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Adapting to changes in nutrient availability and environmental conditions
is a fundamental property of cells. This adaptation requires a multi-direc-
tional coordination between metabolism, growth, and the cell cycle regula-
tors (consisting of the family of cyclin-dependent kinases (CDXKs), their
regulatory subunits known as cyclins, CDK inhibitors, the retinoblastoma
family members, and the E2F transcription factors). Deciphering the mech-
anisms accountable for this coordination is crucial for understanding vari-
ous patho-physiological processes. While it is well established that
metabolism and growth affect cell division, this review will focus on recent
observations that demonstrate how cell cycle regulators coordinate metabo-
lism, cell cycle progression, and growth. We will discuss how the cell cycle
regulators directly regulate metabolic enzymes and pathways and summa-
rize their involvement in the endolysosomal pathway and in the functions
and dynamics of mitochondria.

Introduction

Cell cycle regulators are key factors for the control of
proliferation and cell survival. They have been typi-
cally involved in several physio-pathological processes,
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including development, tissue regeneration, or cancer
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Cell cycle regulators coordinate metabolism and growth

each phase of the cell cycle, ultimately leading to cell
division, which is the final step of this process. The
cyclins-CDKs holoenzymes, the retinoblastoma family
of pocket protein (pRB, p130, p107), the E2F transcrip-
tion factors (E2F1-8), and the cyclin-dependent kinases
(CDK)-inhibitor families are key effectors of the cell
cycle. The participation of these proteins in the control
of proliferation and cell division has been extensively
studied and is reviewed elsewhere [1-3]. Here, we will
discuss how this pathway is also involved in the meta-
bolic adaptive response of the cells triggered by growth
factors and the energetic need of the cells.

In particular, we will focus on how cell cycle regula-
tors control metabolic pathways, cellular growth, and
the functionality of organelles such as endolysosomes
and mitochondria.

The multi-directional coordination of the cell divi-
sion machinery, metabolism, and cell growth (the
accumulation of mass) is essential for cell division [4]
(Fig. 1). Determining the mechanisms accountable for
this coordination is crucial for understanding various
disease states such as cancer or physiological processes
such as differentiation and aging [5]. Hence, it is
important to understand the molecular mechanisms
determining the cell cycle-metabolism—growth interface
[6]. While it was broad consensus that metabolism is
driving the cell division cycle, it is becoming increas-
ingly clear that also the cell division machinery is coor-
dinating metabolism with the cell cycle and growth,
thereby ensuring that nutritional demands of cells are
met [5,6].

Pioneering work in Saccharomyces cerevisiae in the
1970s identified that cell division cycle mutants, which
arrested in different cell cycle phases, continued cell
growth. This led to the understanding that metabolism
and growth control cell cycle division, but not vice
versa [5]. However, ‘omics’ studies, biochemical stud-
ies, as well as single cell investigations have under-
scored the evidence that intimate connections between
metabolism and growth with the cell cycle exist [7,8].
While it is well described how metabolism affects cell
division, this review will focus on the reverse, less well-
defined relationship how the cell cycle machinery con-
trols metabolism and growth (Fig. 1).

Several studies in this past decade have challenged the
view that there is a hierarchy of metabolism and growth
over the cell division cycle [4]. Indeed, several core cell
cycle regulators and components, notably cyclin D,
CDKs, pRB and E2Fs, specifically target metabolic
enzymes and pathways and thereby control metabolism
and growth [9,10]. The identification of specific meta-
bolic targets of cell cycle regulators are increasingly
appreciated in basic and clinical research [11]. These
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metabolic targets operate in different pathways, includ-
ing glucose metabolism, oxidative metabolism [12]
amino acid (AA) metabolism, nucleotide and lipid meta-
bolism [10] and are involved in the delivery of metabolic
precursors for cell growth. In the following chapter, we
will discuss how cell cycle machinery directly regulates
metabolic enzymes and pathways (Fig. 2).

The cell cycle machinery directly
regulates metabolic enzymes and
metabolic pathways

Glucose metabolism and insulin signaling

In several organisms, glucose is a preferred carbon
source. Indeed, glucose metabolism and cell cycle
machinery are mutually regulated. On the one hand,
glucose promotes elevated cyclin-dependent kinase 4
(CDK4) activity, phosphorylation of pRB, which sub-
sequently causes increased E2F1 transcriptional activ-
ity [13,14]. Reciprocally, studies in genetically modified
mice, in which the cell cycle regulators such as tran-
scription factor E2F, CDK4, pRB, cyclin D, CDK2
and CDKS5, are deficient, have emphasized that glu-
cose homeostasis and insulin signaling can be regu-
lated by the cell cycle machinery [10]. Our laboratory
has previously shown that E2F1 directly maintains the
expression of Kir6.2, a key component of the Katp
channel involved in the regulation of glucose-induced
insulin secretion in non-proliferating pancreatic B-cells,
both in vitro and in vivo. Consistently, Kir6.2 expres-
sion was decreased in the pancreas of E2f1~/~ mice,
leading to insulin secretion defects in these mice [13].
However, E2F17/~ mice are not diabetics. On the con-
trary, they have increased insulin sensitivity and show
a decrease in white fat tissue. These phenomena are
specific for E2F1, whereas B-cell expansion can be
compensated by E2F2. Consequently, E2f1/E2f2 dou-
ble mutant mice develop insulin-deficiency diabetes
[15,16].

Beside its important function in insulin-producing -
cells, cell cycle regulators such as CDK4 also have an
impact on insulin target cells such as hepatocytes and
adipocytes [17,18]. In both cell types, CDK4 is a target
and a regulator of insulin signaling. For instance, in
liver, insulin activates cyclin D1-CDK4, which in turn
phosphorylates the histone acetyltransferase GCNS.
GCNS subsequently acetylates peroxisome prolifera-
tor-activated receptor gamma coactivator l-alpha
(PGC-1a), which leads to inhibition of the expression
of gluconeogenic genes. This pathway, which involves
cyclin D1-CDK4, is responsible for controlling glucose
metabolism by suppressing hepatic glucose production
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Fig. 1. Multiple roles of cell cycle regulators
in the regulation of cell cycle signaling,
metabolism, and growth. Upon proper
stimuli, cell cycle regulators trigger
progression through the cell cycle. This is
accompanied by an adaptive metabolic
response and regulation of cellular growth,
ultimately leading to cell division.

in mice [18]. In adipocytes, cyclin D3-CDK4 complex
controls insulin signaling by phosphorylation of the
insulin receptor substrate 2 (IRS2) at serine 388,
thereby creating a positive feedback loop that main-
tains adipocyte insulin signaling. Cdk4-deficient mice
showed impaired insulin signaling and were glucose
intolerant. In contrast, mice with hyperactive CDK4,
which carry a mutation in the Cdk4 gene (Cdk4®**¢/
R24Cy that abolishes the binding to members of the
INK4 family of CDK inhibitors, were more glucose
tolerant and showed increased insulin sensitivity. These
results indicate that CDK4 activity is positively corre-
lated with insulin sensitivity [17].

