	   that	   could	  explain	  why	  

these	  animals	  can	  generate	  more	  heat	  compared	  to	  their	  WT	  littermates.	  This	  increased	  

mitochondrial	  biogenesis	  might	  be	  explained	  by	   the	  overall	   enhanced	   innervation	  and	  

therefore	   activation	   of	   BAT	   (150,	   151).	   However,	   several	   authors	   have	   also	  

demonstrated	   that	   thyroid	   hormones	   can	   influence	   mitochondrial	   number	   by	  

upregulating	  mitochondrial	  biogenesis’	  gene	  expression	  (152-‐154).	  	  

	  

During	   the	   course	   of	   our	   studies,	   we	   attempted	   to	   determine	   the	   effects	   of	   CDK4	   in	  

thyroid	  hormone	  metabolism	  by	   first	   analyzing	   the	  gene	  expression	   levels	  of	  Trh.	  The	  

expression	  levels	  of	  this	  gene	  were	  increased	  in	  the	  hypothalamus	  of	  Cdk4-‐/-‐	  mice.	  This	  

suggested	  that	  there	  was	  an	  upregulated	  activation	  of	  the	  HPT	  axis	  (155).	  Experiments	  

in	   the	   thyroid	   gland	   of	   Cdk4-‐/-‐	   mice	   showed	   that	   the	   expression	   of	   deiodinases	   was	  

affected.	  However,	  controversial	  results	  were	  found	  because	  the	  enzyme	  Dio2,	  which	  is	  

relevant	   for	   the	   intracellular	   levels	   of	   T3,	   was	   augmented	   but	   also	   the	   counteractive	  

Dio3	  enzyme	  that	  inactivates	  T3	  was	  enhanced	  (131).	  	  	  

On	   the	   other	   hand,	   no	   differences	   were	   found	   in	   fed	   levels	   of	   T3	   or	   T4	   in	   serum.	  

Nevertheless,	  we	  are	  aware	  that	  other	  parameters	  could	  be	  tested	  to	  further	  investigate	  

the	  thyroid	  metabolism	  of	  Cdk4-‐/-‐	  mice.	  For	  example,	  slight	  differences	  in	  TSH	  circulating	  

levels	   could	   explain	   a	   hyperthyroid	   phenotype	   (156).	   In	   conclusion,	   further	   work	   is	  

required	  to	  demonstrate	  whether	  CDK4	  affects	  thyroid	  hormone	  secretion	  or	  not.	  

	  

However,	  Dio2	  and	  Thrβ	  expression	  is	  enhanced	  in	  BAT	  of	  Cdk4-‐/-‐	  suggesting	  that	  there	  

is	   an	   increased	   intracellular	   thyroid	   hormone	   metabolism.	   Hence,	   the	   enhanced	  

expression	   of	   these	   genes	   could	   explain	   an	   increased	   activation	   of	   BAT	   function	   by	  

thyroid	  hormones	  (157).	  	  

	  

Furthermore,	  we	  have	  shown	  that	  CDK4	  also	  affects	  the	  remodeling	  of	  other	  AT	  depots.	  

Older	   (30-‐	  weeks	  old)	  Cdk4-‐/-‐	  mice	  present	   cells	   containing	   smaller	   and	  multiple	   lipid	  

droplets,	  which	  are	  characteristic	  of	  brown	  adipocytes	  within	  WAT	  (30).	  Consistent	  with	  

this,	   thermogenic	   genes	   are	   also	   induced	   in	   the	   scWAT	   of	   Cdk4-‐/-‐	   mice.	   Besides	   this,	  
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another	   important	   piece	   of	   evidence	   comes	   from	   our	   analysis	   of	   the	   adrenal	   gland	   of	  

these	   mice.	   We	   observed	   increased	   gene	   expression	   of	   catecholamine-‐synthesizing	  

enzymes	   in	   the	  adrenal	  glands	  of	  Cdk4-‐/-‐	  mice.	  Both	   findings	  could	  be	  associated	   to	  an	  

overall	  increased	  sympathetic	  tone	  in	  Cdk4-‐/-‐	  mice,	  as	  it	  has	  been	  described	  that	  the	  SNS	  

controls	  AT	  remodeling	  and	  catecholamine	  synthesis	  in	  adrenal	  glands	  (46,	  133,	  141).	  	  

	  

Another	  point	  that	  I	  would	  like	  to	  strengthen	  in	  this	  discussion	  is	  the	  impact	  of	  CDK4	  on	  

Bmp8b	  expression.	  BMP8B	  is	  an	  adipokine	  known	  to	  be	  upregulated	  in	  BAT	  and	  scWAT	  

by	  cold-‐exposure	  (51).	  It	  also	  contributes	  to	  the	  expansion	  of	  nervous	  networks	  in	  BAT	  

to	  enhance	  the	  adrenergic	  response	  of	  the	  tissue	  (65).	  It	  is	  likely	  that	  Cdk4-‐/-‐	  mice	  have	  

an	  enhanced	  thermogenic	  response	   to	  cold	  and	  have	   increased	  adrenergic	   innervation	  

via	  BMP8B	  signaling.	  However,	  the	  contribution	  of	  CDK4	  into	  the	  regulation	  of	  BMP8B	  

secretion	  would	  require	  further	  investigation.	  	  

	  

First,	   it	  was	   confirmed	   that	  Cdk4-‐/-‐	  mice	  have	   an	   increased	   thermogenic	   phenotype	   at	  

14-‐	   weeks	   old.	   Further	   analysis	   of	   BAT	   thermogenesis	   in	   this	  model	   revealed	   that	   in	  

older	  mice	   (30-‐	  weeks	  old)	   the	  differences	  between	  Cdk4+/+	  and	  Cdk4-‐/-‐	   are	  bigger.	  As	  

previously	   described	   in	   numerous	   publications,	   BAT	   atrophy	   is	   associated	  with	   aging	  

(48,	   135,	   136,	   158-‐160).	  Thus,	  Cdk4+/+	  mice	  presented	  whitening	  of	  BAT	  and	   reduced	  

cold-‐tolerance	   at	   30-‐	   weeks	   of	   age	   while	   Cdk4-‐/-‐	   mice	   maintained	   their	   thermogenic	  

phenotype	   both	   at	   the	   level	   of	   gene	   expression	   and	   also	   in	   their	   response	   to	   cold	  

exposure.	  	  

	  

The	   temperature	   under	   which	   we	   house	   our	   animals	   (21°C)	   is	   a	   great	   thermogenic	  

challenge	   for	   them	   (161).	   This	   is	   especially	   important	   regarding	   younger	   animals.	  

Younger	  animals	  are	  more	  susceptible	  to	  low	  temperature	  due	  to	  greater	  heat	  loss	  to	  the	  

environment	   compared	   to	   older	   mice	   because	   of	   their	   larger	   surface	   area	   to	   volume	  

ratio.	  It	  is	  in	  these	  younger	  mice	  in	  which	  BAT	  is	  more	  active	  (161).	  Therefore,	  young	  (3-‐	  

week	   old)	   Cdk4-‐/-‐	   mice	  were	   analyzed	   for	   a	   thermogenic	   phenotype.	   To	   our	   surprise,	  

thermogenic	   gene	   expression	   in	   these	   mice	   was	   almost	   restored	   to	   WT	   values.	  
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Nevertheless,	   preliminary	   data	   showed	   that	   the	   semaphorin	   Sema3c,	   which	   is	   a	  

repressor	  of	  axon	  growth	  (62),	  was	  reduced	  in	  the	  BAT	  of	  young	  Cdk4-‐/-‐	  mice	  whereas	  

Nrg4,	   a	   neuroregulin	   induced	   by	   cold	   that	   promotes	   neuronal	   outgrowth	   (65),	   was	  

enriched	  in	  the	  same	  depot.	  These	  two	  observations	  prompted	  us	  to	  consider	  that	  young	  

Cdk4-‐/-‐	  mice	  have	  enhanced	  remodeling	  of	  AT	  depots	  through	  the	  formation	  and	  growth	  

of	  nervous	  networks.	  	  

	  

As	   mentioned	   earlier,	   smaller	   animals	   are	   more	   cold-‐sensitive	   because	   of	   a	   greater	  

energy	  dissipation	  due	   to	   their	  unfavorable	   surface	   to	  volume	   ratio	   (161).	   	  Therefore,	  

the	  reduced	  size	  of	  Cdk4-‐/-‐	  mice	  could	  explain	  an	  enhanced	  heat	  dissipation	  that	  needs	  to	  

be	  compensated	  by	  an	  increase	  in	  thermogenesis.	  	  

	  

So	   far,	   we	   do	   not	   know	   at	   which	   level	   CDK4	   is	   acting	   in	   the	   formation	   of	   nervous	  

networks	  but	  we	  hypothesize	  that	  it	  is	  at	  the	  level	  of	  SNS	  development,	  probably	  due	  to	  

the	   challenge	   posed	   by	   housing	   at	   room	   temperature.	   To	   test	   this	   hypothesis,	  Cdk4-‐/-‐	  

mice	   could	   be	   bred	   and	   housed	   at	   30°C,	   a	   temperature	   at	   which	   cold-‐induced	  

sympathetic	  tone	  to	  AT	  is	  reduced	  due	  to	  the	  almost	  absence	  of	  thermogenic	  challenge	  

(thermoneutral	   conditions	   for	   mice	   are	   defined	   at	   30°C).	   In	   principle,	   under	   these	  

conditions,	   Cdk4-‐/-‐	   should	   not	   have	   the	   need	   to	   develop	   adrenergical	   networks	   to	  

stimulate	  heat	  production.	  Moreover,	  the	  total	  dependence	  of	  the	  Cdk4-‐/-‐	  phenotype	  on	  

sympathetic	  tone	  to	  BAT	  could	  be	  verified	  by	  measuring	  thermogenic	  gene	  expression	  in	  

BAT	   from	   denervated	   Cdk4-‐/-‐	   mice.	   However,	   these	   experiments	   were	   not	   possible	  

during	  the	  course	  of	  my	  PhD	  studies.	  	  

	  

Nevertheless,	  it	  would	  be	  interesting	  to	  quantify	  the	  central	  impact	  of	  the	  lack	  of	  Cdk4	  in	  

the	   thermogenesis	   of	  Cdk4-‐/-‐	  mice.	  Cdk4	  mRNA	   is	   expressed	   in	  multiple	   hypothalamic	  

areas,	   but	   it	   is	   unknown	   which	   specific	   neuronal	   populations	   express	   Cdk4.	   The	  

importance	  of	  Cdk4	   expression	   in	   the	  hypothalamic	  areas	   that	   regulate	   thermogenesis	  

could	  be	  investigated	  using	  a	  brain-‐specific	  Cdk4-‐/-‐	  model	  via	  a	  generic	  hypothalamic	  Cre	  

recombinase	  driver	  such	  as	  Nkx2.1	  (162,	  163).	  
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Although	   Cdk4	   expression	   in	   specific	   neuronal	   populations	   is	   unknown,	   it	   has	   been	  

reported	  that	  this	  protein	  is	  active	  in	  the	  mediobasal	  hypothalamus	  (MBH),	  a	  region	  that	  

includes	   the	  Arc	   and	   the	  VMH.	   Increased	   phosphorylation	   of	   the	   CDK4-‐target	   RB	  was	  

found	  in	  this	  area	  in	  mice	  after	  HFD-‐feeding	  (164).	  

	  

Therefore,	  we	  explored	  the	  role	  of	  CDK4	  in	  the	  VMH	  by	  generating	  a	  new	  mouse	  model	  

of	  Cdk4	  deletion	   in	   the	  neurons	  of	   this	  area	  using	  the	  Sf1-‐Cre	  recombinase	  driver.	  The	  

resulting	  animal	  did	  not	  present	  any	  phenotype	  at	  the	  level	  of	  BAT	  gene	  expression	  but	  

an	  increase	  in	  cold	  tolerance	  when	  animals	  were	  exposed	  to	  cold	  ambient	  temperature	  

for	   a	   short	   period	   of	   time.	   Further	   experiments	   would	   be	   necessary	   to	   clarify	   the	  

relevance	  of	   the	  deletion	  of	  Cdk4	   in	   this	   area,	   such	   as	   long-‐term	  cold	   exposure	  or	  β3-‐

agonist	  stimulation	  in	  these	  mice.	  	  

	  

As	   a	   complement	   to	   the	   studies	   on	   Cdk4	   deletion	   in	   vivo,	   we	   also	   analyzed	   the	  

phenotype	   of	   Cdk4R24C/R24C	   mice	   in	   BAT.	   These	   animals	   are	   characterized	   by	   the	  

expression	   of	   a	   point	   mutation	   that	   renders	   CDK4	   hyperactive	   because	   of	   the	  

conformational	   change	   that	   avoids	   the	   repression	   by	   p16,	   one	   CKI.	   Conversely,	   the	  

expected	  inversed	  phenotype	  was	  not	  observed	  in	  the	  Cdk4R24C/R24C	  mice.	  These	  mice	  did	  

not	  show	  impaired	  thermogenesis	  or	  reduced	  expression	  of	  Ucp1	  in	  BAT.	  These	  results	  

are	  in	  disagreement	  with	  the	  work	  done	  on	  p16-‐deficient	  mice,	  which	  report	  increased	  

Ucp1	   expression	   in	  BAT	  under	   chow	  diet	   conditions	   (165).	   It	   is	  worth	  noting	   that	   the	  

R24C	  mutation	  causes	  the	  inability	  of	  p16	  to	  bind	  and	  inhibit	  CDK4.	  Nevertheless,	  other	  

inhibitors	  can	  still	  access	  the	  protein	  to	  repress	  it.	  Thus,	  it	  is	  possible	  that	  in	  the	  context	  

where	  CDK4	  has	  a	  role	  in	  thermogenesis,	  p16	  is	  not	  its	  major	  repressor	  and	  therefore,	  

Cdk4R24C/R24C	  mice	  have	  a	  normal	  regulation	  of	  the	  protein	  and	  not	  a	  hyperactivation.	  	  

	  

To	   sum	   up,	   we	   suspect	   that	   Cdk4-‐/-‐	   mice	   had	   upregulated	   BAT	   thermogenic	   gene	  

expression	  as	  a	  response	  to	  BAT	  adrenergic	  hyperactivation	  due	  to	  the	  enhanced	  level	  of	  
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catecholaminergic	  fibers	  that	  are	  populating	  this	  AT	  depot.	  Overall	  CDK4	  seems	  to	  act	  as	  

a	  repressor	  of	  thermogenesis	  through	  its	  inhibitory	  effect	  on	  innervation.	  
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Chapter	  5:	  Conclusions	  
	  
	  
The	   figure	   5-‐1	   summarizes	   the	   findings	   described	   in	   this	   PhD	   thesis.	   Cold	   or	  

pharmacological	   stimulation	   of	   BAT	   results	   in	   heat	   production	   by	   brown	   adipocytes.	  

Under	  these	  stimuli,	  expansion	  of	  BAT	  and	  recruitment	  of	  beige	  adipocytes	  in	  scWAT	  are	  

also	   induced	  and	  followed	  by	  the	  remodeling	  of	  vascular	  and	  nervous	  networks	   in	  AT.	  

The	  adaptive	  process	  of	   sympathetic	  nervous	  outgrowth	  and	  branching	  will	   induce	  an	  

increased	   catecholaminergic	   stimulation	   of	   the	   tissue	   and	   in	   turn,	  NE-‐stimulation	  will	  

result	  in	  the	  adaptation	  of	  the	  tissue	  to	  increase	  lipolysis	  and	  heat	  production.	  	  

	  

During	  this	  PhD	  studies,	  we	  have	  demonstrated	  that	  Cdk4	  deficient	  mice	  (Cdk4-‐/-‐)	  have	  a	  

marked	  thermogenic	  phenotype	   in	  BAT	  with	  enhanced	  heat	  production.	  Moreover,	   the	  

analysis	  of	  Cdk4	  BAT-‐specific	  knockout	  (Cdk4-‐bKO)	  mice	  revealed	  that	  the	  effects	  from	  

CDK4	   observed	   in	   BAT	   are	   not	   cell	   autonomous	   but	   derived	   from	   another	   upstream	  

organ.	   In	   fact,	   the	   characterization	   of	   the	   Cdk4	   knockout	   mice	   (Cdk4-‐/-‐)	   showed	   an	  

increased	  sympathetic	  innervation	  of	  BAT	  that	  could	  explain	  the	  thermogenic	  activation	  

seen	  in	  these	  animals.	  In	  conclusion,	  here	  we	  propose	  CDK4	  as	  a	  novel	  regulator	  of	  non-‐

shivering	  thermogenesis	  through	  nervous	  network	  remodeling	  of	  AT.	  	  	  

	  

Our	   results	  demonstrate	  a	  new	  role	   for	  CDK4	  on	   the	   control	  of	   thermogenesis	  and	   its	  

function	  in	  the	  biology	  of	  BAT.	  We	  suspect	  that	  CDK4	  plays	  a	  role	  in	  development	  at	  the	  

level	   of	   CNS	   to	   repress	   sympathetic	   innervation	   outgrowth.	   That	   is	  why,	  Cdk4-‐/-‐	  mice	  

have	  enhanced	  sympathetic	  innervation	  of	  BAT	  which	  triggers	  the	  adaptation	  over	  time	  

of	   the	   tissue	   to	   adrenergic	   stimulation,	  with	   evidences	   of	   enhanced	   thermogenic	   gene	  

expression	   at	   14-‐	   weeks	   old	   and	   not	   at	   3-‐	   weeks	   old	   mice.	   Moreover,	   we	   have	   also	  

observed	  that	  this	  BAT	  activation	  induces	  mitochondrial	  biogenesis	  in	  Cdk4-‐/-‐	  mice.	  	  

On	  the	  other	  hand,	  we	  have	  also	  noticed	  that,	  in	  older	  mice	  (30-‐	  weeks	  old),	  lack	  of	  Cdk4	  

promotes	  beige	  cell	  recruitment	  in	  scWAT	  and	  the	  induction	  of	  thermogenic	  machinery	  
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in	   this	   tissue.	   This	   is	   likely	   due	   to	   the	   impact	   of	   CDK4	   in	   general	   sympathetic	   tone.	  

Similarly,	  the	  elevated	  expression	  of	  the	  genes	  responsible	  of	  catecholamine	  synthesis	  in	  

adrenal	  glands	  of	  Cdk4-‐/-‐	  mice	  could	  be	  also	  derived	  from	  it.	  

	  

Overall	  the	  findings	  in	  this	  thesis	  suggest	  that	  CDK4	  acts	  as	  a	  repressor	  of	  sympathetic	  

innervation	   during	   development	   affecting	   the	   thermogenic	   response	   of	   BAT	   and	   the	  

remodeling	  of	  WAT.	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  



Chapter	  5:	  Conclusions	  
	  

_____________________________________________________________________________________________________	  

	   105	  

	  

	  

	  
	  

	  

	  



Chapter	  5:	  Conclusions	  
	  

_____________________________________________________________________________________________________	  

	   106	  

Figure	   5-‐1.	   Summary	   of	   the	   proposed	   roles	   of	   CDK4	   in	   brown	   and	   beige	  

adipocytes.	  	  Brown	  adipocytes	  respond	  to	  cold	  exposure	  by	  generating	  heat.	  Apart	  from	  

that,	   the	   stimulus	   of	   cold	   induces	   the	   expansion	   of	   sympathetic	   nervous	   networks	   in	  

BAT.	  The	  findings	  of	  this	  thesis	  prompted	  us	  to	  assume	  that	  CDK4	  is	  an	  inhibitor	  of	  the	  

outgrowth	   and	   branching	   of	   sympathetic	   nerves.	   In	   parallel	   the	   impairment	   of	   BAT	  

innervation	   by	   CDK4	   also	   affects	   thermogenic	   gene	   expression,	   mitochondrial	  

biogenesis	   and	   therefore,	   heat	   production	   (A).	   Cold	   also	   induces	   the	   recruitment	   of	  

thermogenic	   beige	   adipocytes	   in	   scWAT.	   	   CDK4	   would	   also	   act	   as	   a	   repressor	   of	  

sympathetically-‐mediated	  beige	  cell	  recruitment.	  In	  this	  way,	  Cdk4-‐/-‐	   	  mice	  have	  overall	  

enhanced	  sympathetic	   innervation	  and	   they	  adapt	  over	   time	   to	   this	  nervous	  networks	  

remodeling	  their	  AT	  depots.	  That	  is	  why,	  young	  (3-‐	  weeks	  old)	  Cdk4-‐/-‐	  mice	  have	  a	  very	  

mild	  phenotype	  in	  BAT,	  but	  when	  they	  are	  14-‐	  weeks	  old	  the	  phenotype	  is	  more	  evident	  

and	   differences	   are	   stronger	   between	   Cdk4+/+	   and	   Cdk4-‐/-‐	   mice	   at	   older	   stages	   (30-‐	  

weeks	  old).	  It	  is	  also	  at	  this	  point;	  in	  which	  we	  can	  see	  spontaneous	  recruitment	  of	  beige	  

adipocytes	  in	  scWAT	  (B).	  
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This	  study	  describes	  a	  novel	  role	  of	  CDK4	  in	  mature	  white	  adipocytes.	  CDK4	  modulates	  

create	  a	  positive	  feedback	  loop	  to	  maintain	  insulin	  signaling	  active.	  My	  contributions	  to	  

this	   project	   included:	   analyzing	   the	   expression	   of	   phosphorylated	   IRS2	   at	   the	   specific	  

site	   of	   CDK4	   (Ser188)	   by	   western	   blot	   in	   WAT	   samples	   from	   mice	   and	   performing	  
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Insulin resistance is a fundamental pathogenic factor that characterizes various metabolic
disorders, including obesity and type 2 diabetes. Adipose tissue contributes to the
development of obesity-related insulin resistance through increased release of fatty acids,
altered adipokine secretion, and/or macrophage infiltration and cytokine release. Here, we
aimed to analyze the participation of the cyclin-dependent kinase 4 (CDK4) in adipose
tissue biology. We determined that white adipose tissue (WAT) from CDK4-deficient mice
exhibits impaired lipogenesis and increased lipolysis. Conversely, lipolysis was decreased
and lipogenesis was increased in mice expressing a mutant hyperactive form of CDK4
(CDK4R24C). A global kinome analysis of CDK4-deficient mice following insulin stimulation
revealed that insulin signaling is impaired in these animals. We determined that insulin
activates the CCND3-CDK4 complex, which in turn phosphorylates insulin receptor
substrate 2 (IRS2) at serine 388, thereby creating a positive feedback loop that maintains
adipocyte insulin signaling. Furthermore, we found that CCND3 expression and IRS2
serine 388 phosphorylation are increased in human obese subjects. Together, our results
demonstrate that CDK4 is a major regulator of insulin signaling in WAT.
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Introduction
Insulin signaling is a versatile system that coordinates growth, 
proliferation, and development of multiple tissues and organs by 
controlling metabolic processes that accommodate the energy 
needs of cellular function (1). Defects in insulin signaling con-
tribute to insulin resistance, a common complication of obesity 
that occurs early in the pathogenesis of type 2 diabetes and car-
diovascular disease (2, 3). Insulin response depends on tissue and 
cellular functions. In white adipose tissue (WAT), insulin signal-
ing regulates lipid synthesis (1) and glucose transport (4–6) and 
represses lipolysis (7). However, the exact mechanism by which 
insulin signaling coordinates regulated cellular functions is not 
fully understood. Cyclin-dependent kinase 4 (CDK4) plays an 
important role in the G1/S transition of the cell cycle. Its kinase 
activity is regulated through interaction with the D-type cyclins 
(CCND1, CCND2, and CCND3) (8). The resulting cyclin D–
CDK4 complexes catalyze the phosphorylation of the members 
of the retinoblastoma (RB) protein family (RB1, RBL1, and RBL2). 
Phosphorylation of RB1 by cyclin D–CDK4 releases the E2F 

transcription factors, thereby ensuring the expression of genes 
required for cell-cycle progression (9). Conversely, members of 
the family of CDK inhibitors (INK and CIP/KIP) block CDK activ-
ity in response to quiescence stimuli. Many studies have assessed 
the roles of CDK4 in cell growth, proliferation, and cancer (10), 
but the role of CDK4 in adipose tissue function has never been 
explored. The most marked phenotypes of mice lacking CDK4 
(Cdk4neo/neo) are reduced body size and insulin-deficient diabetes 
due to a severe decrease in pancreatic β cell growth (11). β Cell–
specific reexpression of the Cdk4R24C allele renders CDK4 resis-
tant to the inhibitory effects of INK4 proteins (12) and restores 
β cell proliferation and normoglycemic conditions (13). Interest-
ingly, CDK4 reexpression in pancreatic β cells does not rescue 
body size reduction, suggesting that this phenotype is not due 
to endocrine defects secondary to decreased insulin levels. We 
previously demonstrated that CDK4 regulates adipogenesis, sug-
gesting a role of CDK4 in WAT function (14).

Results
CDK4 activity is positively correlated with WAT mass. The first sug-
gestion of a role of CDK4 in adipose tissue biology came from the 
finding that CDK4 and 2 D-type cyclins (CCND2 and CCND3) 
are highly expressed in epididymal WAT (eWAT) compared with 
the other tissues analyzed (Figure 1A). The high levels of expres-
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Protein expression analysis in visceral adipose tissue (VAT) cellular 
fractions showed that CDK4 was better expressed in mature adi-
pocytes compared with the stromal vascular fraction (SVF) (Figure 
1B and Supplemental Figure 1C). Furthermore, CDK4 expression 

sion of CCND3 in eWAT (Figure 1A and Supplemental Figure 1, 
A and B; supplemental material available online with this article; 
doi:10.1172/JCI81480DS1) are consistent with previous findings 
showing increased CCND3 expression during adipogenesis (15). 

Figure 1. Positive correlation between CDK4 activity and WAT mass. (A) Expression levels of CCND1, CCND2, CCND3, CDK4, and CDK6 proteins in mouse 
eWAT, BAT, brain, muscle, heart, kidney, lung, spleen, and liver. Representative blot of several animals analyzed is shown. (B) CDK4 protein level in the 
SVF and mature adipocytes isolated from VAT. (C) Subcellular localization of CCND1, CCND2, CCND3, and CDK4 proteins in cytoplasm and nuclear frac-
tions of eWAT and mature 3T3-L1 adipocytes. LMNA was used as a control for the nuclear fraction. (B and C) Representative blots out of 3 independent 
experiments are shown. (D and E) Body weight and percentage of fat mass of 20-week-old Cdk4+/+ and Cdk4nc mice (n = 9) (D) and 30-week-old Cdk4+/+ and 
Cdk4R24C/R24C mice (n = 8) (E) as obtained using EchoMRI technology. (F) H&E staining of eWAT sections from Cdk4+/+, Cdk4nc, and Cdk4R24C/R24C mice. (G) Body 
weight, Δ fat mass of 20-week-old Cdk4flox/flox mice infected with AAV8-mini/aP2-null (n = 5) or AAV8-mini/aP2-cre (n = 4) analyzed by EchoMRI technol-
ogy (we show the difference between the percentage of fat before and the percentage of fat 3 weeks after infection). (H) H&E staining of eWAT sections 
from Cdk4flox/flox mice infected with AAV8-mini/aP2-null or AAV8-mini/aP2-cre. (I) Body weight and percentage of fat mass of 30-week-old E2f1+/+ (n = 4), 
Cdk4R24C/R24C E2f1+/+ (n = 6), and Cdk4R24C/R24C E2f1–/– mice (n = 12). (J) H&E staining of eWAT sections from E2f1+/+, Cdk4R24C/R24C E2f1+/+, and Cdk4R24C/R24C E2f1–/– 
mice. Statistically significant differences were determined with unpaired 2-tailed Student’s t tests (D, E, and G) or 1-way ANOVA followed by Tukey’s 
multiple comparisons test (I). *P < 0.05. Original magnification, ×100.
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engineering of white and brown adipocytes in adult mice and has 
very poor tropism for macrophages (17). We infected Cdk4flox/flox 
mice (Supplemental Figure 1I) with AAV8 vectors expressing the 
Cre recombinase under the control of the mini/aP2 adipose tis-
sue–specific promoter (AAV8-mini/aP2-cre) or with the control 
vector (AAV8-mini/aP2-null). First of all, we determined the tis-
sues that were infected by assessing the presence of viral genome 
(vg) using Cre PCR. The vg was only present in brown adipose tis-
sue (BAT), eWAT, s.c. WAT, and liver, whereas we could not detect 
it in pancreas and muscle (Supplemental Figure 1J). Quantitative 
reverse-transcription–PCR (RT-qPCR) analysis showed a significant 
decrease of Cdk4 mRNA in eWAT and s.c. WAT, whereas no changes 
were observed in liver and BAT (Supplemental Figure 1K). After 3 
weeks, the systemic administration of AAV8-mini/aP2-cre triggered 
a decrease in fat mass gain; indeed, AAV8-mini/aP2-cre–infected 
mice gained significantly less fat mass (Figure 1G) and experienced 
a reduction in adipocyte size (Figure 1H). However, no differences 
were found in body weight and lean mass in Cdk4flox/flox mice infected 
with AAV8-mini/aP2-cre vector (Figure 1G and Supplemental Figure 
1L). The use of this adipose tissue–specific Cdk4 depletion model 
supports a cell-autonomous contribution for CDK4 in adipose tissue. 
Overall, these 3 models (Cdk4nc, Cdk4R24C/R24C, and Cdk4flox/flox mice 
infected with AAV8 mini/aP2-cre) clearly demonstrate a positive 
correlation between CDK4 activity and WAT mass/size.

E2F1, a known proproliferative downstream effector of CDK4, 
was previously shown to promote adipogenesis (16). Therefore, 
in order to determine whether adipocyte proliferation was not 
affected with the modulation of CDK4 activity, we generated 
Cdk4R24C/R24C E2f1–/– mice. No significant changes were observed 
in adiposity, adipocyte size, lean mass, or adipocyte proliferation 
as measured by Ki67 expression in Cdk4R24C/R24C E2f1–/– compared 
with Cdk4R24C/R24C E2f1+/+ mice (Figure 1, I and J, and Supplemen-
tal Figure 1, M and N). These results demonstrate that when 
CDK4 is hyperactive, the deletion of E2f1 does not affect fat mass, 
mature adipocyte size, and proliferation. Because Cdk4R24C/R24C  
mice develop a wide spectrum of tumors (18, 19), we investigated 
to determine whether the WAT phenotype observed in these mice 
could be secondary to tumor development. We could not find any 
correlation between fat mass and tumor development. Indeed, 
all mice used in this study were tumor free (Supplemental Figure 
1O). Moreover, tumor development was negatively correlated 
with fat mass in 60-week-old Cdk4R24C/R24C mice, proving that the 
increased WAT mass in these mice was not secondary to tumor 
formation (Supplemental Figure 1P).

CCND3 is positively correlated with WAT mass in human subjects. 
Our data suggesting the involvement of CCND3-CDK4 in adipose 
tissue was further supported by the positive correlation between 
CCND3 protein expression in visceral WAT samples from human 
subjects and their BMI (Figure 2A and Supplemental Figure 1, Q 

was also higher in differentiated 3T3-L1 adipocytes compared with 
nondifferentiated 3T3-L1 preadipocytes (Supplemental Figure 1C). 
Interestingly, the subcellular localization of CDK4 and CCND3 as 
well as of the other D-type cyclins revealed that these proteins are 
not only found in the nucleus; rather, they are mainly localized in 
the cytoplasm of adipocytes (Figure 1C and Supplemental Figure 
1D), suggesting a role for CDK4 that is independent of the RB/
E2F pathway in these cells. Moreover, since the duplication rate 
in mature adipocytes is low (16), these results suggested a novel 
cell-cycle independent role for CDK4. In order to analyze the par-
ticipation of CDK4 in adipose tissue biology, we set to determine 
the phenotype of CDK4 mutant mice. The previously generated 
Cdk4neo/neo mice are diabetic and have impaired pancreatic β cell 
development and decreased insulin levels (11). Analysis of adi-
pose tissue function in these mice would be confusing, since any 
observed effect could be secondary to insulin deficiency. We there-
fore used Cdk4neo/neo Rip-Cre (Cdk4neo/neo;cre/cre; herein referred to as 
Cdk4nc) mice that reexpress Cdk4 in β cells and thus have normal 
insulin levels (13). We also used a mouse model of CDK4 hyper-
activation, the R24C model. Cdk4R24C/R24C mice express a mutant 
CDK4 protein that is not sensitive to INK4a inhibitors (11) and is 
consequently more active. A first analysis showed that Cdk4nc mice 
had decreased body weight, whereas Cdk4R24C/R24C mice exhib-
ited increased body weight compared with Cdk4+/+ mice (Figure 
1, D and E). Significant changes in WAT mass accounted for body 
weight variation. Cdk4nc and Cdk4R24C/R24C mice had decreased and 
increased WAT mass, respectively, as measured by EchoMRI (Fig-
ure 1, D and E, and Supplemental Figure 1, E and F). Changes in 
fat mass were consistent with variation in adipocyte size (Figure 
1F and Supplemental Figure 1G). Overall, severe atrophy could be 
observed in fat pads from Cdk4nc mice, whereas Cdk4R24C/R24C mice 
developed adipose tissue hypertrophy (Supplemental Figure 1H).

To demonstrate that the effects of Cdk4 deletion in adipose 
tissue were cell autonomous, we used an approach involving sys-
temic administration of adeno-associated viral vectors of serotype 
8 (AAV8), which has been previously reported as leading to genetic 

Figure 2. Positive correlation between CCND3 expression and human 
VAT mass. (A–D) Correlation between the CCND3/ACTB ratio (n = 32, 
Pearson’s r = 0.3717, P < 0.05) (A), the CCND1/ACTB ratio (n = 32, Pear-
son’s r = –0.04574, P < 0.05) (B), the CCND2/ACTB ratio (n = 32, Pearson’s 
r = 0.06203, P < 0.05) (C), and the CDK4/ACTB ratio (n = 30, Pearson’s 
r = 0.2875, P < 0.05) (D) and BMI in VAT of human subjects. Data are 
normalized to ACTB. *P < 0.05.
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compared with their respective control mice (Figure 3, A–C). Insulin 
quantification in plasma showed, however, a significant decrease in 
Cdk4R24C/R24C mice, whereas no differences were observed in Cdk4nc 
or Cdk4flox/flox mice infected with AAV8-mini/aP2-cre vector in fed 
conditions (Figure 3, D–F). Decreased insulin levels are indicative of 
either better insulin sensitivity or of a defect in insulin secretion by 
pancreatic β cells. Cdk4nc mice were glucose intolerant (Figure 3G) 

and R). No association was found for CCND1, CCND2, or CDK4 
(Figure 2, B–D). These results confirmed a positive correlation 
between WAT mass and CCND3-CDK4 expression and activity 
and suggested that these proteins participate in WAT function.

CDK4 promotes insulin sensitivity in vivo. No differences in fast-
ing and feeding glycemia were observed in Cdk4nc or Cdk4flox/flox 
infected with AAV8-mini/aP2-cre vector and Cdk4R24C/R24C mice 

Figure 3. CDK4 promotes insulin sensitivity in vivo. (A–C) Fasting glycemia in Cdk4+/+ and Cdk4nc (n = 8) mice (A), Cdk4flox/flox infected with AAV8-mini/
aP2-null or AAV8-mini/aP2-cre vectors (n = 5–4) (B), and Cdk4+/+ and Cdk4R24C/R24C (n = 12) mice (C). (D–F) Fed serum insulin in Cdk4+/+ and Cdk4nc (n = 7) 
(D), Cdk4flox/flox infected with AAV8-mini/aP2-null or AAV8-mini/aP2-cre vectors (n = 5–4) (E), and Cdk4+/+ and Cdk4R24C/R24C mice (n = 8) (F). (G–I) GTT in 
Cdk4+/+ and Cdk4nc (n = 7) (G), Cdk4flox/flox infected with AAV8-mini/aP2-null or AAV8-mini/aP2-cre (n = 5–4) (H), and Cdk4+/+ and Cdk4R24C/R24C (n = 6) mice 
(I). (J–L) ITT in Cdk4+/+ and Cdk4nc (n = 5) (J), Cdk4flox/flox infected with AAV8-mini/aP2-null or AAV8-mini/aP2-cre vectors (n = 5–4) (K), and Cdk4+/+ and 
Cdk4R24C/R24C (n = 12) mice (L). AUC for GTT and ITT was analyzed and is shown below the curves. Data were expressed as mean ± SEM. Statistically signifi-
cant differences were determined with unpaired 2-tailed Student’s t tests. *P < 0.05.
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adipocytes with a chemical CDK4 inhibitor (PD0332991) (21) 
resulted in the delipidation of these adipocytes and in a 40% 
decrease in their TG content (Supplemental Figure 2, A and B). 
Lipolysis experiments in eWAT explants from mice revealed 
a 4-fold increase of nonesterified fatty acid (NEFA) release in 
Cdk4nc eWAT compared with Cdk4+/+ eWAT (Figure 4C). Simi-
larly, glycerol release was also increased in these mice (Supple-
mental Figure 2C). Conversely, Cdk4R24C/R24C eWAT showed 
significantly decreased NEFA (Figure 4D) and glycerol release 
(Supplemental Figure 2D), which suggested impaired lipolysis. 
Interestingly, eWAT explants from Cdk4nc mice, in addition to 
increased lipolysis, had reduced lipogenesis, as measured by ace-
tate incorporation into the distinct TG, diacyclycerols (DG), and 
phospholipid (PL) lipid fractions (Figure 4E). On the other hand, 
eWAT explants from mice expressing the hyperactive Cdk4R24C 
allele showed increased lipogenesis (Figure 4F). However, we 
could not detect any differences in liver TG content in Cdk4+/+, 
Cdk4nc, and Cdk4R24C/R24C mice (Supplemental Figure 2, E and F). 
This validated a positive correlation between CDK4 activity and 
lipogenesis and a negative correlation between CDK4 activity 
and lipolysis. Strikingly, these are exactly the effects of insulin 
in adipocytes, suggesting that CDK4 could mediate the effects of 
insulin in adipose tissue.

and cleared glucose at a slower rate than Cdk4+/+ mice, a character-
istic of insulin resistance (Figure 3J). We did not observe any signifi-
cant differences in glucose tolerance tests (GTTs) in Cdk4flox/flox mice 
infected with AAV8-mini/aP2-cre vector; however, these mice had 
a trend toward insulin resistance compared with Cdk4flox/flox mice 
infected with AAV8-mini/aP2-null vector (P = 0.0829) (Figure 3, 
H and K). In contrast, Cdk4R24C/R24C mice were more glucose tol-
erant and insulin sensitive than Cdk4+/+ mice (Figure 3, I and L). 
Together, these results show that CDK4 activity is positively cor-
related with insulin sensitivity.

CDK4 represses lipolysis and stimulates lipogenesis. We previ-
ously showed the participation of CDK4 and CCND3 in adipo-
genesis. We proved that these proteins control the activity of 
the master regulator of adipocyte differentiation, PPARγ (14). In 
this study, we analyze the participation of CDK4 in the function 
of mature adipocytes. Lipids are mobilized from WAT through 
lipolysis, a breakdown of triglycerides (TG) into glycerol and free 
fatty acids (FFA) (20). As expected, changes in WAT mass were 
positively correlated with alterations in TG content in our mouse 
models: Cdk4nc and Cdk4R24C/R24C mice had less and more TG in 
eWAT, respectively (Figure 4, A and B). Decreased TG content in 
Cdk4nc eWAT was likely the result of an imbalanced lipogenesis/
lipolysis ratio. Indeed, treatment of fully differentiated 3T3-L1 

Figure 4. CDK4 represses lipolysis and is a positive modulator of lipogenesis. (A) Quantification of TG content of eWAT from Cdk4+/+ and Cdk4nc mice 
(n = 3). (B) Quantification of TG content of eWAT of Cdk4+/+ and Cdk4R24C/R24C mice (n = 3). (C) Rate of NEFA release in eWAT explants from fasting Cdk4+/+ 
and Cdk4nc mice (n = 3). (D) Rate of NEFA release in eWAT explants from fasting Cdk4+/+ and Cdk4R24C/R24C mice (n = 6). (E) Ex vivo lipogenesis experiments 
in eWAT explants using labeled 14C-acetate incorporation to detect TG, DG, and PL synthesis in Cdk4+/+ and Cdk4nc mice (n = 3). (F) Ex vivo lipogenesis 
experiments in eWAT explants from Cdk4+/+ and Cdk4R24C/R24C mice. 14C-acetate incorporation was used to detect TG, DG, and PL synthesis by TLC (n = 3). 
Data are expressed as mean ± SEM. Statistically significant differences were determined with unpaired 2-tailed Student’s t tests. *P < 0.05.
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Figure 5. CDK4 is activated by insulin and translates insulin signaling in adipocytes. (A) CDK4 activity in vivo. SDS-PAGE autoradiography showing 
RB1 phosphorylation by CDK4 immunoprecipitated from 3T3-L1 mature adipocytes after insulin stimulation. The left panel shows RB1 phosphorylation 
by recombinant CDK4 used as a positive control. (B) Western blot analysis showing the inhibition of insulin-induced RB1 phosphorylation on Ser780 by 
CDK4 knockdown in mature 3T3-L1 adipocytes. (C) CCND3 and CDK4 association is increased upon insulin stimulation, but decreased upon cotreatment 
with insulin and AKT inhibitor in mature 3T3-L1 adipocytes. (D) Volcano plot showing differences in putative kinase activities between control and Cdk4nc 
mice injected (portal vein) with insulin for 3 minutes (n = 4). Kinases with a positive kinase statistic show higher activity in Cdk4nc samples compared with 
control samples, whereas kinases with negative kinase statistic show lower activity in Cdk4nc samples compared with control samples. (E) Based on the 
upstream kinase activity (D) results and on the GeneGO analysis of the PamGene experiment, the putative role of CDK4 upstream of AKT in the insulin sig-
naling pathway is represented. (F) Immunoblot showing AKT phosphorylation on Thr308 and Ser473 in response to insulin injection (3 minutes) in fasted 
control and Cdk4nc mice (n = 2 for NaCl and n = 4 for insulin treatment). (G and H) Coimmunoprecipitation experiments showing the interaction between 
endogenous IRS2 and PIK3R1. IRS2 (G) and PIK3R1 (H) were immunoprecipitated and the presence of PIK3R1 (G) and IRS2 (H) was detected by Western 
blot analysis in Cdk4+/+ and Cdk4nc mice treated with insulin for 3 minutes (n = 2 for NaCl and n = 3 for insulin treatment). (I and J) Coimmunoprecipitation 
experiments showing the interaction between endogenous PIK3R1 or IRS2 and CDK4. CDK4 was immunoprecipitated and the presence of PIK3R1 (n = 3) (I) 
and IRS2 (n = 1) (J) was detected by Western blot analysis in 3T3-L1 mature adipocytes treated with insulin. A representative Western blot is shown. Unless 
specified otherwise, all experiments are representative of 3 independent experiments.
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CDK4 is activated by insulin and mediates insulin signaling in 
adipocytes. We wanted next to uncover the mechanisms of CDK4 
activation following insulin stimulation in adipocytes. CDK4 
activity was stimulated by insulin in differentiated 3T3-L1 cells, 
as suggested by increased phosphorylation of PIK3R1 by immu-
noprecipitated CDK4 (Figure 5A). Similar results were observed 
when eWAT from insulin-treated mice was used (Supplemental 
Figure 3A). Interestingly, CDK4 knockdown (Figure 5B) or treat-
ment of 3T3-L1 adipocytes with PD0332991 (Supplemental Figure 
3B) abrogated the effects of insulin on PIK3R1 phosphorylation. 
Furthermore, association of CDK4 with its regulatory subunit 
CCND3 was dependent on the insulin signaling pathway, since 
AKT inhibition abolished this association (Figure 5C).

Next, we addressed how CDK4 could participate in the insu-
lin-signaling pathway in adipocytes. Since the insulin signaling 
cascade is dependent on the rapid activation of a series of tyro-
sine and serine/threonine protein kinases (STKs), we used a new 
technology developed by PamGene to determine differential 
global kinase activity in Cdk4nc and control mice in response to 
insulin. We used arrays that consisted of 140 immobilized serine/
threonine-containing peptides that are targets of most known 
kinases (STK PamChips) (22). These chips were incubated with 
lysates prepared from eWAT from Cdk4nc or control mice injected 
with insulin. The same experiment was performed using lysates 
from cells treated with PD0332991 and stimulated with insulin. 
Peptides whose phosphorylation varied significantly between 
the control and Cdk4nc-treated mice or between the control and 
PD0332991-treated samples (Supplemental Figure 3, C and D) 
were indicative of differential specific kinase activities. Putative 
upstream kinase analysis underscored significant differences in 
the AKT pathway (Figure 5D and Supplemental Figure 3, E and F). 
This suggested that CDK4 activity played a role upstream of AKT, 
as indicated in Figure 5E. Western blot analyses further proved 
that AKT activity, as measured by phosphorylation in Ser473 and 
Thr308, was decreased in Cdk4nc mice in response to insulin (Fig-
ure 5F). Similarly, chemical inhibition of CDK4 also attenuated 
AKT signaling in 3T3-L1 adipocytes (Supplemental Figure 3G). 
This further supports the hypothesis that CDK4 regulates insulin 
signaling upstream of AKT. Upon insulin stimulation, the intrinsic 
tyrosine kinase domain of the insulin receptor leads to receptor 

autophosphorylation at tyrosine residues. The subsequent recruit-
ment and phosphorylation of insulin receptor substrate 1 (IRS1) 
and IRS2 are the pivotal events that, in turn, activate the down-
stream PI3K-PDK1-AKT axis to regulate lipogenesis and lipolysis 
in adipocytes (23). We therefore investigated whether CDK4 regu-
lated the insulin-signaling pathway by facilitating the recruitment 
of IRS into PIK3R1, the PI3K subunit p85a. We found that Cdk4 
deletion greatly impaired the ability of IRS2 to bind with PIK3R1 in 
response to insulin stimulation (Figure 5, G and H). Furthermore, 
CDK4 was recruited to PIK3R1 (Figure 5I) and IRS2 (Figure 5J) 
complexes in adipocytes. However, we only detected an increase 
of interaction in response to insulin between PIK3R1 and CDK4.

IRS2 is a substrate of CDK4. Interestingly, in silico analysis 
highlighted the presence of CDK4 consensus phosphorylation sites 
in the p85A subunit of PI3K (PIK3R1), phosphoinositide-depen-
dent kinase 1 (PDK1), IRS1, and IRS2 (Table 1). However, in vitro 
kinase assays showed no phosphorylation of PIK3R1, or PDPK1 by 
CDK4 (data not shown). In vitro kinase assays showed, however, 
that CDK4 could phosphorylate recombinant glutathione S–trans-
ferase–purified (GST-purified) IRS2 protein (Figure 6A). IRS2 con-
tains 5 CDK4 consensus sites distributed along the protein (Ser388, 
Thr576, Ser980, Ser1004, and Ser1226) (Table 1 and Supplemen-
tal Figure 4A). Site-directed mutagenesis (serine to alanine) and 
protein truncation approaches helped us to map the CDK4 phos-
phorylation sites of IRS2 at Ser388 and Ser1226 (Figure 6, B and 
C). Interestingly, these 2 potential phosphorylation sites are highly 
conserved through evolution (Supplemental Figure 4B).

We next evaluated the functional relevance of IRS2S388A and 
IRS2S1226A mutants that cannot be phosphorylated by CDK4. Res-
cue of IRS2 activity in Irs2–/– preadipocytes with ectopic expres-
sion of WT IRS2 resulted in the restoration of insulin signaling 
as assessed by immunofluorescence staining of AKT phosphory-
lation (Figure 6, D and E). In contrast, IRS2S388A mutants, which 
cannot be phosphorylated by CDK4, could not restore insulin sig-
naling in these cells (Figure 6, D and E). No significant phenotype 
was observed for IRS2S1226A mutants (data not shown). Moreover, 
IRS2S388A mutants were not recruited to PIK3R1 protein complexes 
upon insulin stimulation when ectopically expressed in 293T cells 
(Figure 6, F and G). This demonstrated that the phosphorylation of 
IRS2 on Ser388 by CDK4 is essential for its activity.

CDK4 regulates insulin signaling in vivo via IRS2Ser388 phos-
phorylation. To determine the potential roles of CDK4 on IRS2 
phosphorylation, we generated a phosphospecific antibody to 
Ser388 of IRS2 that we validated by in vitro CDK4 kinase assay 
(Supplemental Figure 5A). IRS2 Ser388 was highly phosphorylated 
in the adipose tissue of Cdk4+/+ mice after 50 minutes of insulin 
stimulation (Figure 7, A and B). This phosphorylation was almost 
abrogated in the adipose tissue of insulin-treated Cdk4nc mice. 
Moreover, decreased IRS2 Ser388 phosphorylation resulted in 
impaired insulin signaling pathways, as demonstrated by reduced 
AKT phosphorylation (Figure 7, A and B). In sharp contrast, 
CDK4 hyperactivity, as observed in Cdk4R24C/R24C mice, resulted 
in a robust increase in IRS2 Ser388 phosphorylation (Figure 7, C 
and D). Consequently, AKT phosphorylation was also increased 
(Figure 7, C and D). Chemical inhibition of CDK4 also resulted 
in the abrogation of both IRS2 Ser388 and AKT phosphorylations 
(Figure 7, E and F). From these results, we can conclude that this 

Table 1. CDK consensus sites in mouse IRS1, IRS2, PDKP1, and 
PIK3R1

Protein Site position Sequence CDK4 Interaction
PIK3R1 Thr86 TPKP +
PDPK1 Thr357 TPPP –

Thr521 TPNP
IRS1 Ser1209 SPRR +
IRS2 Ser388 SPGP +

Thr576 TPAR
Ser980 SPKP
Ser1004 SPYP
Ser1226 SPMR
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Figure 6. CDK4 phosphorylates IRS2. (A) CCND3-CDK4 complex directly phosphorylates full-length GST-IRS2 in vitro (n = 3). (B) In vitro phosphorylation 
of GST-IRS2 fragments (1–494aa, 495–744aa, 745–993aa, 994–1099aa, 1100–1321aa) by CCND3/CDK4. Left panel, SDS-PAGE stained with Coomassie blue 
for the loading control. Middle panels, autoradiography of the SDS-PAGE gels containing the different GST-IRS2 fragments, incubated with CCND3/CDK4. 
Right panel, RB1 recombinant protein was used as a positive control (n = 3). (C) Defective IRS2S388A and IRS2S1226A phosphorylation by CCND3-CDK4. Upper 
panel, autoradiography; lower panel, SDS-PAGE gel stained with Coomassie blue for the loading control. (n = 2). (D) Decrease in pAKT Ser473 phosphoryla-
tion in Flag-IRS2S388A electroporated Irs2–/– cells upon insulin stimulation, compared with the WT Flag-IRS2–transfected cells (n = 3). Original magnifica-
tion, ×400. (E) Quantification of pAKT Ser473 fluorescence intensity for untransfected, Flag-IRS2–transfected, and Flag-IRS IRS2S388A electroporated 
Irs2–/– preadipocytes was performed with ImageJ software (http://imagej.nih.gov/ij/). At least 100 cells were quantified per condition. (F) Representative 
Western blot analysis showing impaired interaction between PIK3R1 and Flag-IRS2S388A mutant after insulin stimulation compared with cells transfected 
with Flag-IRS2 in 293T cells. (G) Quantification of the blot shown in F. A representative Western blot is shown. Data are expressed as mean ± SEM. Statis-
tically significant differences were determined with 2-way ANOVA followed by Tukey’s multiple comparisons test (E–G). *P < 0.05.
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Figure 7. CDK4 phosphorylates in vivo the IRS2 protein at the Ser388. (A–D) Immunoblot analysis of IRS2 phosphorylation on Ser388 and AKT phos-
phorylation on Thr308 and Ser473 in control and Cdk4nc (n = 2 starved/5 insulin for Cdk4+/+and n = 2 starved/5 insulin for Cdk4nc) mice (A). (B) Quantifi-
cation of the blot shown in A using ImageJ software. Cdk4R24C/R24C (n = 2 starved/3 insulin for both Cdk4+/+and CdkR24C/R24C). (C) Mice were treated for 50 
minutes with insulin. (D) Quantification of the blot shown in C using ImageJ software. (E) Immunoblot analysis of IRS2 phosphorylation on Ser388 and 
AKT phosphorylation on Thr308 and Ser473 in 3T3-L1 mature adipocytes during a time course insulin stimulation with or without PD0332991 (n = 1). (F) 
Quantification of the blot shown in E using ImageJ software. (G) Correlation between the pIRS2 Ser388/ACTB ratio in VAT and the BMI of the subjects 
(n = 45, Pearson’s r = 0.3307, P < 0.05). (H) Correlation between the pIRS2 Ser388/ACTB ratio in VAT and the glycemia of the subjects (n = 27, Pearson’s 
r = –0.3900, P < 0.05). Data are expressed as mean ± SEM. Statistically significant differences were determined with 2-way ANOVA followed by Tukey’s 
multiple comparisons test (B–D). *P < 0.05.
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Interestingly, IRS proteins are also involved in the activation 
of several growth factor receptor pathways other than the insu-
lin receptor pathway, such as the IGF 1 receptor (IGF1R) pathway 
(27). The prooncogenic activities of IGF1R (26) are mediated by 
its downstream effectors, IRS1 and IRS2. IRS proteins transduce 
mitogenic, antiapoptotic, and antidifferentiation signals to the 
cell, mainly through the PI3K–AKT module (28). Although antion-
cogenic synergistic effects have been observed using either CDK4 
and IGF1R inhibitors or CDK4 and PI3K inhibitors, no crosstalk 
between both pathways has been described (29–32). The CDK4/
CDK6 inhibitor (PD0332991, palbociclib) has been approved 
for the treatment of breast cancer (33). Two other CDK4/CDK6 
inhibitors, LY-2835219 (also known as abemaciclib) and LEE011 
(also known as ribociclib), are also currently in advanced stages 
of clinical trials (34). Interestingly, it has previously been reported 
that a major enzyme of de novo lipogenesis, the fatty acid synthase 
(FASN), is increased in numerous cancers, including breast can-
cer (35). The activity of FASN is known to be stimulated by insulin 
through the PI3K/AKT pathway, and here, we demonstrate that 
CDK4 is a key effector of insulin, thus promoting de novo lipid 
synthesis. Based on our findings, we can speculate that CDK4, 
through phosphorylation and regulation of IRS activity, could 
simultaneously sustain de novo lipid synthesis and the oncogenic 
activity of the aforementioned pathways in transformed cells.

The second major finding of our study is the discovery of a resi-
due in IRS2 that is phosphorylated by CDK4 in response to insulin. 
A large number of publications previously focused on the effects of 
IRS1 and IRS2 phosphorylation on the insulin-signaling pathway. 
Both positive and negative phosphorylation sites finely regulate 
IRS1 and IRS2 activity and are a paradigm of the flexibility of insulin 
and IGF signaling (36). The final serine/threonine phosphorylation 
state of IRS proteins is a consequence of the combined action of sev-
eral kinases that are activated by different pathways in a spaciotem-
poral manner. Multiple site phosphorylation of these proteins by 
distinct kinases, such as JNK (37), GSK3 (38), ERK1, or mTOR (39), 
provides a large number of combinations of phosphorylating events 
that generate a very complex network (40). We show that CDK4 
phosphorylates IRS2 at the new Ser388 site. Moreover, we show 
that this phosphorylation renders IRS2 more active. Our results 
add more complexity to the understanding of the physiology of the 
phosphorylation of the IRS proteins. Phosphorylation by CDK4 may 
also have an impact on the phosphorylation of IRS2 by other kinas-
es; however, the relative contribution of CDK4 to the final activa-
tion or inhibition of IRS compared with other kinases and the iden-
tification of which serine/threonine residues are the most critical in 
regulating IRS function in response to insulin remain to be elucidat-
ed. Similarly, we still do not understand why CDK4 activates IRS2 
whereas AKT inhibits it through a negative feedback loop. The same 
stimulus, insulin, triggers concomitantly inhibitory and stimula-
tory phosphorylations in IRS. The fine regulation of these positive 
versus negative phosphorylation events requires further investiga-
tion. Interestingly, we were able to observe the stimulation of IRS2 
Ser388 phosphorylation with insulin not only in adipocytes, but also 
in other cell types, such as C2C12 myotubes and primary hepato-
cytes. IRS2 Ser388 phosphorylation could also be detected in Min6 
cells, but was not so insulin responsive. As shown in Supplemental 
Figure 6, A–C, upon insulin stimulation, IRS2 Ser388 phosphoryla-

newly identified site in IRS2, which is phosphorylated by CDK4, 
maintains the activation of the insulin signaling pathway. To fur-
ther investigate the status of IRS2 Ser388 in type 2 diabetic mouse 
models, such as db/db mice, that are known to be hyperinsulin-
emic, we analyzed this phosphorylation in the basal state and 
upon insulin stimulation in adipose tissue. The db/db mice have a 
tendency toward an increased IRS2 Ser388 phosphorylation under 
basal conditions, compared with db/+ mice (P = 0.0511) (Supple-
mental Figure 5B). However, insulin-resistant db/db mice did not 
show increased IRS2 Ser388 phosphorylation upon insulin stimu-
lation (Supplemental Figure 5B). Most important was the finding 
that IRS2 Ser388 phosphorylation in human visceral WAT samples 
was positively correlated with the BMI of the subjects (Figure 7G 
and Supplemental Figure 5, C and D). Interestingly, we found a 
negative correlation between IRS2 Ser388 phosphorylation and 
fasting glucose in human subjects. This further advocates for a 
role of CDK4 in both adipose tissue biology and glucose homeo-
stasis (Figure 7H and Supplemental Figure 5E).

Discussion
We showed throughout this study that the cell-cycle regulatory 
kinase CDK4 is a key regulator of adipocyte function. The partici-
pation of this kinase in the control of proliferation through the con-
trol of the activity of E2F transcription factors has been extensive-
ly studied (24). The results of our study provide 3 lines of evidence 
that CDK4 acts independently of E2F to regulate adipocyte func-
tion. First, we discovered a role of the cell-cycle kinase CDK4 in 
the control of the insulin-signaling pathway. CDK4, through phos-
phorylation of IRS2, maintains insulin action in adipocytes. This is 
consistent with the phenotypes of genetic CDK4 mouse models. 
Indeed, adipose tissue from Cdk4nc mice has decreased lipogen-
esis as well as increased lipolysis. In contrast, mice that express 
hyperactive CDK4R24C exhibit decreased lipolysis and increased 
lipogenesis in WAT. These findings place CDK4 at the initiation of 
the insulin-triggered adipocyte-signaling pathway.

We show in this study a function of CDK4, that of a mediator 
of insulin signaling. Indeed, we show that the effects of CDK4 in 
adipocytes are independent of E2F activity and, therefore, most 
likely independent of the control of the cell cycle. E2F1 is the most 
studied member of the E2F family. E2F1 has numerous metabolic 
functions, such as the participation in adipose tissue metabolism 
through the transcriptional regulation of the master adipogenic 
factor PPARγ during early stages of adipogenesis (16). Here, we 
demonstrate, by generation of Cdk4R24C/R24 E2f1+/+ and Cdk4R24C/R24C 
E2f1–/– mice, that CDK4 has E2F1-independent functions in mature 
adipose tissue. Indeed, the genetic deletion of E2F1 in the R24C 
background does not affect adiposity or adipocyte proliferation 
(Figure 1, I and J, and Supplemental Figure 1N).

Based on our results, we propose that CDK4 is integrated in 
the insulin-signaling pathway as follows. In response to insulin, the 
canonical cascade of events is elicited. This includes the sequential 
activation of IR, IRS1-2, PI3K, PDPK1, and AKT. AKT then acti-
vates CDK4 (because inhibition of AKT blocks CDK4 activation), 
which then phosphorylates IRS2, creating a positive feedback loop. 
The activation of CDK4 by AKT is likely an indirect event. Several 
studies previously reported that AKT phosphorylates and inhibits 
p21 and p27, which are both CDK4 inhibitors (25, 26).
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FLPo]10Sykr/J) in order to remove the Neo resistance cassette. With 
one subsequent cross with B6 animals, the Flp transgene was removed 
and the obtained Cdk4flox/+ mice were then intercrossed in order to gen-
erate the Cdk4flox/flox mice used in this study.

Animals were maintained in a temperature-controlled animal 
facility with a 12-hour light/12-hour dark cycle and had access to 
food and water according to the Swiss Animal Protection Ordinance 
(OPAn). Only male animals were used in this study. For the GTT, mice 
were starved for 16 hours and then injected i.p. with glucose (2 g/kg). 
Tail vein blood glucose was measured at the indicated times. For the 
insulin tolerance test (ITT), 6-hour–fasted mice were injected i.p. with 
0.75 U/kg insulin and tail vein blood glucose was then measured at the 
indicated times. For the in vivo insulin-stimulation assay, mice were 
fasted overnight and injected in the portal vein or i.p. with 0.75 U/kg 
insulin or an equal volume of saline. After 3 or 50 minutes, the mice 
were sacrificed via cervical dislocation. For insulin level measure-
ments, tail vein blood was collected under fed conditions 2 hours after 
the beginning of the 12-hour dark cycle.

Plasmid constructs and mutagenesis. pDONR-IRS2 was subcloned 
from pBS mouse IRS-2 (Addgene plasmid catalog 11372) (43) and 
generated using the pDONR221 vector of Gateway Cloning Technol-
ogy (Invitrogen). Flag-IRS2 and GST-IRS2 were obtained using the 
pDEST pCMV14-3XFlag and pGEX-2T vectors of Gateway Cloning 
Technology starting from the above-described pDONR-IRS2 con-
structs. A similar strategy was used to obtain the truncated versions of 
GST-IRS2. The Flag-PIK3R1 and Flag-PDPK1 plasmids were obtained 
from the Montpellier Genomic Collection (MGC). pDONR-hRB 379–
928aa was subcloned from pCMV human RB1 and generated using 
the pDONR221 vector of Gateway Cloning Technology. pGEX-2T 
hRB 379–928aa was obtained using the pDEST pGEX-2T from Gate-
way Cloning Technology. The different serine-to-alanine mutants of 
GST-IRS2 were generated using a QuikChange Site-Directed Muta-
genesis Kit (Stratagene).

Cell culture. 3T3-L1 and 293T were obtained from ATCC. Irs2–/–  
cells were cultured in DMEM with 10% FBS (PAA Laboratories) in 
5% CO2 in an incubator set at 37°C. Two days after reaching conflu-
ence, 3T3-L1 cells were differentiated with DMEM, 10% FBS, 0.5 mM 
3-isobutyl-1methylxanthine (IBMX), 1.7 μM insulin, 1 μM dexametha-
sone, and 1 μM rosiglitazone for 2 days. From day 3 onward, the cells 
were incubated with DMEM, 10% FBS, and 10 μg/ml insulin, and the 
medium was changed every 2 days until day 8 of differentiation. 3T3-L1 
mature adipocytes were maintained in medium containing FBS only. 
For insulin (100 nM) or isoproterenol (100 nM) treatments, fully differ-
entiated 3T3-L1 adipocytes were incubated in serum-free DMEM con-
taining 0.2% fatty acid–free BSA. Primary hepatocytes were obtained 
from B6 mice. Mouse hepatocytes were harvested and cultured as 
previously described (44). Min6 cells were provided by Christian Wid-
mann (Department of Physiology, Université de Lausanne, Lausanne). 
They were maintained as previously described (45) and incubated in 
DMEM supplemented with 15% FBS and 5 mM glucose overnight. The 
day after, cells were incubated in serum-free DMEM containing 0.1% 
fatty acid–free BSA for 6 hours. C2C12 myoblasts were obtained from 
ATCC and were cultured in low-glucose DMEM with 10% FBS in 5% 
CO2 in an incubator set at 37°C. For myotube differentiation, C2C12 
myoblasts were seeded in 6-cm plates. When the cells reached 95% 
confluency, the culture medium was switched to DMEM containing 
2% horse serum. The medium was changed every 2 days until day 5 of 

tion was stronger after 1 hour of treatment, which is in agreement 
with our findings in mature adipocytes. These results open inter-
esting perspectives into the contribution of CDK4 to IRS2 Ser388 
phosphorylation in other insulin-sensitive tissues; CDK4 could, for 
instance, participate in the control of de novo lipid synthesis in liver 
upon insulin stimulation.

RNAi-mediated depletion of CDK6, the CDK4 ortholog, sug-
gests that this kinase is also able to phosphorylate IRS2 at Ser388 
in mature adipocytes upon insulin stimulation, but to a lesser 
extent (Supplemental Figure 6D). The effects of CDK6 on IRS2 in 
other tissues remain to be studied.

Defects in insulin action and insulin secretion are both fea-
tures of type 2 diabetes. In line with previous publications report-
ing that CDK4 regulates β cell growth (11) and insulin secretion 
in β cells (41), it would be interesting to explore the relative con-
tribution of this IRS2 Ser388 phosphorylation in β cell function. 
The involvement of IRS2 in the pathogenesis of type 2 diabetes is 
highlighted by the phenotype of Irs2–/– mice. Indeed, these animals 
develop type 2 diabetes with impaired peripheral insulin signaling 
and pancreatic β cell function without compensation by IRS1 (42).

Third, the importance of our findings goes beyond the control of 
adipocyte biology in normal physiology. Here, we also report a signif-
icant (P = 0.0362) correlation between CCND3 expression and BMI 
in human subjects. Our model is further supported by the observed 
increase in the phosphorylation of the Ser388 of IRS2 in human 
obese subjects (BMI > 27). Insulin resistance is a major feature in 
various metabolic disorders, such as obesity and type 2 diabetes. We 
show here an inverse correlation of IRS2 Ser388 levels in VAT with 
the blood glucose levels from the subjects (Figure 7H). This strongly 
supports the notion that this phosphorylation participates in glucose 
homeostasis in humans.

In conclusion, our results demonstrate that CDK4 is a regula-
tor of adipocyte insulin signaling. By combining experimental data 
from cellular and mouse models and data obtained using human 
samples, our study provides insights into the complex pathogen-
esis of obesity and insulin resistance.

Methods
Materials. All experiments with the CDK4 inhibitor (PD0332991, 
Azasynth Co.) were done using 1 μM of PD0332991 in mature 3T3-L1 
adipocytes. All chemicals, unless stated otherwise, were purchased 
from Sigma-Aldrich. Actrapid human recombinant insulin was pur-
chased from Novo Nordisk Pharma SA. AKT inhibitor (catalog 124017) 
was purchased from Calbiochem and used at 10 μM for 30 minutes. 
14C-acetate, and γ-33P-ATP were purchased from PerkinElmer.

Animals. The generation of Cdk4nc and Cdk4R24C/R24C mice has 
been previously described (11, 13). The 8- to 12-week-old male db/+ 
and db/db as well as C57BL/6J (B6) mice were obtained from Janvier. 
E2f1+/+ and E2f1–/– mice (B6;129S4-E2f1tm1 Meg/J) were purchased 
from The Jackson Laboratory. Cdk4flox/flox mice were generated for this 
study in collaboration with Cyagen Biosciences. The targeting vec-
tor included a Neo resistance cassette flanked by FRT sites as well as 
CRE-dependent lox P sites in introns 1 and 8 (Supplemental Figure 1I).

C57BL/6 embryonic stem cells were used for gene targeting, and 
the positive cells were bred into albino B6 female mice. This strat-
egy allowed us to have a pure B6 background. Cdk4flox/+ mice were 
then crossed with mice expressing Flp recombinase (B6.Cg-Tg[Pgk1-
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of these cells used to immunoprecipitate CDK4, as described above. 
Additionally, CDK4 was immunoprecipitated from eWAT collected 
from mice that had fasted for 16 hours and were injected i.p. with 
insulin (0.75 U/kg) for 30 minutes. Kinase assays were performed 
using immunoprecipitated CDK4 and 500 ng of recombinant RB1 
protein (Santa Cruz Biotechnology Inc.) as a substrate in kinase buffer 
(25 mM Tris/HCl, pH 7.5, 150 mM NaCl, 10 mM MgCl2, 1 mM DTT, 
5 mM Na4P2O7, 50 mM NaF, 1 mM vanadate, and protease inhibitor 
cocktail) with 40 μM ATP and 8 μCi γ-33PATP for 30 minutes at 30°C. 
Recombinant CDK4/CCND3 (ProQinase) was used as positive con-
trol. Boiling the samples for 5 minutes in the presence of denaturing 
sample buffer stopped the reaction. Samples were subsequently sub-
jected to SDS-PAGE, and the gels were then dried in a gel dryer for 1 
hour and exposed to an x-ray film at –80°C.

When using GST-purified proteins as substrates, kinase assays 
were performed using 500 ng of recombinant RB1 protein (Santa 
Cruz Biotechnology Inc.) as a positive control and recombinant 
CDK4/CCND3 kinase (ProQinase) and incubated in kinase buffer 
(described above) supplemented with 40 μM ATP and 8 μCi γ-33PATP 
for 30 minutes at 30°C.

PamChip peptide microarrays for kinome analysis following insulin 
stimulation. For kinome analysis, STK microarrays were purchased 
from PamGene International BV. Each array contained 140 phos-
phorylatable peptides as well as 4 control peptides. Sample incu-
bation, detection, and analysis were performed in a PamStation 12 
according to the manufacturer’s instructions. Briefly, extracts from 
Cdk4+/+and Cdk4nc mice or mature 3T3-L1 adipocytes were made 
using M-PER mammalian extraction buffer (Thermo Scientific) con-
taining 1:50 Halt phosphatase inhibitor cocktail (Thermo Scientific) 
and 1:50 Halt protease inhibitor cocktail, EDTA-free (Thermo Sci-
entific), for 20 minutes on ice. The lysates were then centrifuged at 
15,871 g for 20 minutes to remove all debris. The supernatant was ali-
quoted, snap-frozen in liquid nitrogen, and stored at –80°C until fur-
ther processing. Prior to incubation with the kinase reaction mix, the 
arrays were blocked with 2% BSA in water for 30 cycles and washed 
3 times with PK assay buffer. Kinase reactions were performed for 
1 hour with 5 μg of total extract for the mouse experiment or 2.5 μg 
of total extract for the mature adipocyte and 400 μM ATP at 30°C. 
Phosphorylated peptides were detected with an anti-rabbit–FITC 
antibody that recognizes a pool of anti–phospho serine/threonine 
antibodies. The instrument contains a 12-bit CCD camera suitable 
for imaging of FITC-labeled arrays. The images obtained from the 
phosphorylated arrays were quantified using the BioNavigator soft-
ware (PamGene International BV), and the list of peptides whose 
phosphorylation was significantly different between control (3 min-
utes of insulin treated in Cdk4+/+ mice or 5 minutes of insulin stimula-
tion in cells starved in the presence of DMSO) and test (3 minutes of 
insulin treated in Cdk4nc mice or 5 minutes of insulin stimulation in 
cells starved in the presence of PD0332991) conditions was upload-
ed to GeneGo for pathway analysis. The list of the significantly dif-
ferent peptides is shown in Supplemental Figure 3, C and D. The Bio-
Navigator software was used to perform the upstream STK analysis 
that is shown in Figure 4D.

Statistics. All statistics are described in the figure legends. The 
results were expressed as mean ± SEM. Pearson’s correlation coef-
ficient was calculated to test for correlation between 2 parameters. 
Comparisons between 2 groups were performed with an unpaired 

differentiation. C2C12 myotubes were incubated in α-MEM overnight 
to induce starvation. Primary hepatocytes, Min6 cells, and C2C12 myo-
tubes were stimulated with insulin (100 nM).

Proteins extraction, coimmunoprecipitation assays, and immunoblot 
analyses. For endogenous immunoprecipitation experiments between 
CDK4 and IRS2, mature 3T3-L1 adipocytes were lysed in a buffer 
containing 0.3% CHAPS, 40 mM Hepes, pH 7.5, 120 mM NaCl, 1 mM 
EDTA, 10 mM pyrophosphate, 10 mM glycerophosphate, and protease 
inhibitor cocktail. Lysates were precleared with protein A/G–agarose 
beads (Life Technologies) and 4 μg of control antibody (HA antibody) 
for 1 hour. After this step, anti-CDK4 antibodies or HA antibodies 
were added to the precleared lysates overnight to immunoprecipitate 
CDK4 or for the control immunoprecipitation, respectively. For endog-
enous immunoprecipitation experiments, mature 3T3-L1 adipocytes 
or eWAT from mice was lysed in a buffer containing 20 mM Tris, pH 
7.5, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 1 mM Na3VO4, 1 
mM β-glycerophosphate, 50 mM NaF, and protease inhibitor cock-
tail. Whole protein extracts were precleared with protein A/G–agarose 
beads (Life Technologies) for 1 hour, and anti-CDK4 antibody (Santa 
Cruz Biotechnology Inc., sc-260AC) and negative control (Rabbit 
IgG) (Santa Cruz Biotechnology Inc., sc-2345) were added to immu-
noprecipitate CDK4 overnight at 4°C. For IRS2 and PIK3R1 immuno-
precipitation experiments from mature adipocytes and mice, whole 
protein extracts were precleared with protein A/G–agarose beads 
(Life Technologies) and 4 μg of control antibody (HA antibody) for 1 
hour. Then anti-IRS2 anti-PIK3R1 antibody and negative control (HA 
antibody) were added to the precleared lysates for immunoprecipita-
tion overnight at 4°C. Immunoprecipitation experiments in 293T cells 
were performed using the same buffer as above. Anti-CDK4 antibody 
(Santa Cruz Biotechnology Inc., sc-601) and negative control (rabbit 
IgG) (Santa Cruz Biotechnology Inc., sc-2027) were used for the immu-
noprecipitation. Flag-PIK3R1, Flag-PDKP1, and Flag-IRS2 were trans-
fected with Lipofectamine 2000 (Invitrogen) and immunoprecipitated 
with Flag beads (Sigma-Aldrich A2220). Proteins were extracted with 
the same lysis buffer described above and subjected to SDS-PAGE elec-
trophoresis. Protein extractions from the different tissues (eWAT, BAT, 
brain, muscle, heart, kidney, lung, spleen, and liver) were prepared 
using M-PER mammalian extraction buffer (Thermo Scientific) con-
taining 1:100 Halt phosphatase inhibitor cocktail (Thermo Scientific) 
and 1:100 Halt protease inhibitor cocktail, EDTA-free (Thermo Sci-
entific). All the tissues were snap-frozen and then ground with Liquid 
N2 before lysis. The following antibodies were used for Western blot 
analysis: anti-CCND1 (NeoMarkers Rb-010-P0), anti-CCND3 (clone 
sc-6283), anti-CDK4 (clone sc-260), anti-HSL (clone sc-25843), anti-
HA (clone sc-805), anti-IRS2 (clone sc-8299) (Santa Cruz Biotechnol-
ogy Inc.); anti-CCND2 (clone ab3085), anti-CDK4 (clone DSC-35), 
anti-Ki67 (clone ab15580) (Abcam); anti–LMNA (clone 2032), anti–
pHSL Ser573 (clone 4139), anti–RB1 Ser780 (clone 9307), anti–pAKT 
Thr308 (clone 4056), anti–pAKT Ser473 (clone 4060), anti-AKT 
(clone 9272), anti-CDK6 (clone DCS83) (Cell Signaling Technology); 
anti-Flag (clone F3165), anti-actin (clone A2066), anti-tubulin (clone 
T6199) (Sigma-Aldrich); anti-PI3K3R1 (clone 06-195) (Upstate); and 
anti-IRS2 (Millipore MABS15). The phosphospecific antibody against 
IRS2 Ser388 was synthesized and purchased from GenScript.

Kinase assays. 3T3-L1 mature adipocytes were incubated over-
night in serum-free DMEM containing 0.2% fatty acid–free BSA and 
either stimulated with insulin (100 nM) or left untreated with lysates 
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SUMMARY

The roles of CDK4 in the cell cycle have been exten-
sively studied, but less is known about the mecha-
nisms underlying the metabolic regulation by CDK4.
Here, we report that CDK4 promotes anaerobic
glycolysis and represses fatty acid oxidation in
mouse embryonic fibroblasts (MEFs) by targeting
the AMP-activated protein kinase (AMPK). We also
show that fatty acid oxidation (FAO) is specifically
induced by AMPK complexes containing the a2 sub-
unit. Moreover, we report that CDK4 represses FAO
through direct phosphorylation and inhibition of
AMPKa2. The expression of non-phosphorylatable
AMPKa2 mutants, or the use of a CDK4 inhibitor,
increased FAO rates in MEFs and myotubes. In addi-
tion, Cdk4�/� mice have increased oxidative meta-
bolism and exercise capacity. Inhibition of CDK4
mimicked these alterations in normal mice, but not
when skeletal muscle was AMPK deficient. This
novel mechanism explains how CDK4 promotes
anabolism by blocking catabolic processes (FAO)
that are activated by AMPK.

INTRODUCTION

Promitotic signals such as growth factors increase the levels of

D-type cyclins (cyclins D1, D2, and D3), which bind and activate

CDK4/6 to trigger the phosphorylation of the retinoblastoma-

associated protein pRB and other pocket proteins (i.e., p107

and p130) (Malumbres and Barbacid, 2005). Rb phosphorylation

enables release of the E2F transcription factors that promote the

transcription of genes necessary for the replication of the

genome (Malumbres and Barbacid, 2005). The role of CDK4 in

the regulation of cell-cycle progression has been extensively

studied in eumetazoan organisms, and alterations in CDK4 activ-

ity have been associated with cancer development and progres-

sion (Malumbres and Barbacid, 2001, 2009; O’Leary et al., 2016).

For example, the R24Cmutation, which is used in this study, ren-

ders CDK4 resistant to inhibition by INK4 inhibitors and has been

reported to confer a genetic predisposition to melanoma (Rane

et al., 1999, 2002; Wölfel et al., 1995).

Cell division requires substantial amounts of ATP, and

numerous metabolic intermediates to support biosynthesis of

essential molecules, such as lipids and nucleic acids. Prolifer-

ating cells preferentially use anaerobic glycolysis to generate

large amounts of ATP and provide metabolic intermediates to

support cell growth (Jones and Thompson, 2009). Growing evi-

dence demonstrates that regulatory crosstalk exists between

metabolic pathways and regulators of cell-cycle progression.

Mitochondrial respiration and metabolism are coordinated with

cell-cycle progression by cell-cycle regulators (Lopez-Mejia

and Fajas, 2015; Salazar-Roa and Malumbres, 2016). Our labo-

ratory and others have demonstrated that CDK4 is one such

‘‘metabolic’’ cell-cycle regulator (Blanchet et al., 2011; Icreverzi

et al., 2012; Lagarrigue et al., 2016; Lee et al., 2014). Indeed,

we have previously shown that CDK4 regulates oxidative meta-

bolism via the E2F1 transcription factor in muscle and brown

adipose tissue (Blanchet et al., 2011) and promotes the insulin-

signaling pathway in mature adipocytes (Lagarrigue et al.,

2016). Overall, the participation of cell-cycle regulators in the

control of energy homeostasis occurs mainly through the activa-

tion of anabolic processes (Aguilar and Fajas, 2010). The AMP-

activated protein kinase (AMPK) is a central inhibitor of such

anabolic processes andmight therefore be repressed by cell-cy-

cle regulators. Under conditions of low cellular energy, AMP and

ADP are increased relative to ATP, and this is sensed by AMPK.
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AMPK exists as heterotrimeric complexes composed of a cata-

lytic subunit (a) and two regulatory subunits (b and g); the a and b

subunits exist as two isoforms (a1/a2 and b1/b2, encoded by the

PRKAA1/2 and PRKAB1/2 genes), and the g subunit exists as

three isoforms (g1/g2/g3, encoded byPRKAG1/2/3), thus gener-

ating up to 12 combinations of heterotrimeric complex (Carling,

2004; Grahame Hardie, 2016; Hardie et al., 2012; Ross et al.,

2016b). AMPK is regulated both by phosphorylation/dephos-

phorylation and by the relative cellular concentrations of adenine

nucleotides, with the two mechanisms being intimately linked.

First, the upstream kinases LKB1 (liver kinase B1) (Hawley

et al., 2003; Shaw et al., 2004; Woods et al., 2003) or CaMKK2

(calmodulin-dependent kinase kinase-2/-b) (Hawley et al.,

2005; Hurley et al., 2005; Woods et al., 2005) activate AMPK

through the phosphorylation of Thr172 of the a subunit (Hawley

et al., 1996). Second, AMPK is regulated through the competitive

binding of ATP or AMP and ADP at up to three sites on the g sub-

unit. When cellular energy levels are low, binding of AMP or ADP

enhances Thr172 phosphorylation by LKB1 and inhibits Thr172

dephosphorylation by protein phosphatases, while binding of

AMP (but not ADP) causes further allosteric activation (Ross

et al., 2016a). Metabolic stresses that reduce intracellular ATP

concentrations are therefore the best-characterized activators

of AMPK, although it has recently been shown that glucose

deprivation can activate AMPK by an adenine nucleotide-inde-

pendent mechanism (Zhang et al., 2017). Once activated,

AMPK promotes catabolic pathways that generate ATP (e.g.,

fatty acid oxidation [FAO]) while switching off anabolic pathways

and other ATP-requiring processes to restore cellular ATP levels

(Carling, 2004; Grahame Hardie, 2016; Hardie et al., 2012; Ross

et al., 2016b).

Other kinase activities that are induced by growth stimuli are

known to inhibit AMPK. This includes AKT a key effector of the

insulin/insulin growth factor 1 (IGF1)-signaling pathway that

antagonizes the AMPK pathway through phosphorylation of

AMPKa1 on Ser487 (Horman et al., 2006), or extracellular

signal-regulated kinase (ERK), which was shown to phosphor-

ylate the same residue (López-Cotarelo et al., 2015). The

cyclic-AMP-dependent protein kinase (PKA) also phosphory-

lates and negatively regulates AMPK (Djouder et al., 2010;

Hurley et al., 2006), and Thr481 and Ser477 on AMPKa1 are

phosphorylated by glycogen synthase kinase 3 (GSK3) (Suzuki

et al., 2013), following a ‘‘priming’’ phosphorylation of Ser487

by AKT.

Muscle function requires a finely tuned balance between

anabolism and catabolism in order to respond to physiological

challenges within the available energy supply. AMPK is a

major coordinator of energy intake and utilization in exercising

muscle (Hoffman et al., 2015), functioning to enhance energy

availability. Among other effects, AMPK promotes FAO to

maintain ATP cellular stores, although the exact role of AMPK

in regulation of muscle FAO has been controversial (Mounier

et al., 2015).

In this study, we sought to determine whether CDK4 partici-

pates in energy homeostasis by inhibiting catabolic processes.

Themechanisms bywhich the activity of AMPK is inhibited under

anabolic conditions, such as during cell-cycle progression or in

resting muscle, have not been thoroughly studied. We report

here that CDK4 enhances anaerobic glycolysis and represses

fatty acid oxidation. Surprisingly, the AMPKa1 and a2 subunits

play distinct roles. We provide here a molecular mechanism

whereby CDK4-CycD3 complexes directly repress a2-contain-

ing complexes to inhibit FAO. We show that chemical and ge-

netic inhibition of CDK4 also promotes oxidative metabolism

in vivo, as evidenced by decreased respiratory exchange ratio

(RER) and increased exercise performance in mice lacking

CDK4 activity.

RESULTS

CDK4 Modulates FAO in an E2F1-Independent Manner
Wepreviously demonstrated that CDK4 is amajor mediator of in-

sulin signaling and therefore contributes to the positive regula-

tion of biosynthetic processes, such as fatty acid synthesis,

and the inhibition of catabolic pathways, such as lipolysis (Lagar-

rigue et al., 2016). To further investigate the contribution of CDK4

to metabolic regulation, Seahorse analyses were performed.

Cdk4R24C/R24C mouse embryonic fibroblasts (MEFs), which ex-

press a hyperactive CDK4 mutant, exhibited a significant in-

crease in anaerobic glycolysis, as measured by the extracellular

acidification rate (ECAR), whereas Cdk4�/� MEFs had impaired

anaerobic glycolysis (Figures 1A and 1B). In contrast, CDK4

activity was inversely correlated with FAO. Cdk4R24C/R24C

MEFs metabolized palmitate at a low rate, whereas Cdk4�/�

MEFs showed increased palmitate oxidation (Figures 1C and

1D). Interestingly, the effects of CDK4 on substrate use were

independent of E2F1 activity, since deletion of E2F1 in

Cdk4R24C/R24C MEFs failed to reverse the effects of Cdk4R24C

on anaerobic glycolysis or palmitate oxidation (Figures 1E–1H).

These results suggest that CDK4 controls substrate utilization

in MEFs independently of E2F1.

CDK4 Regulation of FAO Is AMPK Dependent
The decrease in FAO observed in response to constitutive acti-

vation of CDK4 is the opposite of the effect seen with AMPK acti-

vation (Fullerton et al., 2013; Hardie, 2015; Hardie and Pan, 2002;

O’Neill et al., 2014). Therefore, we analyzed the involvement of

AMPK in the CDK4-mediated regulation of FAO in MEFs. Basal

levels of phosphorylated ACC (pACC), which is a known target

and marker of AMPK activity, were decreased in Cdk4R24C/R24C

MEFs but increased 3-fold in the Cdk4�/� cells (Figures 2A,

2B, S1A, and S1B), suggesting that CDK4 antagonizes AMPK

function. Moreover, the activation of AMPK by the specific acti-

vator A769662 (Göransson et al., 2007; Moreno et al., 2008) was

reduced inCdk4R24C/R24CMEFs (Figures 2A and 2B), suggesting

that CDK4 can prevent AMPK activation. In addition, increased

AMP/ATP and ADP/ATP ratios were observed in MEFs express-

ing the hyperactive CDK4mutant, which suggested a lower cata-

bolic rate (Figures 2C and 2D). Interestingly, in Cdk4�/� MEFs,

comparable pACC levels were measured both in the basal state

and upon AMPK stimulation (Figures 2A and 2B). This finding im-

plies that in the absence of CDK4, AMPK reaches its activated

state without need for any further stimulation. Likewise in

Cdk4�/� cells and wild-type (WT) MEFs treated with A769662,

we observed a significant decrease of AMP/ATP and ADP/ATP

ratios (Figures 2C–2F).
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Next, we studied the physiological relevance of the increase in

AMPK activity in Cdk4�/� cells using FAO assays in MEFs

treated with A769662 and with the non-selective AMPK inhibitor

compound C. As expected, the levels of palmitate oxidation in

WTMEFswere at least 25%higher in A769662-treated cells (Fig-

ures 2G, S1C, and S1D). However,Cdk4�/� cells did not respond

in the same assay to A769662 treatment. By contrast, AMPK

activation by A769662 in Cdk4R24C/R24C MEFs was only able to

Figure 1. CDK4 Modulates FAO in an E2F1-Independent Manner

(A–D) Cdk4+/+, Cdk4�/�, and Cdk4R24C/R24C MEFs were submitted to a glycolysis assay, during which ECAR was measured at the basal level and upon glucose

injection (A), or to a FAO assay, in which the palmitate induced OCR was measured (in % OCR compared to the basal OCR) (C). The glycolytic rate was

calculated (B). The area under curve of the palmitate induced OCR was quantified (D).

(E–H) E2f1+/+, E2f1�/�, Cdk4R24C/R24C E2f1+/+, and Cdk4R24C/R24C E2f1�/� MEFs were submitted to a glycolysis assay, during which ECAR was measured at the

basal level and upon glucose injection (E), or to a FAO assay, in which the palmitate induced OCRwasmeasured (in%OCR compared to the basal OCR) (G). The

glycolytic rate was calculated in (F). The area under curve of the palmitate induced OCR was quantified in (H).

Data are expressed as mean ± SEM.
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restore WT levels of FAO (Figures 2G, S1C, and S1D). AMPK in-

hibition in Cdk4�/� cells (albeit by the non-selective inhibitor

compound C) produced consistent results. The levels of pACC

in CDK4-null MEFs, as well as the increased FAO levels, were

restored back to basal levels (Figures S1E–S1G). Taken together,

these results suggest that CDK4 inhibits the AMPK pathway.

The AMPKa2 Subunit Is Required for Efficient FAO
in MEFs
Our results suggested that CDK4 has a negative effect on FAO

via the regulation of AMPK activity, raising the question of which

AMPK subunits contribute to this effect. Interestingly, the dele-

tion of either AMPKa subunit in MEFs resulted in increased

Figure 2. CDK4 Regulation of FAO Is AMPK Dependent

(A)Cdk4+/+, Cdk4�/�, andCdk4R24C/R24CMEFs were starved for 3 hr and then stimulated with 50 mMA769662; western blot analysis shows the A769662-induced

ACC phosphorylation in Cdk4+/+, Cdk4�/�, and Cdk4R24C/R24C cells.

(B) Quantification of pACC levels.

(C and D) SV40 immortalized cells were placed in KHB medium containing 1.5 mM carnitine and 300 mM oleate for AMP, ADP, and ATP quantification by HPLC,

and AMP/ATP (C) and ADP/ATP (D) ratios are shown.

(E and F) AMP/ATP (E) and ADP/ATP (F) ratios of WT SV40 immortalized cells treated with 50 mM A769662 for 8 hr.