CDK2 is another cell cycle kinase, which is involved
in the S-phase entry and cell cycle progression in mam-
mals. An important metabolic function of CDK2 was
revealed by studying the phenotype of mice with pan-
creas-specific loss of Cdk2, which are glucose intoler-
ant primarily due to defects in glucose-stimulated
insulin secretion. This is accompanied by defects in -
cell metabolism and a disturbed mitochondrial struc-
ture. Persistent defects in insulin secretion culminate in
progressive deficits in B-cell proliferation, reduced

Cell division

B-cell mass and diabetes. These findings may be attrib-
uted directly to the deletion of Cdk2, which phospho-
rylates the transcription factor Foxol in a glucose-
dependent manner [19].

In addition to its role in cell cycle, E2F1 also regu-
lates the expression of several genes that have estab-
lished roles in glucose regulation. For example, E2F1
drives expression of the F-type isoform of the gly-
colytic enzyme, 6-phophofructo-2-kinase/fructose-2,6-
bisphosphatase, which results in the synthesis of fruc-
tose-2,6-bisphosphate, a potent stimulator of glycolysis
[20,21]. Moreover, E2F1 also enhances glycolysis in
bladder and prostate cancer cell lines through the sup-
pression of the expression of sirtuin 6 (SIRT6), a
NAD(+)-dependent deacetylase that inhibits the tran-
scription of several key glycolytic genes [22]. In paral-
lel, E2F1 promotes glycolytic gene expression by
blocking glucose oxidation in the mitochondria there-
fore enhancing the expression of the pyruvate dehydro-
genase kinase (PDK) enzymes [23,24]. PDKs are
critical nutrient sensors and inhibitors of glucose oxi-
dation, through phosphorylation of pyruvate dehydro-
genase (PDH) [25]. While in the heart E2F1 regulates
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PDK4 [23], in pancreatic cancer cells E2F1 enhances
the expression of PDK1 and PDK3 isoforms, which
results in increased aerobic glycolysis and proliferation
[24].

Another example of elevated glycolytic enzyme
expression regulated by a cell cycle regulator is the
hexokinase I (HKII). HKII catalyzing the first steps
of glycolysis and elevated RNA and protein expression
levels of HKII were found in mammary glands of mice
expressing antisense cyclin D1 [26].

Moreover, a recent study identified interaction of
cyclin D3-CDK6 with nine glycolytic enzymes in
human cancer cells [27]. Two of these interaction part-
ners, 6-phosphofructokinase (PFKP) and pyruvate
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kinase M2 (PKM?2) catalyze irreversible and rate-limit-
ing steps in glycolysis and were further characterized
by the authors. While PFKP catalyze the reaction of
glucose-6-phosphate to fructose-bis-phosphate, PKM2
converts phospho-enol-pyruvate to pyruvate. Cyclin
D3-CDK6 kinase phosphorylates and inhibits the cat-
alytic activity of PFKP and PKM2 resulting in redirec-
tion of glycolytic intermediates into the pentose
phosphate and serine pathways in T-cell acute lym-
phoblastic leukemia [27].

Cell cycle regulators also target glucose metabolism
in plants and yeast, indicating that regulation of cen-
tral carbon metabolism by CDKs is conserved between
organisms. In Arabidopsis thaliana, several enzymes of
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Fig. 2. Participation of cell cycle regulators in metabolic pathways. The E2F-pRB pathway is involved in several metabolic pathways. In
glucose metabolism of pancreatic B-cells E2F1 regulates Kir6.2, a key component of the KATP channel, controlling glucose-induced insulin
secretion [13]. Moreover, E2F1 also enhances glycolysis in bladder and prostate cancer cell lines through the SIRT6 that inhibits the
transcription of several key glycolytic genes such as GLUT1 [22]. Furthermore, E2F1 stimulates glycolysis by upregulating the expression of
the enzyme 6-phophofructo-2 kinase/fructose-2,6-bisphosphatase [20,21]. E2F1 also induces expression of PDK1/4 in pancreatic cancer cells
and PDK4 in the heart. PDKs inhibit PDH and thereby oxidative metabolism [23,24]. In addition, associated to pRB E2F1 modulates the
expression of key genes implicated in mitochondrial biogenesis or oxidative phosphorylation, such as mitochondrial topoisomerase 1
(Top1mt) [159], PGC-1a [160], cytochrome c oxidase subunit 4 COX4, and cytochrome c¢ oxidase subunit 7C [161,162]. In nucleotide
metabolism, E2F1 induces dihydrofolate reductase, thymidine kinase, TS and RNR [36,38,39]. Deletions of RB family members increase
glutamine uptake and conversion to glutamate, mediated through elevated expression of the glutamine transporter ASCT2 and GLS1 activity
in MEF [34] and upregulate enzymes involved in elongation, long chain fatty acid family member 6, and desaturation of fatty acids by
stearoyl-CoA desaturase 1 [163]. Cyclin D1 has an E2F1-independent role in the control of oxidative metabolism. It directly modulates the
activity of the transcription factor NRF1, the mitochondrial voltage-dependent anion channel [122,164], mitochondrial electron transport chain
components COX and ATP synthase [165] thereby inhibiting oxidative phosphorylation. In addition, cyclin D1 inhibits HKIl and pyruvate
kinase (PK), which are involved in the glycolysis pathway as well as the lipogenic enzymes acetyl-CoA carboxylase and fatty acid synthase
levels [26]. In adipocytes, cyclin D3-CDK4 complex phosphorylates IRS2 at serine 388, thereby creating a positive feedback loop that
maintains adipocyte insulin signaling [17]. In addition, the CDK4 also represses FAO in an E2F1-independent manner through direct
phosphorylation and inhibition of AMPKa2. Cyclin D3-CDK6 kinase phosphorylates and inhibits the catalytic activity of two key enzymes in
the glycolytic pathway, 6-phosphofructokinase (isoform PFKP) and pyruvate kinase (isoform PKM2) in T-cell acute lymphoblastic leukemia
[27]. Interactions between the cell cycle machinery and metabolic enzymes indicated by arrows may be either direct or indirect. Color codes

represent proteins belonging to the cell cycle machinery (red) or to metabolic pathways (yellow).

glycolysis and mitochondrial metabolism have been
identified as direct CDK-A (the CDK that drives G1/
S/G2 in plants) substrates [28]. Furthermore, two labs
independently found that yeast carbohydrate metabo-
lism is regulated by CDK1 (the only cell cycle CDK in
yeast) [29,30]. The enzymes neutral trehalase and
glycogen phosphorylase are activated by CDK to liqui-
date the carbohydrate storage molecules trehalose and
glycogen, thereby generating glucose. This regulation
may optimize the decision to undertake a final cell
division in nutrient-limited environments, when cells
are faced with sudden nutrient depletion [29] or are
approaching the stationary phase [30]. Thus, CDK
directly regulate the increase of glycolytic flux at the
G1/S transition to ensure sufficient carbon and energy
supply and coordinate cell cycle, metabolism and
growth [9].

Amino acids and nucleotide metabolism

Glutamine is the most abundant AA in human sera
and is essential for cell growth and proliferation. While
cells have the ability to synthesize glutamine, this AA
is considered a ‘conditionally’ essential AA. Under the
demands of cell growth, the need for glutamine
exceeds the cell’s synthetic capacity and cells depend
on enhanced glutamine uptake [31]. Glutamine fulfills
a variety of biosynthetic functions as it serves as a
source of carbon and nitrogen for AA, protein, lipids,
and nucleotide biosynthesis. One of the best under-
stood roles of glutamine is a ready supply of carbon
for TCA anaplerosis and other cellular pathways.