(G) Cdk4+/+, Cdk4�/�, and Cdk4R24C/R24C MEFs were treated with DMSO or 50 mM A769662 for 2 hr in KHB medium and submitted to a FAO assay in which the

palmitate induced OCR was measured (in % OCR compared to the basal OCR). The area under curve of the palmitate-induced OCR was quantified.

Data are expressed as mean ± SEM. See also Figure S1.
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ECAR, indicating increased glycolysis, whereas the complete

abrogation of AMPK activity had no effect, perhaps due to

disruption of glucose transport into the cells (Figures 3A and

3B). However, although AMPKa1 knockout (KO) MEFs metabo-

lized palmitate as efficiently as control cells, both AMPKa2KO

and AMPK a1/a2 double-knockout (DKO) cells exhibited signifi-

cantly reduced levels of FAO (Figures 3C and 3D). Consistently,

A769662 failed to trigger FAO in cells lacking the a2 subunit (both

a2KO and DKO). Thus, despite being more abundant in MEFs

(Morizane et al., 2011), the AMPKa1 subunit cannot substitute

for the a2 subunit in the control of FAO, even when allosterically

activated by A769662 (Figures 3E, 3F, S1H, and S1I). In addition,

ACC phosphorylation could be detected upon stimulation with

A769662 in both AMPK a1KO and AMPK a2KO MEFs (Fig-

ure S1J), suggesting that both AMPK subunits can phosphory-

late ACC1 and therefore inhibit lipid synthesis, but only AMPKa2

can promote FAO. Taken together, these results suggest that

AMPK complexes containing a2 specifically control FAO.

CDK4 Phosphorylates the AMPK a2 Subunit
The inhibition of AMPKa2-dependent FAO could be the result of

a direct phosphorylation by CDK4. In vitro kinase assays showed

Figure 3. The AMPKa2 Subunit Is Required for Efficient Fatty Acid Oxidation in MEFs

(A–D) AMPKWT, AMPK a1 KO, AMPK a2 KO, and AMPKDKOSV40-immortalizedMEFswere submitted to a glycolysis assay, duringwhich ECARwasmeasured

at the basal level and upon glucose injection (A), or to a FAO assay, in which the palmitate induced OCR was measured (in % OCR compared to the basal OCR)

(C). The glycolytic rate was calculated (B). The area under curve of the palmitate induced OCR was quantified (D).

(E and F) AMPK WT and AMPK a2 KO SV40-immortalized MEFs were treated for 2 hr with DMSO or 50 mM A769662 for 2 hr in KHB medium and submitted to a

FAO assay in which the palmitate induced OCR was measured (in % OCR compared to the basal OCR) (E). The area under curve of the palmitate induced OCR

was quantified (F).

Data are expressed as mean ± SEM. See also Figure S2.
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Figure 4. CDK4 Phosphorylates the AMPKa2 Subunit

(A) Cyclin D3-CDK4 directly phosphorylates full-length GST-AMPK subunits in vitro (n = 3). Asterisks mark the proteins of interest.

(B) Phosphorylation score (in percentage of RB phosphorylation).

(C) CDK consensus sites in human AMPKa2 (PRKAA2).

(D) In vitro phosphorylation of WT and mutated (Ser or Thr to Ala) GST-AMPK a2 fragments (D1, 1–245 aa; D2, 246–356 aa; D3, 357–422 aa; D4, 432–522; and

D2–D3, 246–422 aa) by cyclin D3/CDK4 (n = 3).

(legend continued on next page)
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that recombinant CDK4/CycD3 phosphorylated all glutathione

S-transferase (GST) fusions of AMPK subunits tested at different

levels (Figure 4A; loading control in Figure S2A). Interestingly,

AMPKa2 and AMPKg2 were phosphorylated by CDK4 to a

greater extent than pRB, which is the canonical CDK4 substrate

(Figure 4B). Since the specificity of CDKs is partially determined

by substrate docking on the cyclin subunit, kinase assays were

also performed using recombinant CDK4/CycD1 instead of

CDK4/CycD3. The phosphorylation of the AMPK subunits was

very low under these conditions (Figure S2B), suggesting that

AMPK phosphorylation by CDK4 requires recognition by cy-

clin D3.

AMPKa2 was predicted to contain 6 CDK4 phosphorylation

sites (Thr85, Ser176, Ser345, Ser377, Thr485, and Ser529). Out of

these six potential sites, fivewere listed in the phosphoNET data-

base (Figure 4C). Site-directedmutagenesis (S > A or T > A) com-

bined with protein truncation studies (Figure S3C) identified

Ser345, Ser377, Thr485, and Ser529 as CDK4 phosphorylation sites

(Figures 4D and 4E; loading control in Figure S3D). Phosphoryla-

tion by CDK4 was completely abrogated in a full-length recom-

binant protein carrying Ser to Ala or Thr to Ala mutations at the

four CDK4 phosphosites (a2 S > A mutant), suggesting that the

four newly identified residues account for all sites phosphory-

lated on GST-AMPKa2 by CDK4 in cell-free assays (Figure 4F

and 4G; loading control in Figure S2E). The phosphorylation of

Ser377 and Thr485 has been previously described in proteomic

studies (Figure S2F) (Dinkel et al., 2011; Gnad et al., 2011; Horn-

beck et al., 2015), including cell-cycle-related phosphopro-

teomes (Daub et al., 2008; Kettenbach et al., 2011), and in liver

upon insulin stimulation (Humphrey et al., 2015), suggesting

that the regulation of AMPK by CDK4 is important for cell-cycle

progression and for the insulin signaling pathway. Moreover, we

found the four newly identified CDK4 phosphosites to be

conserved among the AMPKa2 subunits of several mammalian

species (Figure S3A), but not between the AMPKa1 and

AMPKa2 isoforms (Figure S3B).

In intact cells, AMPK is found as a heterotrimeric complex;

therefore recombinant kinase-inactive a2b2g1 complexes were

also used as substrate for recombinant CDK4-CycD3 com-

plexes. After mass spectrometry analysis, we obtained 83%

coverage of the AMPKa2 subunit and observed the phosphory-

lation in Ser176 and Ser377 (Figure 4H). A targeted analysis to in-

crease coverage showed phosphorylation of Thr485 and Ser529

with low detectability. The phosphorylation of Ser345 and

Ser377 was also detected in myotubes and muscle tissue, which

express high levels of the a2 subunit (Figures S4A and S4B;

Table S1). Interestingly, our results suggest that these phosphor-

ylations are present when AMPK is inactive, since the activating

Thr172 phosphorylation was not found in 5 out of 6 experiments

(Figures S4A and S4B). Taken together, these data indicate

that the a2 subunit of AMPK is a substrate for CDK4-CycD3

complexes in cell-free assays and that some of these phosphor-

ylations occur in vivo, in conditions in whichCDK4 is active (Blan-

chet et al., 2011; Lagarrigue et al., 2016) but AMPK is inactive.

AMPKa2 Phosphorylation Is Necessary and Sufficient
for FAO Repression by CDK4
To elucidate the functional relevance of the phosphorylation of

AMPKa2 by CDK4, we compared the regulatory activities of

AMPKa2 S > A, AMPKa2, and AMPKa1 in the context of FAO.

Transfection of AMPKDKOMEFswith the AMPKa2 S > Amutant

conferred ACC phosphorylation levels that where higher than

those observed in AMPKa1- or a2-transfected cells in the basal

state and upon stimulation by A769662 (Figure 5A). Similarly,

ectopic expression of the AMPKa2 S > A mutant in the FAO-

defective AMPK DKO MEFs rescued palmitate oxidation to a

greater extent than that observed upon transfection with WT

AMPKa2 (Figures 5B and S5A). Taken together, these results

indicate that defective targeting of AMPKa2 by CDK4 at

Ser345, Ser377, Thr485, and Ser529 results in increased AMPKa2

FAO-promoting activity.

In order to demonstrate that CDK4 represses FAOby inhibiting

AMPK activity, WT and AMPK mutant cells were treated with

CDK4 inhibitors. Inhibition of CDK4 activity by LY2835219 signif-

icantly increased FAO after 24 hr (Figures 5C and S5B) or 2 hr

(Figure S5C) of treatment. Strikingly, the CDK4 inhibitor failed

to increase FAO in both AMPK a2KO and AMPK DKO cells,

but not in AMPK a1KO cells, demonstrating that CDK4 targets

AMPKa2 to alter cellular metabolism (Figures 5C, S5B, and

S5E–S5G). The overall positive effect of CDK4 inhibition on

AMPK activity was confirmed by analyzing ACC phosphoryla-

tion. Indeed, LY2835219 treatment induced a dose-dependent

increase in the phosphorylation of ACC (Figures S5H and S5I).

This effect correlated with decreased CDK4 activity given that

phosphorylation of RB Ser780 was also reduced (Figure S5I). Of

note, increased ACC phosphorylation and increased FAO could

be detected after 2 hr of CDK4 inhibition, whereas inhibition

of RB phosphorylation required longer treatments. Moreover,

LY2835219 had an effect comparable to that of A769662, signif-

icantly decreasing AMP/ATP and ADP/ATP ratios in WT MEFs

(Figures 2E, 2F, 5D, and 5E). The use of LY2835219 suggests

that CDK4 inhibition promotes catabolic processes in an

AMPKa2-subunit-dependent manner.

We next decided to validate our findings in a more physiolog-

ical cellular model. LY2835219 treatment induced an increase in

FAO in C2C12myotubes, which are known to express high levels

of AMPKa2 (Figures S6A and S6B). In this model, CDK4 inhibi-

tion correlated with a dose-dependent increase of the

(E) Phosphorylation score (in percentage of the WT fragment).

(F) In vitro phosphorylation of full-length WT GST-AMPKa2 and full-length S > A GST-AMPKa2 by cyclin D3/CDK4 (n = 3).

(G) Phosphorylation score (in percentage of RB phosphorylation).

(H) Kinase-dead AMPK a2b2g1 trimers were used as a substrate for cyclin D3-CDK4 complex and analyzed by mass spectrometry. A graphical overview of the

sequence coverage of AMPKa2 human protein in samples displayed by MsViz is depicted. The thickness of the green bars is a function of the number of spectra

matching the sequence region, while modification sites are labeled and shown as circles with size proportional to the number of spectra matching a given

position. A truncated form of RB (hRB; 379–928 aa) was used as a positive control. A representative autoradiography for each kinase assay is shown.

See also Figure S3.
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Figure 5. AMPKa2 Phosphorylation Is Necessary and Sufficient for FAO Repression by CDK4

(A) AMPK DKO SV40-immortalized MEFs were electroporated with plasmids encoding Myc-tagged AMPK a1, Myc-tagged AMPK a2 and Myc-tagged AMPK

a2 S > A. 48 hr later, MEFs were starved for 3 hr and treated for 2 hr with DMSO or 50 mM A769662 before protein extraction. Western blot analysis shows the

A769662-induced ACC phosphorylation in transfected cells.

(B) Electroporated MEFs were submitted to a FAO assay 48 hr after transfection, in which the palmitate induced OCRwas measured (in %OCR compared to the

basal OCR). The area under curve of the palmitate induced OCR was quantified.

(C) AMPK WT and AMPK DKO SV40-immortalized MEFs were treated with DMSO or LY2835219 (1.5 mM) for 24 hr and submitted to a FAO assay, in which the

palmitate-induced OCR was measured (in % OCR compared to the basal OCR). The area under curve of the palmitate induced OCR was quantified.

(legend continued on next page)
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phosphorylation of ACC, without significant increase of AMPK

Thr172 phosphorylation (Figures S6C–S6E). The direct involve-

ment of AMPKa2 was confirmed by analyzing myotubes lacking

AMPKa2 or both the a1 and a2 subunits (Lantier et al., 2010).

Like in MEFs, FAO was impaired in the a2KO and DKO myo-

tubes. Similarly, the CDK4 inhibitor failed to increase FAO in

a2KO and DKO myotubes (Figures 5F and S6F). Rescue of

AMPK DKO myotubes with the AMPKa2 S > A mutant triggered

ACC phosphorylation levels that where higher than those

observed in AMPK a2-transfected cells both in the basal state

or upon stimulation with A769662 (Figure 5G). Similarly, ectopic

expression of the AMPKa2 S > A mutant in the FAO-defective

AMPK DKO myotubes rescued palmitate oxidation to levels

similar to those of WT myotubes (Figures 5H and S6G). Taken

together, these results in muscle cells confirm that CDK4 modu-

lates FAO through the specific inhibition of AMPKa2 activity and

that a non-phosphorylatable AMPKa2 mutant has a FAO-pro-

moting activity.

CDK4 Modulates Oxidative Metabolism and Exercise
Capacity In Vivo

Wenext investigated the contribution of CDK4 to oxidativemeta-

bolism and muscle function in vivo. Isolated mitochondria from

Cdk4�/� muscles showed increased oxygen consumption, sug-

gesting increased fatty acid oxidation capacity (Figures 6A and

6B). Increased FAO was further demonstrated by using intact

muscle fibers from flexor digitorum brevis (FDB) muscle (Fig-

ure 6C). Fibers fromCdk4�/� FDBmuscle metabolized palmitate

at a higher rate (Figures 6C and 6D) and were capable to reach a

higher maximal respiration (Figures 6C and 6E). The increased

capacity of the muscles of Cdk4�/� mice to oxidize fatty acids

suggested an overall metabolic phenotype in these mice.

Cdk4�/� mice have decreased body weight (Figure 6F).

Consistent with increased AMPK activity, Cdk4�/� mice exhibit

increased exercise capacity and decreased RER, indicating a

preference toward fat oxidation (Figures 6G–6I). An 8-day treat-

ment with LY2835219 did not trigger significant alterations in

body weight and food intake (Figures 6J and S7D), although it

induced a consistent albeit non-significant decrease in fat

mass (Figure S7C) and a modest but significant increase in exer-

cise performance (Figure 6K). A decrease in RER was observed

after 4–5 days of treatment (Figures 6L and 6M). In vivo, the inhi-

bition of CDK4 triggered an increase in the phosphorylation of

ACC in quadriceps muscle (Figures S7E and S7G), suggesting

increased AMPK activity. This was accompanied by an increase

of the slow-twitch fiber marker MyHC I (Figure S7I). MyHC I

mRNA levels were also increased in gastrocnemius and tibialis

muscles from LY2835219-treated animals (Figures S7H–S7J).

Overall, these data suggest that CDK4 is a negative regulator

of exercise capacity and whole-body oxidative metabolism

in mice.

CDK4 Regulation of Oxidative Metabolism and Exercise
Capacity In Vivo Requires Muscle AMPK
To determine if the effects of CDK4 inhibition in exercise perfor-

mance and whole-body oxidative metabolism require muscle

AMPK, we treated muscle-specific AMPK a1/a2 KO mice

(MDKO) (Lantier et al., 2014) with the CDK4 inhibitor. Consis-

tently, treatment with LY2835219 did not trigger significant

alterations in body weight or food intake (Figures 7A and S7M)

in control or in AMPK MDKO animals. In control animals,

LY2835219 was sufficient to trigger a decrease (albeit not signif-

icant [p = 0.1243]) in fat mass, a modest increase in exercise per-

formance, and a decrease in RER (Figures 7B–7D and S7L). In

agreement with previous reports (Lantier et al., 2014; O’Neill

et al., 2011), AMPK MDKO animals showed decreased RER

and decreased exercise capacity (Figures 7B–7D). However,

they were not affected by the treatment with LY2835219 under

our experimental conditions (Figures 7A–7D and S7K–S7M).

Taken together, these results show that the negative effects of

CDK4 in oxidative metabolism and exercise performance in vivo

involve muscle AMPK activity.

DISCUSSION

The contribution of CDK4 to the control of cell-cycle progression,

via pocket proteins and E2F transcription factors, has been

extensively studied (Malumbres, 2014) for more than two de-

cades. However, the CDK4/6-pRB/E2F1 pathway was only

recently implicated in metabolic regulation (Aguilar and Fajas,

2010; Blanchet et al., 2011; Denechaud et al., 2016; Lagarrigue

et al., 2016; Lee et al., 2014; Lopez-Mejia and Fajas, 2015; Petrov

et al., 2016; Salazar-Roa and Malumbres, 2016). Our study pro-

vides evidence that the cell-cycle kinase CDK4 is a key player in

the control of cellular energy homeostasis and can also act inde-

pendently of E2F1 to regulate metabolic pathways.

Three major findings are described here. First, we found that

CDK4 negatively regulates the AMPK pathway and thus inhibits

FAO through phosphorylation of the AMPKa2 subunit. Indeed,

Cdk4�/�MEFs behaved like cells treated with an AMPK activator

and exhibited high FAO levels and low levels of anaerobic glycol-

ysis. Consistently, Cdk4R24C/R24C cells exhibited increased

anaerobic glycolysis and very low FAO levels. A similar pheno-

type was observed in AMPK a2KO MEFs. Therefore, CDK4

activity is inversely correlated with AMPKa2-dependent activity.

These findings indicate that CDK4 plays a central role in

(D and E) AMPK WT SV40 immortalized cells were treated for 8 hr with DMSO or LY2835219 (1.5 mM). AMP, ADP, and ATP were quantified by HPLC. The AMP/

ATP (D) and ADP/ATP (E) ratios are shown.

(F–H) AMPK WT, AMPK a2 KO and AMPK DKO myotubes were treated with DMSO or 1.5mM LY2835219 for 24, and submitted to a FAO assay, in which the

palmitate induced OCR was measured (in % OCR compared to the basal OCR). The area under curve of the palmitate induced OCR was quantified in (F). AMPK

DKO myotubes were transfected with plasmids encoding Myc-tagged AMPK a2 and Myc-tagged AMPK a2 S > A. B. 48 hr later, myotubes were treated for 2 hr

with DMSO or 50 mM A769662 before protein extraction; western blot analysis shows the A769662-induced ACC phosphorylation in transfected cells (G).

Transfected myotubes were submitted to a FAO assay in which the palmitate-induced OCR was measured (in % OCR compared to the basal OCR). The area

under curve of the palmitate-induced OCR was quantified in (H).

Data are expressed as mean ± SEM. See also Figure S4 and S5.
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Figure 6. CDK4 Modulates Oxidative Metabolism and Exercise Capacity In Vivo

(A–E) Mitochondria isolated from gastrocnemius (A) and quadriceps (B) muscle from Cdk4+/+ and Cdk4�/�mice were submitted to a respiration assay using fatty

acids as a substrate. Isolated FDB muscle fibers from Cdk4+/+ and Cdk4�/� mice were submitted to a FAO assay in which the palmitate-induced OCR was

measured (in%OCR compared to the basal OCR) (C). The area under curve of the palmitate-induced OCR is shown (D). Themaximal respiration was induced by

FCCP (E).

(F) Body weight of 25- to 30-week-old male Cdk4+/+ and Cdk4�/� mice was measured.

(G) Cdk4+/+ and Cdk4�/� were submitted to an exercise capacity testing on treadmill, and the time before exhaustion was recorded.

(H and I) RER of the aforementioned mice is depicted.

(J and K) 30-week-old WT mice were gavaged with 37 mg/kg LY2835219 or vehicle for 8 days. Body weight (K) and exercise capacity (K) were measured the day

after the last treatment.

(L and M) RER of the aforementioned mice after 5 days of treatment is depicted.

Data are expressed as mean ± SEM. See also Figure S6.
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mitochondrial FAO that involves AMPKa2 inhibition and is inde-

pendent of other downstream effectors, such as E2F1.

Cell division requires high cellular energy levels. Despite the

recent evidence that underscores the existence of a crosstalk

between cell-cycle regulators and energy metabolism (Lopez-

Mejia and Fajas, 2015; Salazar-Roa and Malumbres, 2016), the

molecular mechanisms coupling energy production and cell-cy-

cle progression remain to be elucidated. Based on our results,

we propose that to exert its role in both cell-cycle progression

and the insulin-signaling pathway, CDK4 represses catabolism

by directly targeting at least one of the catalytic subunits of

AMPK, namely the a2 subunit. Interestingly, AKT, another key

player of the insulin-signaling pathway, phosphorylates the a1

subunit of AMPK, thus reducing a1 Thr172 phosphorylation

and the subsequent activation of the AMPK heterotrimer (Hawley

et al., 2014; Horman et al., 2006). Remarkably, previous evi-

dence from our laboratory demonstrates that CDK4 is a key

effector of the AKT pathway (Lagarrigue et al., 2016). Surpris-

ingly, GSK3 has been reported to inhibit AMPK activity after

phosphorylation of the a subunit by AKT (Suzuki et al., 2013).

This finding is somehow unexpected, since GSK3 activity is

negatively regulated via phosphorylation by AKT upon insulin

stimulation. Moreover, GSK3 is known to inhibit rather than pro-

mote anabolic pathways, like the synthesis of glycogen (Cohen

and Frame, 2001).

The second major finding in our study is the observation that

the function of AMPK heterotrimers can differ depending on their

a subunit isoform. Few studies have focused on the specific

function of each AMPK subunit (but see a recent review by

Ross et al., 2016b), and models completely lacking AMPK activ-

ity are often used to study the function of AMPK. Liver-specific

deletion or overexpression of the AMPKa2 subunit suggested

that this isoform is involved in regulating the balance between

lipid synthesis and FAO (Andreelli et al., 2006; Foretz et al.,

2005), but these studies did not assess the differences in spec-

Figure 7. CDK4 Regulation of Oxidative Meta-

bolism and Exercise Capacity In VivoRequires

Muscle AMPK

(A) Body weight of 12- to 16-week-old AMPKWT and

AMPK MDKO females gavaged with 37 mg/kg

LY2835219 or vehicle for 8 days was measured.

(B–D) Bodyweight of 12–16weeks old AMPKWTand

AMPK MDKO females gavaged with 37mg/kg of

LY2835219 or vehicle for 8 days wasmeasured in (A).

To measure exercise capacity on treadmill, the time

before exhaustion was recorded in (B). RER of the

aforementioned mice is depicted in (C) and (D).

Data are expressed as mean ± SEM. See also Fig-

ure S7.

ificity between a1 and a2. Interestingly, lep-

tin was shown to directly trigger FAO in

muscle (Minokoshi et al., 2002) and trigger

an anorexigenic response in hypothalamus

(Minokoshi et al., 2004) in an AMPKa2-

dependent manner. The effect on food

intake may be triggered through AKT

signaling via phosphorylation of AMPKa2

by p70S6K (Dagon et al., 2012). Other positive energy balance

signals can also reduce food intake via AMPKa2 activity in the

brain (Claret et al., 2007; Kim et al., 2004). The isoform-specific

roles of the different AMPK subunits in whole-body energy ho-

meostasis were further highlighted by the fact that the AMPKa2

subunit is essential for nicotine-triggered lipolysis in adipocytes

(Wu et al., 2015). However, the specific regulation of energy ho-

meostasis by AMPKa2, and the molecular mechanisms regu-

lating a2-isoform specific AMPK activity have remained largely

unknown.

The third major finding in our study is that the modulation of

CDK4 activity in vivo can result in modifications in whole-body

energy homeostasis and exercise performance. These modifi-

cations require the expression of AMPK in skeletal muscle.

Our results are in agreement with previous studies demon-

strating that the use of 5-aminoimidazole-4-carboxamide ribo-

nucleotide (AICAR) can increase exercise performance in

sedentary mice while increasing the proportion of slow-twitch

fibers (Narkar et al., 2008). However, the exact mechanisms

that mediate this phenotype remain to be studied. Global ap-

proaches to determine muscle reprograming at the prote-

omics and gene expression level will allow further study of

the involvement of CDK4 in muscle biology, particularly during

exercise. Given that muscle expresses the AMPKa2 subunit

highly and responds to exercise by downregulating CDK activ-

ity (Hoffman et al., 2015), we believe that the study of the

CDK4-AMPKa2 interaction in skeletal muscle will be very rele-

vant to the discovery of pharmacological interventions to pro-

mote or enhance the beneficial effects of exercise on general

health.

By identifying 4 new specific CDK4 phosphosites in the a2

subunit of AMPK, we have discovered a specific role for this sub-

unit in the control of fatty acid metabolism that we could not

demonstrate for the a1 subunit. Interestingly, we detected the

phosphorylation of two of these residues, Ser377 and Ser345, in
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muscle samples from resting mice and myotubes stimulated

with insulin or IGF1.

FAO repression by CDK4 emerges as an additional level of

metabolic regulation by this kinase, which also mediates other

effects of the insulin-signaling pathway (Lagarrigue et al.,

2016), including lipid synthesis, glycolysis (Denechaud et al.,

2016), and proliferation (Malumbres and Barbacid, 2005).

In conclusion, our results demonstrate that CDK4 is a major

regulator of cellular energy homeostasis. By combining experi-

mental data from cellular metabolism analyses, biochemistry

and molecular biology studies, and in vivo experiments, our

work provides insights into the complex regulation of anabolic

and catabolic pathways. These novel findings can have broad

implications not only in the regulation of cell metabolism during

proliferation but also in the control of energy utilization at the

level of the whole organism. Moreover, they highlight the need

to delve deeper into the specific functions of the different

AMPK heterotrimers, as well as in the regulation of AMPK

inactivation.
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Mounier, R., Théret, M., Lantier, L., Foretz, M., and Viollet, B. (2015).

Expanding roles for AMPK in skeletal muscle plasticity. Trends Endocrinol.

Metab. 26, 275–286.

348 Molecular Cell 68, 336–349, October 19, 2017

http://refhub.elsevier.com/S1097-2765(17)30712-8/sref15
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref15
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref15
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref15
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref16
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref16
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref17
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref17
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref18
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref18
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref18
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref19
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref19
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref19
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref20
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref20
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref20
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref20
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref20
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref21
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref21
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref21
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref21
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref21
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref21
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref22
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref22
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref22
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref22
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref23
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref23
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref23
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref24
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref24
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref24
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref24
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref24
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref25
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref25
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref25
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref25
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref25
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref26
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref26
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref26
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref27
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref27
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref27
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref28
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref28
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref28
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref29
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref29
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref29
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref29
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref30
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref30
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref30
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref31
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref31
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref32
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref32
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref32
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref32
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref33
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref33
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref33
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref33
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref34
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref34
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref34
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref34
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref34
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref35
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref35
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref35
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref35
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref36
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref36
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref36
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref37
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref37
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref37
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref37
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref38
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref38
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref38
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref38
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref39
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref39
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref39
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref39
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref39
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref40
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref40
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref41
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref42
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref42
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref43
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref43
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref44
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref44
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref45
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref45
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref46
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref46
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref46
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref46
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref47
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref47
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref47
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref47
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref48
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref48
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref48
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref48
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref49
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref49
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref49
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref49
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref50
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref50
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref50
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref50
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref51
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref51
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref51


Narkar, V.A., Downes, M., Yu, R.T., Embler, E., Wang, Y.X., Banayo, E.,

Mihaylova, M.M., Nelson, M.C., Zou, Y., Juguilon, H., et al. (2008). AMPK

and PPARdelta agonists are exercise mimetics. Cell 134, 405–415.

Nesvizhskii, A.I., Keller, A., Kolker, E., and Aebersold, R. (2003). A statistical

model for identifying proteins by tandem mass spectrometry. Analytical

Chemistry 75, 4646–4658.

O’Leary, B., Finn, R.S., and Turner, N.C. (2016). Treating cancer with selective

CDK4/6 inhibitors. Nat. Rev. Clin. Oncol. 13, 417–430.

O’Neill, H.M., Maarbjerg, S.J., Crane, J.D., Jeppesen, J., Jørgensen, S.B.,

Schertzer, J.D., Shyroka, O., Kiens, B., van Denderen, B.J., Tarnopolsky,

M.A., et al. (2011). AMP-activated protein kinase (AMPK) beta1beta2 muscle

null mice reveal an essential role for AMPK in maintaining mitochondrial con-

tent and glucose uptake during exercise. Proc. Natl. Acad. Sci. USA 108,

16092–16097.

O’Neill, H.M., Lally, J.S., Galic, S., Thomas, M., Azizi, P.D., Fullerton, M.D.,

Smith, B.K., Pulinilkunnil, T., Chen, Z., Samaan, M.C., et al. (2014). AMPK

phosphorylation of ACC2 is required for skeletal muscle fatty acid oxidation

and insulin sensitivity in mice. Diabetologia 57, 1693–1702.

Petrov, P.D., Ribot, J., López-Mejı́a, I.C., Fajas, L., Palou, A., and Bonet,

M.L. (2016). Retinoblastoma protein knockdown favors oxidative meta-

bolism and glucose and fatty acid disposal in muscle cells. J. Cell.

Physiol. 231, 708–718.

Rane, S.G., Dubus, P., Mettus, R.V., Galbreath, E.J., Boden, G., Reddy, E.P.,

andBarbacid,M. (1999). Loss of Cdk4 expression causes insulin-deficient dia-

betes and Cdk4 activation results in beta-islet cell hyperplasia. Nat. Genet.

22, 44–52.

Rane, S.G., Cosenza, S.C., Mettus, R.V., and Reddy, E.P. (2002). Germ line

transmission of the Cdk4(R24C)mutation facilitates tumorigenesis and escape

from cellular senescence. Mol. Cell. Biol. 22, 644–656.

Ross, F.A., Jensen, T.E., and Hardie, D.G. (2016a). Differential regulation by

AMP and ADP of AMPK complexes containing different g subunit isoforms.

Biochem. J. 473, 189–199.

Ross, F.A., MacKintosh, C., and Hardie, D.G. (2016b). AMP-activated protein

kinase: a cellular energy sensor that comes in 12 flavours. FEBS J. 283,

2987–3001.

Salazar-Roa, M., and Malumbres, M. (2016). Fueling the cell division cycle.

Trends Cell Biol. 27, 69–81.

Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, M., Pietzsch,

T., Preibisch, S., Rueden, C., Saalfeld, S., Schmid, B., et al. (2012). Fiji: an

open-source platform for biological-image analysis. Nat. Methods 9, 676–682.

Shaw, R.J., Kosmatka, M., Bardeesy, N., Hurley, R.L., Witters, L.A., DePinho,

R.A., and Cantley, L.C. (2004). The tumor suppressor LKB1 kinase directly ac-

tivates AMP-activated kinase and regulates apoptosis in response to energy

stress. Proc. Natl. Acad. Sci. USA 101, 3329–3335.

Suzuki, T., Bridges, D., Nakada, D., Skiniotis, G., Morrison, S.J., Lin, J.D.,

Saltiel, A.R., and Inoki, K. (2013). Inhibition of AMPK catabolic action by

GSK3. Mol. Cell 50, 407–419.

Wölfel, T., Hauer, M., Schneider, J., Serrano, M., Wölfel, C., Klehmann-Hieb,

E., De Plaen, E., Hankeln, T., Meyer zum B€uschenfelde, K.H., and Beach, D.

(1995). A p16INK4a-insensitive CDK4 mutant targeted by cytolytic T lympho-

cytes in a human melanoma. Science 269, 1281–1284.

Woods, A., Johnstone, S.R., Dickerson, K., Leiper, F.C., Fryer, L.G., Neumann,

D., Schlattner, U., Wallimann, T., Carlson, M., and Carling, D. (2003). LKB1 is

the upstream kinase in the AMP-activated protein kinase cascade. Curr. Biol.

13, 2004–2008.

Woods, A., Dickerson, K., Heath, R., Hong, S.P., Momcilovic, M., Johnstone,

S.R., Carlson, M., and Carling, D. (2005). Ca2+/calmodulin-dependent protein

kinase kinase-beta acts upstream of AMP-activated protein kinase inmamma-

lian cells. Cell Metab. 2, 21–33.

Wu, Y., Song, P., Zhang, W., Liu, J., Dai, X., Liu, Z., Lu, Q., Ouyang, C., Xie, Z.,

Zhao, Z., et al. (2015). Activation of AMPKa2 in adipocytes is essential for nico-

tine-induced insulin resistance in vivo. Nat. Med. 21, 373–382.

Zhang, C.S., Hawley, S.A., Zong, Y., Li, M.Q.,Wang, Z.C., Gray, A., Ma, T., Cui,

J.W., Feng, J.W., Zhu, M.J., et al. (2017). Fructose-1,6-bisphosphate and

aldolase mediate glucose sensing by AMPK. Nature 548, 112–116.

Molecular Cell 68, 336–349, October 19, 2017 349

http://refhub.elsevier.com/S1097-2765(17)30712-8/sref52
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref52
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref52
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref53
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref53
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref53
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref54
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref54
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref55
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref55
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref55
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref55
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref55
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref55
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref56
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref56
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref56
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref56
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref57
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref57
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref57
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref57
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref58
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref58
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref58
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref58
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref59
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref59
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref59
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref60
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref60
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref60
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref61
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref61
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref61
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref62
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref62
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref63
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref63
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref63
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref64
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref64
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref64
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref64
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref65
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref65
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref65
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref66
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref66
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref66
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref66
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref66
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref67
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref67
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref67
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref67
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref68
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref68
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref68
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref68
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref69
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref69
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref69
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref70
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref70
http://refhub.elsevier.com/S1097-2765(17)30712-8/sref70


STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-ACC Cell Signaling Technology Cat#3662

Rabbit polyclonal anti-Phospho-ACC Cell Signaling Technology Cat#3661

Rabbit polyclonal anti-AMPKa Cell Signaling Technology Cat#2532

Rabbit monoclonal anti-Phospho-AMPKa(Thr172)(40H9) Cell Signaling Technology Cat#2535

Mouse monoclonal anti-Myc-Tag (9B11) Cell Signaling Technology Cat#2276

Rabbit monoclonal anti-Phospho Rb (ser780)(D59B7) Cell Signaling Technology Cat#8180

Rabbit polyclonal anti-Cdk4 (C-22) Santa Cruz biotechnology Sc-260

Mouse monoclonal anti-Rb (C-2) Santa Cruz biotechnology Sc-74562

Goat polyclonal anti-AMPK a2 (C-20) Santa Cruz biotechnology Sc-19131

Goat polyclonal anti-Actin (C11) Santa Cruz biotechnology Sc-1615

Rabbit polyclonal anti-Myc-Tag Abcam Ab9106

Mouse monoclonal anti-a-Tubulin Sigma-Aldrich T6199

Chemicals, Peptides, and Recombinant Proteins

LY2835219 MedChemExpress HY-16297

PD0332991 MedChemExpress HY-50767

LEE011 MedChemExpress HY-15777

A769662 MedChemExpress HY-50662

Compound C MedChemExpress HY-13418

FCCP Sigma Aldrich C2920

Antimycine A Sigma Aldrich A8674

CDK4/CycD3 ProQinase 0142-0373-1

CDK4/CycD1 ProQinase 0142-0143-1

Recombinant kinase dead AMPK trimers (a2b2g1) DG. Hardie lab.

Experimental Models: Cell Lines

C2C12 ATCC CRL-1772

Primary and SV40 immortalized Cdk4�/� MEFs This paper N/A

Primary and SV40 immortalized Cdk4+/+ MEFs, This paper N/A

Primary and SV40 immortalized Cdk4R24C/R24C MEFs This paper N/A

Primary E2f1+/+ MEFs This paper N/A

Primary E2f1�/� MEFs This paper N/A

Primary Cdk4R24C/R24C E2f1+/+ MEFs This paper N/A

Primary Cdk4R24C/R24C E2f1�/� MEFs This paper N/A

Prkaa1-/ -SV40 immortalized MEFs (Laderoute et al., 2006) N/A

Prkaa2�/� SV40 immortalized MEFs (Laderoute et al., 2006) N/A

Prkaa1�/�; Prkaa2�/� double KO SV40 immortalized MEFs (Laderoute et al., 2006) N/A

AMPK alpha2 KO Myoblasts (Lantier et al., 2010) N/A

AMPK alpha1, alpha2 double KO Myoblasts (Lantier et al., 2010) N/A

AMPK WT Myoblasts (Lantier et al., 2010) N/A

Experimental Models: Organisms/Strains

Skeletal muscle AMPK-deficient mice [AMPK_1fl/fl _2fl/fl human skeletal

actin (HSA)-Cre_ mice on a C57Bl6- 129Sv mixed background]

(Lantier et al., 2014) N/A

The generation of Cdk4�/�, that lack CDK4 in all tissues except

pancreatic beta cells andwere referred asCdk4nc/nc in our previous study.

(Lagarrigue et al., 2016) N/A

C57BL/6JRj mice. Janvier Labs

(Continued on next page)
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will fulfilled by Lluis Fajas (lluis.fajas@unil.ch).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture
MEFswere derived fromembryos that were dissected 13.5 days after vaginal plugs. TheCdk4�/� (Cdk4nc),Cdk4R24C/R24C andE2f1�/�

mice have been previously described (Denechaud et al., 2016; Lagarrigue et al., 2016).

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Oligonucleotides

See Table S2 N/A

See Table S3 N/A

Recombinant DNA

pDONR223-hPRKAA1 Addgene (ref:23871)

pDONR223-hPRKAA2 Addgene (ref:23671)

pDONR223-hPRKAB1 Addgene (ref:23360)

pDONR223-hPRKAB2 Addgene (ref:23647)

pDONR223-hPRKAG1, Addgene (ref:23718)

pDONR223-hPRKAG2 Addgene (ref:23689)

pDONR223-hPRKAG3 Addgene (ref:23549)

pDEST pGEX-2T-hPRKAA1 This paper N/A

pDEST pGEX-2T -hPRKAA2 This paper N/A

pDEST pGEX-2T -hPRKAB1 This paper N/A

pDEST pGEX-2T -hPRKAB2 This paper N/A

pDEST pGEX-2T -hPRKAG1, This paper N/A

pDEST pGEX-2T -hPRKAG2 This paper N/A

pDEST pGEX-2T -hPRKAG3 This paper N/A

pDEST pGEX-2T -hPRKAA2 D1 This paper N/A

pDEST pGEX-2T -hPRKAA2 D1 S176A This paper N/A

pDEST pGEX-2T -hPRKAA2 D2 This paper N/A

pDEST pGEX-2T -hPRKAA2 D2 S345A This paper N/A

pDEST pGEX-2T -hPRKAA2 D3 This paper N/A

pDEST pGEX-2T -hPRKAA2 D3 S377A This paper N/A

pDEST pGEX-2T -hPRKAA2 D4 This paper N/A

pDEST pGEX-2T -hPRKAA2 D4 T485A This paper N/A

pGEX-2T -hPRKAA2 D4 T485A S529A This paper N/A

pDEST pGEX-2T -hPRKAA2 D2-D3 This paper N/A

pDEST pGEX-2T -hPRKAA2 D2-D3 S345A S377A This paper N/A

pDEST pGEX-2T -hPRKAA2 S377A S345A T485A S529A This paper N/A

pCDNA3 MYC hPRKAA1 This paper N/A

pCDNA3 MYC hPRKAA2 This paper N/A

pCDNA3 MYC hPRKAA2 S377A S345A T485A S529A This paper N/A

Software and Algorithms

Protein Prophet algorithm (Nesvizhskii et al., 2003) N/A

MsViz software (Martı́n-Campos et al., 2017) N/A

Fiji image processing package (Schindelin et al., 2012). N/A
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Prkaa1�/�, Prkaa2�/� individual KOs; and Prkaa1�/�; Prkaa2�/� double KO SV40 immortalized MEF cells were prepared as

described (Laderoute et al., 2006). They are referred in the manuscript as AMPK a1KO, AMPK a2KO and AMPK DKO.

MEFs were cultured in DMEM/F12 supplemented with 10% fetal bovine serum (FBS, PAA Laboratories), glutamax (1mM), sodium

pyruvate (1mM), non-essential amino-acids, 2-Mercapto-ethanol (50mM) and antibiotics in 5% CO2 37
�C incubator.

C2C12 myoblasts were obtained from ATCC and were cultured in low-glucose DMEM with 10% FBS in 5% CO2 37
�C incubator.

For myotube differentiation, when the cells reached 80%–90% confluency, the culture medium was switched to DMEM containing

2% horse serum. The medium was changed every 2 days until day 5 to 7 of differentiation.

Primary myoblasts were grown in collagen coated plates cultured DMEM/F12 supplemented with 20% fetal bovine serum, 2mM

Glutamine and FGF (5ng/ml) in 5% CO2 37�C incubator. For myotube differentiation, cells were plated on matrigel-coated plates

when the cells reached 80%–90% confluency, the culture mediumwas switched to DMEM/F12 supplemented with 2% horse serum

and 2mMGlutamine. Themediumwas changed every 2 days until day 4-5 of differentiation. For rescue experiments, myotubes were

transfected using lipofectamine 3000 (Thermo Fisher Scientific), at day 1 and day 3 of differentiation. The cells were assayed 48 hr

after the 2nd round of transfection.

PrimaryCdk4+/+, Cdk4�/� andCdk4R24C/R24CMEFs, as well as primary E2f1+/+, E2f1�/�,Cdk4R24C/R24C E2f1+/+ andCdk4R24C/R24C

E2f1�/� MEFs, between P2 and P5, were used for Figures 1 and 2. SV40 immortalized MEFs were used for all other figures.

Animal studies
The generation of Cdk4�/�, that lack CDK4 in all tissues except pancreatic beta cells and were referred as Cdk4nc/nc in our previous

study, was described in (Lagarrigue et al., 2016). Male mice were used.

For gavage experiments, C57BL/6J male mice were obtained from Janvier Labs. Animals were gavaged daily with 37mg/kg of

LY2835219 or vehicle for 8 days. Mice were acclimated and submitted to indirect calorimetry between day 4 and day 6. Exercise

capacity testing was performed the day after the last gavage. Body weight was controlled daily. Food intake was measured in the

metabolic cages.

To obtain skeletal muscle AMPK-deficient mice [AMPK_1fl/fl _2fl/fl human skeletal actin (HSA)-Cre_ mice on a C57Bl6- 129Sv

mixed background], AMPK_1fl/fl_2fl/fl mice were interbred with transgenic mice expressing Cre recombinase under the control of

the HSA promoter. Female mice were used.

The mice were housed in a facility on a 12-h light-dark cycle with free access to standard rodent chow and water.

Mice were familiarized to themotorized rodent treadmill (Columbus Instruments, Columbus OH) on the J-2 and J-1 before the eval-

uation of exercise capacity. Familiarization consisted of an initial 10min period where the treadmill speed and incline were set to zero

with a slight electric shock grid at the back of the carpet set to 20 V, 0.34 mA, and 2 Hz. The treadmill speed was then increased

steadily to 10 m/min (J-2) and 12 m/min (J-1) for an additional 10 min.

The day immediately following familiarization to the treadmill, mice were subjected to an exercise capacity test. For this, the mice

were acclimated to the treadmill for 10 min, with the speed and incline set initially to zero. The treadmill speed was then increase to

8.5 m/min with an angle of inclination set to 0� for 9 min. Next, the treadmill speed and incline was increased to 10 m/min and 5�,
respectively, for 3 min. The speed was then increased by 2.5 m/min every 3 min to a maximum speed of 40 m/min, while inclination

was increased by 5� every 9 min until a maximum incline of 15�.
Strict a priori criteria for exercise-induced exhaustion consisted in: (1) 10 consecutive seconds on the electric grid; (2) spending

more than 50% of time on the grid; and/or (3) lack of motivation to manual prodding. Mice were immediately removed from their

respective lane once one or more of these criteria were reached.

Following the protocol, mice were killed by cervical dislocation and skeletal muscles were isolated for analysis.

All animal care and treatment procedures were performed in accordance with Swiss guidelines and were approved by the Canton

of Vaud, Service de la Consommation et des Affaires Vétérinaires (SCAV) (authorization VD 3121.a).

METHOD DETAILS

Materials
All cell culture reagents were purchased from GIBCO (Thermo Fisher Scientific). All chemicals, except if stated otherwise, were pur-

chased from Sigma-Aldrich. The CDK4 inhibitor (LY2835219) and Compound C. were purchased from MedChem Express. Experi-

ments were done using 1mM of LY2835219, unless stated otherwise. The AMPK allosteric activator was purchased from Abcam or

MedChem Express. Unless stated otherwise, A769662 was used at a concentration of 50mM. g-33P-ATP was purchased from

Perkin Elmer.

Immunoblot
For western blot analysis, the cells were seeded in 6-well plates 48 hr before the experiment, serum starved for 3 hr, and treated with

either LY2835219 or A769662 for 2 hr.

Total proteins extracts were subjected to SDS-PAGE analysis and transferred to nitrocellulose membranes for immunoblotting.

The following antibodies were obtained from Cell Signaling Technology: ACC (no. 3662), phosphorylated ACC (ser79) (no. 3661),

AMPK (no.2532), phosphorylated AMPK (Thr172) (no 2535), Myc-tag (no. 2276), phosphorylated RB (Ser780) (no. 8180). The
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following antibodies were obtained from Santa Cruz Technology: Cdk4 (C-22; sc-260), Rb (C-2; sc-74562), AMPK a2 (sc-19131).

A second Myc-tag antibody was used to analyze myotube samples (Abcam ab9106)

The a Tubulin (no. T6199) antibody was obtained from Sigma Aldrich, the actin (sc-1615) was obtained from Santa Cruz

Technology.

The levels of total proteins and the levels of phosphorylation of proteins were analyzed on separate gels. The band intensities on

developed films, fusion FX images or chemidoc images or were quantified using Fiji image processing package (Schindelin

et al., 2012).

Plasmid constructs and mutagenesis
pDONR223-hPRKAA1 (ref:23871), pDONR223-hPRKAA2 (ref:23671), pDONR223-hPRKAB1 (ref:23360), pDONR223-hPRKAB2

(ref:23647), pDONR223-hPRKAG1 (ref:23718), pDONR223-hPRKAG2 (ref:23689), pDONR223-hPRKAG3 (ref:23549) were provided

from Addgene. The different GST subunits of human AMPK were obtained using the pDEST pGEX-2T vector of Gateway Cloning

Technology (Invitrogen) starting from previously described pDONR223AMPK constructs. The different serine-to-alanine mutants

of GST-hPRKAA2were generated using aQuick-Change Site-DirectedMutagenesis kit (Stratagene) with the following primers (Table

S2). A similar strategy was used to obtain the truncated versions of GST-hPRKAA2 and the different serine-to-alanine mutants using

the following primers (Table S2).

The Myc-hPRKAA1, the Myc-hPRKAA2 and the Myc-hPRKAA2-S345A-S377A-T485A-S529A were obtained using the pDEST

pCDNA3 MYC vector previously and the above described pDONR223-human AMPK constructs. pDONR-hRB 379-928aa was

subcloned from pCMV human RB and generated using the pDONR221 vector of Gateway Cloning Technology. The pGEX-2T

hRB 379-928aa was obtained using the pDEST pGEX-2T from Gateway Cloning Technology.

GST production
Independent AMPK subunits were cloned in the pDEST pGEX-2T and expressed in BL21 bacteria. GST-purified proteins were re-

suspended in 50mM Tris.HCl [pH 8], 100 mM NaCl, 5 mM DTT and 20% glycerol buffer.

CDK4 Kinase assay
Kinase assays were performed using independent AMPK subunits proteins and 500ng of recombinant RB protein (Santa Cruz) as a

substrate in kinase buffer (25 mM Tris.HCl [pH 7.5], 150 mM NaCl, 10 mM MgCl2, 1 mM DTT, 5 mM Na4P2O7, 50 mM NaF, 1 mM

vanadate and protease inhibitor cocktail) with 40 mM ATP and 8 mCi g-33PATP (Perkin Elmer) for 30 min at 30�C. Recombinant

CDK4/cyclin D3 kinase and CDK4/Cyclin D1 (ProQinase) were used. RB was used as a positive control.

Boiling the samples for 5 min in the presence of denaturing sample buffer stopped the reaction. Samples were subsequently sub-

jected to SDS–PAGE, and transferred to a nitrocellulose membrane before being exposed to an X-ray film at �80�C during 4 hr or

over night. Recombinant protein loading was confirmed by SYPRO Ruby protein Blot Staining (Life Technologies).

For mass spectrometry, recombinant kinase dead AMPK trimers (a2b2g1) were used as a substrate for CDK4/CyCD3. Recombi-

nant kinase dead AMPK trimers (a2b2g1) were produced by the DG. Hardie lab.

Mitochondrial isolation
Quadriceps muscle from Cdk4+/+ or Cdk4-/- mice were homogenized in 2ml cold buffer I. Tissue homogenization was obtained at

1500rpm after 30 strokes. The homogenized extract was then centrifuged at 600 g for 10min at 4�C in order to remove cellular debris.

This step was performed three times. The mitochondrial fraction was pelleted at 10000 g for 10 min at 4�C and subsequently washed

using buffer II. The mitochondrial pellet was suspended in 80ul cold buffer II. Mitochondria were immediately used for seahorse anal-

ysis. Buffers I composition is as follows: 210 mMmannitol, 70 mM sucrose, 5 mMHEPES, 1 mMEGTA, 0.5%BSA pH to 7.4. Buffer II

composition is as follows: 210 mM mannitol, 70 mM sucrose, 10 mM MgCl2, 5 mMK2HPO4, 10 mM MOPS, 1 mM EGTA pH to 7.4.

Isolation of adult skeletal muscle fibers
Flexor digitorum brevis (FDB) muscles were incubated for 45 min at 37�C in an oxygenated ‘Krebs-HEPES’ solution containing 0.2%

collagenase type IV (GIBCO). Muscles were then washed twice in DMEM/F12 supplemented with 2% fetal bovine serum and me-

chanically dissociated by repeated passages through fire-polished Pasteur pipettes of progressively decreasing diameter. Dissoci-

ated fibers were plated directed onto Seahorse XF24 tissue culture dishes coated with Matrigel and allowed to adhere to the bottom

of the dish for 2h. After checking the adhesion of the fibers, a seahorse Fatty acid oxidation was performed as described

The Krebs-HEPES solution contains NaCl 135.5mM,MgCl2 1.2mM, KCl 5.9mM, glucose 11.5mM, HEPES 11.5mMandCaCl2 mM.

Seahorse analyses
For seahorse analysis, the cells were seeded 16 hr before the experiment.

Mitochondrial function was determined with an XF-24 extracellular flux analyzer (Seahorse Bioscience). Oxygen consumption Rate

(OCR) and Extracellular acidification rate (ECAR) wasmeasured in adherentMEFs. Control andmutant fibroblast cells were seeded in

an XF 24-well cell culture microplate at a density of 73 105 cells per cell in 200 mL DMEM/F12media. Cells were incubated for 16 hr at

37�C in 5%CO2 before the assay. OCRwas expressed as pmol of O2 perminute andwas normalized by protein content a Pierce BCA
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Protein Assay protocol (Thermo Fisher Scientific). ECARwas expressed asmpH per minute and was normalized by protein content a

Pierce BCA Protein Assay protocol (Thermo Fisher Scientific).

For glycolysis experiments, just before the experiment the cells were washed, and the growth medium was replaced with DMEM

medium containing only 2mMGlutamine. Cells were then pre-incubated for 1 hr at 37�C without CO2 to allow cells to pre-equilibrate

with the assay media before starting the glycolysis test procedure. After measuring baseline ECAR, ECAR was measured after an

acute injection of 25mM Glucose. The glycolytic rate was calculated as glucose dependent ECAR. It was calculated as follows:

Glucose induced ECAR-basal ECAR.

For fatty acid oxidation experiments, just before the experiment the cells are washed, and the growth medium was replaced with

KHB containing 2.5mMGlucose and 1.5mM of carnitine. Cells were then pre-incubated for 1 hr at 37�C without CO2 to allow cells to

pre-equilibrate with the assay media before starting the fatty acid oxidation procedure. After measuring baseline OCR as an indica-

tion of basal respiration, OCR was measured after an acute injection of 400mM or 150mM of palmitate coupled to BSA (for MEFs and

myotubes respectively).

For FDB muscle fibers 125mM of palmitate coupled to BSA, 400nM of FCCP and 1mM of Antimycine A were injected directly onto

the fibers using the seahorse analyzer. Fatty acid oxidation was induced by the palmitate injection. The uncoupling agent FCCP

induced the maximal respiration.

OCR was expressed as pmol of O2 per minute and was normalized by total DNA content.

For mitochondrial respiration, 50 mL of mitochondrial suspension (containing 10mg of freshly isolated mitochondria) were used per

well. The XF24 cell culture microplate was centrifuged at 2000 g for 20 min at 4�C. The assay medium contained 250 mM sucrose,

15 mMKCl, 1 mM EGTA, 5 mMMgCl2, 30 mMK2HPO4, 2mMHEPES and 0.2% FFA-Free BSA. 0.5mMMalate, 80mMPalmitoylCoA,

240mM Carnitine and 4mM ADP diluted in assay medium were added after the centrifugation of the mitochondria to obtain a final

volume of 525ml per well. After 10 min of incubation at 37�C without CO2 the mitochondrial respiration was measured using the sea-

horse analyzer.

Immunoprecipitation
Myotubes or liquid N2 grinded muscle samples were lysed in M-PER buffer (Thermo Fisher Scientific) and incubated in agitation for

one hour at 4�C. 2-5 mg of protein was immunoprecipitated overnight with an AMPKa2 antibody (Santa Cruz, sc-19131) and Protein

G coupled with magnetic beads (Sigma, 1004D) in the following buffer (IP buffer): 25 mM TRIS pH 7.9, 5 mM MgCl2, 10% Glycerol,

100 mM KCl, 0.1%NP40, 0.3 mMDTT. Next day, beads were washed for times with the IP buffer and frozen. Samples were used for

mass spectrometry.

Mass spectrometry
In the in vitro assays, protein samples were loaded on a 12% mini polyacrylamide gel and migrated about 3 cm, while in the immu-

noprecipitation experiments proteins were loaded on an 8% gel and fully migrated. After Coomassie staining, visible band between

50 and 75 kDa corresponding to AAPK2 was excised and digested with sequencing-grade trypsin (Promega). Extracted tryptic pep-

tides were dried and resuspended in 0.05% trifluoroacetic acid, 2% (v/v) acetonitrile for mass spectrometry analyses.

Tryptic peptidemixtureswere injected on anUltimate RSLC 3000 nanoHPLC system (Dionex, Sunnyvale, CA, USA) interfaced via a

nanospray source to a high resolution mass spectrometer based on Orbitrap technology: Fusion Tribrid or QExactive Plus (Thermo

Fisher, Bremen, Germany), depending on the experiments considered. Peptides were loaded onto a trapping microcolumn Acclaim

PepMap100 C18 (20mm x 100 mm ID, 5 mm, Dionex) before separation on a C18 reversed-phase analytical nanocolumn at a flowrate

of 0.25 ml/min, using a gradient from 4 to 76% acetonitrile in 0.1% formic acid (total time: 65min).

The in vitro experiments were analyzedwith a Fusionmass spectrometer interfaced to a custom packed 40-cmC18 column (75 mm

ID, 100Å, Reprosil Pur 1.9 um particles). Full MS survey scans were performed at 120’000 resolution. Data-dependent acquisition

was controlled by Xcalibur 3.0 software (Thermo Fisher) and applied a top speed precursor selection strategy tomaximize acquisition

of peptide tandemMS spectra with amaximum cycle time of 3 s. Multiple-charge precursor ions were isolated in the quadrupole with

awindowof 1.6m/zwidth and then dynamically excluded from further selection during 60 s. HCD fragmentation was performed in the

ion routing multipole with 32% normalized collision energy and fragment ions were measured in the ion trap.

The immunoprecipitation experiments were analyzed with a Q-Exactive Plus instrument interfaced to an Easy Spray C18 PepMap

column (50cm x 75mm ID, 2mm, 100Å, Dionex). Full MS survey scans were performed at 70’000 resolution. In data-dependent acqui-

sition controlled by Xcalibur 3.1 software (Thermo Fisher), the 10 most intense multiple-charge precursor ions detected in the full MS

survey scan were selected for higher energy collision-induced dissociation (HCD, normalized collision energy NCE = 27%) and anal-

ysis in the orbitrap at 17’500 resolution. The window for precursor isolation was of 1.5 m/z units around the precursor and selected

fragments were excluded for 60 s from further analysis.

MS data were analyzed using Mascot 2.6 (Matrix Science, London, UK) set up to search the UniProt database (www.uniprot.org)

restricted to Homo sapiens (in vitro experiments) or Mus musculus (immunoprecipitation experiments) taxonomy (SwissProt,

November 2016 version: 20’130 and 16’846 sequences, respectively). Trypsin (cleavage at K,R) was used as the enzyme definition,

allowing 3 missed cleavages. Mascot was searched with a parent ion tolerance of 10 ppm and a fragment ion mass tolerance of 0.5
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(Fusion MS data) or 0.02 Da (QExactive MS data). Iodoacetamide derivative of cysteine was specified in Mascot as a fixed modifi-

cation. N-terminal acetylation of protein, oxidation of methionine, and phosphorylation of serine, threonine or tyrosine were specified

as variable modifications.

Scaffold software (version 4.7.5, Proteome Software Inc., Portland, OR) was used to validate MS/MS based peptide and protein

identifications, and to perform dataset alignment. Peptide identifications were accepted if they could be established at greater than

90.0% probability by the Scaffold Local FDR algorithm. Protein identifications were accepted if they could be established at

greater than 95.0% probability and contained at least 2 identified peptides. Protein probabilities were assigned by the Protein

Prophet algorithm. Proteins that contained similar peptides and could not be differentiated based on MS/MS analysis alone were

grouped to satisfy the principles of parsimony. Proteins sharing significant peptide evidence were grouped into clusters.

MsViz software (Martı́n-Campos et al., 2017) was used to compare sequence coverage and phosphorylation of the AMPK alpha 2

protein in the in vitro experiments.

HPLC
Cells were grown in 10 cm dishes and treated as indicated in the figure legends. Culture medium was removed by aspiration, rinsed

with ultra pure water, flash frozen with liquid nitrogen, thawed on ice, and followed by immediate addition of ice-cold 0.4M perchloric

acid (500 ml). Cells were scrapped off thoroughly, and transferred to 1.5 mL microfuge eppendorf tubes. Samples were incubated at

4�C for 45 min, and centrifuged at 14,000 rpm at 4C for 10 min. The supernatant (500 ml) was collected, mixed with 500ml K2CO3 4M,

and incubated at least 1h at �80�C. The samples were again centrifugated at 4C for 10 min, the supernatant collected and tested

on HPLC.

External standards stocks were prepared in ultra pure water, at 10 mg/ml, and treated in exactly the same way as the samples.

For normalization, protein measurements were performed using a Pierce BCA Protein Assay protocol (Thermo Fisher Scientific). In

parallel DNA was extracted from the pellets and quantified.

The gradient elution was performed as described (Manfredi et al., 2002) on a 4.6-mmi.d, 150-mm, Kinetex 5u EVOC18 100A HPLC

column (Phenomenex) with two buffers at a rate of 0.5ml/min. Buffer A contained 25mMNaH2PO4, 100mg/liter tetrabutylammonium

hydrogen sulfate, pH 5. Organic buffer B was composed of 10% (v/v) acetonitrile in 200mMNaH2PO4, 100 mg/liter tetrabutylammo-

nium hydrogen sulfate, pH 4.0. Buffers were filtered and degassed. The gradient was 100% buffer A from 0–5 min, 100% buffer A to

100% buffer B from 5–20min, and 100% buffer A from 20 to 31min for column reequilibration, which was sufficient to achieve stable

baseline conditions. 25 ml of prepared sample was autoinjected and UV monitored at 260nm from 0 to 31 min for phosphorylated

nucleotides. Peaks were identified by their retention times and by using co-chromatography with standards.

Each standard of interest was first subjected to chromatography individually to obtain its retention time (Manfredi et al., 2002) and

to be able to later identify each compound in a standard mixture. A standard curve for each compound was constructed by plotting

peakheight s (lV) versus concentration. Linear curves were obtained with R2 values > 0.95. The quantification of nucleotides in the

sample was performed using the external standard calibration, integrating sample peak heights against corresponding standard

curves.

mRNA analysis
Muscle tissues were grinded to powder in liquid nitrogen. mRNAs from muscle was isolated using TRIREAGENT according to the

manufacturer’s protocol. One microgram of the RNA was subsequently reverse-transcribed (Superscript II, Life Technologies)

and quantified via real-time quantitative PCR using an ABI 7900HT instrument. qPCR analysis was performed using a 7900HT

Fast Real-Time PCR System (Applied Biosystems) and SYBR Green detection of the amplified products. The relative quantification

for a given gene was corrected to RS9 mRNA values (oligonucleotide sequences are provided in Table S3).

QUANTIFICATION AND STATISTICAL ANALYSES

The results were expressed asmeans ± standard error of themeans (s.e.m). Comparisons between 2 groups were performedwith an

unpaired 2-tailed Student’s t test and multiple group comparisons were performed by unpaired 1-way ANOVA followed by Tukey’s

test and 2-way ANOVA, followed by Tukey’s test. All p-values below 0.05 were considered significant. Statistical significance values

were represented by asterisks corresponding to *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.
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leading to maladaptation and disease, i.e., obesity and asso-
ciated disorders.

Adipose tissue, which is composed mostly of adipocytes, 
is a major endocrine organ and plays a key role in energy 
homeostasis. Hence, adipose tissue is an important player 
in the development of obesity-induced insulin resistance, 
and therefore in the onset of the metabolic syndrome [19].

Three types of adipose tissue: white adipose tissue 
(WAT), brown adipose tissue (BAT), and brite adipose tissue 
(or beige adipose tissue) have been identified [70]. The main 
functions of WAT are to store excess energy in the form 
of triglycerides (TGs), and to produce numerous hormones 
(adipokines) [52]. In contrast, brown and brite adipose tis-
sues oxidize substrates and dissipate energy in the form of 
heat [23]. Excessive WAT promotes obesity and related 
diseases, whereas the activity of brown and brite adipose 
tissues has a positive effect in metabolic health. Therefore, 
gaining insight about the regulation of the function of the 
different adipose tissue depots can pave the way for new 
therapies to counteract obesity and obesity-associated meta-
bolic diseases.

Cell cycle regulators respond to extracellular stimuli, 
control the progression through the cell cycle, and ensure 
the different quality control checkpoints for cell duplication. 
Cell cycle dependent kinases (CDKs), cyclins, and CDK 
inhibitors of the CIP/KIP (CDK inhibitors (CKIs)) and INK4 
families, as well as the pocket proteins of the retinoblastoma 
family and the E2F transcription factors, are major com-
ponents of the cell cycle regulatory machinery. The activ-
ity of the CDKs is positively regulated by their interaction 
with their regulatory subunits, the cyclins. They can also 
be negatively regulated by their interaction with CKIs and 
INK4 family members. Upon mitogen activation, CDK4/6 
and CDK2, with the D-type and E-type cyclins respectively, 
phosphorylate the retinoblastoma proteins (pRB, p107 

Abstract In the course of the last decades, metabolism 
research has demonstrated that adipose tissue is not an inac-
tive tissue. Rather, adipocytes are key actors of whole body 
energy homeostasis. Numerous novel regulators of adipose 
tissue differentiation and function have been identified. With 
the constant increase of obesity and associated disorders, the 
interest in adipose tissue function alterations in the XXIst 
century has become of paramount importance. Recent data 
suggest that adipocyte differentiation, adipose tissue brown-
ing and mitochondrial function, lipogenesis and lipolysis 
are strongly modulated by the cell division machinery. This 
review will focus on the function of cell cycle regulators in 
adipocyte differentiation, adipose tissue function and whole 
body energy homeostasis; with particular attention in mouse 
studies.

Keywords Cell cycle · CDKs · Cyclins · Adipose tissue · 
Metabolism · Obesity · Insulin resistance

Introduction

Metabolic adaptation to dietary consumption and compo-
sition involves changes in the pattern of gene expression 
that allow the organism to optimally utilize, and respond to, 
available nutrients. However, excess intake of certain nutri-
ents will interfere with body homeostasis and physiology, 
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and p130), thereby releasing the E2F transcription factors 
and allowing the transcription of genes necessary for the 
G1/S transition and for DNA synthesis [47]. CDK2 and 
CDK1, with the A-type and B-type cyclins, respectively, 
ensure the progression of the G2 and M phases (Table 1 
and Fig. 1). To prevent unhealthy cells from proliferating, 
several quality control checkpoints trigger cell cycle arrest 
to permit either the repair of identified defects, or to prevent 

the multiplication of the severely injured cells [51]. These 
checkpoints are controlled, amongst other, by the ATM/ATR 
and CHK1/CHK2 kinases [2, 83]; as well as by the tran-
scriptional regulator p53 [33] (Fig. 2).

Growing evidence about the regulatory crosstalk between 
metabolic pathways, cell cycle progression and cell divi-
sion is found. Our laboratory and others have shown that 
cell metabolism is reprogrammed through the regulation of 

Table 1  Cell cycle regulators

Cell cycle stage Cyclins CDKs Function

G1 CCND1, CCND2, CCND3 CDK4, CDK6 Respond to external stimuli and mitogens. CDK4/6 activation initiates the phos-
phorylation of key substrates including Rb. Rb phosphorylation by CDK4/6 
releases E2F1 to regulate the transcription of cell cycle related genes

G1/S CCNE1, CCNE2 CDK2 CDK2/CCNE complexes contribute to the hyperphosphorylation of Rb and to the 
initiation of DNA replication. Induction of histone synthesis

S CCNA1, CCNA2 CDK1, CDK2 Duplication of the genome. Targets helicases and polymerases
G2/M CCNB1, CCNB2, CCNB3 CDK1 CDK1/B-type cyclin complexes are the major regulator of G2/M transition. 

CDK1/B-type cyclin complexes also act by priming certain substrates (includ-
ing INCENP and BubR1) for phosphorylation by another mitotic kinase, polo 
kinase (Plk1)

M CCNB1, CCNB2, CCNB3 CDK1 The activation of CDK1/B-type cyclin complexes promotes mitosis progression in 
the absence of DNA damage and following appropriate preparation for chromo-
somal segregation

Fig. 1  Cell cycle regulators participate in adipose tissue func-
tion. Stimuli and CAK (CDK-activating kinase CDK7/CyclinH/
MAT1) induced activation of the cyclin D-CDK4/6 complex early 
in G1 phase leads to the partial inactivation of the pocket proteins, 
pRB, p107 and p130. Inactivated pocket proteins will release E2Fs 
transcription factor activity and thus, allow the expression of genes 
necessary for the G1 > S transition. Next, CDK2 is active, as a com-
plex with cyclin E or A-type cyclins, during S phase and G phase. 

Finally, CDK1 with B-type cyclins, will drive cells through mitosis. 
Cell cycle checkpoints are depicted in black. Upon activation, CDK4 
also participates in white adipocyte differentiation and function by 
directly phosphorylating PPARγ, CEBPα and IRS2. The activation of 
CDK4, via the E2F transcription factors also triggers the transcrip-
tion of adipogenic genes, PPARγ, and PGC1α. Moreover, CDK7 also 
phosphorylates PPARγ
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metabolic processes, like lipogenesis, lipolysis and mito-
chondrial function [43, 49, 72] by various cell cycle regula-
tors. In this review, we describe the recent advances in the 
study of the regulation of white, brown, and brite adipocytes 
by cell cycle regulators in cellular models of adipose tissue 
and mouse models, and discuss what is currently known in 
humans.

The role of the CDK4‑pRB‑E2F1 pathway 
in adipose tissue function

Our laboratory has been focusing for a long time in the 
function of the CDK4-pRB-E2F1 pathway in the control 
of metabolism. We, and others, have clearly demonstrated 
that these G1 and S-phase cell cycle regulators unequivo-
cally control metabolic processes, to ensure the metabolic 

reprogramming required for cell cycle, and independently 
of cell cycle [4, 49, 72].

Indeed, E2F1 was demonstrated to be a positive regula-
tor of adipogenesis, whereas E2F4 is a negative regulator of 
adipocyte differentiation [28]. This regulation takes place 
through the control of the key adipogenic regulator PPARγ. 
In agreement with this finding, it has been shown that pRB, 
the pocket protein that represses E2F1 transcriptional activ-
ity, plays numerous roles in adipogenesis, as reviewed by 
[31]. Moreover, CDK4 and one of its partners, cyclin D3, 
can also promote adipocyte differentiation via the direct acti-
vation of PPARγ [1, 73].

Cyclin D1 and cyclin D3, two possible partners of CDK4, 
have independently been revealed to play opposite roles in 
adipogenesis, since cyclin D3 has been shown to promote 
adipogenesis [73], whereas cyclin D1 inhibits both PPARγ 
activity and adipogenesis [30]. These findings are in agree-
ment with the discovery that the association between CDK4 
and cyclins D2 and D3 increases during adipocyte differen-
tiation, whereas the association between CDK4 and cyclin 
D1 is limited to the proliferative phase and the clonal expan-
sion of 3T3-L1 adipocytes [66].

Studies using mouse models have further underscored 
the role of the CDK4-pRB-E2F1 pathway in metabolism, 
since transgenic animal models for these proteins exhibit 
marked metabolic phenotypes. For instance, E2f1−/− mice 
and Ccnd3−/− mice are resistant to high-fat diet-induced 
obesity and show increased insulin sensitivity [26, 28, 73]. 
E2f1−/− mice also exhibit increased oxidative metabolism 
in brown adipose tissue [11]. pRB adipose-specific knock-
out [24] are protected from diet-induced obesity and exhibit 
browning of the white adipose tissue, and pRB haploinsuf-
ficient animals express brown adipocyte-related genes in 
white adipose tissue [65]. Furthermore, like pRB deficient 
animals, mice lacking p107 are lean and displayed a conver-
sion of WAT into BAT [74]. Additionally, mice lacking p130 
showed a marked reduction in subcutaneous fat [79].

The above-mentioned studies highlight the dual role of 
cell cycle regulators in adipogenesis and mature adipocyte 
function. On the one hand, the positive cell cycle regulators 
CDK4, Cyclin D3 and the transcription factors E2F1 pro-
mote adipocyte differentiation by promoting PPARγ expres-
sion or activity [1, 28, 73]. This positive effect on PPARγ 
can partially explain the protection from diet-induced obe-
sity observed in E2f1−/− mice and Ccnd3−/− mice [26, 73].

On the other hand, the negative cell cycle regulators of 
the retinoblastoma family play controversial roles in adi-
pogenesis. The lack of pRB inhibits adipogenesis in 3T3 
and MEF cells [22, 24], whereas the lack of p107 and p130 
increases the differentiation potential in 3T3 cells [22]. 
However, pRB can directly repress PPARγ thus the lack of 
pRB promotes adipogenesis in the presence of PPARγ ago-
nists [27]. Despite the dual role of retinoblastoma proteins 

Fig. 2  Negative cell cycle regulators participate in adipose tissue 
function. Obesity induces the accumulation of damaged DNA and 
oxidative stress. It has also been linked to shortened telomeres and 
to increased senescence. This processes trigger the induction of the 
cell cycle checkpoint control and lead to the activation of p53. p53 
will then participate in the onset of insulin resistance. Therefore the 
adipose-specific p53 KO protects from diet-induced insulin resist-
ance. p21 is a transcriptional target of p53, and p21−/− mice are also 
protected against diet-induced obesity and insulin resistance. On the 
other hand, p57−/− mice lack proper brown function, suggesting that 
the CKIs members play independent roles in adipose tissue function. 
The role of the kinases upstream p53 (ATM, ATR, CHK1 and CHK2) 
remains to be studied
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in adipogenesis, pRB-, p107- and p130- deficient mice are 
also leaner than their control counter parts [24, 65, 74, 79]. 
However, the use of the adipose-specific model in the Dali-
Youcef et al. allows focusing on the function of pRB in 
mature adipocytes.

The similarities between pRB-, p107- and p130-deficient 
mice, which are expected to have increased E2F1 activ-
ity, and E2f1−/− mice underscore the importance of E2F1 
both as a transcriptional repressor, when complexed with a 
pocket protein, and as a transcriptional activator. Moreover, 
they suggest that there are other factors implicated in the 
regulation of gene expression by the pocket protein/E2F1 
complexes.

Finally, Cdk4nc/nc mice, expressing CDK4 only in pancre-
atic beta cells, have decreased fat mass, and exhibit insulin 
resistance; whereas Cdk4R24C/R24C mice, carrying a point 
mutation that prevents the interaction between CDK4 and 
the INK4 family members, have increased fat mass and 
improved insulin sensitivity in an E2F1-independent man-
ner, via increased phosphorylation of the IRS2 protein [43]. 
Recombinant adeno-associated virus (AAV) were used to 
trigger an acute deletion of CDK4, and formally prove that 
the effects of CDK4 in the insulin signaling pathway are due 
to the modulation of terminally differentiated adipocytes, 
and not to its role in adipogenesis [43]. This finding suggests 
that CDK4 and D-type cyclins may have other cell cycle 
independent functions in metabolic tissues that remain to 
be discovered.

Cell cycle regulators have been shown to modulate adi-
pose tissue via the regulation of master metabolic regulators 
like PPARγ, PGC1α and IRS2 [1, 11, 43]. These findings 
place the CDK4-pRB-E2F1 axis as a key sensor of metabo-
lism at the cellular and at the organismal level.

The role of CKIs in adipose tissue function

The CKIs (CDK inhibitors), namely  p21Cip1,  p27Kip1, and 
 p57Kip2, inhibit CDKs in a stoichiometric manner [15]. How-
ever, they have also been proposed to stabilize the complexes 
formed between CDK4 and the D-type cyclins [10, 17, 42]. 
p21 has been shown to increase during adipocyte differentia-
tion. Its inhibition prevents adipogenesis [41]. In agreement 
with these findings, p21 knockout male mice are resistant 
to diet-induced insulin resistance and obesity [41]. Sur-
prisingly, it has also been reported that p21 knockout, p27 
knockout and p21/p27 double knockout female mice have 
increased adiposity, suggesting a repressive synergistic role 
of p21 and p27 in adipose tissue hyperplasia [59]. However, 
the molecular mechanisms by which p21 and p27 modulate 
the onset of obesity have not yet been established.

Interestingly, the overexpression of p57 leads to an 
increase of BAT and BAT-like depots within white adipose 

tissue in mice. This increasing brown and brown-like func-
tions trigger a lean phenotype. Conversely, the mice that 
are deficient for p57 lack functional BAT. This is due to the 
effect of p57 in the stabilization of PRDM16, a key factor 
for brown fat development [77].

Despite our finding that CDK4 activity is positively cor-
related with adiposity and with insulin signaling using the 
R24C model [43], the exact role of the INK4 inhibitors in 
adipose differentiation and function remains to be studied.

The role of atypical cell cycle regulators in adipose 
tissue function

Cell cycle CDKs (CDK1, CDK2, CDK4 and CDK6) play 
important roles in the control of cell division. Out of these 
CDKs, only CDK4 has been demonstrated to play a role in 
adipose tissue metabolism. A second subset of CDKs plays 
roles outside cell cycle, like CDK5, or rather regulate tran-
scription in response to several extra- and intracellular cues 
[50]. CDK5, CDK7 and CDK9 are of particular interest for 
this review.

CDK5 is considered an atypical CDK because it is acti-
vated by the non-cyclin proteins Cdk5R1 (p35) or Cdk5R2 
(p39), and because it does not require the phosphorylation 
in the T-loop to be active [18]. Even if CDK5 is ubiquitously 
expressed, the expression of p35 and p39 is restricted to 
specific cell types [18]. Obesity has been demonstrated to 
increase the expression/activity of CDK5 in adipose tissue, 
thus triggering direct phosphorylation of PPARγ S273. The 
activation of CDK5 in obesity is mediated by the cleavage of 
p35, into the more active p25 [20, 21]. Surprisingly, the adi-
pose-specific knockout of CDK5 leads to increased PPARγ 
S273 phosphorylation, because of a lack of repression of 
CDK5 on kinase MEK2 [9], underscoring the complexity of 
the regulation of insulin sensitivity in adipose tissue.

CDK7, and its partners MAT1 and cyclin H, have essen-
tial roles in both the cell cycle, as a CDK-activating kinase 
(CAK) that functions upstream cell cycle CDKs, and in tran-
scriptional initiation as the kinase submodule of the general 
transcription factor TFIIH [25]. The CDK7-cyclin H-MAT1 
complex was shown to repress adipocyte differentiation by 
directly phosphorylating PPARγ. Accordingly, the levels of 
MAT1 and CDK7 decrease during adipocyte differentiation, 
and Mat1−/− MEFs exhibit increased adipocyte differentia-
tion [37].

CDK9, as the catalytic subunit of p-TEFb, controls the 
elongation phase [63]. The inhibition of the activity of 
CDK9 results in decreased adipogenesis, since CDK9 inter-
acts with, phosphorylates and activates PPARγ. Importantly, 
the expression of CDK9 is increased in the adipose tissue in 
two models of obesity in mice: the high-fat diet model, and 
the db/db model [40].
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Overall, these results suggest that CDK5 and the tran-
scriptional CDKs, CDK7 and CDK9, play precise roles 
in metabolic tissues and therefore in whole body energy 
homeostasis.

Other atypical cell cycle regulators include the highly 
conserved, membrane bound, cyclin Y, which activates the 
poorly characterized CDK16, CDK17 and CDK18 [53]; 
and the G1 and G2 cyclins that actually oppose cell cycle 
progression. The expression of cyclin G2 is higher in dif-
ferentiated cells and cell cycle arrested cells. It is believed 
to actually promote the quiescent state of terminally differ-
entiated cells and has no associated kinase activity [82]. The 
expression of cyclin G2 is increased during adipocyte dif-
ferentiation, and it promotes PPARγ-dependent transcription 
[3]. Cyclin G2 is also expressed in mature adipocytes, most 
likely to maintain the quiescent state in those differentiated 
cells [82].

Cyclin Y deficiency leads to impaired adipogenesis, and 
cyclin Y-deficient animals have decreased fat mass, are 
resistant to high-fat diet-induced obesity, and show increased 
BAT function and overall metabolic rates [5].

The role of the cell cycle checkpoint regulators 
in adipose tissue function

Proper cell cycle progression requires a tight quality con-
trol. This quality control relies on three major checkpoints: 
the G1/S checkpoint, the S-phase checkpoint and the G2/M 
checkpoint (Fig. 2). ATM/ATR, CHK1/CHK2 and p53 are 
master regulators of these checkpoints.

Interestingly, p53 is a dominant regulator of the CDK 
inhibitor p21 [7, 75]. It exerts a negative effect in white 

adipocyte differentiation, but a positive effect in brown adi-
pocyte differentiation [56, 57]. p53 expression levels remain 
stable during adipocyte differentiation; however, the phos-
phorylation levels of S15 and S20 are increased during the 
terminal steps of adipocyte differentiation [41].

Importantly, the expression of p53 in WAT is tightly 
entangled in the development of insulin resistance. Indeed, 
the excessive energy intake that characterizes the western 
diet leads to the accumulation of oxidative damage in WAT. 
This leads to the increased expression of the tumor suppres-
sor p53 [54], perhaps due to an increase in the levels of DNA 
damage, and to a decrease in telomere length [78].

Despite the fact that the full KO of p53 have increased 
sensitivity to high-fat diet-induced obesity [56], adipose-
specific inhibition of the activity of p53 corrected the diet-
induced inflammation and insulin resistance, but not the 
diet-induced increase in fat mass; whereas the overexpres-
sion of p53 triggered increased inflammation in adipose tis-
sue, and therefore, insulin resistance [54]. The observations 
made in p53 adipose-specific knockout animals suggest that 
p53 plays a dual role in adipose tissue function by repressing 
adipocyte differentiation and by triggering stress-induced 
inflammation in mature adipocytes.

The importance of oxidative stress and p53 in the onset of 
insulin resistance was further demonstrated by the fact that 
mice carrying a germline mutation replacing the p53 S15, 
which is phosphorylated by ATM upon stress, with an ala-
nine have severe defects in glucose homeostasis and develop 
insulin resistance [6]. It is worth noting that an increase of 
p53 levels was also observed in omental adipose tissue in a 
cohort of human obese patients [60].

Moreover, trp53−/− mice are protected against ghrelin-
induced gains in body weight and fat mass. However, it is 

Table 2  Mouse models

Cell cycle regulator Phenotype References

Cdk4 KO Lean, decreased fat mass, insulin resistant [43, 69]
Cdk4 R24C Overweight, increased fat mass, increased insulin sensitivity [43, 69]
Cyclin D3 KO Resistant to high-fat diet, smaller adipocytes [73]
E2F1 KO Increased oxidative activity in brown adipose tissue [11]
Rb, adipose tissue-specific KO Decreased body weight and fat content, increased mitochondrial activity in WAT and BAT [24]
Rb+/− Reduced in body fat content, improved blood lipids, enhanced insulin and leptin sensitivity [65]
p21 KO Resistant to high-fat diet [41]
p21, p27 DBKO Increased body weight and adipocyte hyperplasia [41]
p107 KO Less differentiated WAT depots and browning of WAT [74]
Cdk5, adipose tissue-specific KO Insulin resistant, increased of fasting insulin, no change in body weight and glucose toler-

ance
[9]

CCNY KO Decreased total body fat mass and smaller adipocytes [5]
p53, adipose tissue-specific transgenic Accumulation of oxidative stress, increased senescence and inflammation, increased insulin 

resistance
[54]

p53, adipose tissue-specific KO Reduction of oxidative stress, reduction of senescence and inflammation, reduced insulin 
resistance

[54]
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not clear if this is due to the effects of p53 in central nervous 
system, or directly in adipose tissue [68].

These recent findings concerning the role of p53 in adi-
pose tissue biology suggest that there could be a more gen-
eral, and largely unexplored, role for cell cycle checkpoint 
regulators in metabolism and adipose tissue biology, via 
peripheral and central mechanisms.

Human studies

Despite the increasing number of studies describing the 
function of cell cycle regulators in mouse and cellular mod-
els, relatively few studies have confirmed this in humans.

In cultured human mesenchymal stem cells, the inhibition 
of CDK4, a pro-adipogenic factor, reduces adipogenic poten-
tial [46]. In a similar way, antioxidants promote the prolif-
eration and adipogenic potential of human adipose-derived 
stem cells, partially via the upregulation of CDK4 and 
CDK2 and the downregulation of p21 and p27 expression 
[76]. E2F4, an anti-adipogenic factor, is decreased under 
rosiglitazone therapy in human adipose tissue samples [34].

The levels of cyclin D3 and E2F1, as well as the activity 
of CDK4, have been shown to be increased in adipose tis-
sue of obese patients [35, 43]. Interestingly, the expression 
of CDK4 is decreased in morbid obese patients with high 
insulin resistance, compared to low insulin resistant morbid 
obese patients [32].

The role of p53 in obesity was also confirmed in humans, 
since adipose tissue from diabetic subjects [54] or obese 
subjects [60] exhibit higher p53 expression. Moreover, 
aging, DNA damage and inflammation also correlate with 
increased p53 activation and decreased insulin signaling [54, 
78].

Overall, these studies in human confirm the proadipo-
genic function of the CDK4-pRB-E2F1 pathway, the role 
of CDK4-Cyclin D3 in insulin signaling and the anti-adipo-
genic function of E2F4; as well as the importance of the p53 
pathway in obesity and insulin resistance. Thus, the CDK4-
pRB-E2F1 and p53 pathways may be pharmacologically 
target to prevent obesity and/or the onset of the metabolic 
syndrome.

Concluding remarks

Proper adipose tissue function is required for whole body 
energy homeostasis and is an essential part of the metabolic 
flexibility at the level of the whole organism. Cell cycle 
progression requires great metabolic adaptation, and cell 
cycle regulators are emerging as a large class of sensors 
and effectors of this metabolic adaptation. In this review, 
we discussed how typical and atypical cyclins and CDKs, Ta
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cell cycle inhibitors, E2F transcription factors and the tumor 
suppressors pRb and p53 regulate diverse key functions of 
white adipose tissue, as well as its differentiation. Impor-
tantly, for most of these factors, roles in the proliferation 
and differentiation of progenitor cells and in mature adipo-
cytes have been identified. The frequent use of whole body, 
or constitutive knockout models; rather than tissue-specific 
knockouts and AAV-mediated approaches has not allowed 
to fully separate the function of these cell cycle regulators in 
adipogenesis from their function in mature cells.

Yet, the role of cell cycle regulators in brite and brown 
adipose tissue biology stands mostly unstudied. Likewise, 
the role of the cell cycle checkpoint kinases ATM/ATR, 
CHK1/CHK2, and of the INK4 family of CDK inhibitors 
in white and brown adipose tissue biology remains to be 
explored.

While some treatments for the obesity and associated 
pathologies are available, no therapeutic strategies, other 
than bariatric surgery have proven effective [53]. The study 
of the function of cell cycle regulators could lead to the iden-
tification of novel pathways [9] and therefore of promising 
therapeutic avenues in the long term, even if this may prove 
difficult due to the dose-limiting toxicities of drugs targeting 
cell cycle regulators [58].

Note

For the sake of clarity, key information concerning the role 
of cell cycle regulators in adipose tissue function, and the 
adipose tissue phenotypes of different mouse models that are 
of interest for this review are recapitulated in Tables 2 and 3.
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 Summary 

 CDK4 has been at the centerstage of cancer research for years. However, its role on 

cancer metabolism, especially in the mTOR signaling pathway, is as yet undefined. For the first 

time, in this study we connect CDK4 with lysosomes, the emerging metabolic organelles, 

crucial for mTORC1 activation. On one hand, we show that CDK4 phosphorylates the tumor 

suppressor FLCN, which regulates mTORC1 recruitment to the lysosomal surface in response 

to amino acids. On the other hand, we unravel that CDK4 has a direct role in lysosomal 

function and is essential for lysosomal degradation, ultimately regulating mTORC1 activity. We 

show here that chemical inhibition or genetic inactivation of CDK4, other than retaining FLCN 

at the lysosomal surface, lead to the accumulation of undigested material inside lysosomes, 

impairing the autophagic flux and inducing cancer cell senescence in vitro and xenograft 

models. Importantly, the use of CDK4 inhibitors in therapy results in cancer cell senescence 

but not in cell death. To overcome this resistance, and based on our findings, we increased 

the autophagic flux in cancer cells by using an AMPK activator in combination with a CDK4 

inhibitor. We prove that the cotreatment induces autophagy (AMPK), and impairs lysosomal 

function (CDK4), finally resulting in cell death and tumor regression. Altogether we uncovered 

a previously unknown role for CDK4 in lysosomal biology and propose a novel therapeutic 

strategy to kill cancer cells.  

 

Introduction 

 Cyclin-dependent kinase 4 (CDK4) has a well-established major role in cell cycle control 

(Malumbres and Barbacid, 2009) and CDK4-cyclin complexes are commonly deregulated in 

tumorigenesis (Deshpande et al., 2005). These complexes are of great interest as therapeutic 

targets, especially since the FDA has approved the specific CDK4/6 kinase inhibitors 

PD0332991 (palbociclib), LEE011 (ribociclib) and LY2835219 (abemaciclib) for treating 

advanced or metastatic hormone receptor (HR)-positive and HER2-negative breast cancer. 

Clinical studies using CDK4/6 inhibitors to treat other malignancies are being conducted 

(O'Leary et al., 2016).  

 Research from our group and others has shown that the role of CDK4 is not limited to 

the control of the cell cycle. Indeed CDK4 is also a major regulator of energy homeostasis 

(Aguilar and Fajas, 2010; Lee et al., 2014; Salazar-Roa and Malumbres, 2017) through E2F1-RB 

complex (Blanchet et al., 2011), AMP-activated protein kinase (AMPK) (Lopez-Mejia et al., 
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2017) and insulin receptor substrate 2 (IRS2) (Lagarrigue et al., 2016). Importantly, the CDK4 

pathway has been shown to cross-talk with the mechanistic target of Rapamycin (mTOR) 

pathway, which is a major regulator of cell growth and metabolism (Albert and Hall, 2015; 

Saxton and Sabatini, 2017). CDK4/6 inhibition attenuates mTOR Complex 1 (mTORC1) activity 

in some cancer models (Goel et al., 2016; Olmez et al., 2017), yet the effects of CDK4/6 

inhibitors on mTORC1 seem to be cell-type specific, since opposite results were found in 

pancreatic ductal adenocarcinoma (Franco et al., 2016). Given that mTOR activity is amplified 

in numerous cancer types and participates in the translational regulation of several oncogenic 

proteins, mTOR inactivation is an attractive strategy for cancer treatment (Wang and Sun, 

2009). The exact mechanism underlying the CDK4-mTOR cross-talk in mammals is unknown, 

although in Drosophila it occurs via the phosphorylation of TSC2 (Romero-Pozuelo et al., 

2017).  

Lysosomes, considered for years as only the digestive system of the cell, have since 

become key effectors in metabolism, due to their role as platforms in the activation of mTOR 

pathway (Bar-Peled and Sabatini, 2014; Dibble and Cantley, 2015; Puertollano, 2014). 

mTORC1 is recruited to the surface of lysosomes in a complex procedure sensitive to amino-

acids (Bar-Peled and Sabatini, 2014). Among the multiple regulators of this process, we 

focused on FLCN, a tumor suppressor which functions as a complex with its partner FNIP. 