Glutamine also plays an important role in maintaining
redox homeostasis and facilitation of certain enzymatic
reactions. In particular, glutamine-derived glutamate
serves as the major carbon source for glutathione
biosynthesis in multiple cell systems [32]. Glutamine
catabolism is a regulated process, and the signaling
mechanisms that control glutamine metabolism are
being studied intensively. Two independent studies dis-
covered metabolic changes in the utilization of glu-
tamine after loss of pRB in mammalian cells or the fly
ortholog RBF1 in Drosophila [33,34]. Deletions of the
three RB family members (pRB, pl107, and pl130) in
immortalized mouse embryonic fibroblasts (MEF)
increases glutamine uptake and conversion to gluta-
mate, mediated through elevated expression of the glu-
tamine transporter ASCT2 and glutaminase 1 (GLS1)
activity, respectively [34]. In addition, RBF1/pRB defi-
cient cells exhibited increased glutamine incorporation
into glutathione [33,34]. Glutamine deprivation signifi-
cantly reduced glutathione levels within Rb-inactivated
MEFs and led to increased generation of reactive oxy-
gen species (ROS) [34], suggesting that these cells are
more susceptible to oxidative stress. Furthermore, data
from RBFI1-depleted larvae indicated that supplemen-
tation of the antioxidant N-acetyl-cysteine rescued
fasting due to reduction of oxidative stress and sup-
pression of glutathione levels, thereby increasing the
availability of glutamine carbon for nucleotide produc-
tion [33]. The catabolism of glutamine is not only
important for ATP production but is also required to
synthesize metabolic precursors that are required by
the dividing cell, such as deoxynucleotide
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triphosphates. Loss of all three RB family proteins led
to increased incorporation of glutamine carbon into
aspartate, a phenomenon also observed in RBFI-re-
pressed Drosophila larvae and in pRB suppressed
tumor cells [33].

The TCA metabolite malate is the primary source
for aspartate, which provides the carbon backbone for
pyrimidine synthesis, and contributes an amino group
to purine bases. The observation that RB1 loss alters
the metabolic flux into nucleotide synthesis is consis-
tent with previous findings [35]. Among the first
described E2FI1-regulated genes are dihydrofolate
reductase, thymidylate synthase (TS), ribonucleotide
reductase (RNR) and thymidine kinase, which are
involved in nucleotide synthesis and are known to be
induced by E2F1 [36-39]. Indeed, the transcription of
each of these genes increases in the absence of pRB
[40]. These studies strongly emphasize that cells har-
boring inactivated pRB, such as some cancer cells,
could be selectively targeted by anti-glutamine strate-
gies such as glutaminase inhibitors [35]. A recent study
in indicated that CB-839 administration significantly
reduced tumor growth in both KP-6634 and KPH2-
7215 allografts and these tumors showed increased glu-
tamine levels with concurrent decreased glutamate and
aspartate levels, confirming that CB-839 effectively
blocks glutamine breakdown and production of down-
stream metabolites [41].

Recently, a study in a model of esophageal squa-
mous cell carcinoma (ESCC) demonstrated the contri-
bution of F-box protein 4 (FBXO4)-cyclin DI axes in
regulating glutamine addiction through its role as a
suppressor of RB function and an activator of mam-
malian target of rapamycin complex 1 or mechanistic
target of rapamycin complex 1 (mTORCI). Deregu-
lated FBXO4-cyclin D1 lead to compromised energy
production from oxidative phosphorylation due to
mitochondrial dysfunction and reprogramming of cel-
lular metabolism. This paradox of energy production/
consumption makes these cells vulnerable, which offers
new therapeutic opportunities. A combined treatment
with GLSI inhibitor telaglenastat (CB-839) and target-
ing mitochondrial respiration effectively induced apop-
tosis and suppressed cell proliferation in vitro and
in vivo, providing a promising strategy to treat human
ESCC and to overcome CDK4/6 inhibitor (palboci-
clib) resistance [42]. In contrast, Tarrado-Castellarnau
et al. [43] characterized the metabolic reprogramming
that follows CDK4/6 depletion in HCT116 colorectal
cancer cells. They demonstrated that CDK4/6 inhibi-
tion increases mitochondrial metabolism through ele-
vated utilization of glutamine and enhanced
mitochondrial respiratory capacity, which is in
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agreement with the results from Franco et al. [8] in a
pancreatic cancer cell model. Additional experiments
showed that CDK4/6 depletion increased glutathione,
NADPH, and ROS levels while it impaired fatty acid
synthesis in HCT116 cells, all of which are processes
where glutamine is or can be involved.

Beside increased glutaminolysis, CDK4/6 depletion
leads to mTORCI activation and compromised adap-
tation to hypoxia in a MYC-dependent manner. These
dependencies render cells highly sensitive to therapeu-
tic combinations of CDK4/6 inhibitors with inhibitors
of glutaminase or mTOR [43]. The co-treatment with
CDK4/6 inhibitor palbociclib and the GLSI1 inhibitor
telaglenastat (CB-839) is currently in phase 1 and 2
clinical trials in patients with KRAS-mutated colorec-
tal cancer and KRAS-mutated non-small-cell lung can-
cer (NCT03965845).

Collectively, the tight coordination between cell
cycle and metabolism is becoming evident across dif-
ferent proliferating cell types, differentiated tissues as
well as on organismal level. Cell cycle regulator play
an important role in coordinating the cell division
cycle and metabolism and ensuring that the energy
demands of cells are met.

This chapter highlights the fact that studies of cell
cycle regulator have uncovered a series of direct links
to enzymes involved in metabolism. These connections
are especially interesting given that mutations that
drive tumorigenesis often reprogram central carbon
metabolism. Metabolic reprogramming is considered
to enhance the ability of cancer cells to sustain the
intermediates needed for synthesis of proteins, lipids,
and DNA. Therefore, mechanistic studies will be
required to completely understand species and tissue
dependent effects, because different cell types may
have different strategies to supply the appropriate
amount of energy and anabolic precursors. Further
uncovering the role of cell cycle regulators in health
and disease may open new strategies for treatments.

Cell cycle regulators control cellular
growth through mTORC1 signaling

mTORCI1 is a protein complex that senses nutrient,
energy and redox status to regulate protein synthesis
in diverse biological processes such as cell growth, pro-
liferation, motility and autophagy. mTORCI1 activity
and lysosomes are mutually regulated. The lysosomes
are able to store metabolites and sense AAs and lipids
which lead to activate mTORCI1. Reciprocally, when
mTORCI is active, inhibitory phosphorylation of tran-
scription factor EB (TFEB) prevents the transcription
of genes that regulate lysosomal biogenesis. However,
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in starvation conditions, when mTORCI is inactive,
TFEB accumulates in the nucleus leading to the tran-
scriptional and translational responses that enhance
lysosomal biogenesis and activity [44]. Thus, mTORCI1
plays a key role in regulating lysosomal adaptation
and expansion in response to metabolic challenges
[45]. Moreover, mTORCI also controls lysosomal
membrane dynamics by regulating the localized cal-
cium signals which are important to generate the
fusion of endolysosomal membranes [46,47]. mTORCI
controls the activity of some lysosomal calcium chan-
nels including mucolipin 1 (MCOLNI), which is
upregulated during starvation, to mediate the increase
in lysosomal degradative capacity [48]. Interestingly,
calcium signaling resulting from MCOLNI1 channel,
also leads to mTORCI activation [49] and thus it can
trigger clathrin-dependent lysosomal tubulation and
fission as a mechanism to restore free lysosomes once
autophagy is finished [50]. These data indicate that the
complex regulation of nutrient sensing and the role of
mTORCI1 governing calcium signaling and lysosomal
dynamics have a great impact in cellular nutrient bal-
ance.