FLCN-FNIP complex interacts with the Rag GTPases in the absence of amino acids repressing 

their activity, and when amino acids are sensed, FLCN-FNIP complex dissociate from Rag 

GTPases eliciting their activation. Rag GTPases activation is crucial for mTORC1 recruitment to 

lysosomes (Petit et al., 2013). Importantly, mTORC1 activation is also triggered by the 

accumulation of amino acids in the lysosomal lumen (Zoncu et al., 2011). Therefore, 

alterations in lysosomal function directly impact mTORC1 activity (Jia et al., 2018; Li et al., 

2013). For this reason, and because these organelles also play a role in cell survival and cell 

proliferation, lysosomes have become emerging targets for cancer therapy (Fehrenbacher and 

Jaattela, 2005; Martinez-Carreres et al., 2017; Piao and Amaravadi, 2016). 

In this study we reveal that CDK4 is capable of modulating mTORC1 activity in a direct 

manner, through the phosphorylation of FLCN, and in an indirect manner, by promoting 

lysosomal function. Indeed, CDK4 chemical inhibition or genetic inactivation prevent mTORC1 

recruitment to lysosomal surface, not only due to the lack of FLCN phosphorylation, but also 

because of the accumulation of undigested material inside the lysosomes. This lack of 
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lysosomal function, in turn, induces senescence in triple-negative breast cancer (TNBC) cells, 

as well as in a mouse xenograft model. CDK4 inhibition as single treatment reduces notably 

tumor size since cells enter to senescent programs. Moreover, a combination between AMPK 

activation and CDK4 inhibition was used in an attempt to trigger autophagy in conditions when 

lysosomes are dysfunctional, and results in cell death and tumor regression. This finding is of 

a high relevance in TNBC, a highly invasive and aggressive cancer type that does not have a 

clear therapeutic strategy yet (Elsamany and Abdullah, 2014).  

 

Results 

CDK4 activity is required for mTORC1 localization at lysosomes 

It was previously demonstrated that CDK4/6 inhibition results in the deregulation of 

mTORC1 in certain models of human cancer, suggesting a cross-talk between the two 

pathways (Franco et al., 2016; Goel et al., 2016; Olmez et al., 2017). To determine the cell-

type specificity of this cross-talk, eight human cancer cell lines were stimulated with IGF-1 to 

induce mTORC1 activation in the presence or absence of the CDK4/6 inhibitor LY2835219 

(abemaciclib). The efficiency of CDK4/6 inhibition was measured by RB-Ser780 

phosphorylation. Treatment with LY2835219 caused a decrease in p70S6K and 4E-BP1 

phosphorylation (two well-known targets of mTORC1 used as a readout of its activity), both 

in the unstimulated and in the IGF-1 stimulated conditions (Sup. Figure 1A). mTORC1 activity 

showed the highest sensitivity to CDK4/6 inhibition in CCRF-CEM, MDA-MB-231 and HT29 

cells, whereas IB115, MCF7 and PC3 were the least responsive. It is worth noting that, despite 

showing considerable mTORC1 inhibition, some cell lines showed only a mild decrease in AKT 

phosphorylation in the presence of LY2835219 (HCT116, IB115, MDA-MB-231, SKOV3, PC3), 

suggesting that the effects observed in mTORC1 activity were at least partially independent 

of decreased AKT signaling. 

We decided to focus our experiments on the triple negative breast cancer (TNBC) cell 

line MDA-MB-231 because it was one of the most responsive to CDK4/6 inhibition and due to 

the lack of a clearly defined treatment strategy for this cancer type.  We first investigated 

whether CDK4 inhibition or depletion affects the translocation of mTORC1 to the lysosomal 

surface, a key step for mTORC1 activation. We found that MDA-MB-231 wild-type (WT) cells 

treated with the CDK4/6 inhibitor LY2835219 or CDK4 knock-out (KO) MDA-MB-231 cells 

showed impaired translocation of mTORC1 to lysosomes in response to amino acids (Figure 
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1A–B) and decreased mTORC1 activity, as measured by the phosphorylation of 4E-BP1 and 

p70S6K (Figure 1C-D). Inhibition of glutaminolysis has been shown to prevent lysosomal 

recruitment and subsequent activation of mTORC1 (Duran et al., 2012). To check whether 

mTORC1 translocation was affected due to an impairment in glutamine metabolism, we 

treated MDA-MB-231 cells with a cell-permeable α-ketoglutarate analog. We found that α-

ketoglutarate stimulation could not rescue the defective translocation of mTORC1 to the 

lysosomal surface upon CDK4 inhibition or depletion (Sup. Fig 2 A-B), indicating that CDK4 

inhibition or depletion does not affect mTORC1 translocation to the lysosomal surface by 

impairing glutamine metabolism. 

 Interestingly, MDA-MB-231 cells lacking E2F1 showed normal mTORC1 translocation 

to the lysosomal surface and increased mTORC1 activation (Sup. Fig 2 C-D-E–F) but were still 

sensitive to CDK4 inhibition. This suggests that the effects of CDK4 on mTORC1 activity are 

independent of E2F1 transcriptional activity, pointing to other cell cycle-independent targets 

of CDK4. 

 

CDK4 regulates mTORC1 activity through phosphorylating FLCN 

Given the kinase properties of CDK4, we hypothesize that CDK4 potentially regulates 

mTORC1 pathway through phosphorylation of one of its regulators. To test our hypothesis, 

first, we performed a bioinformatics search of the proteins of mTORC1 pathway containing 

the putative phosphorylation site for CDK4: [ST]Px[KRP]. Due to the tight relationship of FLCN 

with lysosomes and nutrient sensing, we decided to focus on this protein. We performed in 

vitro kinase assays with CDK4/CycD3 recombinant protein and gluthatione S-transferase (GST) 

fusion of full length FLCN. The Mass Spectrometry analysis of post-translational modifications 

revealed that FLCN could be phosphorylated by recombinant CDK4/CycD3 at different sites, 

being S62, S73, T227 and S571 the ones with higher score (Figure 2A). Importantly, S62, S73 

and S571 phosphorylation sites were found when we overexpressed and immunoprecipitated 

FLCN in MDA-MB-231 cells upon amino acid and IGF-1 stimulation (Figure 2B). 

We, then, monitored the localization of overexpressed FLCN by immunofluorescence 

under amino acid depletion or stimulation in wild type MDA-MB-231 cells untreated or 

treated with LY2835219, and in CDK4 KO MDA-MB-231 cells. In the absence of amino acids, 

FLCN is localized at the surface of lysosomes, preventing mTORC1 recruitment to lysosomal 

surface. When amino acids are sensed, FLCN translocates to the cytoplasm, allowing the 
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RagGTPases to recruit mTORC1. Importantly, we found that FLCN is retained at the lysosomes 

in the presence of amino acids upon CDK4 inhibition or depletion (Figure 2C). Therefore, our 

results suggests that CDK4 phosphorylations on FLCN are necessary for mTORC1 activation.   

 

CDK4 inhibition or depletion increases lysosomal mass 

Lysosomal biogenesis is a biological process coordinated by transcription factor EB 

(TFEB), which is repressed by mTORC1. Under nutrient-rich conditions, TFEB is phosphorylated 

by mTORC1, causing its retention in the cytoplasm. By contrast, when mTORC1 is inactivated, 

unphosphorylated TFEB translocates to the nucleus and promotes the transcription of genes 

encoding numerous lysosomal and autophagic proteins (Puertollano, 2014). To test whether 

CDK4 inhibition or depletion affected TFEB transcription and the resulting upregulation of 

lysosomal biogenesis genes, we treated WT and CDK4 KO MDA-MB-231 cells with complete 

or serum-starvation media, with or without the CDK4/6 inhibitor LY2835219, and studied the 

expression of TFEB target genes.  As expected, under starvation conditions, WT MDA-MB-231 

cells showed an increase in the expression of genes regulated by TFEB (Figure 3A; cathepsins 

B and D and SQSTM1). Moreover, we found that CDK4/6 inhibition synergized with starvation 

to further increase the expression of those genes. CDK4 KO cells also presented increased 

expression of those genes under basal conditions, but no further increase was found upon 

CDK4/6 inhibition (Figure 3A). 

We next used LysoTracker staining and flow cytometry to look at the percentage of 

lysosome-positive cells upon CDK4 inhibition or depletion. The percentage of LysoTracker 

positive cells and the size of the LysoTracker positive particles were consistently and markedly 

increased in the absence of CDK4 activity (Figure 3B-C-D). Similarly, when we quantified the 

size of lysosomal-associated membrane protein 1 (LAMP1)-positive particles, we found a 

significant increase in lysosomal density in CDK4 KO cells compared to WT MDA-MB-231 cells 

(Figure 3E-F). These results suggested a new function of CDK4 in the control of lysosomal 

biology.  

 

CDK4 is required for lysosomal function 

It is well known that the inhibition of mTORC1 results in the induction of autophagy, a 

conserved catabolic process that triggers the degradation of intracellular constituents and 

organelles in the lysosome (Kaur and Debnath, 2015). To investigate the effects of CDK4 
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inhibition on autophagy, we treated MDA-MB-231 cells for 24h with LY2835219. Also we used 

the mTOR inhibitor rapamycin and serum-starvation (-FBS) media as autophagy inducers. 

Then, we measured the amounts of the autophagosome marker LC3-II and the degradation 

marker SQSTM1.  As expected, serum-starvation conditions, as well as mTOR inhibition by 

rapamycin, increased the amounts of the autophagosome marker LC3-II (Figure 4A-B, long 

exposure). CDK4/6 inhibition also increased LC3-II levels to the same extent (Figure 4A-B). 

Moreover, CDK4 KO cells showed increased levels of LC3-II in basal conditions and were more 

sensitive to starvation-mediated autophagic stimuli (Figure 4A-B). The observed increase of 

LC3-II levels suggested that there is either an increase of autophagosome biogenesis or an 

impairment of the autophagic flux. Indeed, these effects could be secondary to mTOR 

inactivation, since the decreased mTORC1 activity caused by CDK4 inhibition or depletion 

shown in Figure 1 could ultimately induce lysosomal biogenesis.  

To further study the autophagic flux, we treated cells as described above (Figure 4A-

B), including the addition of bafilomycin A1 (BafA1), a potent V-ATPase inhibitor that blocks 

autophagosome-lysosome fusion. In WT cells, under starvation conditions and in the presence 

of rapamycin treatment, BafA1 further increased LC3-II levels, indicating that rapamycin 

induces autophagosome biogenesis.  In contrast, in CDK4 KO cells or cells treated with CDK4 

inhibitor, BafA1 failed to cause any additional increase in LC3-II levels (Figure 4A-C). These 

results suggested that CDK4 does not directly participate in autophagosome biogenesis. On 

the other hand, no abnormal SQSTM1 accumulation was observed after CDK4 inhibition or 

depletion, despite observing a consistent SQSTM1 increase with BafA1 (Figure 4A). SQSTM1 

protein levels are often negatively correlated with autophagic degradation. However, it has 

been already observed that the expression of SQSTM1 does not always inversely correlate 

with autophagic activity, given that they can be restored during prolonged starvation (Sahani 

et al., 2014). 

Given that CDK4 inhibition or depletion result in an increase in lysosomal and 

autophagosomal markers, we next used transmission electron microscopy (TEM) to analyze 

the ultrastructure of these organelles in WT and CDK4 KO MDA-MB-231 cells incubated with 

serum-starvation media to trigger autophagy. As expected, serum-starvation medium induced 

autophagosome and lysosome formation in MDA-MB-231 WT cells. Interestingly, CDK4 KO 

MDA-MB-231 cells displayed higher densities of autophagosomes and lysosomes than WT 

cells, in agreement with our previous results. Moreover, TEM analysis revealed that the 
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lysosomes in CDK4 KO cells were full of electron-dense material, indicating that they 

accumulated undigested material inside the lysosomes under both complete and serum-free 

conditions (Figure 5A-B-C-D, Sup. Figure 3A). LY2835219 treated WT cells yielded the same 

results as CDK4 KO cells (Figure 5E-F-G-H, Sup. Figure 3B). To further investigate these 

observations, we measured intracellular lysosomal activity and cathepsin B activity and found 

that both were decreased in CDK4 KO cells (Figure 5I-J).  

Overall, these results suggest that CDK4 is fundamental for the activity of lysosomes 

and that its absence impairs autophagic flux at the lysosomal degradation step. 

 

Dysfunctional lysosomes, but not mTORC1 inhibition, induce senescence 

The above results suggest that CDK4 has a direct impact on lysosomal function and 

that CDK4 depletion or inhibition leads to the accumulation of enlarged and non-functional 

lysosomes that impair autophagic flux. Lysosomal processes are associated with aging and 

longevity (Carmona-Gutierrez et al., 2016), and the increase of lysosomal content is 

characteristic of senescence progression (Cho and Hwang, 2012). This led us to investigate the 

fate of cells lacking CDK4 activity. We therefore measured levels of proliferation, apoptosis 

and senescence in cells after treatment with CDK4/6 inhibitor. Analysis of Ki-67 levels showed 

that CDK4/6 inhibition significantly decreased the proliferation rate of cells in complete 

medium (Figure 6A). Yet, when the cells were serum-starved, no differences were observed 

in response to CDK4/6 inhibition (Figure 6A). Apoptosis, measured by Annexin V staining, was 

not significantly induced when cells were treated with the CDK4/6 inhibitor in complete 

medium (Figure 6B). A slight increase of apoptosis was seen when CDK4/6 inhibition was 

combined with serum starvation, but the overall percentage of apoptotic cells was relatively 

low (Figure 6B). Interestingly, when WT and CDK4 KO cells were incubated for eight days with 

LY2835219 in complete medium, we observed increased senescence, as measured by 

senescence-associated beta-galactosidase (SA-bGal) staining. Moreover, CDK4 KO cells in 

complete medium showed abundant SA-bGal staining under basal conditions, an indication of 

increased senescence (Figure 6C-D). When the same experiment was conducted in serum 

starvation conditions, senescence was induced in WT cells but was not further increased in 

CDK4 KO cells. To test whether these effects were dependent on mTORC1, we also treated 

cells with rapamycin. Levels of SA-bGal staining in the rapamycin treated cells were similar to 
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those of untreated cells, indicating that the induction of senescence in the absence of CDK4 

was not due to mTORC1 inhibition (Figure 6C-E).  

 To further characterize the senescent phenotype in cells lacking CDK4 activity, we 

additionally measured the expression of senescence markers in MDA-MB-231 WT cells 

cultured in complete medium after an eight-days treatment with DMSO, LY2835219 or 

rapamycin (Figure 6F). Consistently with the SA-bGal data, LY2835219 treatment induced the 

expression of most of the senescence-related genes evaluated (Figure 6F). Some of the genes 

that did not respond to CDK4/6 inhibition are p53-regulated genes, reinforcing the idea of a 

cell cycle-independent induction of senescence. It is worth noting that MDA-MB-231 cells lack 

CDKN2A, a p53 target gene that is known to promote cellular senescence. Additionally, similar 

to SA-bGal data in Figure 6C-E, mTOR inhibition by rapamycin failed to induce the expression 

of genes related to senescence. Only RKHD3 and IGFBP5 were induced by rapamycin, but 

always to a minor extent than with LY2835219 treatment (Figure 6F). 

Our results suggest that the lysosomal dysfunction induced by CDK4 inhibition or 

depletion is the cause of the senescent phenotype in these cells, and that mTORC1 inhibition 

is a secondary effect of the impairment of lysosomal function. In fact, SA-bGal derives from a 

lysosomal enzyme, and the increase of this parameter in senescent cells is likely due to an 

expansion of the lysosomal compartment (reviewed in Kuilman et al 2010).  

 

The CDK4 inhibitor LY2835219 alters lysosomal function, attenuates mTORC1 activity, and 

decreases tumor growth in a breast cancer xenograft mouse model 

To investigate the effects of CDK4/6 inhibition on lysosomal function in vivo, we used 

a breast cancer xenograft model created by injecting MDA-MB-231 cells into the mammary 

glands of NSG mice. Intratumoral inhibition of RB phosphorylation in mice treated eight days 

with LY2835219 compared with vehicle confirmed that CDK4/6 was effectively inhibited in the 

tumor (Figure 7A-B). Consistent with the previously observed anticancer activity of CDK4 

inhibition (Hamilton and Infante, 2016), we observed that the tumors from LY2835219-treated 

group halted their growth (Figure 7C) and reduced cell proliferation (Figure 7D-E) whereas the 

untreated ones continued growing and highly proliferating. Of note, the observed effects of 

CDK4/6 inhibition in tumor size are independent of the immune system in our model because 

NSG mice are immunodeficient. This was confirmed by the lack of immune cell infiltration in 

the H-E staining of the tumors in any of the groups (Sup. Figure 4A).   
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Consistent with our in vitro data, xenograft tumors treated with LY2835219 had 

increased expression levels of the lysosomal marker LAMP1 (Figure 7F-G) and increased 

expression levels of TFEB target genes (Sup. Figure 4B). In addition, LY2835219 treatment also 

decreased the activity of mTORC1, assessed by the phosphorylation of p70S6K Thr389 (Figure 

7H-I). Ultrastructural analysis by TEM confirmed that tumors from LY2835219 treated mice 

had higher densities of autophagosomes and lysosomes, and that those lysosomes 

accumulated non-digested material (Figure 7J-K-L-M, Sup. Figure 4C). Furthermore, we show 

that the tumors of mice treated with LY2835219, which harbored non-functional lysosomes, 

had increased SA-bGal staining (Figure 7N) and increased expression of senescence markers 

(Sup. Figure 4D), revealing that the tumor cells had become senescent, in agreement with our 

in vitro data. Together, these results further demonstrate that CDK4 plays an essential role in 

the regulation of lysosomal function in vivo, and that this alteration in lysosomal function 

leads to tumor cell senescence in a mouse model of breast cancer.   

 

The CDK4 inhibitor LY2835219 in combination with the AMPK activator A769662 induces cell 

death in breast cancer cells and tumors.  

Given that lysosomes are essential for autophagy, we set to determine the 

consequences of the activation of autophagy in conditions when lysosomes were 

dysfunctional. Thus, we tested the combination of LY2835219, to impair lysosomal function, 

with the AMPK activator A769662, to induce autophagy. Breast cancer xenografts of NSG mice 

co-treated for eight days with A769662 and LY2835219 showed smaller tumor size than the 

ones treated only with LY2835219, whereas tumors from mice treated only with A769662 

were similar in size than the untreated ones (DMSO group) (Figure 8A-B). Strikingly, the 

combination treatment resulted in tumor regression; almost 50% of the tumors decreased 

their size upon the co-treatment using both A769662 and LY2835219. In contrast, no 

reduction in tumor size was observed when individual drugs were used (Figure 8C-D). Cell 

proliferation in tumors, assessed by Ki67 staining, significantly decreased with LY2835219 

treatment. However, comparing this group with de co-treated group, there was only a light 

tendency for the percentage of Ki67 positive cells to further decrease in the co-treated group 

(Figure 8E-F).  Moreover, cleaved-Caspase-3 staining revealed a significant induction of 

intratumoral cell death when mice were co-treated with A769662 and LY2835219, which was 

at least six-fold higher than the apoptosis rate in mice treated with LY2835219 as a single 
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agent (Figure 8E-G). This result suggested that increased apoptosis was underlying the 

decrease in tumor size in the co-treatment group. 

In vitro studies with MDA-MB-231 cell line in culture were consistent with the in vivo 

data; CDK4 inhibition and AMPK activation as single treatments failed to induce cell death 

after one week treatment as shown by the low levels of Annexin V-positive cells (Sup. Figure 

5A). Only the combination of LY2835219 with A769662 increased notably the percentage of 

Annexin V-positive cells (Sup. Figure 5A).  

As previously reported, CDK4 inhibition resulted in the intratumoral decrease of RB 

phosphorylation, but no differences were observed between LY2835219 and the co-treated 

tumors (Figure 8H-I).  As for mTORC1 activity, LY2835219 treatment as well as AMPK activation 

decreased p70S6K phosphorylation (Figure 8H-J). However, mTORC1 inactivation by A769662 

treatment was not sufficient to decrease tumor size in our model. Importantly, and consistent 

with other studies (Lopez-Mejia et al., 2017), CDK4 inhibition was able to trigger AMPK 

activation, as observed with the increased phosphorylation of Acetyl-CoA Carboxylase (ACC), 

a known target of AMPK (Figure 8H-K).  

TEM analysis of the tumors revealed that the percentage of the autophagosome and 

lysosome area per cell was increased in the single treatments, as well as in the A769662 and 

LY2835219 co-treated group (Sup. Figure 5B-C-D). When we quantified the percentage of 

autolysosomes with digested material, we found that the mice co-treated with both A769662 

and LY2835219 still display a significant decrease in this parameter, despite LY2835219 as a 

single treatment showed a greater decrease (Sup. Figure 5B-E). The underlying mechanism of 

this apparent paradox could be that A769662 induced cell death only in cells in which 

LY2835219 treatment impaired lysosomal function. Indeed, some of the co-treated cells 

displayed mixed morphological features of apoptotic cell death (highly condensed chromatin, 

shrinkage of the cytoplasm) and autophagic cell death (numerous autophagosomes and 

autolysosomes, focal swelling of the perinuclear membrane (Sup. Figure 5B (indicated by *)).  

Taken together, these results showed that the combination treatment using A769662 

and LY2835219 provided a better outcome than LY2835219 alone, inducing cell death and 

tumor regression in the MDA-MB-231 breast cancer xenograft model.   

 

Discussion 
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We show here for the first time that CDK4 regulates lysosomal function and mTORC1 

activity in cancer cells. We demonstrate that CDK4, through phosphorylation of FLCN in 

specific residues, facilitates the migration of mTOR to the lysosomes in order to be activated. 

The abrogation of mTOR activation by depletion or chemical inhibition of CDK4 consequently 

resulted in a substantial increase in the numbers of lysosomes and autophagosomes. This 

proves that CDK4 is necessary for the dissociation of FLCN from the lysosomes, and for the 

subsequent recruitment and activation of mTORC1. 

 However, this increase was not correlated with greater lysosomal activity, which 

suggested that CDK4 has an mTOR-independent role in this process. Importantly, we prove 

that CDK4 inhibition or depletion leads to the accumulation of intra-lysosomal undigested 

material, which, through recycling of amino acids, might serve as a signal to mTORC1. mTORC1 

activation is initiated at the lysosome and requires the presence of amino acids, products of 

macromolecule degradation, in the cytosol, but also in the lysosomal lumen (Zoncu et al., 

2011). We show now that an additional mechanism by which CDK4 favors mTORC1 activation 

by promoting the digestion of proteins in the lysosome, in turn providing metabolic 

intermediates that sustain cell growth and survival via downstream effectors. This pathway 

would be particularly crucial during prolonged starvation conditions, such as the typical 

environment of some tumors.  

 Cells initially respond to nutrient deprivation by inactivating their energy-consuming 

processes, such as protein or lipid biosynthesis, and by activating catabolism. At the same 

time, other mechanisms are activated to recycle molecules to provide the cell with enough 

substrates and metabolic intermediates to survive – an important function of autophagy. In 

the long term, autophagy reactivates the mTORC1 pathway by replenishing the lysosomes 

with digested proteins and amino acids (Tan et al., 2017). CDK4 inhibition or depletion could 

therefore mimic a starvation signal. This hypothesis is in agreement with previous studies 

showing that CDK4/6 inhibitors induce autophagy (Bourdeau and Ferbeyre, 2016; Iriyama et 

al., 2018). We also observed an increase in the number of autophagosomes upon CDK4 

inhibition in this study. However, when analyzing the ultimate fate of the autophagosomes, 

we found that they accumulate due to the impairment of lysosomal degradation upon CDK4 

inhibition or depletion. Indeed, others have demonstrated that the inhibition of lysosomal 

activity causes decreased fusion with autophagosomes and vice-versa (Renna et al., 2011; 

Seranova et al., 2017; Settembre and Ballabio, 2014). In this study, we showed that inhibiting 
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or depleting CDK4, in addition to inducing autophagy, likely through mTORC1 inactivation, 

impairs the autophagic flux at the lysosomal degradation step. This observation may explain 

the increased susceptibility of CDK4 KO cells to autophagic stimuli.  

 We also found that CDK4 inhibition or depletion increased the expression of many 

lysosomal genes. It is well known that mTORC1 negatively regulates lysosomal biogenesis 

(Zhou et al., 2013). This could be secondary to mTORC1 inhibition, or due to a compensatory 

mechanism to create new lysosomes as the existing ones are dysfunctional and ensure their 

function.   

CDK4/6 inhibitors have been shown to accumulate into lysosomes, a phenomenon 

called lysosomal trapping (Llanos et al., 2019). However, the use of CDK4 KO cells in our work 

demonstrates that CDK4 rather stimulates lysosomal function, and that the lysosomal 

trapping of the drug is secondary to the lysosomal impairment induced by CDK4 inhibition. In 

addition, CDK4/6 inhibition has been found to result in proteasomal activation (Miettinen et 

al., 2018). Moreover, a negative-feedback exist between proteasomal activity and autophagic 

flux (Lee et al., 2019). Thus, the impairment of autophagic flux at the lysosomal degradation 

step can result in proteasomal activation and viceversa. 

Despite the known requirement for lysosomes in cell cycle progression (Hubbi et al., 

2014; Jin and Weisman, 2015), little is known about the relationship between lysosomes and 

senescence. Importantly, in eukaryotes, autophagy impairment via lysosomal dysfunction has 

been described to be an important characteristic of oxidative stress-induced senescence (Tai 

et al., 2017). Our findings suggest that the ultimate fate of cells that lack CDK4 is the activation 

of senescence due to lysosomal dysfunction. The absence of senescence when cells are 

treated with rapamycin further demonstrates that mTORC1 inactivation is a consequence of 

lysosomal impairment due to CDK4 inhibition or depletion. However, the CDK4 inhibitor 

induced lysosomal dysfunction, was not sufficient to induce cell death in the tumors of the 

treated mice. Instead, cancer cells were arrested, but were still alive, which explained that the 

tumor burden was not decreased, but only stabilized (Figure 7). We reasoned that further 

forcing the autophagic flux would create an additional stress that could kill these tumor cells. 

With this aim, we used the AMPK activator A769662, which is known to increase autophagy, 

in combination with the CDK4 inhibitor. Indeed, co-treatment of the cells resulted in increased 

cancer cell death and therefore tumor regression (Figure 8). This is a major finding that 

represents a paradigm switch regarding the use of CDK4 inhibitors for the treatment of cancer. 
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Strikingly, and consistent with our findings, CDK4 inhibitors are not efficient as a single drug 

in the clinical practice and are often used in combination with other drugs (Klein et al., 2018b; 

Ku et al., 2016; Michaloglou et al., 2018). 

We show here that the effects of CDK4 in MDA-MB-231 cells are independent of E2F1, 

the transcription factor modulated by CDK4 during the cell cycle. It has been reported, 

however, that E2F1 regulates lysosomal positioning and activates mTORC1 by promoting its 

recruitment to the lysosomal surface (Meo-Evoli et al., 2015; Real et al., 2011). This suggests 

a dual and complementary role for CDK4 in the regulation of the mTORC1 pathway: first, 

through regulation of the lysosomal function; and second, through FLCN phosphorylation .   

It was previously described that CDK4/6 inhibitors display anti-tumor activity only in 

RB-positive cells (Polk et al., 2016). In addition, it was unclear whether CDK4/6 inhibition had 

an effect on TNBCs. Our findings are consistent with other studies showing that CDK4/6 

inhibitors still have some effects on RB-negative cells (Rivadeneira et al., 2010), and that 

CDK4/6 inhibitors do have anti-tumor effects in TNBCs. Indeed, depending on the cell type, 

CDK4/6 inhibition triggers either a quiescence or senescence response, not necessarily via the 

canonical RB-E2F pathway (reviewed in (Klein et al., 2018a); (Brown et al., 2012)). 

Overall, the present study demonstrates a new role for CDK4 in the regulation of 

lysosomal function, which ultimately leads to senescence in cancer cells and mTORC1 

inactivation. , In addition, we highlight the importance of lysosomes in cancer and we propose 

that CDK4/6 inhibitors could be used in combination with other drugs to target lysosomal 

function as a novel anticancer strategy.  

 

Materials and Methods 

Materials 

LY2835219 (abemaciclib), a specific CDK4/6 inhibitor, was purchased from MedChem 

Express and used at a concentration of 0.5 µM for cancer cell lines. R3 human IGF-1 (I11146, 

Sigma) was used at a concentration of 30 ng/ml. Minimal Essential Media (MEM) Amino Acids 

Solution (50X, ThermoFisher) was used at the indicated concentrations. Rapamycin was kindly 

provided by Professor Pedro Romero (Université de Lausanne, Switzerland) and was used at 

the indicated concentrations. Bafilomycin A1 (BafA1) was purchased from Enzo Life Sciences 

(ALX-380-030-M001) and used at a concentration of 0.3 µM. 
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Cell culture and transfection 

The cancer cell lines MDA-MB-231, CCRF-CEM, HTC116, IB115, HT29, SKOV, MCF7 and 

PC3 were cultured in RPMI 1640 (1×) + GlutaMAX media (Life Technologies, USA) containing 

10% fetal bovine serum (FBS) (PAA Laboratories), 1% HEPES (Life Technologies) and 1% sodium 

pyruvate (Sigma).  

MDA-MB-231 CDK4 knockout (KO) and E2F1 KO stable cell lines were generated with 

CRISPR/cas9 technology. The lentiCRISPR v2 plasmid was a gift from Feng Zhang (Cambridge 

University, Cambridge, England; Addgene plasmid # 52961); a description of this plasmid can 

be found in Shalem et al. 2014 (Shalem et al., 2014). The pMD2.G and psPAX2 plasmids were 

gifts from Didier Trono (Université de Lausanne; Addgene plasmids # 12259 and # 12260, 

respectively). The target sequences for the guide RNA were as follows: 

 
CDK4 5’-CACCGCTTGCCAGCCGAAACGATCA-3’ 

5’-AAACTGATCGTTTCGGCTGGCAAGC-3’ 

E2F1 5’-CACCGTCTGACCACCAAGCGCTTCC-3’ 
5’-AACGGAAGCGCTTGGTGGTCAGAC-3’ 

 

The oligonucleotides were synthesized and cloned into the digested LentiCrispR vector 

as described by Shalem et al., 2014. Lentiviral production was based on the standard protocol 

established by Salmon and Trono, 2006 (Salmon and Trono, 2006). The resulting lentivirus 

(2ml) was then used to infect MDA-MB-231 cells for 72 hours. Infected cells were treated with 

5 μg/ml puromycin for five consecutive days. Western blotting was performed to ensure that 

the protein of interest was not expressed. 

For pRK5-FLAG-FLCN (Addgene #72290) transfection, cells were grown in 10cm 

diameter dishes. 10µg of plasmid were transfected with X-treme gene HP in a ratio 1:2 (µg 

DNA: µl reagent) in Optimem media. The following day the media was changed to the normal 

growing media, and cells were grown for 48h.  

 

Cell treatments 
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For insulin pathway stimulation, the different tumor cell lines were first treated with a 

CDK4/6 inhibitor (or the same volume of DMSO as a control) diluted in FBS-free media for 15 

h. The cells were subsequently treated with IGF-1 for 20 min before lysis or fixation. 

For amino acid stimulation, after a 15 h treatment with FBS-free media with or without 

the CDK4/6 inhibitor, the cells were incubated for two hours in KRBB media containing 111 

mM NaCl, 25 mM NaHCO3, 5 mM KCl, 2.5 mM CaCl2, 1 mM MgCl2, 25 mM HEPES, 25 mM 

glucose and dialyzed FBS with or without the CDK4/6 inhibitor. For the last 20 min, 2× MEM 

amino acids solution and 2 mM glutamine were added to the cells. 

 

Western blotting  

Cell lysates were obtained with M-PER mammalian extraction buffer (Thermo 

Scientific) containing 1:100 Halt phosphatase inhibitor cocktail (Thermo Scientific) and 1:100 

Halt EDTA-free protease inhibitor cocktail (Thermo Scientific). Lysate proteins were separated 

by SDS-PAGE and transferred onto nitrocellulose membranes. The membranes were 

incubated overnight at 4°C with the corresponding primary antibodies and then incubated 

with the corresponding secondary antibodies and developed with ECL. The band intensities 

on the developed films, fusion FX images and ChemiDoc images were quantified using the Fiji 

image-processing package (Schindelin et al., 2012). The following antibodies were used for 

Western blot analysis: anti-CDK4 (clone H22), anti-CDK6 (clone C21) and anti-RB (C15) from 

Santa Cruz Biotechnology; anti-phospho Rb-S780 (clone D59B7), anti-phospho P70S6K-T389 

(clone 108D2), anti-4E-BP1 (clone 53H11), anti-phospho AKT-T308 (clone 244F9), anti-

phospho AKT- S472/3 (clone D9E), anti-p70S6 kinase (49D7), anti-LC3B (polyclonal), anti-

SQSTM1 (polyclonal), anti AcetylCoA Carboxylase (p-ACC) (polyclonal) and anti phospho 

AcetylCoA Carboxylase (p-ACC) from Cell Signaling Technology; and anti-alpha-tubulin (clone 

DM1A) from Sigma-Aldrich. The bands were quantified with FIJI software (Schindelin et al., 

2012).  

 

Immunofluorescence 

For in vitro immunofluorescence, cells were grown on glass coverslips. After the 

different treatments or stimulation, the slides were rinsed with PBS once and fixed for 15 min 

with 4% paraformaldehyde in PBS at room temperature (RT). The slides were rinsed twice with 

PBS, permeabilized with 0.01% saponin for 10 min and blocked with PBS containing 2% BSA 
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and 0.05% Tween 20 for 30-60 min, then, incubated with the primary antibodies for 2-3 h at 

RT. After 3 washes with PBS, they were incubated with 1:1000 anti-mouse Alexa 488 and anti-

rabbit Alexa 561 secondary antibodies for 45 min. Finally, they were washed twice with PBS 

for 10 minutes, and the nuclei were stained with Hoechst (1:10000 in PBS). The coverslips 

were mounted with Fluoromont mounting media on the glass slides. Images were obtained 

with a Zeiss LSM710 inverted confocal microscope with a 63× objective. The following 

antibodies were used for immunofluorescence experiments: anti-mTOR (7C10), anti-FLCN 

(clone D14G9) and anti-Lamp1 (clone D401S) from Cell Signaling Technology (USA) and anti-

CDK4 (clone EPR4513) from Abcam. Images were processed with Fiji software (Schindelin 

et al., 2012). Colocalization was analyzed with JACoP (Just Another Colocalization Plugin) for 

ImageJ, and the volume of LAMP1 positive particles was analyzed with Imaris 9.0.0.  

 For fluorescence immunohistochemistry in tissue sections, mouse xenograft tumors 

were dissected, fixed in 4% paraformaldehyde and embedded in paraffin. Next, 4-µm sections 

were deparaffined with xylene and rehydrated in a graded ethanol series. Antigen retrieval 

was performed by heating the sections in the microwave at 750 W for 10 minutes in citrate 

buffer (0.01 M, pH 6). After cooling, the sections were washed with PBS, and blocked for 1 

hour with NGS 2.5%. Primary anti-LAMP1, Ki67 and Cleaved-Caspase-3 antibodies were 

incubated overnight at 4°C. The following day, the sections were incubated with the 

corresponding Alexa 488 or 568 secondary antibody and counterstained with DAPI. The 

sections were mounted and observed with a 20X objective and a fluorescence microscope. 

Images were processed and analyzed with Fiji software (Schindelin et al., 2012). 

 

Immunoprecipitation 

48 h after pRK5-FLAG-FLCN transfection, cells were lysated as described above with M-

PER buffer.  With 1 mg of total protein, FLAG was over night immunoprecipitated using FLAG-

M2 affinity gel. After some washes with buffer, the samples were analyzed by western 

blotting.  

 

GST production 

pDON-FLCN and pDON-RB were cloned in pDEST pGEX-2T and expressed in BL21 

bacteria. The GST-purified proteins were resuspended in 50mM Tris.HCl (pH 8), 100 mM NaCl, 

5 mM DTT and 20% glycerol buffer. 
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In vitro kinase assay 

Kinase assays were performed using GST-FLCN and recombinant RB protein (Santa 

Cruz) as a substrate in kinase buffer (25 mM Tris.HCl (pH 7.5), 150 mM NaCl, 10 mM MgCl2, 

1 mM DTT, 5 mM Na4P2O7, 50 mM NaF, 1 mM vanadate and protease inhibitor cocktail) with 

40 μM ATP  (PAMGENE ATP- Perkin Elmer) for 30 min at 30°C. RecombinantCDK4/cyclin D3 

kinase (ProQinase) were used. RB was used as positive control. Boiling the samples for 5 min 

in the presence of denaturing sample buffer stopped the reaction. As an experimental control, 

westernblot with RB samples was done with phospho-RB antibody. FLCN samples were 

analyzed by mass spectrometry.  

 

Mass spectrometry		

Protein samples were loaded on a 10% mini polyacrylamide gel, and after Coomassie 

staining visible band between 75 and 100 kDa corresponding to FLCN-GST or FLCN-FLAG 

construct was excised and digested with sequencing-grade trypsin (Promega) as described 

(Shevchenko et al., 2006). Extracted tryptic peptides were dried and resuspended in 0.05% 

trifluoroacetic acid, 2% (v/v) acetonitrile, for mass spectrometry analyses. 

Tryptic peptide mixtures were injected on an Ultimate RSLC 3000 nanoHPLC system (Dionex, 

Sunnyvale, CA, USA) interfaced to an Orbitrap Fusion Tribrid or to a QExactive Plus high 

resolution mass spectrometer (Thermo Scientific, Bremen, Germany). Peptides were loaded 

onto a trapping microcolumn Acclaim PepMap100 C18 (20 mm x 100 μm ID, 5 μm, 100Å, 

Thermo Scientific) before separation on a reversed-phase analytical nanocolumn at a flowrate 

of 0.25 μl/min, using a gradient from 4 to 76% acetonitrile in 0.1% formic acid (total time: 

140min). A custom packed nanocolumn was used with Fusion MS instrument (75 μm ID × 40 

cm, 1.8 μm particles, Reprosil Pur, Dr. Maisch), and an Easy-Spray PepMap C18 column was 

used with QExactive MS (50 cm x 75 μm ID, 2 μm, 100Å, Thermo Scientific). In Fusion 

instrument, full survey scans were performed at a 120’000 resolution, and a top speed 

precursor selection strategy was applied to maximize acquisition of peptide tandem MS 

spectra with a maximum cycle time of 3s. HCD fragmentation mode was used at a normalized 

collision energy of 32%, with a precursor isolation window of 1.6 m/z, and MS/MS spectra 

were acquired at a 15’000 resolution. Peptides selected for MS/MS were excluded from 

further fragmentation during 60s. In QExactive instrument, full MS survey scans were 
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performed at 70’000 resolution, and the 10 most intense multiple-charge precursor ions 

detected in the full MS survey scan were selected for higher energy collision-induced 

dissociation (HCD, normalized collision energy NCE=27 %) and analysis in the orbitrap at 

17’500 resolution. The window for precursor isolation was of 1.5 m/z units around the 

precursor and selected fragments were excluded for 60s from further analysis. 

MS data were analyzed using Mascot 2.6 (Matrix Science, London, UK) set up to search 

the SwissProt database (www.uniprot.org) restricted to Homo sapiens taxonomy (December 

2017 version, 20’245 sequences) and including common contaminants (keratins, digestion 

enzymes, etc.). Trypsin (cleavage at K,R) was used as the enzyme definition, allowing 3 missed 

cleavages. Mascot was searched with a parent ion tolerance of 10 ppm and a fragment ion 

mass tolerance of 0.02 Da. Iodoacetamide derivative of cysteine was specified in Mascot as a 

fixed modification. N-terminal acetylation of protein, oxidation of methionine, and 

phosphorylation of serine, threonine or tyrosine were specified as variable modifications. 

Scaffold software (version 4.8.4, Proteome Software Inc., Portland, OR) was used to 

validate MS/MS based peptide and protein identifications, and to perform dataset alignment. 

Peptide identifications were accepted if they could be established at greater than 90.0% 

probability by the Scaffold Local FDR algorithm. Protein identifications were accepted if they 

could be established at greater than 95.0% probability and contained at least 5 identified 

peptides. Protein probabilities were assigned by the Protein Prophet algorithm (Nesvizhskii et 

al., 2003). Proteins that contained similar peptides and could not be differentiated based on 

MS/MS analysis alone were grouped to satisfy the principles of parsimony. Proteins sharing 

significant peptide evidence were grouped into clusters. 

MsViz software (Martin-Campos et al., 2017) was used for comparison of sequence coverage 

and phosphorylation of FLCN protein in the different treatments. 

 

Flow cytometry 

To study cell death and proliferation following treatment with CDK4 inhibitors, the 

amounts of Annexin V-PE and Ki67 expression were measured by flow cytometry. Cultured 

cells were trypsinized and stained with Annexin V-PE (BioLegend, 640907) according to the 

manufacturer’s protocol, and the cells were analyzed on either a Gallios™ (Beckman Coulter) 

or LSR II flow cytometer (BD Biosciences). For intracellular Ki67 staining, cells were fixed and 

permeabilized (Biolegend) according to the manufacturer’s protocol. Cells were then 
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incubated with a permeabilization buffer that detects anti-Ki67-FITC (Biolegend) for 30 min 

on ice. After washing twice with permeabilization buffer, the cells were resuspended in PBS 

prior to analysis. For each sample, at least 10000 events were acquired. Flow cytometry 

analysis was performed with FlowJo software (Version 7.6.5, Treestar). 

 For the LysoTracker experiments, fluorescence was analyzed with an ImageStreem III 

Flow Cytometer. After treating the cells with the CDK4 inhibitor and/or IGF1, 100 nM 

Lysotracker Green DND-26 (Life Technologies) was added to live cells 1 h before fixation. The 

cells were then trypsinized and fixed in suspension with 4% PFA for 15 min at RT and washed 

twice with PBS. Nuclear staining was performed with DAPI, and the cells were resuspended in 

PBS with 2% FBS. For each sample, 10000 events were acquired at a magnification power 

equivalent to 60X. 

Flow cytometry was also used to analyze the intracellular lysosomal activity with a 

lysosomal intracellular activity assay kit (Cell-Based) (Biovision) according to the 

manufacturer’s instructions. Briefly, a self-quenched substrate was added to the cultured cells 

with freshly prepared media containing 0.5% FBS, incubated for one hour at 37°C with 5% CO2 

and trypsinized; 1000 events were acquired with an ACCURI C6 flow cytometer. All flow 

cytometry analyses were performed with FlowJo software (Version 7.6.5, Treestar). 

 
Quantitative Real-Time PCR Analysis. 

Total RNA was prepared using Trizol reagent (Sigma) and then reverse transcribed 

using Super Script II (Invitrogen). qPCR analysis was performed using SYBR green (Roche 

Diagnostics) and a 7900HT Fast Real-Time PCR System (Applied Biosystems). Relative mRNA 

expression levels were calculated from the comparative threshold cycle (Ct) values of the gene 

of interest relative to RS9 and TBP mRNA. Specific primer sequences are listed in Table S1, S2 

and S3. 