The connection between cell cycle regulators and the
mTOR pathway was evidenced in several studies. For
instance, a study by Ladu et al. investigated the molec-
ular mechanisms underlying oncogenic cooperation
between c-Myc and E2F1 in relationship to hepatocel-
lular carcinoma. Coexpression of c-Myc and E2F1 in
c-Myc/E2F1 transgenic mice (Alb/c-Myc/Alb/E2F1)
suggests that E2F1 functions as an important anti-
apoptotic factor in human and rodent liver cancer that
counteract c-Myc-driven apoptosis via activation of
PIK3CA/Akt/mTOR and c¢-Myb/COX-2 pathways
[51]. Consistent with this observation, E2F1 regulates
cell growth through the activation of mTORCI inde-
pendently of the canonical PI3K/Akt/TSC pathway.
Mechanistically, E2F1 links lysosomal trafficking and
mTORCI activation by transcriptional regulation of
the v-ATPase subunit, ATP6VOB [52,53].

Cyclin D-CDK4 and CDK6 also couple the cell cycle
machinery to cell growth via activation of mTORCI. In
a mouse model for resistance to anti-HER2 targeted
therapy, tumor cells were characterized by the loss of
CDK inhibitors such as pl6INK4a and overexpression
of cyclin DI, resulting in increased CDK4/6 activities
[54]. The authors revealed that the downregulation of
CDK4 leads to reduced tuberous sclerosis complex 2
(TSC2) phosphorylation, which activates TSC2, inhibit-
ing mTOR and its substrate p70-S6K. The negative
feedback loop induced on kinases of the epidermal
growth factor receptor (EGFR) family can be sup-
pressed by CDK4/6 inhibitors, resulting in increased

Cell cycle regulators coordinate metabolism and growth

phosphorylation of EGFR or HER2 and AKT, but
without simultaneous activation of mTOR or p70-S6K
due to the effect of TSC2 dephosphorylation [54].
Despite the direct interaction between cyclin D1 and
TSC2 [55], the first to show a direct phosphorylation of
TSC2 by CDK4 or CDK6 were Romero-Pozuelo et al.
in Drosophila [56]. Recently, they also found that cyclin
D-CDK4/6 activates mTORCI1 by binding and phos-
phorylation of TSC2 in multiple human and mouse cell
lines and pharmacological inhibition of CDK4/6 leads
to a rapid, TSC2-dependent reduction of mTORCI
activity [57]. In addition to these findings, another con-
nection between CDK4 and mTORCI activation was
revealed. On the one hand, directly through the phos-
phorylation of FLCN, which regulates the recruitment
of mTORCI to the lysosomal surface in response to
AAs, and indirectly, through the regulation of lysoso-
mal function [58].

Altogether, these studies indicate that cyclin D-
CDK4/6 activates mTORCI, thereby promoting cell
proliferation both directly via phosphorylation of RB
and indirectly by promoting cell growth [57]. The link
between TSC2-mTOR or FLCN-mTOR and cyclin
D1-CDK4/6 may provide new biomarkers and strate-
gies in clinical trials. Additionally, synergistic treat-
ments of mTOR and CDK4/6 already demonstrated
therapeutic potential in a wide variety of human can-
cers [59].

Cell cycle regulators and metabolism
in the endolysosomal pathways

The endosomal pathways in proliferating cells

Proliferating cells are in constant need of nutrients to
synthesize proteins, lipids and DNA and to successfully
remodel the plasma membrane when mitosis occurs.
The endocytic pathway mediates nutrient uptake, the
composition and internalization of plasma membrane
receptors and signal transduction. These signals trigger
biological functions that under endocytic trafficking reg-
ulation connect the cytoplasmic cellular processes with
its environment. Importantly, internalization and traf-
ficking of membrane-bound receptors may affect the
localization of specialized signaling cascades [60].

In 1975, the discovery and characterization of cla-
thrin [61] marked the starting point to describe the
several regulators of endocytosis which control the cla-
thrin-dependent and independent pathways for mem-
brane internalization. Endocytosis is a ubiquitous
cellular mechanism that mediates the transport of
extracellular macromolecules across the plasma mem-
brane and it is mediated through the binding of
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transmembrane carriers. The newly formed vesicles
detach from the plasma membrane and traffic toward
their intracellular destination [60]. Although clathrin-
mediated endocytosis (CME) is the best characterized
endocytic pathway and the principal uptake mecha-
nism to support essential functions in the cell, includ-
ing the insulin receptor internalization [62], other
clathrin-independent pathways can mediate the uptake
of extracellular lipids and proteins and the elimination
of activated receptors from the plasma membrane [63].
Adaptor proteins like AP-2 complex or epsins bind
clathrin or phospholipids of the coated pits to initiate
endocytosis and facilitate vesicle formation and bud-
ding. After endocytosis, clathrin-coated-vesicles are
fused within the early endosome, which is a control
point for sorting receptors, allowing them to be direc-
ted to recycling endosomes and thus back to the cell
surface, or instead directed to the multivesicular endo-
somes and subsequently toward the late endosome and
finally to the lysosome for degradation [64].

It is widely accepted that endocytosis occurs in
homogenous rates during G1, S and G2 phases of the
cell cycle and that CME is more constitutively active
at any given time than clathrin-independent endocyto-
sis (CIE) which varies more due to cell migration,
membrane receptors activation and membrane tension
[65]. However, some evidence points toward differ-
ences in the uptake of cargos depending on the cellular
environment. For instance, endocytosis and membrane
lipid composition are influenced by cellular adaptabil-
ity to the population context. Studying the CME activ-
ity in different human cell lines, it was found that
in vitro cultures with a high local cell density maintain
high CME activity and keep in place mechanisms to
successfully control this activity [66].

Epidermal growth factor receptor and its ligand
EGF have been well studied in driving cells through
G1 and under sustained signals engaging cell cycle
progression by the induction of cyclin D- CDK4/6
complex activation. Consequently, EGFR internaliza-
tion by endocytosis has been a topic of great interest.
When EGFR is activated, it can be rapidly internal-
ized by CME and CIE mechanisms. EGFR sorting to
early endosomes, late endosomes and recycling endo-
somes determine the fate of EGFR to lysosomal
degradation and thus signal attenuation, or recycling
to the plasma membrane and thus altering prolifera-
tion, cellular homeostasis and cell death [67]. In a
model of chemotherapy-induced senescence, it was
found that CDK4 induced the upregulation of enhan-
cer of zeste homolog 2 (EZH2) methylase and that
EZH2 depletion inhibited cell emergence from senes-
cence. Among the proteins involved in receptor
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endocytosis, proteomic analysis revealed that clathrin-
associated/assembly/adaptor  protein  medium 1
(AP2M1) plays an important role in transmitting
secreted signals by senescent cells, suggesting that the
CDK4-EZH2-AP2M1 pathway may regulate specific
receptors controlling senescence escape [68].

During mitosis, endocytosis of specific receptors
contributes to their equal or asymmetrical distribution
between the daughter cells. However, studies investi-
gating the dynamics of endocytosis during mitosis
have been controversial. Some studies in HeLa and
BSC1 cells have shown that CME normally occurs
through all the phases of cell division, while recycling
of internalized membrane decreased sharply during
metaphase suggesting that its decrease accounts for
the reduction in the surface area observed when an
expanded interphase cell becomes a rounded mitotic
cell [69]. These findings were confirmed later in a
model using mouse keratinocytes undergoing natural
cell division [70]. On the contrary, other studies
reported that CME stops during mitosis when cells
were arrested by addition of nocodazole [71] or syn-
chronized by washout of RO-3306 a CDKI1 inhibitor
[72]. In a HeLa cell model using nocodazole, CDK1
was reported to phosphorylate and inactivate epsin in
a mechanism involving Ral (Ras-like) signaling, lead-
ing to suppression of endocytosis [73]. More recently,
it was shown that compounds used to produce mito-
tic arrest or mitotic synchrony affect CME. The use
of nocodazole eliminated coated pits at the plasma
membrane, and RO-3306 washout increased coated
pit lifetimes during mitosis of synchronized cells thus
affecting the dynamics of the formation of clathrin-
coated pits indicating that in chemical arrested mito-
tic cells CME stops but it does not during unper-
turbed mitosis [74]. In line with this, it was
previously described in budding yeast that CDKI is
not required for endocytosis but is necessary for
proper polarized growth, highlighting the role of
CDKI1 in the regulation of membrane dynamics dur-
ing growth and cell cycle progression [75].

Collectively, the above examples highlight the
importance of studying endocytosis through the cell
cycle by approaches that are based on natural cell divi-
sion models to avoid some in vitro culture bias when
cell cycle arrest compounds are used.

The autophagy-lysosomal pathway during the
cell cycle

Autophagy mediates the catabolism of cytoplasmic
material by its sequestration and targeting into the
lysosome for degradation. Under specific signals for
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targeting cytoplasmic material for degradation, car-
goes are membrane isolated in a double-membrane
autophagic vesicle, the autophagosome. After fusion
with lysosomes (autophagolysosome), the cargoes
incorporated in the autophagosome are degraded and
the digestive products are released to contribute to cel-
lular metabolism (reviewed in Ref. [76]). In colon car-
cinoma cells, the activation of autophagy using
different inducers was observed preferentially in G1
and S phases determined by concomitant measurement
of cell cycle markers and the cytoplasmic aggregation
of the widely used marker of autophagososmes GFP-
microtubule-associated proteins 1A/1B light chain 3B
(LC3) in autophagic vesicles [77]. More recently, in a
model using lung and colon cancer cell lines for flow
cytometry detection of LC3-II, it was reported that
basal but also starvation and rapamycin-induced
autophagy, lead to accumulation of LC3-II in all cell
cycle phases [78]. However, using leukemia cell lines it
was observed that the levels of LC3-II increased by
30-40% during S phase compared to G1 phase and
increase again when cells are in G2 phase, under dif-
ferent starvation conditions [79]. By quantification of
autophagic vesicles identified by electron microscopy
in normal rat kidney cells, it was observed a signifi-
cant reduction in volume of autophagosomes during
prometaphase and anaphase [80]. More recently, it
was demonstrated in different human cell lines that
CDK1 phosphorylates vacuolar protein sorting 34
(VPS34) which is required for autophagy. Enhanced
CDKI1 phosphorylation of VPS34 (T159) during mito-
sis negatively regulates the lipid kinase activity of
VPS34 and impairs the interaction with an essential
autophagy regulatory protein, beclin-1. Furthermore,
in vivo analysis in mouse brains showed that CDKS5
can also phosphorylate VPS34 on T159 and T668 thus
contributing to the downregulation of autophagy [49].
However, decrease autophagic vesicles could also be a
result of the fast clearance of autophagosomes due to
increase autophagic flux. Therefore, by shortly inhibit-
ing autophagic flux using chloroquine, it was shown
that the number of LC3-II signals in both interphase
and unperturbed mitotic cells, was increased in differ-
ent human cell lines. Additionally, this study reported
that only during late but not during early mitosis an
increase in LC3-II signal is observed [81]. Altogether,
these studies suggest that different experimental
approaches, nutrient deprivation and pharmacological
inhibitors have to be carefully selected to avoid biased
conclusions and that further studies supported by dif-
ferent experimental approaches are required to com-
plement the understanding of the autophagic status at
specific phases of the cell cycle.

Cell cycle regulators coordinate metabolism and growth

Cell cycle regulators influence the intertwine
between endolysosomal pathways and
metabolism

Nutrient uptake and the sensing of extracellular
changes are mediated by plasma membrane proteins.
Responding to these environmental cues is critical for
cell survival and adaptations that will determine cell
fate or the coordination of cellular responses in multi-
cellular organisms. The controlled endocytosis of sig-
naling receptors, nutrient transporters and carriers
determine the activity of these membrane bounded reg-
ulators of cellular metabolism. Consequently, endo-
cytic membrane trafficking directly influences the
signaling pathways mediated by the intracellular mas-
ter regulators of metabolism.

AMP-activated protein kinase (AMPK) is a highly
conserved protein sensor of the relative value of Adeno-
sine monophosphate, ADP and ATP molecules within
the cell. Upon activation, AMPK inhibits anabolic pro-
cesses and promotes catabolic reactions to generate
ATP [82]. AMPK has among its targets some proteins
that either undergo endocytosis or control it. For
instance, in order to replenish ATP levels by enhancing
glucose uptake, AMPK can control the endocytic traffic
of glucose transporters, including GLUTI in a variety
of tissues and GLUT4 in muscle [83]. Upon metabolic
insufficiency, AMPK directly phosphorylates thiore-
doxin interacting protein, TXNIP (at S308), which is an
adaptor for clathrin. TXNIP phosphorylation inhibits
its binding to GLUTs thus impairing their endocytosis
from the plasma membrane and ultimately enhancing
glucose uptake [84]. In L6 myoblasts, AMPK con-
tributes to regulating GLUT4 endocytosis by inhibiting
clathrin- and caveolae-independent endocytosis indicat-
ing that GLUT4 internalization also depends on choles-
terol- and dynamin-dependent routes [85].

Small GTPases called Rab localize to specific intra-
cellular membranes and function as regulators of dif-
ferent steps in the intracellular traffic pathways [86].
AMPK also contributes to exocytosis by inhibiting the
GAP activity of AS160 [87] and promoting the activity
of specific Rab proteins (including Rab 8A, 10 and
14), thus leading to GLUT4 delivery to the plasma
membrane of adipocytes [88,89]. Another membrane-
bound transporter regulated by AMPK is the Na/K-
ATPase which is essential for the establishment of gra-
dients of these ions to generate the negative membrane
potential of cells in an ATP-consuming process. In
hypoxic alveolar cells, Ca>*/calmodulin-dependent pro-
tein kinase kinase-B-dependent AMPK activation leads
to Na/K-ATPase endocytosis [90]. CD36 traffic from
recycling endosomes to the cell membrane is important
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in fatty acid uptake and utilization. For instance, in
CD36-deficient mice, upon cardiomyocyte contraction
signals, the gain in fatty acid uptake dependent on
AMPK is abolished. This finding highlights the impor-
tance of the regulation of CD36 traffic by AMPK to
modulate the cell surface CD36 levels contributing to
the balance in the utilization of external versus exter-
nal fatty acids [91].