 

Table S1. Primers used for qPCR Analysis of Transcription Factor EB (TFEB) regulated genes 

(human) 

Gene Forward Reverse 

ATP6V0E1 CATTGTGATGAGCGTGTTCTGG AACTCCCCGGTTAGGACCCTTA 

ATP6V1H GGAAGTGTCAGATGATCCCCA CCGTTTGCCTCGTGGATAAT 
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CTSA CAGGCTTTGGTCTTCTCTCCA TCACGCATTCCAGGTCTTTG 

CTSB AGTGGAGAATGGCACACCCTA AAGAAGCCATTGTCACCCCA 

CTSD GCTGATTCAGGGCGAGTACATGAT TGCGACACCTTGAGCGTGTA 

CTSF ACAGAGGAGGAGTTCCGCACTA GCTTGCTTCATCTTGTTGCCA 

CTSL1 CACCGGCTTTGTGGACATC ATGACCTGCATCAATAGCAACA 

CTSO TAGATGCAGTGAGCTGGCAA AACGGAATCTGCAATACCACA 

LAMP1 ACGTTACAGCGTCCAGCTCAT TCTTTGGAGCTCGCATTGG 

SQSTM1 CACCTGTCTGAGGGCTTCTC CACACTCTCCCCAACGTTCT 

TFEB CCAGAAGCGAGAGCTCACAGAT TGTGATTGTCTTTCTTCTGCCG 

 

Table S2. Primers used for qPCR Analysis of Senescence genes (human) 

Gene Forward Reverse 

CDKN1A GACACCACTGGAGGGTGACT CAGGTCCACATGGTCTTCCT 

CDKN2A CCAACGCACCGAATAGTTACG GCGCTGCCCATCATCATG 

COL1A1 GGAGGAATTTCCGTGCCTGG CAATCCTCGAGCACCCTGAG 

CXCL14 GGACCCAAGATCCGCTACAG CTTCGTAGACCCTGCGCTTC 

MFAP2 AGCAGTGAACGGAGTCACAAA GCCGAGGAGTCACCTCTTGA 

MMP2 TGATGTCCAGCGAGTGGATG AAGAAGTAGCTGTGACCGCC 

P311 GGGGCTTTTGTCTGTTGGTC GAAGCCTTCCCTCCATGTCC 

RKHD3 GGGCGGCAAGGTTGTAAAAT TGTTCTTATTCCGGGAGGCG 

IGFBP5 GAAAGCAGTGCAAACCTTCCC AGGTGTGGCACTGAAAGTCC 

RBL2 CGGGATCTCTGTGCCAAACT ACTTCTATACACCTGGCTCCG 

 

Table S3. Primers used for qPCR Analysis of housekeeping genes (human) 

Gene Forward Reverse 

RS9 CACACTCTCCCCAACGTTCT ACCACCTGCTTGCGGACCCTGATA 

TBP TGCACAGGAGCCAAGAGTGAA CACATCACAGCTCCCCACCA 

 

Cathepsin B activity assay kit (fluorometric) 

Cathepsin B activity was assessed with a fluorometric kit (ab65300, Abcam). Cell lysates 

that contain cathepsin B cleave the synthetic substrate RR-AFC to release free AFC, which 
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emits fluorescence that can be measured. Cells were lysed with chilled cell lysis buffer 

provided in the kit; the lysates were then incubated on ice for 10-30 minutes and centrifuged 

for 5 minutes at 4°C. The supernatants were saved, and the protein concentrations were 

measured. In a 96-well plate, 200 µg of protein was loaded per well, and 50 µl of cathepsin B 

reaction buffer and 2 µl of 10 mM cathepsin B substrate Ac-RR-AFC (200 µM final 

concentration) were added. The plates were incubated at 37°C for 1 hour in the dark, and the 

fluorescence was measured with a Tecan plate reader (Ex/Em = 400/505 nm). 

 

Colorimetric detection of senescence-associated b galactosidase  

Senescence-associated b-galactosidase (SA-b-Gal) analysis was performed in cultured 

cells and mouse xenograft tumors. 

Cells in culture were fixed with 2% PFA and 0.2% glutaraldehyde for five minutes at RT, 

washed with PBS and stained with a solution containing 40 mM citric acid/Na phosphate 

buffer, 5 mM K4[Fe(CN)6] 3H2O, 5 mM K3[Fe(CN)6], 150 mM sodium chloride, 2 mM 

magnesium chloride and 1 mg ml − 1 X-gal in distilled water for 15h at 37°C. After staining, the 

cells were washed twice with PBS and once with methanol, and the plates were allowed to air 

dry. Bright field images were obtained with an upright light microscope (CarlZeiss) with a 20X 

objective. Positive cells and the total number of cells per field were counted manually. 

For SA-b-Gal analysis of mouse tumors, tissues were OCT embedded and stored at -

80°C. On the day of the experiment, the tissues were cut into 8-µm-thick sections and 

mounted onto glass slides. After air-drying for 30 minutes, the sections were fixed with 2% 

PFA and 0.2% glutaraldehyde and stained as previously for cultured cells. The sections were 

washed and counterstained with 0.1% Fast Red (Sigma). Images were taken at different 

magnifications with a bright field microscope. 

 
Electron microscopy 

Cells were plated on poly-L-lysine (0.01%, Sigma, catalog n°P4832)-coated glass slides 

(LabTek Chamber Slides, catalog n°177399) cultured for two days and treated with CDK4/6 

inhibitor or DMSO as control. The cells were then fixed for two hours in 2.5% glutaraldehyde 

(Electron Microscopy Sciences, catalog n°16220) dissolved in 0.1 M phosphate buffer (PB), pH 

7.4. After three washes with PB, the cells were post-fixed for one hour in 1% osmium tetroxide 
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(Electron Microscopy Sciences, catalog n°19150) in PB and then stained with 70% ethanol 

containing 1% uranyl acetate (Sigma, catalog n°73943) for 20 minutes. The cells were 

dehydrated in a graded alcohol series and embedded in Epon (Electron Microscopy Sciences, 

catalog n°13940). Mouse tumors were cut into small pieces (approximately 1 mm3) and then 

analysed in the same way as cells, outlined below.  

For EM analysis, mouse tumors and cultured cells were fixed in a 2.5% glutaraldehyde 

solution (EMS, Hatfield, PA, US) in PB for one hour at RT. Then, they were rinsed three times 

for five minutes with PB buffer and post-fixed with a fresh mixture of 1% osmium tetroxide 

(EMS, Hatfield, PA, US) and 1.5% potassium ferrocyanide (Sigma, St Louis, MO, US) in PB buffer 

for one hour at RT. The samples were then washed three times with distilled water and 

dehydrated in acetone solutions (Sigma, St Louis, MO, US) of graded concentrations (30%-40 

min; 50%-40 min; 70%-40 min; 100%-3x1 h). This was followed by incubation with Epon 

(Sigma, St Louis, MO, US) at graded concentrations (Epon 1/3 acetone-2 h; Epon 3/1 acetone-

2 h, Epon 1/1-4 h; Epon 1/1-12 h) and finally polymerization for 48 h at 60°C in an oven. 

Ultrathin sections of 50 nm were cut on a Leica Ultracut (Leica Mikrosysteme GmbH, 

Vienna, Austria) and picked up on a 2x1 mm copper slot grid (EMS, Hatfield, PA, US) coated 

with a polystyrene film (Sigma, St Louis, MO, US). Sections were post-stained with 4% uranyl 

acetate (Sigma, St Louis, MO, US) in H2O for 10 minutes, rinsed several times with H2O 

followed by Reynolds lead citrate in H2O (Sigma, St Louis, MO, US) for 10 minutes and then 

again with H2O several times. Micrographs were taken with a Philips CM100 transmission 

electron microscope (Thermo Fisher Scientific, Waltham, MA USA) at an acceleration voltage 

of 80 kV with a TVIPS TemCam-F416 digital camera (TVIPS GmbH, Gauting, Germany). Large 

montage alignment was performed using the Blendmont command-line program from IMOD 

software (Kremer et al., 1996) (for the in vivo analyses) or Adobe Photoshop CC 2015 (for in 

vitro analyses). 

The areas of autolysosomes, autophagosomes and cell cytoplasm were measured 

using ImageJ software. The densities of the autolysosomes and autophagosomes were 

expressed as a percentage of the cell area using the formula: area of the autolysosomes (or 

autophagosomes) / area of the cell cytoplasm x 100. The mean autolysosome area per cell 

and the percentage of autolysosomes containing degraded material per cell were also 

analyzed.  
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Animal studies  

MDA-MB-231 cells were injected into the fourth mammary gland of eight-week-old 

female NSG mice (NOD.Cg-PrkdcscidIl2rgtm1Wjl/Sz strain, The Jackson Laboratory). Tumor 

growth and body weight were measured twice per week until the tumor size of each mouse 

reached 50 mm3.  Optical imaging measurements using an IVIS Xenogen system were 

conducted on mice under anesthesia once per week for the duration of the study to follow 

the progression of the primary tumor.  

For the first experiment, mice were divided randomly into two groups, one (n=15) for 

treatment with vehicle (DMSO) and the other (n=15) for treatment with a CDK4/6 inhibitor 

(LY2835219, 75 mg/kg, formulated in 1% HEC in distilled water). The treatments were 

administered orally (gavage), with approximately 300 µl of solution (depending on the body 

weight) gavaged every day for a total of 8 days. During this time, body weight and tumor 

growth were also monitored. After eight days, the animals were anesthetized with isoflurane 

(3%) in an induction chamber for 3 minutes and were sacrificed by cervical dislocation. Tumors 

from n=10 mice from each treatment group were dissected and cut into two pieces; one piece 

was fixed in PFA for histological staining, and the other piece was snap frozen for protein and 

RNA analysis. Tumors from n=5 mice from each treatment group were processed for 

transmission electron microscopy analysis and SA-b-Gal staining. 

The injections and monitoring for second experiment was exactly the same. However, 

mice were divided into four groups of n=9-10 as follows:  

1. DMSO gavage + intraperitoneal injection (IP) NaCl 0.9% 

2. DMSO gavage + IP A-769662  (20mg/kg)  

3. LY2835219  gavage (75 mg/Kg) + IP NaCl 0.9% 

4. LY2835219  gavage (75 mg/Kg) + IP A-769662 (20mg/kg)  

As before, the CDK4/6 inhibitor LY2835219 was administrated orally (gavage) in 

approximately 350µl of volume (depending on the body weight). A-769662 was 

administrated by intraperitoneal injection (IP) of 100µl in saline solution (NaCl 0.9%).  
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Quantification and Statistical Analyses  

The results are expressed as the means ± standard error of the means (S.E.M.). 

Comparisons between 2 groups were performed with an unpaired two-tailed Student’s t test, 

and multiple group comparisons were performed by unpaired one-way ANOVA and two-way 

ANOVA, both followed by Tukey’s test or otherwise indicated. All p-values below 0.05 were 

considered significant. Statistically significant values are represented by asterisks 

corresponding to ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 and ∗∗∗∗p < 0.0001. 
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Figure 1.- CDK4 inhibition or depletion prevents the recruitment of mTOR to the lysosomal 

surface in response to amino acid stimulation. A, Confocal immunofluorescence analysis 

showing the colocalization of mTOR with lysosomes (visualized by LAMP1 and mTOR staining) 

in WT and CDK4 KO MDA-MB-231 cells, with or without amino acid stimulation and in the 

presence of 0.5 µM of the CDK4/6 inhibitor LY2835219 or vehicle control (DMSO). B, 

Quantification of mTOR-LAMP1 colocalization from A using Pearson’s coefficient. At least 40 

fields per treatment condition from 3 independent experiments were analyzed. C, Western 

blot showing levels of phospho-RB (S780), CDK4, mTORC1 target genes (phospho-p70S6K 

(T389) and 4E-BP1). a-tubulin was used as a loading control in WT and CDK4 KO MDA-MB-231 

cells with or without amino acid stimulation and in presence or absence of 0.5 µM LY2835219. 

D, Quantification of phospho-p70S6K (T389) levels from three independent experiments like 

C normalized to a-tubulin. 
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Figure 2.- CDK4 regulates mTORC1 activity through phosphorylating FLCN. A, Representation 

of the phosphorylation sites detected by mass spectrometry analysis in the In vitro kinase 

assay with FLCN-GST and CDK4/CyclinD3. In green is represented the protein sequence. Blue 

dots represent the phosphorylation sites, and their size correlates with their abundance. 

Conditions without ATP (-ATP) were used as negative control. B, Representation of the 

phosphorylation sites detected by mass spectrometry analysis in the overexpressed and 

immunoprecipitated FLCN-FLAG. As in A, green represents the protein sequence. Blue dots 

represent the phosphorylation sites, the size of which correlates with their abundance. C, 

Confocal immunofluorescence analysis showing the colocalization of overexpressed FLCN 
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with lysosomes (visualized by LAMP1 and FLCN staining) in WT and CDK4 KO MDA-MB-231 

cells, with or without amino acid stimulation and in the presence of 0.5 µM of the CDK4/6 

inhibitor LY2835219 or vehicle control (DMSO). 
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Figure 3.- CDK4 inhibition or depletion increases lysosomal mass. A, Quantitative PCR 

analysis showing the expression of transcription factor EB (TFEB) regulated genes that are 

involved in lysosomal or autophagic processes (cathepsins B and D and SQSTM1) in WT or 
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CDK4 KO MDA-MB-231 cells in complete (+FBS) or serum-starvation media (-FBS), treated with 

or without 0.5µM LY2835219. Each condition was assessed in duplicates for three 

independent experiments. B, Representative flow cytometry images of WT or CDK4 KO MDA-

MB-231 cells treated with or without LY2835219 and stained with LysoTracker Green DND-26 

under the indicated conditions. C, Proportions of cells containing lysosomes, estimated by 

quantification of fluorescence from LysoTracker Green DND-26 stained cells from two 

independent experiments. At least 10.000 events were acquired. Data are subdivided into 

categories of the number of lysosomes per cell. Significant differences between WT and KO 

MDA-MB-231 cells are indicated by: * total lysosomal particles (P<0.05); $ lysosomal particles 

per cell (3-5 particles) (P<0.05); & lysosomal particles per cell (>5 particles) (P<0.05); Two-way 

ANOVA followed by Tukey’s multiple comparisons test. D, As for panel C, but subdivided into 

categories of the sizes of lysosomes per cell. Significant differences between WT and KO MDA-

MB-231 cells are indicated by: * lysosomal particles <0.5µm2 (P<0.05); $ lysosomal particles 

per cell (<0.5 µm2) (P<0.05). E, Immunofluorescence analysis showing LAMP1 and CDK4 

expression in WT and CDK4 KO MDA-MB-231 cells in complete media. F, Quantification of the 

total volume of LAMP1-positive particles in z-stack images. At least 30 cells in total from three 

independent experiments were analyzed. 
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Figure 4.- Autophagic flux is impaired when CDK4 is inhibited or depleted. A, Western blot 

analysis of autophagosomal markers LC3-I, LC3-II, SQSTM1 in WT and CDK4 KO MDA-MB-231 

cells treated 24h with complete media (+FBS) or serum-starvation media (-FBS), 

presence/absence of the mTOR inhibitor 0.5 µM rapamycin and of the CDK4 inhibitor 0.5 µM 

LY2835219 and presence/absence of 0.3 µM bafilomycin A1, 6 h before the treatment. B, 

Quantification of protein expression of LC3-II normalized to a-tubulin from three independent 

experiments like A, only the conditions without bafilomycin A1. C, Quantification of protein 

expression of LC3-II normalized to a-tubulin from three independent experiments like A, only 
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the conditions with bafilomycin A1. Statistical analysis was performed using a paired sample 

T-test.  
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Figure 5.- Absence of CDK4 alters lysosomal function. 
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A, Representative electron micrographs of WT and CDK4 KO MDA-MB-321 cells showing that 

cells lacking CDK4 have increased autolysosome (arrows) density and size. In CDK4 KO cells, 

autolysosomes accumulated non-degraded material, such as undegraded autophagosomes 

(arrowheads), in both complete (+FBS) and serum-starvation media (-FBS). In cell cultures 

without FBS, an increase in autophagosomes (arrowheads) was also observed in CDK4 KO cells 

as compared to wild-type cells. N: nucleus. B–D, Quantification of the autophagosome (B) and 

autolysosome (C) area per cell, and the percentage of autolysosomes containing degraded 

material (D), quantified for the conditions shown in Figure 4A. n = 20 cells per condition. E, 

Representative electron micrographs of MDA-MB-321 cells showing increased density of 

autolysosomes (arrows), accumulation of non-degraded materials (including undegraded 

autophagosomes; arrowheads) and autophagosomes (arrowheads) in DMSO or LY2835219-

treated WT MDA-MB-321 cells in complete and serum-starvation media. N: nucleus. F–H, 

Quantification of autophagosome area per cell (F), autolysosome area per cell (G) and 

percentage of autolysosomes containing degraded material per cell (H) quantified for 

conditions shown in Figure 4E. n = 20 cells per condition. I, Quantification of intracellular 

lysosomal activity of WT and CDK4 KO MDA-MB-231 cells in complete media. J, Quantification 

of cathepsin B activity in WT and CDK4 KO MDA-MB-231 cells in complete media. 
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Figure 6.- Dysfunctional lysosomes, but not mTORC1 inhibition, induce senescence. 

A, Proliferation of WT MDA-MB-231 cells cultured in either complete (+FBS) or serum- 

starvation (-FBS) media, with or without LY2835219, as shown by the percentage of Ki67-

positive cells. B, Apoptosis under the same conditions, as shown by the percentage of Annexin 
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V-positive cells. C, mTOR-independent induction of senescence by LY2835219, visualized by 

colorimetric senescence-associated b-Galactosidase (SA-b-Gal) staining of WT and CDK4 KO 

MDA-MB-231 cells cultured in -/+ FBS media for the last 16 h of 8 days’ treatment with DMSO, 

0.5 µM LY2835219, or 0.5µM rapamycin. D, Quantification of the percentage of SA-b-Gal-

positive WT and CDK4 KO MDA-MB-231 cells from triplicates, at least five fields per replicate. 

E, Quantification of the fold induction of SA-b-Gal induced by LY2835219 or rapamycin 

treatment from triplicates, at least five fields per replicate. F, Quantitative PCR 

analysis showing expression of genes usually upregulated in senescence (including p53-

regulated genes), in WT MDA-MB-231 cells treated for 8 days with DMSO, LY2835219, or 

rapamycin in complete media. Each condition was assessed in triplicates.  
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Figure 7- The CDK4/6 inhibitor LY2835219 alters lysosome morphology in a breast cancer 

xenograft mouse model. A, Western blot for RB and phospho-RB (S780) in tumor protein 

extracts of mice from both groups as a control for CDK4/6 inhibition. B, Quantification of A, as 
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arbitrary levels of phospho-RB (S780) normalized to total RB. C, Volume of MDA-MB-231 

tumors from mice throughout the entire experiment from 8 or 9 mice per condition. When 

the tumors reached a volume of 50 mm3 (day 25), gavage with either DMSO or LY2835219 

started and lasted for 8 days. D, Immunohistochemistry with Ki67 antibody and DAPI for tumor 

sections from DMSO- or LY2835219-gavaged mice. E, Percentage of Ki67-positive cells from D. 

Three images per section were analyzed for 8 or 9 mice.  F, Immunohistochemistry with 

LAMP1 antibody and DAPI of tumor sections from mouse xenograft models treated with either 

LY2835219 or DMSO. G, Quantification in arbitrary units of the area of LAMP1 staining 

normalized to the number of nuclei per field. Three images per section were analyzed for 8 or 

9 mice.  H, Western blot for the mTOR target protein p70S6K and its phosphorylated variant 

(phospho-p70S6K (T389)) from mouse tumor xenograft lysate, following gavage with either 

DMSO or LY2835219. I, Quantification of H, showing arbitrary levels of phospho-p70S6K 

(T389) normalized to total p70S6K. J, Representative electron micrographs of mouse tumor 

xenograft cells, showing that LY2835219 treatment increases notably the density of 

autolysosomes (arrows) and that these autolysosomes accumulate non-degraded materials, 

such as undegraded autophagosomes (arrowheads). N: nucleus. K-M, Quantification for 

conditions shown in J, as percentage of autophagosome area per cell (K), percentage of 

autolysosome area per cell (L) and the percentage of autolysosomes containing degraded 

material per cell (M) from EM images of mouse xenograft tumors treated with LY2835219 or 

control. n = 30 cells per condition. N, Colorimetric SA-b-Gal staining of tumor cell senescence 

in tumor xenograft sections taken from mice gavaged with LY2835219 or DMSO. O, Schematic 

representation of the proposed model. In cancer cells, activated CDK4 (left) promotes cancer 

cell proliferation through regulating cell cycle, but also through FLCN phosphorylation to 

ensure mTORC1 recruitment to lysosomes in the presence of amino acids (AA). In addition, 

CDK4 can also promote lysosomal degradation to generate amino acids, which also serve to 

activate mTORC1. When CDK4 is inhibited or depleted (right), cancer cell senescence is 

induced through impairment of cell cycle progression, and by suppressing lysosomal function, 

which results in mTORC1 inactivation, lysosomal biogenesis and impairment of autophagic 

flux. mTORC1 is dually inhibited, since unphosphorylated FLCN is retained at the surface of 

lysosomes also abrogating mTORC1 recruitment.   
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Figure 8- The CDK4 inhibitor LY2835219 in combination with the AMPK activator A769661 

induces cell death in breast cancer cells and tumors.  

A, Tumor volume of breast cancer xenograft in NSG mice was monitored throughout the whole 

experiment. Treatment started on day 21 and lasted for 8 days (n=9-10). B, Representative images 

from tumors at the day of sacrifice, after the corresponding treatment. C, Increment of tumor 
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volume per mouse: Vol day29/Vol day21. D, Representation of percentage of tumors, which 

increases more than 1.5 fold, from 1 to 1.5 folds or less than 1 fold. E, Ki67 and Cleaved Caspase-

3 immunostaining in tumor sections after the corresponding treatment. F, Quantification from E 

of % Ki67 positive cells. G, Quantification from E of Cleaved-Caspase-3 area per field, comparing 

LY2835219 and A769662+LY2935219. H, Westernblot analysis of activation of RB, p70S6K and ACC 

proteins in tumor samples. I, Quantification from H of phospho-RB normalized with total RB. J, 

Quantification from H of phospho-p70S6K normalized with total p70S6K. K, Quantification from H 

of phospho-ACC, normalized with total ACC. 
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Sup. Figure 1.- CDK4 inhibition or depletion decreases mTORC1 activity in several cancer cell 

lines. A, Western blot showing the impact of the lack of CDK4 on downstream PI3K pathway 

proteins in different cancer cell lines, with or without the PI3K pathway stimulating ligand IGF-

1. The relative phosphorylation level normalized to a-tubulin is indicated below the 

corresponding panels normalized to 1 in every cell line.  
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Sup. Figure 2.- CDK4 effects on mTORC1 are a-ketoglutarate and E2F1-independent. To 

check whether the effects of LY2835219 on MDA-MB-231 cells were due to an impairment in 

glutamine metabolism, we treated the cells with a cell-permeable α-ketoglutarate analog. A, 

Confocal immunofluorescence analysis showing mTOR colocalization with lysosomes (Lamp1) 

in WT and CDK4 KO MDA-MB-231, with or without 5 mM a-KG and/or 0.5 µM LY2835219. B, 

Quantification of colocalization from A using Pearson’s coefficient. At least 20 fields per 
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condition were analyzed. C, Effect of CDK4 inhibition on the colocalization of mTORC1, 

examined using confocal immunofluorescence analysis of mTOR colocalization with lysosomes 

(Lamp1) in MDA-MB-231 cells lacking E2F1, and the sensitivity of these cells to LY2835219 in 

presence or absence of amino acid stimulation. D, Quantification of the colocalization in C 

using Pearson’s coefficient. At least 20 fields per condition were analyzed. E, Western blot 

analysis of phospho-p70S6K (T389), 4E-BP1, phospho-RB (S780), E2F1 and a-tubulin in WT and 

E2F1 KO MDA-MB-231 cells, in the presence of glutamine and different concentrations of 

amino acids (AA) (0×, 1× or 2× Minimal Essential Media AA) and in the presence of DMSO or 

0.5 µM LY2835219. F, Quantification of Western blot analysis in E showing phosphorylation 

levels of mTORC1 target molecule phospho-p70S6K (T389) normalized to a-tubulin from three 

independent experiments like E.  
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Sup. Figure 3.- CDK4 inhibition or depletion increases lysosomal mass. A, Quantifications of 

the mean autolysosome area per cell from electron microscope images in MDA-MB-321 WT 

and CDK4 KO cells, either in complete medium (+FBS) or in serum starvation conditions (-FBS). 

B, Quantifications of the mean autolysosome area per cell from electron microscope images 

in MDA-MB-321 WT cells under DMSO or LY2835219 treatment, either in complete medium 

or in starvation conditions (medium - FBS). n = 20 cells per condition. 
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Sup. Figure 4.- Hematoxylin and eosin staining and gene expression analysis of tumors from 

mice treated with or without LY2835219. 

A, Hematoxylin and eosin staining of tumor sections from DMSO- or LY2835219-treated mice, 

to confirm the lack of immune cell infiltration (whole tumor and with 20X objective). B, Gene 

expression of all lysosomal and autophagic genes examined by qPCR from DMSO- or 

LY2835219-treated mice. 8 or 9 mice per condition were analyzed C, Quantifications of the 
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mean autolysosome area per cell from electron microscope images of tumor sections from 

DMSO- or LY2835219-treated mice. n=30 cells per condition. D, Gene expression of genes 

usually upregulated in senescence (including p53-regulated genes) examined by qPCR from 

DMSO- or LY2835219-treated mice. 8 or 9 mice per condition were analyzed. 
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Sup. Figure 5. In vitro cell death analysis and in vivo electron microscopy analysis of tumors 

treated with DMSO, LY2835219, A769662 and the combination of A769662 with LY2835219. A, 

Percentage of Annexin V positive cells assessed by flow cytometry of MDA-MB-231 cells cultured 

for 8 days with the corresponding treatment. B, Representative electron micrographs of tumors 

from mice treated with DMSO, LY2835219, A769662 and the combination of A769662 with 

LY2835219. The arrowheads represent the autophagosomes and the arrows, the autolysosomes 

with undigested material inside. * Indicates the focal swelling of the perinulear membrane, and 

N represents nucleus. C, Quantification from B, of the percentage of autophagosome area per 
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cell. D, Quantification from B, of the percentage of lysosome area per cell. E, Quantification from 

B, of the percentage of autolysosomes with digested material inside. n = 30 cells per condition. 

Values are mean ± SEM, *P < 0.05;***P < 0.001 
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More recently, I had the chance to write an invited review from EMBO Reports on a very 

interesting subject, which is the inter-organ communication in metabolism. This very 

challenging article summarizes some of the interactions between organs related to 

physiological conditions.  
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Abstract 

Multidirectional interactions between metabolic organs in the periphery and the 

central nervous system have evolved concomitantly with multicellular organisms to 

maintain whole-body energy homeostasis and ensure the organism’s adaptation to 

external cues. These interactions are altered in pathological conditions such as 

obesity and type 2 diabetes. Bioactive peptides and proteins, such as hormones 

and cytokines, produced both by peripheral organs and the central nervous system, 

are the key messengers in this inter-organ communication. Despite the early 

discovery of the first hormones more than one hundred years ago, recent studies 

taking advantage of novel technologies have shed light on the multiple ways the 

cells in the body communicate to maintain energy balance. This review focuses on 

how the crosstalk between gut, brain, and other peripheral metabolic organs 

maintains energy homeostasis and how the improved knowledge about these 

interorgan networks is helping us redefine therapeutic strategies to fight metabolic 

disease and promote healthy living.  

 

  



Introduction  

In order to maintain homeostasis and adapt to external conditions the different 

tissues of multicellular organisms communicate with each other via different sorts of 

signals. Peripheral organs produce a plethora of bioactive molecules, including 

hormones (from the Greek horme that means impulsion), that ensure intercellular 

signaling in an autocrine, paracrine or endocrine manner. Peripheral organs and 

immune cells can also produce smaller bioactive proteins, namely cytokines 

(Dinarello, 2007), that also participate in inter-organ communication. On the other 

hand, the nervous system coordinates whole body metabolism not only by the 

production of neurohormones that act locally, but also by direct innervation of the 

target tissues. Indeed, sympathetic and parasympathetic fibers innervating 

peripheral tissues express enzymes crucial for the biosynthesis and transport of 

specific molecules (neurotransmitters and neuropeptides) necessary for the 

response to tissue-specific adaptation to external cues.  

Work from the nineteenth century, notably from Claude Bernard, first suggested 

that a system involving chemical messengers ensured the communication between 

the different organs of the body (Bernard, 1853). The term “hormone” was first used 

in 1905 by the british physiologist Ernest Stalling, that had described the gut 

hormone Secretin, just three years prior (Bayliss & Starling, 1902, Tata, 2005). Carl 

Ferdinand Cori and Gerty Cori then described the cycle in which lactate produced 

by anaerobic glycolysis in muscles can be recycled by liver and converted to 

glucose, to then returns to the muscle and be metabolized back to lactate (Cori & 

Cori, 1946). The Cori cycle was one of the first described examples of an efficient 

communication system between organs which functions to facilitate the metabolic 

adaptation to the energy demands. 

https://www.sciencedirect.com/topics/medicine-and-dentistry/biosynthesis


 

Key metabolic hormones, like pancreatic insulin and glucagon, were successfully 

identified, synthesized and used for therapy in the course of the XXth century; 

however the identification of signaling molecules produced by metabolic organs has 

increased exponentially in recent years, giving rise to the terms hepatokines (Meex 

& Watt, 2017), myokines (Giudice & Taylor, 2017), adipokines (Fasshauer & Bluher, 

2015)  and batokines (Villarroya, Cereijo et al., 2017),  for the hormones produced 

by liver, muscle, white adipose tissue (WAT) and brown adipose tissue (BAT) 

respectively. The secretion of these signaling molecules varies according to the 

metabolic status of the body. They respond for instance to fasting and feeding 

cycles, to the circadian rhythm (Gnocchi & Bruscalupi, 2017), to cold exposure and 

to exercise, thus participating in the organism adaptive response and ensuring 

metabolic flexibility. Inter-organ communication is altered in different pathologic 

conditions, for example in conditions related to adipose tissue dysfunction, like 

obesity. As such, alterations in hormones and cytokines are currently known to 

notably contribute to the spectrum of obesity-associated pathologies. Therefore, 

pharmacological interventions to modify the production of hormones/cytokines, or 

directly delivering recombinant hormones/cytokines, are currently being explored as 

promising pharmacological approaches to treat a wide variety of obesity-related 

endocrine diseases. In this review we will focus in how recent research has 

highlighted the importance of the crosstalk between gut, brain and other peripheral 

metabolic organs, like WAT, BAT, pancreas, liver and muscle, in the maintenance of 

metabolic fitness.  

 

Inter-organ communication in the control of fasting/feeding cycles  



Gut-WAT-Brain axis  

The physiological response to a meal ingestion initiates in the gut and is triggered 

by the presence of nutrients. Entero-endocrine cells sense nutrients in the intestinal 

lumen and produce peptides such as cholecystokinin (CCK), secretin and the 

incretins glucose-dependent insulinotropic peptide (GIP) and glucagon-like peptide 

1 (GLP-1) (Batterham, Cowley et al., 2002, Turton, O'Shea et al., 1996). Gut 

hormones play their role by directly acting on target tissues via the circulation or by 

activating intestinal neurons in a paracrine manner. A major target for gut-derived 

hormones is the vagal afferent neurons (VANs) (Ronveaux, Tome et al., 2015). 

Endogenous GLP-1 acts on VANs to inhibit food intake. The actions of GLP-1 are 

further modulated by the fact that GLP-1 receptors (GLP-1R) are internalized upon 

fasting conditions, but translocate to the plasma membrane after a meal, when 

ghrelin levels are low. Indeed GLP-1 and GIP work synergistically to potentiate 

glucose-stimulated insulin secretion by pancreatic -cells (Ronveaux et al., 2015). 

Moreover, GLP-1 inhibits glucagon production by pancreatic -cells. Secretin 

stimulates exocrine pancreas activity to ensure a proper environment for digestion 

and absorption of nutrients. Moreover, secretin can also inhibit food intake via the 

activation of secretin receptor (SctR) in vagal sensory nerves and melanocortin 

signaling in the brain (Cheng, Chu et al., 2011, Chu, Cheng et al., 2013). 

After the postprandial regulation initiated in the gut, the changes in circulating 

levels of nutrients, mainly glucose and triglycerides (TG), will also engage the 

response of several peripheral organs and the nervous system. An increase in 

circulating glucose levels will be sensed by pancreatic -cells through the glucose 

transporter GLUT2. Glucose sensing will lead to a -cell response that ultimately 

leads to insulin secretion (Tokarz, MacDonald et al., 2018). In parallel, glucose 



inhibits the release of glucagon from the pancreatic -cells (Kersten, 2001, Vieira, 

Salehi et al., 2007). Insulin will target insulin-sensitive organs, like brain, WAT, 

muscle and liver to induce glucose utilization and storage to prevent hyperglycemia. 

In the brain, insulin regulates feeding behavior, and modifies energy metabolism in 

liver and adipose tissue, as well as several more cognitive functions (Bruning, 

Gautam et al., 2000, Gray, Meijer et al., 2014, Lee, Zabolotny et al., 2016). In liver, 

insulin promotes metabolization of glucose by hexokinases, while decreasing 

hepatic glucose production. Intact hepatic insulin signaling is however dispensable 

for the postprandial repression of hepatic glucose production in the absence of 

hepatic FoxO1 (I, Zhang et al., 2015, Titchenell, Chu et al., 2015), highlighting the 

importance of hypothalamic insulin signaling in the control of liver glucose 

metabolism (Obici, Zhang et al., 2002).  On the other hand, insulin triggers glucose 

uptake by promoting the externalization of the glucose transporter GLUT4 in WAT 

and muscle, glycogen synthesis in muscle, and de novo lipogenesis by promoting 

the expression and activity of fatty acid synthesis enzymes specifically in WAT. In 

WAT, glucose- derived glycerol serves as building blocks for TGs, in turn TGs serve 

as a fuel stock for energy scarcity conditions. In order to avoid excessive food 

intake, excessive adiposity and needless energy storage, which have deleterious 

effects for the organism, WAT also has the capability to act as a hormone producing 

organ. Leptin is secreted by white adipocytes proportionally to TG stores (Frederich, 

Hamann et al., 1995, Ingalls, Dickie et al., 1950, Zhang, Proenca et al., 1994). 

Leptin is widely known to target the central nervous system, that highly expresses 

the long from of leptin receptor (LepRb). By binding LepRb and signaling via Janus 

Kinase 2 (JAK2) and signal transducer and activators of transcription 3 (STAT3) in 

the brain, leptin signals to maintain energy stores constant. Indeed, leptin 



suppresses food intake and the production of adrenal corticosteroids while 

promoting energy expenditure and decreasing insulin secretion (Pan & Myers, 2018, 

Stern, Rutkowski et al., 2016). Leptin can also activate glucose uptake in BAT, as 

well as glucose uptake and fatty acid oxidation in muscle in an AMP-activated 

protein kinase (AMPK) dependent manner (Minokoshi, Kim et al., 2002), but 

whether this is direct or indirect remains to be fully elucidated (D'Souza A, Neumann 

et al., 2017). 

More recently, the liver-expressed antimicrobial peptide 2 (LEAP2), a peptide first 

described as an antimicrobial liver produced peptide, was described to be produced 

also by the gut. LEAP2 is produced by the liver and the small intestine in the fed 

state and its secretion is suppressed by fasting. Importantly, LEAP2 was reported to 

be an endogenous antagonist of the growth hormone secretagogue receptor 

(GHSR), the ghrelin receptor. Indeed, LEAP2 can fully blunt GHSR activation by 

ghrelin, thus reducing food intake and Growth Hormone (GH) release (Ge, Yang et 

al., 2018). This recent study adds LEAP2 to the growing list of hormones that 

connect gut, brain and other peripheral organs in the metabolic control.  

As such, we have described in this section how several organs from the body, 

mainly gut, brain, pancreas and WAT, communicate in the fed state. Upon ingestion 

of a meal the aforementioned organs orchestrate a coordinated response in order to 

ensure proper digestion and storage of energy substrates, while initiating a negative 

feedback loop involving satiety and increased energy expenditure to maintain 

energy homeostasis by preventing an excessive “positive energy balance” 

(Figure1). 

 

Gut-brain and brain-periphery axes 



When the organism’s energy levels are low, the lack of food in the stomach, as 

well as the decrease in blood glucose, are sensed in order to replenish energy 

stores and to produce alternative substrates to keep all organs functioning. Ghrelin 

is mainly secreted by the gastric epithelium when the stomach is empty. Plasma 

concentrations of ghrelin are high during fasting and robustly decrease in a 

postprandial state (Cummings, Purnell et al., 2001). Ghrelin was first described as a 

potent inducer of GH secretion (Kojima, Hosoda et al., 1999), but is now known to 

stimulate food intake, adiposity, and to maintains glucose levels by binding to its 

receptor GHSR. Ghrelin exerts its orexigenic effects centrally in the arcuate nucleus 

(ARC) of the hypothalamus by triggering the expression of agouti-related protein 

(AgRP) and Neuropeptide Y (NPY) in order to increase appetite. However, the exact 

mechanism by which ghrelin plays its central role remains unclear. So far 3 

hypotheses have been put forward: 1) ghrelin acts by activating VANs, 2) ghrelin is 

synthesized locally in response to feeding and 3) ghrelin will cross the blood–brain 

barrier and activate its receptor in the hypothalamus (Al Massadi, Lopez et al., 

2017). Ghrelin attenuates insulin production and increases blood glucose 

concentration by promoting the intracellular localization of the pancreatic -cell GLP-

1R under fasting conditions, thus counteracting GLP-1 signaling (Ronveaux et al., 

2015). Ghrelin also stimulates glucagon secretion in pancreatic -cells (Chuang, 

Sakata et al., 2011). Moreover, ghrelin can directly promote adiposity, 

independently of food intake or GH secretion, by increasing carbohydrate use, 

stimulating lipid synthesis and reducing fatty acid oxidation (Al Massadi et al., 2017, 

Tschop, Smiley et al., 2000). The effects of ghrelin on adiposity have been shown to 

require intact sympathetic nervous system signaling (Theander-Carrillo, Wiedmer et 

al., 2006). 



Adipokine secretion is also modified in low energy conditions. Leptin circulating 

levels rapidly decrease upon fasting. This reduction in leptin promotes a switch 

between the “fasted state” and the “fed state” by promoting food intake and reducing 

energy expenditure (Jackson & Ahima, 2006). In contrast to leptin, adiponectin 

levels increase in low glucose and low insulin conditions, at least in the 

cerebrospinal fluid (CSF) (Kubota, Yano et al., 2007, Steinberg & Kemp, 2007). 

Adiponectin levels are overall inversely proportional to adiposity and correlate with 

improved metabolic fitness. Numerous studies have reported that adiponectin 

targets numerous tissues (Adiponectin receptors AdipoR1/2 are essentially 

ubiquitous). In the brain, adiponectin activates AMPK signaling in hypothalamic 

ARC, resulting in an increase in food intake and a reduction in energy expenditure, 

suggesting that in the hypothalamus adiponectin promotes feeding and inhibits the 

anorexigenic effects of leptin (Kubota et al., 2007, Steinberg & Kemp, 2007). In the 

peripheral tissues, adiponectin promotes liver insulin sensitivity via several 

independent mechanisms: an AMPK-dependent mechanism involving increased 

ACC phosphorylation, an AMPK-independent mechanism that involves a reduction 

in liver ceramide levels (Holland, Miller et al., 2011) and an IL6-dependent 

mechanism that involves the upregulation of Insulin receptor substrate 2 (IRS-2) 

through the activation of STAT3 (Awazawa, Ueki et al., 2011). Adiponectin reduces 

hepatic de novo lipid synthesis and increases hepatic fatty acid oxidation (Stern et 

al., 2016). The effects of adiponectin in hepatic glucose production remain debated 

(Stern et al., 2016). Asprosin, a novel fasting-induced adipokine that promotes 

hepatic glucose production was recently described (Romere, Duerrschmid et al., 

2016). Asprosin is the C-terminal cleavage product of profibrillin (FBN1 gene). It is 

encoded by the last 2 exons of FBN1 and is mainly produced by adipose tissue in 



mice. Asprosin directly targets liver and promotes glucose release, without 

increasing plasma levels of glucagon, catecholamines and glucocorticoids, and 

independently from the glucagon receptor signaling and from the -adrenergic 

receptor (Romere et al., 2016). Importantly, insulin can counteract the effects of 

Asprosin on hepatic protein kinase A (PKA) signaling and glucose release (Romere 

et al., 2016). 

Fibroblast growth factor 21 (FGF21) was first identified as an hepatokine 

(Kharitonenkov, Shiyanova et al., 2005). It was shown to be necessary for the 

adaptation to fasting in 2007 (Badman, Pissios et al., 2007, Inagaki, Dutchak et al., 

2007). Indeed, liver expression and plasma levels of FGF21 levels are markedly 

increased upon fasting. FGF21 then increases adipose tissue lipolysis, as well as 

hepatic fatty acid oxidation and ketogenesis, thus ensuring the availability of 

substrates for the brain. It is worth noting that FGF21 knockout mice are viable and 

“only” show lower glycemia in the fasted state, and lower plasma levels of ketone 

bodies in both the fasted and the fed state (BonDurant & Potthoff, 2018, Potthoff, 

Inagaki et al., 2009). 

Fasting induced hypoglycemia also results in the stimulated secretion of 

glucagon. Hypoglycemia is directly sensed by GLUT2 positive hypothalamic 

neurons that promote glucagon secretion via an increase in parasympathetic input 

(Lamy, Sanno et al., 2014). Glucagon signals to the liver through the PKA signaling 

pathway to stimulate 1) the mobilization of hepatic glycogen (glycogenolysis) and, if 

the fasting is prolonged, 2) hepatic de novo glucose synthesis (gluconeogenesis) 

and 3) to repress glycolysis and glycogenesis. To ensure the availability of 

alternative substrates for the peripheral organs, and to allow glucose production for 

the brain, glucagon also triggers lipolysis in WAT. TGs are metabolized into free 



fatty acids and glycerol. Glycerol is transported to the liver to be oxidized or used as 

a substrate for gluconeogenesis. Albumin-bound fatty acids are transported in the 

bloodstream to serve as oxidation substrates for the liver, muscle and other tissues. 

WAT lipolysis can also directly be promoted by direct sympathetic nervous system 

(SNS) innervation. Indeed, SNS fibers can release norepinephrine (NE) locally and 

exert the “same” effects as glucagon. This increased SNS tone in WAT could be 

directly triggered by hypoglycemia sensing in the brain (Garretson, Szymanski et al., 

2016, Geerling, Boon et al., 2014). Notably, direct innervation of WAT is sparse 

(Zeng, Pirzgalska et al., 2015), therefore cell-to-cell communication via connexin 43 

(CX43) containing gap junctions is essential to disseminate adrenergic activation 

signals (Zhu, Gao et al., 2016).  

Overall, in this section we described how inter-organ communication in situations 

of food deprivation (Figure 2). This counter regulatory response aims to promote 

food intake, maintain blood glucose levels high enough to prevent alterations in 

brain function and ensure that other substrates are available to all organs. This is 

accompanied by an overall reduction of energy expenditure in order to preserve 

energy.  

 



Inter-organ communication in non-shivering thermogenesis 

In order to adapt to cold exposure and maintain body temperature, different 

strategies have been developed by homeotherms. Mammals have BAT, a highly 

specialized tissue that functions to produce heat(Cannon & Nedergaard, 2004). BAT 

is especially abundant in hibernating mammals (Gesta, Tseng et al., 2007), but can 

also be found in adult humans (Cypess & Kahn, 2010).  

 

Brain – BAT axis 

The main organ that regulates the response to cold is the central nervous system 

(CNS). Cold is sensed by the terminals of sensory neurons found in skin, then, 

these signals are transmitted and integrated in the hypothalamic preoptic area 

(POA), also known as the thermoregulatory center (Zhang & Bi, 2015). The 

transduction of the signal will stimulate other hypothalamic regions, namely the 

Lateral Hypothalamic Area (LHA), the Ventromedial Hypothalamus (VMH), the 

Dorsomedial Hypothalamus (DMH) and the Arcuate Nucleus (ARC). 

Orexin producing neurons that are located in the LHA, named orexin neurons, 

participate in the regulation of thermogenesis. The central administration of orexin 

peptide has been described to stimulate BAT activation and therefore, 

thermogenesis (Sellayah, Bharaj et al., 2011). Moreover, orexin infusion into the 

VMH can stimulate the sympathetic firing in BAT (Monda, Viggiano et al., 2005). 

Both the LHA and the VMH can synergistically interact and activate BAT. 

Hypothalamic expression of Bone morphogenetic protein 8b (BMP8b) in the VMH 

stimulates orexin secretion in the LHA through a decrease in AMPK activity, and 

thus enhances the firing of projections that will stimulate BAT thermogenesis 

(Martins, Seoane-Collazo et al., 2016). Interestingly, BMP8b can also be produced 



in BAT and promote NE signaling locally, activating the mitogen-activating protein 

kinase (MAPK) pathway and lipolysis in brown adipocytes (Whittle, Carobbio et al., 

2012). 

Several studies have linked the DMH with the response to cold. For instance, a 

chemical stimulation of this area increases the thermogenic response in rats 

(Zaretskaia, Zaretsky et al., 2002). Similarly, administration of the incretin hormone 

GLP-1 in the DMH increases BAT thermogenesis (Lee, Sanchez-Watts et al., 2018).  

Outflow from these areas is triggered by the premotor neurons found in the brain 

stem region Raphe Palidus (RPA). It has been broadly discussed that sympathetic 

nerves are abundant within the parenchyma of adipose tissue. These nerves 

express tyrosine hydroxylase, the enzyme responsible for the secretion of the 

catecholamine hormone NE (Bartness, Vaughan et al., 2010). BAT is the major 

catecholamine-responsive tissue. It is mainly constituted by brown adipocytes that 

contain numerous lipid droplets and a high number of mitochondria. Norephineprine 

stimulates the 3-adrenergic receptor (ADBR3) and activates the cAMP/PKA 

pathway, thus triggering lipolysis and increasing the expression of uncoupling 

protein 1 (UCP1). Free fatty acids, resulting from the lipolysis, are used both as 

energy substrates and as activators of UCP1 to uncouple ATP production from 

mitochondrial respiration into heat (Cannon & Nedergaard, 2004, Fedorenko, Lishko 

et al., 2012). 