AMPK also phosphorylates proteins involved in the
control of CME including, clathrin heavy chain, AP2
B2 subunit, dynamin 1, some other traffic coat proteins
such as PTRF/cavin or Sec23/24, and several Rab pro-
teins (reviewed in Ref. [92]).

Interestingly, AMPK has been described as a target
of cell cycle regulators. CDK4 has been reported to
directly phosphorylate AMPKa2 subunit (Ser345,
Ser377, Thr485 and Ser529) inhibiting its kinase activ-
ity in a mechanism that highlights the role of CDK4
in promoting anabolism by blocking catabolic pro-
cesses such as fatty acid oxidation (FAO) in MEFs
and murine muscle, and the blockage of whole-body
oxidative metabolism [93]. Interestingly in an in vitro
and in vivo model of hepatocellular carcinoma, palbo-
ciclib, a CDK4/6 inhibitor, induced autophagy and
apoptosis by a mechanism activating AMPKa (T172).
However, the autophagic and apoptotic effect was
shown to be independent of CDK4/6 activity, but
instead palbociclib inhibited protein phosphatase 5
leading to upregulation of phospho-AMPK [94]. Addi-
tionally, CDK1 also phosphorylates both catalytic
AMPK ol and AMPKa2 (Ser377 and Thr485) sub-
units and the Bl regulatory subunit (Thr19 and Ser40)
in HeLa cells mitotically arrested [95]. In the same
study using U20S cells CDK 1 mitotic phosphorylation
of AMPK catalytic subunits is, at least in part, essen-
tial for proper early mitotic progression.

The above-mentioned studies exemplify how chal-
lenging is to investigate metabolic reprogramming in
highly proliferative cells due to the complexity and the
intertwine of different signaling pathways. However,
understanding this complex network will shed light on
the molecular players by which metabolic signaling
regulates endocytic trafficking during cell cycle pro-
gression. A computational modeling approach might
contribute to solve these questions. The study of
molecular oscillations during different rhythms of the
cell cycle shows that it is controlled by a dynamic sys-
tem caused by a cluster of coupled oscillators, where
the CDK oscillator is coupled with mitochondrial
metabolic and transcriptional oscillators [96]. These
findings highlight the strong correlation between cell
cycle regulators and metabolic alterations and encour-
age for further investigation in in vivo models.

K. Huber et al.

Cell cycle regulators target endolysosomal
pathway compartments

Cumulative evidence demonstrates that lysosomes are
key effectors for the degradation of intracellular and
extracellular proteins derived from the secretory, endo-
cytic and autophagic pathways (reviewed in Ref. [76]).

In human mammary gland tissues, the downregula-
tion of cyclin D1 (cyelin DI¥EXE model) or pharmaco-
logical inhibition of CDK4/6 exhibited increased
autophagic activity as the number of autophagosomes
and LC3-II levels were increased [97]. In line with this,
endogenous cyclin D1 was shown to inhibit autophagic
flux in transformed human breast cancer cells [98]. A
specialized autophagic process, the selective autophagy
of lipid stores, called lipophagy, has been linked to
cyclin D1 regulation. Using a hepatocellular regenera-
tion model it was observed that cyclin D1 diminished
autophagosomes formation in AMLI2 cells, thus
inhibiting lipid droplets (LD) catabolism via lipo-
phagy, shown by the decreased colocalization of LC3B
with LD upon cyclin D1 knockdown [99].

Additionally, in a xenograft model of breast cancer,
pharmacological inhibition and genetic inactivation of
CDK4 increases lysosomal mass but impairs autopha-
gic flux as electron microscopy revealed higher density
of autophagosomes and lysosomes, where lysosomes
showed accumulation non-digested material leading to
induced cell senescence. In vitro, CDK4 depleted
MDA-MB-231 cells downregulated the expression of
cathepsins B and D. The tumors of mice treated with
the CDK4 inhibitor abemaciclib increased the expres-
sion of the lysosomal marker LAMPI and the genes
regulated by TFEB, indicating that CDK4 plays a crit-
ical role in the regulation of lysosomal biogenesis
in vivo [58].

To study the role of lysosomal storage in cell dam-
age, a model of lysosomal accumulation was estab-
lished in human fibroblasts. Lysosomal impairment
causes accumulation of sphingolipids, which are struc-
tural components within the plasma membrane but are
also important in the control of signal transduction
pathways to maintain cellular homeostasis. The
sucrose-induced lysosomal accumulation impaired
autophagic flux and consequently reduced the lysoso-
mal sphingolipid catabolism that induce changes in
lipid composition in these cells. Interestingly, lyso-
some-plasma membrane fusion was increased leading
to ectopic sphingolipid catabolism at the plasma mem-
brane, which was associated with the onset of the cell
cycle arrest since ~ 30% of downregulated genes
encode for proteins involved in cell cycle progression,
including CDK1 [100].
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Neuronal cytoskeleton structure is critical for brain
development and growth and endocytosis of synaptic
vesicles is pivotal for synaptic transmission. Interest-
ingly, CDKS5 plays a key role as the kinase that re-
phosphorylates dynamin 1 [101] and amphiphysin I
[102] upon the termination of synaptic vesicle endocy-
tosis, in nerve terminals. Brains of Cdk5~/~ mice lack
cortical laminar structure and cerebellar foliation
which is associated with perinatal mortality [103].
CDKS5 also participates in the recycling endosomal
trafficking. AATYKI1A, a major isoform of the kinase
Apoptosis-associated tyrosine kinase 1 (AATYKI)
expressed in neurons, localizes at principally in the
pericentrosomal endocytic recycling compartments
(ERC) in CHO-K1 cells. CDKS5 phosphorylation of
AATYKIA (Ser34) abolishes the function of
AATYKIA in the formation of the pericentrosomal
ERC. Since the pericentrosomal ERC increases in con-
fluent cell culture conditions [104], the phosphorylation
of AATYKIA by CDKS5 controls cell-confluence-de-
pendent recycling endosomes localization, and as a
consequence  AATYKI1A-phospho-mimic  mutant,
impairs the traffic of recycling endosomes demon-
strated by decreased transport of internalized transfer-
rin back to the surface membrane [105].

An unbiased approach to study the lysosomal pro-
tease activity of single living cells used fluorescence sig-
nal from a probe that monitors lysosomal biogenesis
and the trafficking pathway from the endoplasmic
reticulum to the lysosomes. By performing a com-
pound screening that included several CDK inhibitors
in HeLa cells such as, kenpaullone, purvalanol A,
alsterpaullone, CDK2/9 inhibitor, and CDK4 inhibi-
tor, it was suggested that CDK activity maintains lyso-
somal biogenesis. Further analysis depleting individual
CDKs and rescuing their expression, confirmed that
CDK35 is involved in lysosomal activity. Depletion of
CDKS5 increased the size of lysosomes, upregulated the
mRNA levels of cathepsin D and tended to increase
the levels of lysosomal acid phosphatase activity in a
manner independent of TFEB and cell cycle arrest.
These findings suggest that other transcription factors
might be phosphorylated by CDK5 to suppress lysoso-
mal activity [106].

There is still much to be uncovered regarding the
molecular mechanisms used by cell cycle regulators to
alter the fate of the endolysosomal vesicles and the
metabolites that are target for degradation or recy-
cling. However, the control of metabolic signals
exerted on cellular trafficking during cell cycle progres-
sion is an growing field to better understand cell physi-
ology and pathology.

Cell cycle regulators coordinate metabolism and growth

Cell cycle regulators in mitochondrial
dynamics

Mitochondria are generally renowned for being the
‘powerhouses’ of the cell due to their fundamental role
in ATP production via oxidative phosphorylation.
They are ubiquitous endosymbiotic double-membrane
organelles thought to have been originated from an
ancient integration of an alpha-proteobacterium into a
nucleated cell [107,108]. Throughout numerous years
of co-evolution, most of the bacterial original traits
were loaned to the host cell. In return, the organelle
has gained primordial functions in orchestrating inter-
mediate cell metabolism, calcium homeostasis, stress
management, free radicals’ production, innate immu-
nity, and apoptotic cell death through the release of
cytochrome ¢ [109-114]. Moreover, mitochondria have
safeguarded a fraction of their own small circular
polycistronic genome, which encodes for thirteen pro-
teins belonging to the mitochondrial electron transport
chain [115].

Considering the multifaceted physiologic functions
that mitochondria perform and emphasizing the
importance of their dynamic behavior, it is intuitive to
hypothesize that cell cycle regulators might directly
influence them. In that way, a potential bidirectional
regulation would ensure the provision of sufficient fuel
and metabolites for cell growth and cell proliferation.

Mitochondrial biogenesis can be broadly defined as
the symmetrical division and subsequent growth of
pre-existing organelles since they cannot be engendered
de novo [116,117]. This process requires communica-
tion between the organelle and the nucleus [118] and is
coordinated at the transcriptional level by PPARYy-
coactivators (PGC-1a and PGC-1B) and by nuclear
respiratory factors 1 and 2 (NRF1 and NRF2) [119-
121].

Over the past years, cell cycle regulators have been
implicated in mitochondrial biogenesis. Hepatocytes
lacking cyclin D were found to display increased mito-
chondrial size and function as a result of higher NRF1
expression levels. Conversely, the same authors
reported that overexpression of cyclin D lead to a
two-fold decrease in mitochondrial activity; which was
dependent on CDK activity [122]. Besides, the atypical
CDK-activating kinase CDK?7 has been also claimed
to regulate mitochondrial biogenesis. When it is active
forming a trimeric complex with cyclin H and ménage-
a-trois 1 (MAT1), CDK7 acts as a transcriptional reg-
ulator of PGC-1 members. Certainly, Sano et al. [123]
documented that MATI1 deletion in mouse hearts
caused a decrease in CDK?7 activity, which resulted in
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a general defect of transcriptional activation mediated
by PGC-1 members.

Nevertheless, the core of mitochondrial dynamism
goes way beyond via extremely vigorous cycles of bal-
anced fusion and fission, shaping the organelle’s mesh-
work to meet metabolic demands [124]. Fusion, the
joining of two neighbor mitochondria into a larger
and tubular one, and fission, the division of the orga-
nelle, have been proven to be essential for life [125—
127].

Fusion of the outer mitochondrial membrane
(OMM) is controlled by the dynamin family of
GTPases, namely mitofusins 1 and 2 (MFN1/2), and
supported by cardiolipin [128]. Regarding the inner
mitochondrial membrane fusion, the effector unit is
the optic atrophy 1 protein together with MFN1 [129].
On the other side, OMM fission has widely been
assumed to be essentially mediated by the large cytoso-
lic GTPase dynamin-related protein 1 (DRP1) in asso-
ciation with its receptor proteins [130-132]. DRPI
activity is strongly regulated by post-translational
modifications, comprising phosphorylation, acetyla-
tion, ubiquitination, S-nitrosylation, and SUMUOyla-
tion. By far, the most studied among them is
phosphorylation, which can occur at various residues
with antagonistic effects. Acquired phosphorylation at
human Ser616 residue has been documented to stimu-
late DRPI1-mediated fission. Oppositely, modifications
over human Ser637 halt fission and curb DRP1 action
tilting the balance toward fusion [133]. Several proteins
(such as CDK1 and CDKJ5) have been documented to
modify DRP1 by direct phosphorylation [134], but the
extent to which other elements, including other cell
cycle regulators, might be controlling DRP1 activity
remains enigmatic.

Albeit fission is primordial for adequate mitochon-
drial fitness, cell metabolism, and proliferation, exces-
sive fragmentation has been disclosed as an early event
promoting cell apoptosis and resulting in human dis-
eases [135-137]. In this context, the use of mdivi-1, a
DRP1 small-molecule inhibitor, was a promising
approach to better elucidate the fission process and its
physiological role during cell division [138]. However,
this molecule was recently rejected to be specific since
it also inhibits the mitochondrial complex I [139].
Complementary procedures for the upcoming years
will be needed to separately pinpoint all DRPI
actions.

During the last decades, breakthrough experiments
have revealed that mitochondria undergo stereotyped
changes during the cell cycle, thus modulating entry,
progression through, exit, and either quiescence or
senescence  states. They Dbasically include an
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interconnected mitochondrial network during Gl,
which evolves to a single giant hyperfused tubule at
the GIl-to-S transition, and an extensive breakdown
just prior to mitosis [134,140-142]. Increased fusion at
G1 phase has been largely correlated with more cris-
tae, oxidative metabolism boosting, and higher perfor-
mance of sustained ATP production, which forces cells
to enter the cell cycle and permits cell growth and sub-
sequent DNA synthesis [124,143]. Moreover, it mixes
components, promotes homogeneity, and it has been
postulated as a rescue mechanism by diluting mito-
chondrial damage [127]. The underlying mechanism
provoking fusion lies on the E3-ubiquitin ligase ana-
phase-promoting complex/cyclosome (APC/C). During
the course of its well-known role in regulating mitosis,
APC/C together with Cdc20 cofactors orchestrates sis-
ter chromatid separation and final cell cycle exit [144].
Then, Cdhl substitutes Cdc20 ensuring low cyclin
levels during G1 phase and, finally, mitogenic signals
inhibit APC/C-Cdhl allowing the formation of CDK-
cyclin modules to overcome the restriction point [145].
Moreover, APC/C-Cdhl is recognized to target DRPI,
which gets directed to ubiquitination and proteasomal
cleavage, hence sparing mitochondrial fission. Indeed,
Horn et al. illustrated, using HeLa cells, that DRPI
levels were minimum at Gl phase in the presence of
APC/C-Cdhl [146].

Furthermore, in early G1 phase CDK4/6-cyclin D
complexes phosphorylate the retinoblastoma protein
family to release E2F transcription factors, which will
regulate the G1-to-S phase transition. In parallel, this
axis induces the expression of NRF1 [147] and links
proliferation to mitochondrial metabolism [148]. Taken
together, these results show that high-performing
hyperfused organelles due to DRPI1 repression and
E2F1 activity are a prerequisite for cyclin E build-up,
the molecular effector of S-phase input [140,149]. Cer-
tainly, the induction of mitochondrial fusion was
found sufficient to accumulate cyclin E [140], whereas
improper cyclin E activity leads to genomic instability
[150].