Apart from catecholamines, thyroid hormones can also trigger BAT activity 

(Obregon, 2014). The thyroid hormones T3 and T4 are synthetized in the thyroid 

gland upon hypothalamic stimulation of the pituitary gland and Thyroid-stimulating 

hormone (TSH) production (Brent, 2012). Thyroid hormones access brown 

adipocytes from the blood stream through specific transporters. In brown adipocytes 



T4 can be converted to its active form T3 via the type 2 iodothyronine deiodinase 

(DIO2) thus compensating for the low levels of secreted T3 by the thyroid gland 

(Bianco & McAninch, 2013). T3 directly activates lipolysis through the PKA pathway. 

The relevance of thyroid hormone regulation for BAT function is illustrated by the 

blunted thermogenic response observed in DIO2 knockout mice, despite an 

increased UCP1 expression (Christoffolete, Linardi et al., 2004). 

 

Liver-BAT-WAT axis 

If cold stress is sustained overtime, a process that is called browning is triggered. 

This process is characterized by the appearance of brite (from brown-in-white) 

adipocytes, also called beige adipocytes, mainly in subcutaneous WAT. Brite 

adipocytes can express UCP1 and as such, can participate in the maintenance of 

body temperature (Wu, Cohen et al., 2013). Brown and brite adipocytes play a key 

role in energy homeostasis. Their potential contribution to global energy expenditure 

has opened the door to new human therapeutic strategies against obesity and 

diabetes. UCP1-expressing adipocytes (brown and brite) are capable of 

participating in the regulation of glucose homeostasis due to their high capability to 

uptake glucose. They can also contribute enormously to the clearance of circulating 

lipids, and can therefore increase insulin sensitivity. Due to the potential therapeutic 

effect of increasing overall energy consumption by promoting brite and brown 

adipose cell metabolism, recent research has focused on the identification of natural 

hormones or compounds with the capability to promote thermogenic function, such 

as FGF21, irisin and Bile acids (BAs). 

Under cold exposure, FGF21 can be secreted by BAT and WAT, have a 

paracrine effect and stimulate the expression of thermogenic genes (Hondares, 



Iglesias et al., 2011). Some teams have reported that FGF21 knockout mice have 

impaired adaptation to chronic cold exposure and decreased browning of WAT 

(Fisher, Kleiner et al., 2012). However, others have shown that the lack of FGF21 in 

long-term cold adaptation does not impair the thermogenic response of mice 

(Keipert, Kutschke et al., 2017). Despite the evidence of FGF21 production in WAT, 

controversial results were published by Véniant et al who showed that beneficial 

effects of weight loss observed after cold were not directly related to FGF21-

induced browning (Veniant, Sivits et al., 2015). However, hepatic FGF21 production 

can also be induced by cold, and blunted hepatic FGF21 secretion, but not 

adipocytic FGF21 secretion, results in impaired cold tolerance and decreased 

sympathetic nerve activity in BAT (Ameka, Markan et al., 2019). Importantly, hepatic 

FGF21 requires intact expression of the FGF21 receptor -klotho in adipose tissue 

for its thermogenic effect, but its expression is increased upon acute cold exposure 

(6 hours maximum) but decreased after a longer cold exposure (3 days) (Ameka et 

al., 2019). In conclusion, additional studies are needed to completely elucidate the 

role of FGF21 in the control of non-shivering thermogenesis. 



Besides their role in the digestion of dietary lipids, hepatic BAs can be induced by 

cold exposure (Worthmann, John et al., 2017). It has been described that BA 

secretion increases energy expenditure in BAT by enhancing the enzymatic activity 

of DIO2 and therefore, regulating thyroid hormone metabolism in BAT(Watanabe, 

Houten et al., 2006). Moreover, studies using BA receptor TGR5 adipose tissue 

specific knockout mice proved that BAs also participate in the browning of WAT. 

These mice show neglectable browning and exhibit reduced cold tolerance due to 

reduced adipose mitochondrial fusion (Velazquez-Villegas, Perino et al., 2018). 

Historically, UCP1 has been considered indispensable for thermogenesis in BAT. 

However, recent research demonstrates that UCP1 is not essential for non-shivering 

thermogenesis (Keipert et al., 2017, Long, Roche et al., 2018, Long, Svensson et 

al., 2016). Peptidase M20 domain-containing 1 (PM20D1), a secreted enzyme 

produced by brown and brite adipocytes, has been recently discovered to contribute 

to this alternative thermogenesis by participating in the uncoupling of mitochondria 

in an UCP1-independent manner (Long et al., 2018, Long et al., 2016). 

 

Gut - Brain - BAT axis 

Cold is not the only stimulus that activates non-shivering thermogenesis. It has 

been demonstrated by several groups that there is a meal-associated 

thermogenesis (Glick, 1982, M, Saari et al., 2018, Saito, 2013). The activation of 

feeding-responsive thermogenesis has been strongly associated to food intake 

regulation by inhibiting orexigenic activation in the brain, revealing a Gut-Brain-BAT-

Brain axis (Kelsey, 2018). In particular, feeding activates the secretion of 

periprandial gut hormones, such as CKK, GLP-1 or secretin (Beiroa, Imbernon et 

al., 2014, Blouet & Schwartz, 2012, Li, Schnabl et al., 2018). Most of these 



molecules act through the brain, like GLP-1 and CCK, where they increase 

sympathetic activation and therefore stimulate the local release of NE in the BAT. 

Interestingly, secretin can stimulate BAT thermogenesis in a non-sympathetic 

manner, and contribute to induce satiation. A secretin injection in fasted mice 

directly activates BAT thermogenesis by increasing lipolysis in this through the 

cAMP-PKA pathway. Moreover, secretin treatment increases the expression of the 

anorexigenic proopiomelanocortin (POMC) peptide in the hypothalamus and 

therefore, reduces food intake (Li et al., 2018). 

 

WAT-Brain-WAT axis 

Apart from its role in the regulation of food intake described above, leptin can 

increase energy expenditure by inducing BAT activation. The actions of leptin and 

insulin actions in POMC neurons, can also be triggered by a decrease of the 

hypothalamic levels of T cell-protein tyrosine phosphatase (TCPTP), which is a 

negative regulator the insulin signaling, to further increase the browning of WAT and 

energy expenditure (Dodd, Andrews et al., 2017, Dodd, Decherf et al., 2015). This 

mechanism can limit the effects of diet-induced obesity (DIO).  

In this section we described how brown and beige adipose tissue thermogenesis 

are activated not only to adapt to cold stress (Figure 3), but also to prevent the 

excessive energy storage that could lead to obesity and thus maintain general 

energy homeostasis in the organism. 

 

Inter-organ communication during exercise 

Physical exercise was first described to have beneficial effects for health in 450 

BC by Hippocrates (Febbraio, 2017). Despite early hypothesis suggesting that 



muscle releases a hypoglycemic “humoral factor” in response to glucose demand 

(Goldstein, 1961), part of the molecular mechanisms behind this observation have 

only been described in the past years. Indeed, physical exercise is not only 

beneficial because of the immediate increase in energy expenditure, it also 

remodels whole body energy metabolism. The ensemble of muscle derived peptides 

and proteins, currently referred to as myokines is, at least in part, responsible for 

exercise whole body health benefits. Recent analysis of muscle secretome revealed 

that aerobic exercise or strength training trigger the secretion of numerous 

myokines (Giudice & Taylor, 2017). Importantly, it is worth noting that the production 

of “positive” myokines is as much promoted by physical exercise as it is repressed 

by physical inactivity, further highlighting the importance of lifestyle for health span 

(Hoffmann & Weigert, 2017).  

More precisely, during exercise skeletal muscle tightly interacts with adipose 

tissue, pancreas and liver to sustain the energy demands of physical activity and 

mediate positive effects in whole body energy metabolism. The first exercise-

induced myokine to be described was Interleukin 6 (IL6) (Petersen & Pedersen, 

2005). Exercise-induced IL6 production was initially believed to be linked to muscle 

damage, but has now been proven to directly depend on contraction and to mediate 

muscle glucose uptake, increased insulin sensitivity, as well as increased fatty acid 

oxidation. IL6 also triggers insulin production in pancreas, hepatic glucose 

production and adipose tissue lipolysis, thus ensuring the availability of energy 

substrates for exercising muscle (Giudice & Taylor, 2017, Pedersen & Febbraio, 

2012). IL6 also has the ability to induce an anti-inflammatory response by reducing 

tumor necrosis factor  (TNF production while increasing the levels of interleukin 

10 (IL10), interleukin 1 receptor antagonist (IL1Ra) and interleukin 15 (IL15) (Leal, 



Lopes et al., 2018, Pedersen & Febbraio, 2012). Future studies using tissue specific 

IL6 knockout mice will be required, however, to fully elucidate to which extent 

muscle IL6 contributes to the positive effects of exercise and to determine if the anti-

inflammatory effects of IL6 are muscle-cell autonomous or not (Giudice & Taylor, 

2017, Leal et al., 2018).  

Irisin (FDNC5), an exercise-dependent myokine, was first described in 2012 by 

Bostrom and colleagues (Bostrom, Wu et al., 2012). Irisin was shown to trigger WAT 

remodeling by increasing p38 signaling, UCP1 expression and therefore browning 

(Bostrom et al., 2012, Zhang, Li et al., 2014). Irisin can also increase muscle 

oxidative metabolism and substrate (glucose and fatty acid) uptake, reduce hepatic 

glucose output (Perakakis, Triantafyllou et al., 2017) and increase cognitive function 

(Lourenco, Frozza et al., 2019). Interestingly, cold-induced muscle shivering can 

increase circulating irisin levels and promote brown fat thermogenesis (Lee, 

Linderman et al., 2014) (Figure 3). 

Some groups have suggested that irisin can also be produced and secreted by 

adipose tissue and liver (Roca-Rivada, Castelao et al., 2013). Nonetheless, some 

inconsistencies have been found between human and mice and in the methodology 

used (Fiuza-Luces, Santos-Lozano et al., 2018), which adds more complexity to the 

functions of irisin in energy homeostasis. In addition, FGF21 has also been 

proposed to be produced by skeletal muscle in response to the PI3K-AKT pathway 

and to act in autocrine manner to reduce muscle insulin resistance. Moreover, under 

cold exposure, when shivering thermogenesis is induced, FGF21 can synergize with 

Irisin to promote BAT non-shivering thermogenesis (Lee et al., 2014). 

 Finally, a recent study using proteomic approaches, demonstrated that the 

secreted form of lysosomal enzyme Cathepsin B (CTSB) is also an exercise 



responsive myokine, that targets the brain, promotes hippocampal neurogenesis, 

and therefore enhances cognitive abilities (Moon, Becke et al., 2016).  

Overall in this section we described how, in order to satisfy the energy demands 

generated by exercise, muscle communicates with other organs in order to ensure 

energy substrate availability. Moreover, physical exercise also promotes the 

browning of WAT and BAT thermogenesis, probably in order to meet the increased 

demand for fatty acid and glucose oxidation and prevent the accumulation energy 

substrates in circulation (Aldiss, Betts et al., 2018, Virtanen, 2014). Importantly, 

during exercise, muscle signals directly to the brain to promote cognitive function, 

providing an additional interest for lifestyle modifications including an increase in 

physical activity (Suzuki, 2016). 

 

Inter-organ communication in pathological conditions: the case of obesity and 

related disorders. 

In pathological situations, WAT can account for more than 50% of human body 

weight. The increasing prevalence of obesity has triggered considerable interest in 

understanding the physiological mechanisms promoting calorie storage, and energy 

expenditure, in order to prevent the deleterious metabolic consequences of obesity 

such as hyperglycemia, insulin resistance, dyslipidaemia and hepatic steatosis. 

Insulin resistance is characterized by a decrease in insulin-stimulated glucose 

uptake in adipocytes and muscle, as well as by a blunted insulin-stimulated 

repression of hepatic glucose production (Kahn & Flier, 2000). Most humans with 

obesity as well as diet-induced obesity (DIO) mice, fed highly caloric palatable diets,  

develop insulin resistance and exhibit high plasma levels of leptin (Frederich et al., 

1995). Despite this, they do not show the expected reduction in food intake and 



increase in energy expenditure, thus leading to the concept of leptin resistance, 

probably due to a decrease in JAK2-STAT3 signaling in pathologic conditions 

(Munzberg, Flier et al., 2004). Increasing the activation of the leptin-LepRb signaling 

in the brain remains a target for obesity treatment. In obesity conditions, increased 

NPY expression in the ARC decreases the expression of tyrosine hydroxylase 

neurons in the Paraventricular nucleus (PVN) of the hypothalamus and 

consequently, diminishes the thermogenic activation of BAT and overall energy 

expenditure (Shi, Lau et al., 2013). 

On the other hand, mouse models of obesity and unhealthy obese individuals 

exhibit lower circulating levels of adiponectin. This finding that adiponectin levels are 

proportional to metabolic fitness has prompted the use of recombinant adiponectin 

and other adiponectin receptor agonists in several mouse models of obesity. So far, 

the activation of adiponectin signaling has improved glucose tolerance, insulin 

sensitivity and longevity in mice (Fasshauer & Bluher, 2015, Okada-Iwabu, 

Yamauchi et al., 2013). Importantly, adiponectin has been shown to improve the 

metabolic profile in leptin deficient ob/ob mice by overall increasing energy 

expenditure, despite not triggering a reduction in food intake (Qi, Takahashi et al., 

2004). In pathological conditions of obesity, the reduction in CSF levels of 

adiponectin that is accompanied by feeding is lost, thus maintaining a “high food 

intake behavior” even in conditions that are not of energy scarcity (high energy 

conditions)(Kubota et al., 2007).  

Interestingly, some studies suggest that the beneficial effects of FGF21 in 

glucose homeostasis are at least partially mediated by an increase in adiponectin 

production by WAT (Holland, Adams et al., 2013). However, other groups show that 

adiponectin is dispensable for the metabolic effects of FGF21 (BonDurant, Ameka 



et al., 2017). Moreover, despite evidence showing improved metabolic fitness in 

FGF21 treatment or overexpression studies, clinical studies in humans have 

revealed high FGF21 circulating concentrations in obese and insulin resistant 

subjects, as well as the onset of a so called “FGF21 resistance”(Fisher, Chui et al., 

2010). These findings highlight the fact that the importance of FGF21 in metabolic 

health still debated. 

The levels of the gluconeogenic adipokine asprosin are elevated in obese mice. 

This observation suggests high plasma asprosin may contribute to the onset of 

hyperglycemia and insulin resistance in mice and humans. Moreover, the 

improvement of the metabolic phenotype of obese insulin resistant mice when using 

an antibody to sequester circulating asprosin places this novel adipokine as a 

potential therapeutic target against diabetes (Romere et al., 2016).  

An example of the use of novel strategies for the discovery of endocrine 

interactions with physiological relevance for whole body metabolism is the recent 

discovery of a novel adipokine, mouse lipocalin 5 (LCN5) (LCN6 in humans), that 

has the ability to promote insulin sensitivity by enhancing muscle mitochondrial 

function (Seldin, Koplev et al., 2018). Seldin and colleagues developed a 

bioinformatic framework that takes advantage of publicly available data generated 

with different OMICS approaches to identify new circuits of inter-organ 

communication, thus contributing to increase our understanding about the 

mechanism by which WAT communicates with other organs to maintain 

homeostasis. Of note, despite showing significant effects in promoting muscle 

mitochondrial function in cellular models, the effects of the novel adipokine LCN5 in 

promoting glucose and insulin sensitivity in vivo were more pronounced in a High-

Fat High-Sucrose (HF-HS) model. However, it is worth noting that LCN5 



overexpression had positive effect on the metabolic status whether at the beginning 

or after several weeks of HF-HS diet (Seldin et al., 2018). These findings highlight 

the fact that improving muscle oxidative capacity is beneficial both to prevent 

metabolic disease and to cure metabolic disease, however, if this is relevant in 

normal physiology remains to be determined.  

The effect of gut hormones is also altered in obesity. Indeed, ghrelin displays 

lowered orexigenic action in diet-induced obesity rodents due to a reduction in 

activation and plasticity of NPY/AgRP neurons (Briggs, Enriori et al., 2010). 

Moreover, a reduced incretin effect is seen in subjects with type 2 diabetes and 

obesity. Interestingly, postprandial GLP‐ 1 secretion is increased in obese patients 

following bariatric surgery, and correlates with weight loss maintenance (Madsbad, 

2014). 

https://www.sciencedirect.com/topics/neuroscience/incretin


Despite the positive effects of muscle-derived IL6 that are mentioned in the 

previous section, IL6 can also be released by adipose tissue. Chronically high levels 

of circulating IL6 in response to HFD contribute to obesity by promoting 

macrophage recruitment to WAT (Kraakman, Kammoun et al., 2015). In conditions 

of insulin resistance, WAT secretome is substantially altered and includes a broad 

range of pro-inflammatory factors, such TNF, IL6, interleukin 8 (IL8), and 

interleukin 1IL1B) and monocyte chemotactic protein 1 (MCP1) (Fasshauer & 

Bluher, 2015). The secretion of these proinflammatory cytokines and chemokines, 

as well as the secretion of other adipokines like retinol binding protein 4 (RBP4) 

(Graham, Yang et al., 2006, Yang, Graham et al., 2005), is now well admitted to 

contribute to the onset of the physiological alterations accompanying obesity 

(Fasshauer & Bluher, 2015) .  

Physical inactivity, that can be both a cause and a consequence of obesity, is 

known to be associated with decreased insulin sensitivity, reduced postprandial lipid 

metabolism, decreased muscle mass and obesity. Alterations in myokine production 

associated with physical inactivity may also mediate the onset of obesity. This may 

be the case for myostatin (also known as GDF8), a member of the 

TGFsuperfamily. Myostatin was first described to be secreted during development 

to limit muscle growth (McPherron, Lawler et al., 1997), but is also known today to 

be produced in adults (Argiles, Orpi et al., 2012), and to promote muscle atrophy, in 

part by inhibiting AKT and mTOR signaling. Importantly, the inhibition of myostatin 

signaling increases PGC1 and mitochondrial biogenesis (LeBrasseur, Schelhorn et 

al., 2009), while mice deficient for myostatin show an improved metabolic 

phenotype and a resistance to HFD (Shan, Liang et al., 2013, Zhao, Wall et al., 

2005). However, myostatin deficient mice also develop insulin resistance via 



alterations in AMPK activity (Zhang, McFarlane et al., 2011), highlighting the need 

to determine the exact effects of myostatin signaling, as well as of other myokines 

correlating with obesity, in  whole body energy homeostasis (Hoffmann & Weigert, 

2017).  

Overall, the finding that inter-organ communication is altered in conditions of 

obesity has gathered increasing attention in research aiming to manipulate those 

preestablished axis to counteract metabolic alterations.  

 

Taking advantage of inter-organ communication to treat obesity and 

associated diseases  

Understanding the biological networks that are involved in the induction of energy 

expenditure and promote satiety is crucial to target metabolic organs to increase 

weight loss in the context of the current obesity epidemic. Therefore, numerous 

efforts are currently being done to further understand the role of the signaling 

molecules described in this review, and to identify novel mechanisms of inter-organ 

communication that could contribute to the establishment of new therapeutic 

approaches against obesity and diabetes. Efforts to include recombinant adipokines 

or adipokine analogs as pharmacotherapy against obesity started more than 20 

years ago. However, most of these efforts have not yet reached significant success. 

Indeed, leptin therapy alone has failed to induce significant weight loss or insulin 

sensitization (Heymsfield, Greenberg et al., 1999, Hukshorn, Saris et al., 2000). 

However, the use of leptin analogs in combination with other agents, namely amylin, 

has given more encouraging results, but was stopped due to adverse secondary 

effects (Fasshauer & Bluher, 2015). Importantly, despite apparently promoting 

hepatic glucose output by increasing the availability of gluconeogenic substrates in 



the presence of insulin, in conditions in which insulin levels are low, like in type-2 

(diabetes) T2D, leptin inhibits lipolysis thus decreasing the circulating levels 

gluconeogenic substrates such as glycerol, fatty acids and ketone bodies, which 

may play a role in suppressing gluconeogenesis under leptin therapy (D'Souza A et 

al., 2017). Adiponectin receptor analogs have successfully been used in preclinical 

mouse models (Okada-Iwabu et al., 2013), but have not yet been used in human 

patients. A truncated globular form of adiponectin has also been shown to promote 

muscle fatty acid oxidation, decrease muscle ceramides and overall improve insulin 

sensitivity, whether this globular adiponectin mimics the function of the multimeric 

adiponectin complexes found in circulation (Stern et al., 2016).  

Extensive efforts have also been placed in the use of recombinant FGF21or 

FGF21 variants as potential therapy, due to beneficial metabolic effects observed in 

mice (Xu, Lloyd et al., 2009, Zhang, Huang et al., 2015), however only a small trend 

towards glucose lowering was reported in humans (Gaich, Chien et al., 2013). 

Moreover, there is increased concern about the use of FGF21 in therapy due to 

potential adverse effects in the skeletal system, more specifically in bones 

(Kharitonenkov & Adams, 2014, Wei, Dutchak et al., 2012). Finally, despite 

evidence that irisin treatment can positively affect glucose and lipid metabolism in 

mice, no real consensus exists as of yet concerning the link between irisin and the 

metabolic syndrome in humans, and no irisin analog has been used for studies in 

humans (Perakakis et al., 2017).  

Significant preclinical and clinical success however has been encountered by 

using GLP1 receptor agonists (GLP-1Ras), that trigger a reduction in body weight 

by promoting satiety and reducing food intake, and profit from a longer half-life than 

endogenous GLP-1. Moreover GLP1-Ras improve glycemic control and reduce liver 



inflammation and fibrosis (Andersen, Lund et al., 2018). More recently, GLP-1 and 

Glucagon receptor co-agonists have been successfully used in preclinical studies 

for metabolic diseases (Seghieri, Christensen et al., 2018), but additional research 

is necessary to demonstrate their efficacy in humans.  

As of now, most potential therapies to take advantage of interorgan 

communication in the treatment of metabolic syndrome remain based in lifestyle 

alterations: increased physical activity, and decreased energy intake. 

 

Concluding remarks 

There is still much work to be done to understand the complex inter-organ 

networks that are needed to coordinate energy homeostasis. Recent studies show 

that more than 15% of the protein coding genome encodes for roughly 3000 

secreted proteins, but only a handful of them has been properly annotated 

(Lindskog, 2015, Uhlen, Oksvold et al., 2010), suggesting that a very high number 

of “molecular messengers” remain to be discovered.  

 More recently, population-based methods taking advantage of the natural 

variations in between transcript levels between strains of a mouse reference 

population have been used to identify new inter-organ communication networks 

involved in metabolism (Seldin et al., 2018). This bioinformatics-based approached 

allowed the identification of a LCN5, an adipokine that promotes muscle 

mitochondrial function, and of Notum, an hepatokine that promotes WAT browning 

and BAT thermogenesis (Seldin et al., 2018). Comparing RNA sequencing 

approaches of jejununm and stomach when comparing sham and gastric sleeve 

bypass allowed the identification of LEAP2, an endogenous antagonist of the ghrelin 

receptor, that may contribute to the efficiency of gastric bypass (Ge et al., 2018). A 



similar approach, based on a  transcriptomic data-mining strategy, was used to 

identify CXCL14, a novel batokine that promotes thermogenesis by facilitating the 

recruitment of anti-inflammatory macrophages to BAT (Cereijo, Gavalda-Navarro et 

al., 2018). 

Moreover, the analysis of large datasets generated with metabolomics and 

lipidomics studies have shown that different kinds of metabolites, like lipids, amino-

acids, ketone bodies and bile-acids can directly modulate cellular metabolic 

responses not only by acting as substrates for metabolic reactions, but also by 

directly activating different signaling pathways via specific membrane receptors 

(Yang, Vijayakumar et al., 2018). An elegant example of the importance of “inter-

organ” metabolites in the maintenance of energy homeostasis was published less 

than two year ago by Simcox and colleagues. They showed that upon cold 

exposure, WAT produces free fatty acids that, in turn, promote hepatic acyl carnitine 

production. These acylcarnitine’s are in fine used by BAT for adaptive 

thermogenesis (Simcox, Geoghegan et al., 2017).  

Finally, vesicles enabling the transfer of molecules from one tissue to the other 

may regulate systemic metabolism. Exosomes are such vesicles. More precisely, 

adipose tissue exosomes carrying circulating miRNAs have been recently been 

shown to have far-reaching effects in other peripheral tissues, and can therefore be 

considered the most recent family inside the adipokines (Thomou, Mori et al., 2017). 

For instance, BAT-produced mir-99b loaded exosomes contribute to the repression 

of the expression of hepatic FGF21(Thomou et al., 2017). 

This suggest that the stimuli modifying the expression/secretion, the function, the 

molecular action and the targets for potentially thousands of molecules, in a broad 

sense, affecting whole body energy metabolism remain to be described/identified.   

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/transcriptomics
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/data-mining
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Figure 1. Inter-organ communication under feeding conditions. Food ingestion 
stimulates the secretion of several molecules such as GLP-1, Secretin and LEAP2. These 
gut hormones signal to the brain to reduce food intake. GLP-1 will also stimulate insulin 
(and reduce glucagon) secretion by the pancreas. In turn, insulin will glycogen 
production in muscle, decrease glucose production in liver and increase glucose uptake 
and lipogenesis from glucose and triglycerides (TG) in circulation in WAT. Leptin, 
produced by white adipocytes, will act in the CNS to repress food intake. 
 
Figure 2. Inter-organ communication under fasting conditions. Ghrelin is a gut 
hormone secreted under fasting conditions. It targets the brain to increase food intake. 
Pancreatic glucagon secretion is also increased by ghrelin, and directly by low blood 
glucose levels. Glucagon will target liver to decrease glycolysis and increase hepatic 
gluconeogenesis and glycogenolysis, as well as WAT to increase lipolysis.  
 
Figure 3. Inter-organ communication under cold exposure. Cold stimuli, sensed by 
neurons in the skin, activate the thermoregulatory hypothalamic regions of the brain 
that will secrete Orexin and Bmp8b to stimulate BAT thermogenesis. Moreover, the SNS 
is responsible for the local production of NE in BAT. The hypothalamic–pituitary–
thyroid axis is also activated in response to cold, and promotes the release of thyroid 
hormones (T3 and T4) in order to contribute to the activation of BAT thermogenesis.  
Cold exposure can also trigger muscle shivering and thus the production of the myokine 
Irisin. Irisin can in turn stimulate BAT thermogenesis. If cold exposure is sustained over 
time, WAT undergoes browning and can be contribute to thermogenesis. Irisin is one of 
the molecules that can trigger in this process. In addition, cold-dependent hepatic FGF21 
and BA secretion contribute to the browning of WAT. Finally, BAT and WAT FGF21, as 
well as BAT BMP8b secretion, can also occur after cold activation and promote 
thermogenesis in a paracrine manner.  



Glossary 
ACC Acetyl-CoA carboxylase 
AdipoR1/2 Adiponectin receptor 1/2 
ADRB3 Beta3-Adrenergic receptor 
AgRP Agouti-related protein 
AKT (PKB) Protein kinase B 
AMPK AMP-activated protein kinase 
ARC Arcuate nucleus 
BA Bile acids 
BAT Brown adipose tissue 
BMP8b Bone morphogenetic protein 8b 
cAMP Cyclic adenosine monophosphate 
CKK Cholecystokinin 
CSF Cerebrospinal fluid 
CTSB Cathepsin B 
CXCL14 Chemokine (C-X-C motif) ligand 14 
DIO Diet-induced obesity 
DIO2 Type 2 iodothyronine deiodinase 
DMH Dorsomedial hypothalamus 
FBN1 Profibrillin 
FDN5 Fibronectin type III domain-containing protein 5 
FGF21 Fibroblast growth factor 21 
GH Growth hormone 
GHSR Growth hormone secretagogue receptor 
GIP Glucose-dependent insulinotropic peptide 
GLP-1 Glucagon-like peptide 1 
GLP-1R Glucagon-like peptide 1 receptor 
GLP-1RA Glucagon-like peptide-1 receptor agonist 
GLUT2 Glucose transporter 2 
GLUT4 Glucose transporter 4 
HF-HS High fat – high sucrose 
HFD High fat diet 
IL1b Interleukin 1 beta 
ILR1 Interleukin receptor 1 
IL1RA Interleukin 1 receptor antagonist 
IL6 Interleukin 6 
IL8 Interleukin 8 
IL10 Interleukin 10 
IL15 Interleukin 15 
IRS-2 Insulin receptor substrate 2 
JAK2 Janus kinase 2 
LCN5 Lipocalin 5 
LEAP2 Liver-expressed antimicrobial peptide 2 
LepRb Leptin receptor  
LHA Lateral hypothalamic area 
MAPK Mitogen-activated protein kinase 
MCP1 Monocyte chemotactic protein 1 
miRNA Micro RNA 



mTOR Mammalian target of rapamycin 
NE Norepinephrine 
NPY Neuropeptide Y 
PGC1a Peroxisome proliferator-activated receptor gamma coactivator 1-

alpha 
PI3K Phosphoinositide 3-kinase 
PKA Protein kinase A 
PM20D1 Peptidase M20 domain-containing 1 
POA Preoptic area 
POMC Propiomelanocortin 
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RBP4 Retinol binding protein 4 
RPA Raphe pallidus 
SctR Secretin receptor 
SNS Sympathetic nervous system 
STAT3 Signal transducer and activator of transcription 3 
T2D Type-2 diabetes 
T3 Triiodothyronine 
T4 Thyroxine 
TCPTP T cell-protein tyrosine phosphatase 
TG Triglycerides 
TNFa Tumor necrosis factor alpha 
TSH Thyroid-stimulating hormone 
UCP1 Uncoupling protein 1 
VAN Vagal afferent neuron 
VMH Ventromedial hypothalamus 
WAT White adipose tissue 
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I have also participated to another study from the lab that reveals the differential 

expression of kinases from human subjects and its relation with insulin resistance. In 

fact, throughout this study, we have identified PIM-1, a kinase whose regulation could be 

potentially used to treat insulin resistance.  In this project, I worked on the dissection of 

organs from mice and the isolation of the stromal vascular fraction of white adipose 

tissue.  
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Summary 

 Obesity, the accumulation of excess body fat, is an epidemic leading to numerous 

human metabolic diseases, such as type 2 diabetes (T2D). T2D is mainly characterized by 

hyperglycemia, accompanied by local (adipose tissue) and systemic insulin resistance. In the 

adipose tissue, insulin resistance involves alterations in the cross-talk of various signaling 

cascades, implicating numerous kinases and phosphatases. To identify molecular changes that 

occur during the development of insulin resistance, we have used here a new activity-based 

method to study the global kinase activity in human adipose tissue. Our study is based on the 

observation that some obese subjects do not develop insulin resistance. This population 

represents our control group, which avoids confounding results due to obesity by itself rather 

than to insulin resistance. We found that a specific set of kinase activities are representative of 

insulin resistance in the obese population. In particular, we found that the Serine/Threonine 

kinase (STK) PIM-1 has increased activity in the visceral adipose tissue (VAT) of morbid 

obese diabetic (MOD) insulin resistant (IR) patients. We further show that PIM-1 inhibition 

decreases the inflammatory capacity of bone marrow-derived macrophages in vitro, and leads 

to a decrease in the inflammatory profile in visceral adipose tissue (VAT), as well as to an 

increase in insulin sensitivity in diabetic mice. 

 

Key words: PamGene, PIM-1, obesity, T2D, VAT, inflammation 
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Introduction 

The World Health Organization (WHO) has recently announced that worldwide obesity 

has almost tripled since 1975 (16 February 2018). Obesity is linked to numerous health 

problems, including insulin resistance, type 2 diabetes, hypertension, dyslipidemia, 

atherosclerosis, and cancer, among others (Arroyo-Johnson & Mincey, 2016; Y. C. Wang, 

McPherson, Marsh, Gortmaker, & Brown, 2011; Weitzman & Gordon, 1990). Together, the 

rising prevalence of obesity and the frequent co-morbidities in affected patients is an important 

challenge for health care systems. Nevertheless, recent data suggest that the total amount of 

body fat does not entirely explain the predisposition to cardio-metabolic risk (Goossens, 2017; 

Wajchenberg, Giannella-Neto, da Silva, & Santos, 2002). Indeed, metabolic complications can 

be observed in a significant number of non-obese individuals. In sharp contrast, 10 to 35% of 

obese patients do not appear to develop such complications and are thus considered 

metabolically healthy (Wildman et al., 2008).  

In adipose tissue, insulin resistance is tightly correlated with inflammation as well as 

with the accumulation of pro-inflammatory macrophages (Lackey & Olefsky, 2016; 

McLaughlin, Ackerman, Shen, & Engleman, 2017). Adipose tissue consists of mature 

adipocytes and stromal vascular cells (SVCs). SVCs include premature adipocytes, endothelial 

cells and immune cells. These immune cells include myeloid cells like macrophages and 

granulocytes, effector and memory T cells, regulatory  T cells and others (Huh, Park, Ham, & 

Kim, 2014). Macrophages, classified into anti-inflammatory (M2-like) and pro-inflammatory 

(M1-like) macrophages (Rosen & Spiegelman, 2014), are especially important for adipose 

tissue homeostasis. Indeed, it is well known that, upon obesity, pro-inflammatory macrophages 

are recruited (Hotamisligil, Shargill, & Spiegelman, 1993; Nguyen et al., 2007; Weisberg et 

al., 2003; Xu et al., 2003). Thus, an inflammatory reaction is a pre-requisite for insulin 
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resistance, locally in the adipose tissue and systemically in the whole organism (Kanda et al., 

2006; Patsouris et al., 2008).  

Insulin exerts its actions through a cascade of phosphorylation/dephosphorylation 

reactions of intra-cellular proteins. Insulin signaling in adipocytes has been extensively 

studied in vitro and in animal models, with a particular focus on the effects of insulin receptor, 

Insulin receptor substrates 1 and 2 (IRS1 and IRS2), and PI3K-protein kinase B (AKT) (Copps 

& White, 2012). Other known protein kinases that have been involved in the onset of insulin 

resistance include, but are not limited to, AMP-activated protein kinase (AMPK), IκB kinase 

(IKK), protein kinase C (PKC), or mitogen-activated protein kinases (MAPKs) (Ye, 2013; 

Zhang, Zhou, & Li, 2009). However, an extensive study of protein phosphorylation or kinase 

function alterations in IR has not been performed in human visceral white adipose tissue 

(VAT).  

Describing the changes in the kinome is key to understanding the contributions of 

signaling cascades in normal or dysfunctional conditions, and therefore for the identification 

of signaling alterations leading to systemic diseases. The rapid development of techniques, 

such as genome-wide association study (GWAS), RNA sequencing, or chromatin 

immunoprecipitation (ChIP) sequencing has paved the way for several scientific breakthroughs 

(Andersen et al., 2019; Gupta & Vadde, 2019; Ke et al., 2017; Sun et al., 2018). We have 

chosen now to use a novel technology developed by PamGene to perform a whole kinase 

activity profiling of human visceral adipose tissue from morbid obese non-diabetic subjects 

(MOND), compared to morbid-obese diabetic (MOD) patients. Identifying new and specific 

protein kinases involved in adipose tissue chronic inflammation and insulin resistance may 

help in developing targeted drug therapies and treatment strategies to minimize insulin 

resistance in patients.  
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While analyzing the differences in the kinome of VAT, we found that the activity of 

the serine/threonine kinase PIM-1 was increased in the VAT of obese insulin resistant patients, 

compared to metabolically healthy obese subjects. PIM-1 is a member of the PIM family, that 

is composed of three kinases: PIM-1, PIM-2 and PIM-3. The PIM family plays roles in 

numerous cellular functions, such as proliferation, cell cycle progression, differentiation, 

apoptosis, and tumorigenesis (J. Li, Loveland, & Xing, 2011; Narlik-Grassow, Blanco-

Aparicio, & Carnero, 2014; Warfel & Kraft, 2015). PIM kinases are important for growth factor 

signaling (Mikkers et al., 2004) by regulating B- and T- cell responses to cytokines and 

hematopoietic growth factors (An, Kraft, & Kang, 2013), and are thus known for their role 

supporting tumor cell growth and survival (Brault et al., 2010). PIM-1 has been specially 

studied in hematological malignancies and is known to be a major target for cytokine induced 

STAT signaling (Brault et al., 2010). 

We show in this study that PIM-1 activity in the macrophage fraction of adipose tissue 

mediates their pro-inflammatory effects, thus promoting insulin resistance and type II diabetes. 

Moreover, we demonstrate that the pharmacological inhibition of PIM-1 alters macrophage 

polarization in vitro and ameliorates insulin resistance in a mouse model of diabetes.  
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Results 

Kinome profiling reveals distinct kinase activities in human visceral adipose tissue from 

morbid obese diabetic, compared to non-diabetic subjects 

 The main goal of our study was to identify novel kinases inducing insulin resistance in 

obese subjects. The insulin signaling cascade is dependent on the rapid activation of a series of 

tyrosine and serine/threonine protein kinases. We used a technology developed by PamGene 

to determine differential global kinase activity in human VAT from morbid obese non-diabetic 

(MOND) and morbid obese diabetic (MOD) patients (Table 1) (Supplemental Figure 1). We 

used arrays that consist of 140 immobilized serine/threonine containing peptides (STK 

PamChips). These chips were incubated with the different adipose tissue lysates. Differentially 

phosphorylated peptides, whose phosphorylation varied significantly between the MOND and 

MOD samples, were indicative of differential specific kinase activities. More than 60 peptides 

were highly phosphorylated specifically in the VAT of MOD patients, as compared to MOND 

patients (Figure 1A and Table S4). Putative upstream kinase analysis was done using the “STK 

upstream kinase analysis”  pipeline from the Bionavigator software. This method takes into 

account the multiple parallel changes in peptide phosphorylation and both experimental kinase-

substrate relationships (Uniprot, HPRD, PhosphositePlus, Phospho.ELM, and Reactome 

databases), and in silico predictions for upstream kinases (phosphoNET database). The kinases 

that were identified with “more confidence” using this method were AKT1/PKBa, 

AKT2/PKBb, AMPKa1, ANPa, CHK2, mTOR/FRAP, PIM1, PIM2, PIM3, PKAa, PKC (a, 

d, e, h, q), PKD1, PKG1, PKG2, PRKX and p70S6Kb (Figure 1B-C). Even though PRKY is 

shown as a kinase hit in the kinexus-based analysis (Figure 1B), however it is considered as a 

pseudogene, which is why it is not depicted in the String Plot (Figure 1C). Of note, during the 

course of this study it was shown that the knockout of PKG1 in TNFa-induced mature 

adipocytes reverted the insulin resistant phenotype, by rescuing glucose uptake impairment 
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(Ando et al., 2015), and the adipose tissue specific knockout of PKCe improves diet induced 

glucose intolerance in mice (Brandon et al., 2019). Importantly, PKA, PKCb, AKT and AMPK 

have already been described as involved in the onset of insulin resistance (Huang, Liu, Guo, & 

Su, 2018; Mehta, 2014). These findings validated our experimental approach, and suggested 

that the increased activity of the above-mentioned kinases can be either a cause or a 

consequence of the insulin resistance characterizing MOD subjects. 

 

Pim-1 expression in VAT positively correlates with IR markers and is increased in 

different mouse models of insulin resistance. 

Next, we focused on the PIM family of kinases, because they were not previously 

described to be involved in insulin resistance or diabetes. PIM kinase activity is constitutively 

active (Warfel & Kraft, 2015). Thus, unlike other kinases, PIM kinase activity is regulated 

primarily at the transcriptional level, then by translation efficiency, and finally by proteasomal 

degradation (Amaravadi & Thompson, 2005). Functional redundancy, at the in vitro and in 

vivo levels, between the PIM kinases have been shown (Mikkers et al., 2004; Narlik-Grassow 

et al., 2012). 

Thus, we used their transcriptional level as a readout for activity and measured the 

expression of the different novel kinases in the VAT of more than 80 human patients (Table 

2). mRNA levels were correlated to the different IR markers, i.e. body mass index (BMI), 

insulinemia, and glycemia (Supplemental Figure 2A-I). Of all the identified kinases, PIM-1 

was the only one to show a positive correlation with all 3 variables (Figure 2 A-C). PIM-2 was 

only correlated to BMI (Figure 2D-F), while PIM-3 did not correlate to any of the 3 parameters 

(Figure 2G-I). 

To validate if the increased expression of PIM-1 upon insulin resistance is conserved 

in mice, we quantified mRNA levels in two different mouse models of insulin resistance: mice 
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under high-fat diet (HFD), and db/db mice. Based on RNA sequencing data, Pim-1 gene 

expression was significantly increased in the VAT of mice fed a HFD for 8 weeks, as compared 

to mice under normal chow diet (CD), which has the exact same composition as the HFD but 

with lower fat content, otherwise known as low fat diet (LFD) (Figure 2J). This was further 

increased after 20 weeks of HFD (Figure 2J). It is important to note here that 60% of the 

calories of the HFD is coming from fat. Pim-2 expression did not change between the groups 

(Figure 2K), while Pim-3 expression significantly decreased in the VAT of mice under HFD 

(Figure 2L). RTqPCR data showed that Pim-1 mRNA is also significantly higher in VAT of 

db/db mice (Figure 2M). However, Pim-2 expression was also increased in VAT of db/db mice 

(Figure 2N), while Pim-3 expression was significantly decreased in the VAT of db/db mice 

(Figure 2O). Overall, these results prove that PIM-1 gene expression is increased in adipose 

tissue from diabetic human subjects and from mouse models of diabetes, suggesting that PIM-

1 participates in the development of insulin resistance. 

 

The effects of Pim-1 in insulin resistance are not mediated by adipocytes. 

Next, we wanted to analyze the participation of PIM-1 in the onset of insulin-resistance 

in cellular models of white adipose tissue. Indeed, Pim-1 is increasingly expressed during 

adipocyte differentiation in the 3T3L1 model (Figure 3A). Mature 3T3L1 adipocytes treated 

with TNFa for 72h were used as a model for insulin resistance (Stephens, Lee, & Pilch, 1997). 

We stimulated these cells with 100nM insulin for 20 minutes and saw a significant decrease in 

the phosphorylation of AKT at Threonine 308, which is a readout of IS (Figure 3B-C). We 

treated these insulin-resistant adipocytes with the Pim-1 inhibitor SGI-1776. The inhibition of 

Pim-1 activity was validated by showing a dose-dependent decrease in the phosphorylation of 

Bad at Serine 112, which is a target of Pim-1, upon SGI-1776 treatment starting from 0.25µM 

(Figure 3D-F). The phosphorylation levels of AKT were, however, not increased with any of 



 10 

the tested doses of Pim-1 inhibitor, showing no rescue of the insulin resistant phenotype of 

TNFa treated 3T3L1 mature adipocytes (Figure 3D-F). These results suggested that Pim-1 

does not directly act on adipocytes to induce insulin resistance in the adipose tissue of obese 

subjects. 

 

Pim-1 expression and activity are increased in pro-inflammatory macrophages. 

Our initial kinome analysis was performed in whole VAT. In addition to adipocytes 

VAT contains fibroblasts, endothelial cells, and inflammatory cells. Out of those non-adipocyte 

cells, pro-inflammatory macrophages play a major role in the development of insulin resistance 

in this tissue. Therefore, we used bone marrow-derived macrophages (BMDMs) treated with 

lipopolysaccharide (LPS) for 6h, as an in vitro model of pro-inflammatory macrophages.  

Protein extracts from naive and 6h-LPS-stimulated cells were then submitted to PamChip 

serine/threonine kinase analyses (Supplemental Figure 4).  Pim-1 was among the kinases with 

increased activity in response to LPS treatment (Figure 4A). Consistently, RNA sequencing 

data from naïve and LPS-treated macrophages showed an increase in Pim-1 mRNA levels in 

the pro-inflammatory macrophages (Figure 4B). Moreover, the expression of Pim-1 was also 

increased in FACS sorted CD11c+ adipose tissue-derived pro-inflammatory macrophages from 

mice under HFD, when compared to CD11c+ macrophages from mice under chow diet (Figure 

4C), suggesting that our observations in BMDMs can be extended to adipose tissue 

macrophages.  

 

SGI-1776 decreases pro-inflammatory markers in LPS-stimulated macrophages. 

BMDMs were stimulated with LPS for 6h or 24h to induce a pro-inflammatory 

phenotype. As expected, pro-inflammatory markers (IL-1ß, IL-6, TNFa, MCP-1 and iNOS) 

were significantly increased in LPS treated macrophages as compared to naïve macrophages 
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(Figure 5A). Pim-1 expression was also increased upon LPS-stimulation in BMDMs, both at 

the mRNA and protein levels (Figure 5B-D). The phosphorylation of the known Pim-1 targets 

pS112 Bad and pT146 p21 was also increased upon LPS stimulation (Figure 5E), suggesting 

an increase in Pim-1 activity in pro-inflammatory macrophages.  