In onward with the cell cycle progression, aug-
mented levels of typical S-phase CDK-cyclins are
known to phosphorylate and inhibit APC/C-Cdhl,
thus urging a peak in DRPI protein levels [145]. In
addition, Wang et al. demonstrated that CDK1, along
with cyclin Bl1, extensively phosphorylates the mito-
chondrial complex I to provide suitable ATP for a
rapid G2 cell growth [151]. Right before entering in
mitosis, CDK1/5-cyclin B modules largely phosphory-
late DRP1 at S616 residue bringing about massive
mitochondrial fission. In order to help in promoting
this event, Park and Cho [152] observed that the
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profusion MFNI1 protein is degraded in a CDKI1-de-
pendent manner (allegedly by a coordinated action
with the E3 ubiquitin ligase MARCHY), and later on
the same authors and others also emphasized the
importance of DRPI receptors for the cell cycle pro-
gression [141].

Already in the XX century, Christiansen determined
that the partitioning of mitochondria in symmetric cell
division is equitable between daughter cells [153]. In
this sense, mitochondrial fragmentation during G2-to-
M transition is envisioned to be a mechanism ensuring
the unbiased organelles’ heritage [134]. At last, the
upstream activation of CDKI1/5-DRP1 activity is
brought about the mitotic kinase Aurora A. This pro-
tein has been recognized to phosphorylate Ras-like
proto-oncogene A (RALA), which accumulates in the
OMM accompanied by its effector RALA-binding
protein 1 (RALBPI1). In the end, RALA/RALBPI
recruit CDK1/5-cyclin B allowing its function since
loss of either RALA or RALBPI hinders cell prolifer-
ation [154].

Multiple lines of evidence have led to the consensus
that DRPIl-mediated mitochondrial fission before
mitosis is an essential phenomenon. Indeed, extended
tubular structures cause defects at the G2-to-M transi-
tion and can even trigger senescence or apoptotic cell
death [134,155,156]. Despite the fact that it is true that
cells lacking DRPI are capable of completing cell divi-
sion, filamentous organelles disturb their equal parti-
tion to daughter cells as seen in different cell lines
[155,156]. After the mitotic cycle is achieved, daughter
cells rebuild a partially intertwined and fused mito-
chondrial network caused, in part, by the reactivation
of APC/C-Cdhl complexes.

Peculiarly, very limited evidence relates DRP1 S637
phosphorylation or profusion proteins’ regulation to
the normal cell cycle progression. Only a few insights
emerged some years ago in a yeast model [157], yet it
remains to be assessed whether putative modifications
in these proteins might also be regulating mitochon-
drial dynamics during division. What is clear is that
cumulative evidence links decreased levels of DRPI
S637 with cancer cells. For example, Rehman et al.
showed that reversion of DRPI1 phosphorylation
imbalances between Ser616 and Ser637 residues
in vitro could reduce cancer cell proliferation and acti-
vate apoptosis instead [158]. Nonetheless, an important
limitation of all these studies is the use of drugs or
chemicals to induce cell cycle arrest because they gen-
erate artifactual states that could be far off physiologi-
cal conditions. Therefore, it becomes essential the use
of more translational approaches and in vivo tech-
niques, although it becomes a challenging endeavor.

Cell cycle regulators coordinate metabolism and growth

Collectively, the basic concept put forward by sev-
eral investigations is that mitochondria follow a speci-
fic dynamic patterning to properly develop a plethora
of cell functions, including cell growth and prolifera-
tion. Furthermore, cell cycle regulators vastly influence
mitochondrial function and dynamics in an integrated
manner during cell division. Reasonably, mitochon-
drial dynamics, cell cycle, and overall metabolism
reciprocally influence each other in vivo. However, the
comprehension of these processes is not straightfor-
ward since relevant differences exist across cell types
and we cannot rule out a spectrum of still unknown
tissue-specific regulatory mechanisms. For this reason,
and even though we have tried to provide a compre-
hensive overview in this topic, it is unfeasible to inte-
grate all observations in a single model.

Concluding remarks and Future
directions

The participation of cell cycle regulators in the control
of cell proliferation, survival, cell signaling, and cancer
is well established. This canonical pathway comprises
the CDKs, retinoblastoma protein pRB, and the E2F
transcription factors that regulate the expression of
genes involved in the cell cycle progression. However,
under unfavorable energetic conditions, cell division,
which requires a high biosynthetic activity, cannot take
place. We discussed here the concept that (some) cell
cycle regulators play, in addition to the control of the
cell cycle, crucial roles in the control of several meta-
bolic processes. The distinct functions of cell cycle reg-
ulators in the different cellular compartments,
including endosomes and lysosomes, or mitochondria
have been described (Fig. 3). The overall control of
the cellular function depends, indeed, on the compart-
mentalization of diverse metabolic processes in specific
cellular structures, each of them having a specific func-
tion that contributes to coordinating a metabolic
response. The specific role of cell cycle regulators in
the coordination of such response with cell prolifera-
tion remains, however, not fully understood. More-
over, it would be of interest to expand the concept of
cell proliferation beyond the cell cycle, including the
described metabolic processes, which are of most
importance for the cell to grow and divide. This new
concept could switch the conception of CDKs from
cell cycle regulators to considering them as a cellular
hub for energy homeostasis, in particular in proliferat-
ing cells.

Of particular interest is the complex relation
between cell cycle regulators and mitochondrial biol-
ogy. In overall, it can be concluded that an active
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the G1 phase, mitochondria are interconnected, and then evolve to a giant hyperfused network when reaching the G1-to-S phase transition.
This profusion activity is accomplished by APC/C, causing DRP1’s proteasomal degradation. However, the canonical CDK4/6-cyclin D axis
allows the build-up of cyclin E. Then, it binds CDK2 inhibiting APC/C and restoring the fusion/fission balance. In parallel, CDK4 also targets
GCN5 to inhibit mitochondrial biogenesis via PGC-1a during G1 phase. The mitotic Aurora A kinase activates CDK1/5-cyclin B, which, in
turn, cause massive mitochondrial fission thanks to DRP1 function. Additionally, CDK5 also regulates the recycling endosomal trafficking
(see text). Cell cycle regulators, such as CDK4, also participate in the activities of master metabolic regulators, including mTORC1 through
FLCN phosphorylation which contributes to lysosomal functionality. Moreover, CDK4 can regulate AMPK activation. Active AMPK can
promote the endocytosis of the Na/K-ATPase or promote glucose uptake by inhibiting the endocytosis of GLUTs mediated by clathrin and

its adaptor protein TXNIP.

involvement exists between mitochondrial dynamics in
its broadest sense and cell cycle regulators, exerting a
pivotal role in controlling cell growth and proliferation
beyond their canonical functions. Nevertheless, there
are some fundamental questions and mechanistic
details of widespread interest that remain to be
answered. For example, how cell cycle regulators and
mitochondrial dynamics interact in stem cells as their
organelles’ partitioning is not symmetrical? Once all
the interconnections are better understood, we could
determine whether pathological mitochondrial remod-
eling is a cause or a disease consequence and act in
accordance. Nowadays, there is a powerful rationale

for targeting mitochondria, yet the available molecules
are still raw tools with no ability to discern between
healthy and altered cells. For that, subcellular selective
addressing becomes of paramount concern, gaining
therapeutic benefit likewise minimizing side effects or
drug resistance. Thus, deciphering the interactions
between mitochondrial dynamics and cell cycle regula-
tors is, and surely will be, a stimulating field of
research.

To conclude, new studies should provide novel and
original insights on the mechanisms leading the cell
cycle pathways to regulate a dual proliferative and the
adapted metabolic response.
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