The treatment of macrophages with the Pim-1 inhibitor SGI-1776 prior to LPS 

stimulation decreased the mRNA expression of several pro-inflammatory cytokines, such as 

IL-1ß, TNFa, MCP-1 and iNOS (Figure 5F), as well as the expression of Pim-1 (Figure 5G). 

These results proved that Pim-1 has a direct role on pro-inflammatory macrophages, and this 

may participate in the onset of insulin resistance in VAT. 

 

Pim-1 inhibition improves insulin sensitivity in diabetic mice 

We next wanted to test the clinical relevance of our findings by treating the db/db 

diabetic mouse model with the SGI-1776 Pim-1 inhibitor. After 3 weeks of treatment, we did 

not observe changes in the food intake (Figure 6A) or body weight (Figure 6B). In contrast, 

the treatment resulted in alterations in body composition; an increase of lean mass and a 

decrease of fat mass (Figure 6C-D). This correlated with a decreased weight of WAT depots 

in SGI-1776-treated mice, whereas no differences were observed in the weight of other tissues, 

such as liver, heart or muscle (Figure 6E). This suggests a specific effect of SGI-1776 on 

adipose tissue depots. Most important was the finding that the fasting glycemia of the db/db 

mice treated with the Pim-1 inhibitor was reduced after 3 weeks of treatment, when compared 

to the vehicle-treated group (Figure 6F). Moreover, SGI-1776 treatment resulted in enhanced 

insulin sensitivity and glucose disposal, as measured by insulin and glucose tolerance tests 

(Figure 6G-J).  

Gene expression of several cytokines was next assessed. Pro-inflammatory markers, 

such as MCP-1, TNFa and iNOS decreased in the VAT of SGI-1776-treated mice (Figure 6K). 
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A higher expression of pro-inflammatory cytokines is often correlated with the aggregation of 

pro-inflammatory macrophages around dead adipocytes, and is a characteristic feature of 

inflammation in this tissue. These so-called crown-like structures were indeed apparent in the 

adipose tissue of vehicle-treated mice (Figure 6L-M), but were much decreased in the VAT of 

db/db mice treated with SGI-1776 (Figure 6L-M). These results proved that the inhibition of 

Pim-1 improves adipose tissue inflammation and the overall diabetic phenotype in the db/db 

mouse model. 
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Discussion 
 

The use of genomic, proteomic, and transcriptomic techniques in the study of human 

pathologies has been rapidly expanding. Indeed, the recent identification of new key players in 

human type 2 diabetes mellitus (T2DM) is based on high throughput techniques. These 

approaches study potentially pathogenic mutations or SNPs, as well as the expression of protein 

coding genes and actual protein abundance, whereas functional proteomic methodologies bring 

more insight on protein activity and how cell signaling works. Actually, in the past five years, 

proteomic studies have confirmed the importance of inflammatory pathways and cellular stress 

in the alterations found in adipose tissue of obese subjects (Garrison, Lastwika, Zhang, Li, & 

Lampe, 2017). A first prediction of upregulated kinases in adipose tissue in conditions of 

obesity and insulin resistance in mice was performed using phosphoproteomics. However, this 

study shows very limited overlap with our dataset (Shaik et al., 2016). The kinase activity-

based assay from PamGene allows us to detect kinase function directly in order to perform 

kinome profiling on patients’ biopsies.  

The aim of our study was to discover new kinases whose activities are deregulated 

during the development of insulin resistance in obese subjects, independently of adiposity. To 

implement our strategy, we took advantage of a population of obese subjects that are protected 

from the development insulin resistance and other obesity-derived pathologies (Wildman et al., 

2008). Comparing the global kinase activities in the adipose tissue of these subjects with the 

kinase activities of the obese diabetic patients allowed us to discover new kinases, specifically 

active in the adipose tissue of the pathological group. This strategy allows us to overcome any 

confounding factors that could be related to obesity per se, and not to insulin resistance. 

Moreover, our results shed light on the mechanism behind the ability of a certain population of 

obese subjects to maintain metabolic health and evade metabolic complications.  
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We used three criteria to select specific kinase activities for further in vivo studies. First, 

the kinase activity should be significantly modified in validation studies. Second, specific 

kinase inhibitors should be available for further preclinical testing. And third, a role for the 

identified kinase in diabetes should not have been previously described. By performing an 

upstream putative kinase analysis of the differentially phosphorylated peptides in MOD and 

MOND VAT samples, we identified PIM-1 as a potentially upregulated kinase in diabetic 

patients. We consequently validated our finding and proposed a mechanism by which Pim-1 

modulates insulin sensitivity by integrating cellular models, diabetic mouse models and clinical 

data from our human cohort. 

Emerging evidence proves that PIM-1 is a promising drug target against many types of 

cancer. It is correlated with tumor aggressiveness and is a marker of poor prognosis in several 

tumor types, such as prostate cancer and leukemia (Dhanasekaran et al., 2001; Liu, Wang, 

Wang, & Li, 2010; Shah et al., 2008). Interestingly, in ovarian cancer cells, PIM-1 

phosphorylates c-Myc, which in turn induces the expression of several metabolic enzymes: 

PGK1, LDHA, GLUT1, etc. (Wu et al., 2018), providing a first observation linking PIM-1 

activity to the regulation of metabolism, at least in the context of cancer. Moreover, PIM-1 has 

been shown to play a role in diabetic cardiomyopathy and diabetic nephropathy, which are 

severe complications associated with diabetes (Agrawal & Kant, 2014; Kannel, Hjortland, & 

Castelli, 1974). However, PIM-1 has never been directly associated with adipose tissue insulin 

resistance in the context of T2D. An important role of PIM-1 that strongly places this kinase 

as a novel target for insulin resistance is its role in the inflammatory response. Indeed, PIM-1 

has been linked to placental inflammation (Liong, Barker, & Lappas, 2017), to the stabilization 

of the p65 subunit of NFkB (Nihira et al., 2009), and to the immunosuppressive activity of 

human regulatory T cells (Z. Li et al., 2014). It is well established that pro-inflammatory 

cytokines, such as IL-6 and TNF-α, affect insulin signaling, which in turn is essential to 
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maintain glucose homeostasis and regulate its metabolism in adipose tissue. We show here that 

PIM-1 kinase does not mediate cytokine-induced insulin resistance in adipocytes (Figure 3A-

D), but rather plays a key role in another cell type mediating insulin resistance in adipose tissue: 

pro-inflammatory macrophages.  

PIM kinases are arising as significant mediators in cytokine signaling pathways. Pim-

1 is highly expressed in the bone marrow, spleen, thymus, fetal liver, and non-hematopoietic 

tissues such as hippocampus, prostate, and epithelia (Eichmann, Yuan, Breant, Alitalo, & 

Koskinen, 2000). Pim-1 transcription is activated in response to numerous cytokines through 

JAK-STAT signaling (Brault et al., 2010). PIM-1 is also involved in myeloid cell 

differentiation, indeed when the levels of active PIM-1 are manipulated, the rate of 

differentiation of U937 cells is altered (Z. Wang et al., 2001). Importantly, PIM-1 has been 

shown to promote NFkB transactivation by preventing its degradation in HeLa cells (Nihira et 

al., 2009), and by promoting RANKL-induced NFkB transcriptional activity in osteoclasts 

(Kim, Kim, Youn, Jin, & Kim, 2010). We propose here an additional role for PIM-1 in 

macrophage polarization in response to pro-inflammatory stimuli.   

In conclusion, this study has identified a subset of novel kinases potentially involved in 

adipose tissue insulin resistance through an activity-based screen and elucidated yet another 

important role of PIM-1 kinase, linking its canonical role in cancer and inflammation to 

metabolism, specifically insulin resistance in diabetic patients. This will now pave the way for 

more studies, investigating the mechanisms by which PIM-1 participates in adipose tissue 

inflammation in obese subjects, and thus in the onset of T2D. This will also help develop new 

targeted drug therapies in the field of diabetes, a worldwide epidemic, with no clear therapeutic 

strategies yet.  
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Tables  

Table 1: Cohort 1 (discovery cohort) 

Morbid obese non-diabetic (MOND) and morbid obese type 2 diabetic (MOD) patients used 
for PamGene data analysis 

Patients n Females Males Age 

(years) 

BMI 

(kg/m2) 

Insulinemia 

(mIU/mL) 

Glycaemia 

(mg/dL) 

HOMA-IR 

MOND 23 16 7 47 ± 2 46.3 ± 1.0 17.8 ± 2.3 94.6 ± 2.6 4.4 ± 0.6 

MOD 21 11 10 52 ± 2 48.5 ± 1.7 25.4 ± 4.8 133.5 ± 9.8 10.7 ± 2.7 

 

Table 2: Cohort 2 (confirmatory cohort) 

Lean (L), obese (O) and morbid obese (MO) patients that are diabetic and non-diabetic used 
for the correlations between mRNA expression and IR markers (BMI, Glycemia, and 
Insulinemia) 

Patients n Females Males Age 

(years) 

BMI 

(kg/m2) 

Insulinemia 

(mIU/mL) 

Glycaemia 

(mg/dL) 

HOMA-IR 

L 20 13 7 55 ± 3 23.7 ± 0.4 7.5 ± 1.2 100.8 ± 4.2 1.9 ± 0.3 

O 23 12 11 59 ± 3 32.8 ± 0.4 11.1 ± 1.4 110.8 ± 5.1 3.0 ± 0.4 

MO 43 33 10 49 ± 1 46.6 ± 0.9 19.9 ± 2.3 114.4 ± 5.0 6.2 ± 1.0 

 

Table S 1: Primers used for qPCR analysis of housekeeping genes (human and mouse) 

Gene Forward Reverse 

RS9 CACACTCTCCCCAACGTTCT ACCACCTGCTTGCGGACCCTGATA 

Actin TCCATCATGAAGTGTGACGT TACTCCTGCTTGCTGATCCAC 

 

Table S 2: Primers used for qPCR analysis of kinases upregulated in VAT of MOD patients 

Gene Forward Reverse 

Pim-1 (human) CCTGGGGATCCTGCTGTATG CAGGGCCAAGCACCATCTAA 

Pim-1 (mouse) GCGGCGAAATCAAACTCA TCATAGAGCAGGATCCCAAG 
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Pim-2 (human) AGCTCATCGACTTCGGTTCG TATCGTAGAGAAGCACGCCC 

Pim-2 (mouse) AGCTTTCGAGGCCGAATA GGTTCCGGGAGATTACTTTG 

Pim-3 (human) GTTCTGGTGCCCTGCTTCAT TGCATGGTACTGGTGTCGAG 

Pim-3 (mouse) AGCTGAAGCTCATCGACT GTAGAGCAGTACACCCAGA 

PRKG1 (human) ATCAGGCAAGGTGCAAGAGG CCTGCAAGGCTTTCTCTCCA 

PRKG2 (human) TCCTGCACAATGGGAAGAGG ATGGGGTAGCCTCTAGCAGT 

CHK2 (human) GCAGGTTTAGCGCCACTCTG TCCGACTCCCGAGACATCAC 

 

Table S 3: Primers used for qPCR analysis of pro-inflammatory markers (mouse) 

Gene Forward Reverse 

IL-1b GCAACTGTTCCTGAACTCAACT ATCTTTTGGGGTCCGTCAACT 

IL-6 TAGTCCTTCCTACCCCAATTTCC TTGGTCCTTAGCCACTCCTTC 

iNOS CCAAGCCCTCACCTACTTCC CTCTGAGGGCTGACACAAGG 

MCP-1 CCACTCACCTGCTGCTACTCA TGGTGATCCTCTTGTAGCTCTCC 

TNFa ACGGCATGGATCTCAAAGAC AGATAGCAAATCGGCTGACG 
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Table S 4: Peptides highly phosphorylated in hVAT of MOD as compared to MOND patients 

Rank ID UniprotAccession Sequence Ser Thr p-value 

1 NCF1_296_308 P14598 RGAPPRRSSIRNA [303, 304] [] 1.42E-
03 

2 NCF1_321_333 P14598 QDAYRRNSVRFLQ [328] [] 2.09E-
03 

3 SCN7A_898_910 Q01118 KNGCRRGSSLGQI [905, 906] [] 3.31E-
03 

4 PTN12_32_44 Q05209 FMRLRRLSTKYRT [39] [40, 44] 3.84E-
03 

5 VTNC_390_402 P04004 NQNSRRPSRATWL [393, 397] [400] 4.14E-
03 

6 ADRB2_338_350 P07550 ELLCLRRSSLKAY [345, 346] [] 5.74E-
03 

7 GBRB2_427_439 P47870 SRLRRRASQLKIT [427, 434] [439] 5.74E-
03 

8 CAC1C_1974_1986 Q13936 ASLGRRASFHLEC [1975, 1981] [] 6.50E-
03 

9 BAD_69_81 Q92934 IRSRHSSYPAGTE [71, 74, 75] [80] 6.59E-
03 

10 EPB42_241_253 P16452 LLNKRRGSVPILR [248] [] 6.59E-
03 

11 GPSM2_394_406 P81274 PKLGRRHSMENME [401] [] 6.70E-
03 

12 MYPC3_268_280 Q14896 LSAFRRTSLAGGG [269, 275] [274] 6.71E-
03 

13 NFKB1_330_342 P19838 FVQLRRKSDLETS [337, 342] [341] 6.76E-
03 

14 VASP_150_162 P50552 EHIERRVSNAGGP [157] [] 7.15E-
03 

15 DESP_2842_2854 P15924 RSGSRRGSFDATG [2843, 2845, 
2849] [2853] 7.76E-

03 

16 VASP_271_283 P50552 LARRRKATQVGEK [] [278] 8.65E-
03 

17 CGHB_109_121 P01233 QCALCRRSTTDCG [116] [117, 118] 8.97E-
03 

18 KPB1_1011_1023 P46020 QVEFRRLSISAES [1018, 1020, 
1023] [] 9.05E-

03 

19 CFTR_730_742 P13569 EPLERRLSLVPDS [737, 742] [] 9.24E-
03 

20 LIPS_944_956 Q05469 GFHPRRSSQGATQ [950, 951] [955] 9.53E-
03 

21 KAP2_92_104 P13861 SRFNRRVSVCAET [92, 99] [104] 9.63E-
03 

22 KCNA6_504_516 P17658 ANRERRPSYLPTP [511] [515] 1.00E-
02 
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23 CREB1_126_138 P16220 EILSRRPSYRKIL [129, 133] [] 1.01E-
02 

24 ANDR_785_797 P10275 VRMRHLSQEFGWL [791] [] 1.11E-
02 

25 RYR1_4317_4329 P21817 VRRLRRLTAREAA [] [4324] 1.15E-
02 

26 KAP3_107_119 P31323 NRFTRRASVCAEA [114] [110] 1.20E-
02 

27 E1A_ADE05_212_224 P03255 AILRRPTSPVSRE [219, 222] [218] 1.20E-
02 

28 F263_454_466 Q16875 NPLMRRNSVTPLA [461] [463] 1.27E-
02 

29 ANXA1_209_221 P04083 AGERRKGTDVNVF [] [216] 1.29E-
02 

30 RAP1B_172_184 P61224 PGKARKKSSCQLL [179, 180] [] 1.29E-
02 

31 KCNA1_438_450 Q09470 DSDLSRRSSSTMS [439, 442, 445, 
446, 447, 450] [448] 1.31E-

02 

32 CENPA_1_14 P49450 MGPRRRSRKPEAPR [7] [] 1.32E-
02 

33 REL_260_272 Q04864 KMQLRRPSDQEVS [267, 272] [] 1.35E-
02 

34 TY3H_65_77 P07101 FIGRRQSLIEDAR [71] [] 1.35E-
02 

35 STMN2_90_102 Q93045 AAGERRKSQEAQV [97] [] 1.42E-
02 

36 NMDZ1_890_902 Q05586 SFKRRRSSKDTST [890, 896, 897, 
901] [900, 902] 1.47E-

02 

37 PPR1A_28_40 Q13522 QIRRRRPTPATLV [] [35, 38] 1.51E-
02 

38 PLM_76_88 O00168 EEGTFRSSIRRLS [82, 83, 88] [79] 1.57E-
02 

39 NOS3_1171_1183 P29474 SRIRTQSFSLQER [1171, 1177, 
1179] [1175] 1.57E-

02 

40 GPR6_349_361 P46095 QSKVPFRSRSPSE [350, 356, 358, 
360] [] 1.60E-

02 

41 CSF1R_701_713 P07333 NIHLEKKYVRRDS [713] [] 1.74E-
02 

42 RS6_228_240 P62753 IAKRRRLSSLRAS [235, 236, 240] [] 1.85E-
02 

43 PTK6_436_448 Q13882 ALRERLSSFTSYE [442, 443, 446] [445] 1.98E-
02 

44 FRAP_2443_2455 P42345 RTRTDSYSAGQSV [2448, 2450, 
2454] 

[2444, 
2446] 

2.02E-
02 

45 PDE5A_95_107 O76074 GTPTRKISASEFD [102, 104] [96, 98] 2.09E-
02 
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46 TOP2A_1463_1475 P11388 RRKRKPSTSDDSD [1469, 1471, 
1474] [1470] 2.10E-

02 

47 H32_3_18 Q71DI3 RTKQTARKSTGGKAPR [11] [4, 7, 12] 2.12E-
02 

48 KCNA2_442_454 P16389 PDLKKSRSASTIS [447, 449, 451, 
454] [452] 2.13E-

02 

49 K6PL_766_778 P17858 LEHVTRRTLSMDK [775] [770, 773] 2.15E-
02 

50 COF1_17_29 P23528 DMKVRKSSTPEEV [23, 24] [25] 2.36E-
02 

51 ADDB_706_718 P35612 KKKFRTPSFLKKS [713, 718] [711] 2.38E-
02 

52 ESR1_160_172 P03372 GGRERLASTNDKG [167] [168] 2.42E-
02 

53 STK6_283_295 O14965 SSRRTTLCGTLDY [283, 284] [287, 288, 
292] 

2.45E-
02 

54 H2B1B_ 27_40 P33778 GKKRKRSRKESYSI [33, 37, 39] [] 2.47E-
02 

55 KIF2C_105_118_S106G Q99661 EGLRSRSTRMSTVS [109, 111, 115, 
118] [112, 116] 2.57E-

02 

56 RAF1_253_265 P04049 QRQRSTSTPNVHM [257, 259] [258, 260] 2.62E-
02 

57 PLEK_106_118 P08567 GQKFARKSTRRSI [113, 117] [114] 2.63E-
02 

58 KPCB_19_31_A25S P05771 RFARKGSLRQKNV [25] [] 2.88E-
02 

59 BAD_93_105 Q92934 FRGRSRSAPPNLW [97, 99] [] 3.08E-
02 

60 BAD_112_124 Q92934 RELRRMSDEFVDS [118, 124] [] 3.30E-
02 

61 RBL2_655_667 Q08999 GLGRSITSPTTLY [659, 662] [661, 664, 
665] 

3.37E-
02 

62 KCNA3_461_473 P22001 EELRKARSNSTLS [468, 470, 473] [471] 3.40E-
02 

63 GYS2_1_13 P54840 MLRGRSLSVTSLG [6, 8, 11] [10] 3.81E-
02 

64 RB_242_254 P06400 AVIPINGSPRTPR [249] [252] 4.66E-
02 

65 ACM1_444_456 P11229 KIPKRPGSVHRTP [451] [455] 4.93E-
02 
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Figure Legends 

Figure 1: Pim-1 kinase activity is upregulated in human visceral adipose tissue (hVAT) of 

morbid obese diabetic (MOD) patients as seen in upstream score plot using kinexus-based 

analysis.  

 The heatmap shows that more than 60 peptides were highly phosphorylated in visceral adipose 

tissue samples from morbid obese diabetic (IR) as compared to samples from morbid obese 

non-diabetic (IS) patients (A). Upstream kinase analysis was done using the Bionavigator 

software of the PamGene, which bases its assumption on kinexus. Peptide set size 

corresponding to each kinase is denoted by the size of the dot. As for the specificity of these 

peptides to the kinase, it ranges from black (0) to red (2). The darker the red color, the higher 

the specificity of the peptide set to the kinase. Negative values indicate higher kinase activity 

in the MOD group. As seen in this score plot, PKG1, PKG2, PKA, Pim-1, Pim-2, Pim-3, 

PRKX, PKC, p70S6Kβ, CHK2, PKD1, Akt1/PKB, etc. have higher kinase activity in the 

hVAT samples from MOD patients, as compared to the hVAT samples from morbid obese 

non-diabetic (MOND) patients (B). An interaction network was constructed using the STRING 

tool and the selected kinases as input. The width of the interactions depends on the confidence 

score to each association in STRING, i.e. the thickness of the lines indicates the strength of the 

data support. Each color group of the kinases is attributed to a kinase cluster, giving a total of 

5 different groups of interacting kinases (C). More detailed information is found in the 

Materials and Methods section. n = 21-24. 

 

Figure 2: Pim-1 gene expression positively correlates to IR markers in hVAT and is 

upregulated in mVAT of 2 IR mouse models. 

RTqPCR was performed on visceral adipose tissue samples taken from more than 80 lean, 

obese, and morbid obese healthy and diabetic patients. Pim-1 relative gene expression 
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positively correlates with BMI (A), insulinemia (B), and glycemia (C). Pim-2 positively 

correlates with BMI (D), but not with insulinemia (E) or glycemia (F). Pim-3 does not correlate 

with any of the three markers (G-I). Pim expression was also checked in visceral adipose tissue 

from 2 mouse models of insulin resistance (J-O). RNA sequencing data of VAT from male 

mice under CHOW or HFD (8 or 20 weeks) show that Pim-1 expression was significantly 

increased in VAT of mice under HFD, with higher values in the 20 weeks’ duration (J), Pim-2 

does not differ (K), and Pim-3 significantly decreases in mice under HFD (L). Pim-1 and Pim-

2 gene expression significantly increase in VAT of male db/db mice (M-N), while Pim-3 

significantly decreases (O). RS9 and 18S were used as housekeeping genes. Significance of 

the correlation data was determined using the Pearson correlation coefficients, with * p < 0.05, 

** p < 0.01. Results of panels D-E represent the average ± SEM. n= 5-7 mice. Significance 

was determined using the Bonferroni-Dunn method, with * p < 0.05, ** p < 0.01, *** p < 

0.001, **** p < 0.0001. 

 

Figure 3: Pim-1 inhibition does not promote insulin sensitivity in TNFα-treated mature 

adipocytes. 

Pim-1 mRNA is highly expressed in mature adipocytes as compared to pre-mature adipocytes 

(A). Western blot analysis of mature adipocytes with or without 48h of 10ng/mL TNFα, 

stimulated with 100nM insulin for 15’ (B). pT308 Akt, readout for insulin resistance, was 

significantly decreased in TNFα-treated mature adipocytes (C). Western blot analysis of IS and 

IR mature adipocytes treated with SGI-1776 (0.1, 0.25, 0.5, and 1µM) and stimulated with 

100nM insulin for 15’ (D). pS112 Bad, Pim-1 phospho-target, was significantly decreased at 

0.25, 0.5, and 1µM of the inhibitor (E). pT308 Akt was not rescued with the inhibitor treatment 

(F). RS9 and 18S were used as housekeeping genes in RTqPCR experiments. 10µg of extracted 

protein was blotted, and α-Tubulin was used as the loading control. Western blot quantification 
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is done using ImageJ. Results represent the average ± SEM, with n=3. Significance was 

determined using the Bonferroni-Dunn method, with * p < 0.05, ** p < 0.01, *** p < 0.001, 

**** p < 0.0001. 

 

Figure 4: Pim-1 kinase activity and gene expression are upregulated in pro-inflammatory 

macrophages. 

Protein was extracted from naive and 6h-LPS-stimulated pro-inflammatory BMDMs, and then 

incubated on PamChip Serine/Threonine kinase microarrays to detect peptide phosphorylation. 

Upstream kinase analysis was done using the Bionavigator software of the PamGene, which 

bases its assumption on kinexus. Peptide set size corresponding to each kinase is denoted by 

the size of the dot. As for the specificity of these peptides to the kinase, it ranges from black 

(0) to red (2). The darker the red color, the higher the specificity of the peptide set to the kinase. 

Positive values indicate higher kinase activity in LPS-stimulated macrophages. As seen in the 

score plot, PKA, AMPK, several CDKs, and Pim-1 have higher kinase activity in the pro-

inflammatory LPS-stimulated macrophages (A). Heat map of the RNA sequencing data from 

naive and LPS-treated macrophages show that PRKX, Pim-1, and Pim-2 genes are significantly 

high in the pro-inflammatory as compared to naïve BMDMs (B). RTqPCR data show that Pim-

1 mRNA expression is significantly higher in M1-sorted macrophages from VAT of HFD mice 

(C). PamGene results are the average of 3 independent experiments, each with 4 replicates. 

B2M was used as the housekeeping gene in RTqPCR experiments, and results represent the 

average ± SEM, n = 6. Significance was determined using the Bonferroni-Dunn method, with 

* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 

 

Figure 5: Pim-1 expression is high in LPS-stimulated macrophages, and its inhibition 

decreases the expression of pro-inflammatory markers. 
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RTqPCR was performed on naïve and LPS-stimulated (6h, 24h) macrophages (A-B). 

Expression of pro-inflammatory markers IL-1β, IL-6, TNFα, and MCP-1 significantly increase 

in LPS-treated macrophages for 6h (A). Pim-1 expression is significantly high in LPS-treated 

pro-inflammatory macrophages (B). Western blot analysis of naïve and LPS-stimulated 

macrophages (6h, 24h) against Pim-1, pS112 Bad, and pT145p21 (C). Pim-1 protein expression 

decreases in LPS-treated macrophages for 6h, while it increases back to normal levels in LPS-

treated macrophages for 24h (D). pS112 Bad and pT145p21, Pim-1 phospho targets, 

significantly increase in LPS-treated macrophages (E). Pro-inflammatory macrophages that are 

LPS-stimulated for 6h were treated with DMSO or 0.25µM SGI-1776 for 24h. Pro-

inflammatory markers IL-1β, TNFα, MCP-1, and iNOS gene expression significantly decrease 

upon inhibitor treatment (F). Pim-1 gene expression tends to decrease upon inhibitor treatment 

(G). RS9 and actin were used as housekeeping genes in RTqPCR experiments. 10µg of 

extracted protein was blotted, and α-Tubulin was used as the loading control. Western blot 

quantification is done using ImageJ. Results represent the average ± SEM, with n = 3. 

Significance was determined using the Bonferroni-Dunn method, with * p < 0.05, ** p < 0.01, 

*** p < 0.001. 

 

Figure 6: db/db mice treated with SGI-1776 for 3 weeks have lower fat mass, increased glucose 

and insulin sensitivity, and decreased VAT inflammation. 

Gavaged mice with DMSO or the Pim-1 inhibitor do not differ in food intake (A) or total body 

weight (B). However, their % lean mass increases (C), and their % fat mass decreases (D) as 

compared to the control group. The relative masses of VAT and SAT of treated mice 

significantly decrease in the treated group, while the relative masses of the liver, heart, and 

gastrocnemius do not change between the groups (E). The % change in fasting glycemia before 

and after treatment tends to decrease in the treated group (F). Mice underwent an insulin 
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tolerance test at day 9 post-treatment, in which the treated db/db mice became more insulin 

sensitive after 1h of insulin injection (G), and had a significant decrease in the Area Under 

Curve (H). Glucose tolerance test was done on both groups at day 18 post-treatment. Treated 

mice became more glucose tolerant after 30’ of glucose injection (I), and had a significant 

decrease in the area under curve in SGI-1776-gavaged mice (J). RTqPCR was done on VAT 

of all mice, and gene expression of several pro-inflammatory macrophage markers was 

measured. iNOS, TNFα, and MCP-1 decrease in the SGI-1776-gavaged group, while IL-1β 

and IL-6 tend to increase (K). Cross-sections of the mVAT of control and treated mice were 

stained for H/E and F4/80, a macrophage marker (L). An example of a crown-like structure is 

depicted in the magnified image. For each mVAT sample, 20 images were taken and all crown-

like structures were counted, and shown to be significantly decreased in mVAT of treated mice 

(M). Results represent the average ± SEM, n = 8-9 mice. Significance was determined using 

the Bonferroni-Dunn method, with * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 

 

Supplemental Figure 1: Kinome profiling of human visceral adipose tissue (hVAT) samples 

from morbid obese diabetic (MOD) and morbid obese non-diabetic MOND) patients. 

The protein lysate was extracted from morbid obese visceral adipose tissue from IS and IR 

patients, and were passed into the PamStation, where the samples were incubated on PamChip 

Serine/Threonine kinase microarrays to detect kinase activity readout, by peptide 

phosphorylation and FITC labelling. The Log Data is then displayed as a heat map showing 

that more than 60 peptides were highly phosphorylated in visceral adipose tissue samples from 

morbid obese diabetic (IR) as compared to samples from morbid obese non-diabetic (IS) 

patients. The darker the red color, the higher the phosphorylation. The darker the blue color, 

the lower the phosphorylation. n = 21-24. 

 



 26 

Supplemental Figure 2: Gene expression correlations to IR markers in hVAT and kinase 

activity validation of Pim family in mVAT. 

RTqPCR was performed on visceral adipose tissue samples taken from more than 80 lean, 

obese, and morbid obese healthy and diabetic patients (A-I). PRKG1 relative gene expression 

negatively correlates with BMI (A) not insulinemia (B) or glycemia (C). PRKG2 (D-F) and 

CHK2 (G-I) do not correlate with any of the IR markers. RS9 and 18S were used as 

housekeeping genes. Significance was determined using the Pearson correlation coefficients, 

with * p < 0.05, ** p < 0.01. 

  

Supplemental Figure 3: Kinome profiling of naïve and pro-inflammatory macrophages. 

Protein was extracted from naïve and 6h-LPS-stimulated pro-inflammatory macrophages. 

Samples were then incubated on PamChip Serine/Threonine kinase microarrays to detect 

peptide phosphorylation. As seen in this heat map, the upper 45 peptides were highly 

phosphorylated in the pro-inflammatory LPS-stimulated macrophages. The darker the red 

color, the higher the phosphorylation, and the darker the blue color, the lower the 

phosphorylation (A). RTqPCR data show that Pim-2 and Pim-3 mRNA expression does not 

change in M1-sorted macrophages from VAT of HFD mice as compared to mice under CHOW 

diet (B). PamGene results are the average of 3 independent experiments, each with 4 replicates. 

B2M was used as the housekeeping gene in RTqPCR experiments, and results represent the 

average ± SEM, with n = 5. 
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Materials and Methods 

Human Samples 

Cohort 1: Patients scheduled for a bariatric surgery procedure were recruited from the obesity 

outpatient clinic of Hospital Universitari Germans Trias, Badalona (Spain) and from the 

Hospital Universitario Virgen de la Victoria, Malaga (Spain). The study was conducted 

according to the principles of the Declaration of Helsinki. All patients signed an informed 

consent form approved by the corresponding institutional ethics committee.  Inclusion criteria 

were as follows: age between 18 and 60 years, BMI >35 kg/m2. Exclusion criteria were type 1 

diabetes or positivity for GAD autoantibodies, secondary forms of diabetes, acute metabolic 

complications, liver disease, renal dysfunction or patients under anticoagulant treatment, 

pregnancy and corticoid use by oral or intravenous route for more than 14 consecutive days in 

the last 3 months. Patients were classified as having type 2 diabetes (MOD) according to ADA 

criteria (American Diabetes, 2010) or as morbid obese non-diabetic subjects (MOND). A 

physical examination with determination of anthropometrical parameters and a complete 

biochemical analysis was performed before bariatric surgery (Table 1). A sample of visceral 

fat was obtained during the surgical bariatric procedure.  

Cohort 2: lean (20), obese (23) and morbid obese (43) patients were included in the study from 

a biobank adipose tissue collection (registry number C.0001665 from the national registry of 

biobank collections at the Instituto de Salud Carlos III (ISCIII) (Spain) managed by the Institut 

d’Investigacio Sanitaria Pere Virgili (IISPV). Visceral adipose tissue samples with clinical and 

analytical variables were obtained from this collection and registry. All samples had the 

corresponding informed consent approved by the IISPV ethics committee. The main clinical 

and analytical characteristics are shown in table 2. 
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Glucose, cholesterol and triglycerides were determined using standard enzymatic methods. 

Plasma insulin was analyzed by immunoassay (Coat-A-Count Insulin; Diagnostic Products 

Corp., Los Angeles, CA). Glycated haemoglobin (HbA1c) was measured by high-pressure 

liquid chromatography using a fully automated analyzer system (Hitachi L-9100). The 

homeostatic model assessment insulin resistance index (HOMA-IR) was calculated by the 

formula: (plasma glucose (mmol/l) x serum insulin (mU/L)) / 22.5). 

Isolation of mature adipocytes and stromal vascular fraction  

SVF was obtained from human adipose tissue biopsies as described (Ceperuelo-Mallafre et al., 

2016; Serena et al., 2016; Serena et al., 2017). Briefly, sub-cutaneous white adipose tissue 

(scWAT) and visceral white adipose tissue (vWAT) was washed extensively with PBS to 

remove debris and treated with 0.1% collagenase in PBS and 1% BSA for 1 hr at 37°C with 

gentle agitation. Digested samples were centrifuged at 300 × g at 4°C for 5 min to separate 

adipocytes from the SVF. Adipocytes were directly used for RNA isolation and the cell pellet 

containing the SVF was resuspended in red-blood-cell lysis buffer (10 mM KHCO3, 150 mM 

NH4Cl, 0.1 mM EDTA) for 2 min, then washed with PBS and passed through a 40-µm filter 

(Fisher Scientific). To isolate ultrapure ATMs, the SVF was incubated with F4/80 MicroBeads 

(130-110-443, MiltenyiBiotec S.L. Madrid, Spain) for 30 min and positive selection was 

performed with an autoMACS separator (MiltenyiBiotec). 

Flow cytometry 

The SVF from scWAT and vWAT was isolated as described above. To isolate myeloid lineage 

cells, SVF was incubated with CD11b MicroBeads (130-049-601, MiltenyiBiotec) for 30 min, 

and positive selection was performed with an autoMACS separator. Magnetically isolated 

CD11b+ cells were washed and incubated with the desired combination of fluorochrome-

conjugated monoclonal antibodies, including FITC-anti-F4/80 (clone BM8), APC-anti-CD11c 
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(clone N418), PE-anti-CD206 (clone MR6F3) and PE-Cy7-anti-Ly-6G (clone RB6-8C5) (all 

from eBiosciences, San Diego, CA) for 20 min. Data were acquired on a FACS Aria III (BD 

Biosciences) and analysis was performed using FACSDivaTM software (BD Biosciences).  

Kinome Profiling (PamGene):  

For	kinome	analysis,	serine/threonine	(STK)	kinase	microarrays	were	purchased	from	

PamGene	International	BV.	Each	array	contained	140	phosphorylatable	peptides,	as	well	

as	 4	 control	 peptides.	 Sample	 incubation,	 detection,	 and	 analysis	 were	 performed	

according	to	the	manufacturer’s	instructions	in	a	PamStation	12.	Briefly,	extracts	from	

human	adipose	tissue	were	made	using	M-PER	mammalian	extraction	buffer	(Thermo	

Scientific)	 containing	 1:50	 Halt	 phosphatase	 inhibitor	 cocktail	 (Thermo	 Scientific)	

and	1:50	Halt	protease	inhibitor	cocktail	EDTA-free	(Thermo	Scientific)	for	20	min	on	a	

spinning	wheel	at	4°C.	The	lysates	were	then	centrifuged	at	13,000	r.p.m.	for	20	min	to	

remove	all	debris.	The	supernatant	was	aliquoted,	 snap-frozen	 in	 liquid	nitrogen,	 and	

stored	at	-80°C	until	further	processing.	Prior	to	incubation	with	the	kinase	reaction	mix,	

the	arrays	were	blocked	with	2%	BSA	for	30	cycles	and	washed	three	times	with	PK	assay	

buffer.	Kinase	reactions	were	performed	over	1	h	with	5	µg	total	extract	and	400	µM	ATP	

at	 30°C.	 Phosphorylated	 peptides	 were	 detected	 with	 a	 secondary	 anti	 rabbit-FITC	

antibody	 that	 recognizes	 a	 pool	 of	 anti-phospho	 serine/threonine	 antibodies.	 The	

instrument	contains	a	12-bit	CCD	camera	suitable	 for	 imaging	of	FITC-labelled	arrays.	

The	 images	 obtained	 from	 the	 phosphorylated	 arrays	 were	 quantified	 using	 the	

bionavigator	 software	 (PamGene	 International	BV).	Generated	heat	maps	and	kinexus	

plots	are	further	explained	in	the	results	and	figures	sections.	

STRING Analysis 
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Based	 on	 the	 kinexus	 plot	 generated	 by	 the	 bionavigator	 software	 (PamGene	

International	BV),	we	chose	the	top	20	kinases.	The	hit	kinases	were	then	used	as	input	

in	the	STRING	software.	A	kinase	interaction	network	was	constructed	with	a	minimum	

required	interaction	score	or	medium	confidence	of	0.4	and	several	criteria	for	linkage,	

i.e.	co-expression,	experimental	evidence,	existing	databases,	text	mining,	as	well	as	co-

occurrence	and	neighborhood.	Further	explanation	is	found	in	the	figure	legend.	

Mouse Strains and Diet Information 

BKS(D)-Lepr db/+JOrlRj and BKS(D)-Lepr db/db JOrlRj male mice were obtained from 

Janvier Labs. Mice had free access to standard rodent chow diet and water, unless stated 

otherwise. They were housed 5 mice per cage in a 12h-day 12h-night cycle, unless stated 

differently. Animals were gavaged daily with 75mg/kg of vehicle or SGI-1776 (HY-13287) 

purchased from MedChemTronics, the European branch of MedChemExpress, for 21 

consecutive days. Mice were acclimated and submitted to the PhenoMaster (metabolic 

phenocage) throughout the treatment, by which food intake was measured. Body weight was 

controlled daily. Following the protocol, mice were killed by cervical dislocation and tissues 

were isolated for analysis. 

Male C57Bl6 mice were fed with HFD with 60% calories from fat (Research Diet D12492) or 

matched control diet (D12450J) starting from 5 weeks of age. 

All animal care and treatment procedures were performed in accordance with Swiss guidelines 

and were approved by the Canton of Vaud, Service de la Consommation et des Affaires 

Vétérinaires (SCAV) (authorization VD 3371.b). 

Glucose and Insulin Tolerance Tests 

For the Glucose Tolerance Test, mice were starved for 16h and then injected intraperitoneally 

with glucose (2g/kg). Tail vein blood glucose was checked at the indicated time points. For the 
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Insulin Tolerance Test, mice were fasted for 6h, after which they were injected 

intraperitoneally with 1.125 U/kg insulin, and tail vein blood glucose was then measured at the 

indicated time.  

Metabolic Phenocage of the PhenoMaster 

This special automated cage construct separates, collects, and quantifies urine and feces of 

mice or rats, and thus provides important information about the animal’s energy balance. 

Dedicated urine and feces collection funnels direct urine and feces into standard lab tubes. 

Weighing sensors below the collection containers quantify urine and feces by amount and time. 

Before measurement, mice were adapted for five days, after which the mice stayed throughout 

the whole period of treatment. Individual mice were housed in a single test chamber (size, 8” 

x 5” x 4”). Animals had free access to food and water during the entire experiment period. 

Body Composition Analysis Using the EchoMRI 

Lean body mass, fat mass, free water, and total water were measured on live animals by 

quantitative magnetic resonance (QMR) using an EchoMRI instrument. Mice were not 

restrained nor anesthetized. 

Immunohistochemistry 

Adipose Tissue samples were fixed overnight at 4°C with 4% paraformaldehyde, and then 

washed 3 times with cold PBS and embedded in parafinn. 4µm sections cut at 50µm intervals 

were mounted on charged glass slides, deparaffinized in xylene, and stained for expression of 

F4/80 as described by (Cecchini et al., 1994) with anti-F4/80 monoclonal antibody (ab6640) 

from Abcam, and hematoxylin and eosin as described in (Ni et al., 2018). Histological 

observation was done using light microscopy (Olympus Upright Motorized Microscope, 

Olympus Corporation, Tokyo, Japan). Image acquisition and processing was performed using 

the AxioVision software. 2 tissue sections were selected from each mouse, and 20 random non-
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overlapping fields at 10x magnification were taken. In a blinded manner, crown-like structures 

of the F4/80 staining were manually counted. 

3T3L1 Differentiation 

3T3-L1 were cultured in Dulbecco’s modified Eagle’s medium (DMEM) with 10% foetal 

bovine serum (FBS, PAA Laboratories) in 5% CO2. Two days after reaching confluence, they 

were differentiated with DMEM, 10% FBS, 0.5 mM 3-isobutyl-1methylxanthine (IBMX), 1.7 

µM insulin, 1 µM dexamethasone, and 1 µM rosiglitazone for 2 days. From day 3 onward, 

cells were incubated with DMEM, 10% FBS, 10 µg/ml insulin. Media was changed every 2 

days until day 8 of differentiation. 3T3-L1 mature adipocytes were maintained in medium 

containing 10% FBS only. 

3T3L1 Insulin Resistance Models and Treatment 

After differentiation, mature 3T3L1 adipocytes were washed with PBS and incubated with or 

without 20 ng/ml TNFα in DMEM containing 0.2% bovine serum albumin (BSA). Insulin 

resistant mature adipocytes were treated overnight with DMSO, 0.1µM, 0.25µM, 0.5µM or 

1µM SGI-1776. Then, cells were starved and stimulated with or without insulin, at 100 nM. 

Cells were washed with cold PBS and lysed as described later. 

BMDM Treatment 

Bone marrow-derived macrophages (BMDMs) were seeded in 10cm petri-dishes. After cells 

attached, they were treated with control or 100ng/mL LPS for 6h or 24h. As for treatment with 

the inhibitor, BMDMs were seeded in 6-well plates. After they attached, BMDMs were treated 

with DMSO or 0.25µM SGI-1776 for 24h, and then 100ng/mL LPS was added for 6h. 

Protein Extraction and Western Blotting: 

For Western blot (WB) analysis, protein extraction from different mouse tissues, cell lysates, 

and human adipose tissue samples was obtained with M-PER mammalian extraction buffer 
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(Thermo Scientific, USA) containing 1:100 Halt phosphatase inhibitor cocktail (Thermo 

Scientific, USA) and 1:100 Halt protease inhibitor cocktail, EDTA-free (Thermo Scientific, 

USA). Membranes were incubated over night at 4°C with the corresponding primary 

antibodies. The following day, membranes were washed and incubated with the corresponding 

secondary antibodies, washed and revealed with ECL in the fusion Fx. WB bands were 

quantified using ImageJ or Fiji software. 

The following antibodies were used for Western blot analysis: anti-phospho AKT-T308 (4056), 

anti AKT (9272), anti-phospho IKKa/b-S176/180 (2697) and anti IKKb (8943) from cell 

signaling, anti-phospho Bad-S112 (ab129192) and anti-phospho p21-T145 (ab135553) from 

Abcam, anti-PIM1 (AP7932d) from Abgent, and anti-Tubulin (T6199) from Sigma. 

RNA Extraction and RTqPCR:  

Samples were lysed using TRI-reagent (T9424, Sigma Aldrich), according to the 

manufacturer’s instructions. An additional centrifugation step immediately after lysis was 

included in order to remove the lipid layer when adipose tissue samples or mature 3T3L1 

adipocytes were extracted. For adipose tissue samples, a second chloroform wash step, 

followed by an overnight precipitation using ammonium acetate and absolute ethanol, was 

performed to remove phenol contaminations. Quality check and quantification of the RNA was 

done using the Nanodrop. cDNA was prepared using 1µg of total RNA (unless stated 

otherwise), using Superscript II (Invitrogen). cDNAs were diluted 20 times and used for qPCR. 

qPCR experiments were done using the FastStart Universal SYBR Green Master (Rox) from 

Roche and a 7900HT Fast Real-Time PCR System (Applied Biosystems), with a mix of 10µM 

forward and reverse primers of the targeted genes. Relative mRNA expression levels were 

calculated from the comparative threshold cycle (Ct) values of the gene of interest relative to 

RS9 and actin mRNA (unless stated otherwise). Specific primer sequences are listed in Table 

S1, S2 and S3. 
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Data Analysis:  

All statistics are described in the figure legends. All P-values below 0.05 were considered 

significant. The results were expressed as means ± standard error of the means (s.e.m). 

Statistical significance values were represented by asterisks corresponding to *p<0.05, 

**p<0.01, ***p<0.001, and ****p<0.0001. 
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