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Cyclin-dependent kinase 4 drives cystic kidney
disease in the absence of mTORC1 signaling
activity
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Progression of cystic kidney disease has been linked to
activation of the mTORC1 signaling pathway. Yet the utility
of mTORC1 inhibitors to treat patients with polycystic
kidney disease remains controversial despite promising
preclinical data. To define the cell intrinsic role of mTORC1
for cyst development, the mTORC1 subunit gene Raptor was
selectively inactivated in kidney tubular cells lacking cilia
due to simultaneous deletion of the kinesin family member
gene Kif3A. In contrast to a rapid onset of cyst formation and
kidney failure in mice with defective ciliogenesis, both
kidney function, cyst formation discerned by magnetic
resonance imaging and overall survival were strikingly
improved in mice additionally lacking Raptor. However,
these mice eventually succumbed to cystic kidney disease
despite mTORC1 inactivation. In-depth transcriptome
analysis revealed the rapid activation of other growth-
promoting signaling pathways, overriding the effects of
mTORC1 deletion and identified cyclin-dependent kinase
(CDK) 4 as an alternate driver of cyst growth. Additional
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inhibition of CDK4-dependent signaling by the CDK4/6
inhibitor Palbociclib markedly slowed disease progression in
mice and human organoid models of polycystic kidney
disease and potentiated the effects of mTORC1 deletion/
inhibition. Our findings indicate that cystic kidneys rapidly
adopt bypass mechanisms typically observed in drug
resistant cancers. Thus, future clinical trials need to consider
combinatorial or sequential therapies to improve
therapeutic efficacy in patients with cystic kidney disease.
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athy associated with the progressive destruction of the

renal parenchyma and end-stage renal disease. The
most common ciliopathy is autosomal dominant PKD
(ADPKD), caused by mutations of PKDI (coding for
polycystin-1) or by mutations of PKD2 (coding for polycys-
tin-2/TRPP2 [transient receptor potential polycystic 2]).” Cil-
iopathies are caused by defective cilia and are almost
universally associated with an increase in mammalian target

P olycystic kidney disease (PKD) is a heterogenic ciliop-
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Translational Statement

Treatments to halt the progression of cystic kidney dis-
ease are scarce and only partially effective. Mammalian
target of rapamycin complex 1 (mTORC1) has been
implicated in driving cystic kidney disease, yet despite
convincing preclinical data, its clinical utility remains
controversial. In cystic mice, selective inactivation of
mTORC1 in renal tubular cells improved kidney function
and overall survival. However, cyst progression was only
delayed but not halted. In-depth transcriptomic analysis
identified mTORC2 as an alternate pathway for delayed
cyst growth, with cyclin-dependent kinase 4 (CDK4) as
the main driver. Subsequent inhibition of CDK4 with
palbociclib markedly potentiated the effects of mTORC1
deletion. Similarly, CDK4 bypass and the benefit of syn-
ergistic inhibition of mTORC1 and CDK4/6 could be
demonstrated in human organoid models of polycystic
kidney disease. The rapid adaptation of cystic kidneys
underscores the importance of evaluating sequential or
combinatorial therapies in clinical trials.

of rapamycin complex 1 (mTORC1) activity.”* Although the
precise coupling between cilia and mTORCI1 activation re-
quires further clarification, the C-terminal domain of
polycystin-1 interacts with the tuberous sclerosis complex to
inhibit Ras homolog enriched in brain, a small GTPase and
activator of mTORCI, suggesting that polycystin-1 can
directly modulate mTORCI activity.” Polycystin-1 mutations
also result in mitogen-activated protein kinase and phospha-
tidylinositol-3’-kinase/AKT activation, leading to phosphory-
lation and inhibition of tuberous sclerosis complex.” In
addition, flow activates ciliary liver kinase BI, resulting in
adenosine monophosphate kinase activation and mTORC1
inhibition, providing another mechanism by which cilia can
control mTORC1.”

mTORCI facilitates growth, proliferation, and mitochon-
drial biogenesis of tubular epithelial cells."'' Different
mTORCI1-specific inhibitors have been used to slow cyst
growth in rodent models of cystic kidney disease. First
demonstrated in the Han: SPRD rat model,'” the beneficial
effects of mTORCI1 inhibition on cyst growth and kidney
function were subsequently confirmed in several other mu-
rine models, including orpk (Ift88), bpk (Biccl), and PkdI-
deficient mice.”"> However, placebo-controlled clinical trials
failed to demonstrate a benefit in patients with ADPKD.'*'”
Thus, these trials question the role of mTORCI as a cyst-
promoting component and as a relevant therapeutic target
in human disease. To clearly define the role of mTORCI1 in
cystic kidney disease and to reconcile the apparent discrep-
ancies between preclinical and clinical outcomes, we gener-
ated mTORCI-deficient mice by deleting the essential
mTORCI subunit Raptor in renal tubular epithelial cells and
triggered the development of renal cysts by simultaneously
preventing ciliogenesis by eliminating Kif3a. Our results
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unambiguously demonstrate the crucial involvement of
mTORCI signaling in cyst formation and that the elimination
of mTORCI activity represents a powerful tool to inhibit
disease progression. However, extensive gene profiling of
mTORCI-deficient cystic mice also revealed that bypass
signaling rapidly replaces mTORCI, highlighting the need for
novel strategies to treat ADPKD.

METHODS

Animals

All animal experiments were conducted according to the
Guide for the Care and Use of Laboratory Animals (National
Institutes of Health), as well as the German law for the welfare
of animals, and were approved by local governmental au-
thorities (G-10/39, G-11/02). Mice were housed in a specific
pathogen—free facility with free access to chow and water and
a 12-hour day/night cycle. Breeding and genotyping were
done according to standard procedures. All mice were on a
C57Bl6/N background. Raptor fl/fl mice (generous gift by M.
Hall and M.Ruegg, University Basel, Switzerland) have been
described previously'® and were crossed to KspCre'” and Kif3a
f/fI'"* mice. Mice were derived from Kif3a fl/+*Raptor
fl/+*KspCre and Kif3a fl/+*Raptor fl/+ intercrosses, hence all
mice were littermates. KspCre-negative animals were used as
controls. Pkdl fl/fi'” and NesCre’® animals were obtained
from JAX Laboratories.

Transcriptome and gene set enrichment analysis

Control (Raptor fl/fl or Kif3a fi/fl mice), control®™" (Raptor
fUUf*KspCre), CyKD (Kif3a fl/fI*KspCre), and CyKD"FA
(Raptor fl/fl*Kif3a fl/fI*KspCre) animals were sacrificed at day
1, week 1 (day 7), week 2 (day 14), and week 4 (day 28).
Kidneys were split in half and immediately snap frozen in
liquid nitrogen. RNA was purified using standard procedures
and analyzed using Affymetrix Mouse Genome 430 2.0 gene
chips. Raw data were obtained by standard array hybridization
techniques and normalized via the Single Channel Array
Normalization algorithm,”’ mapping the probes to the
custom chip definition file from the BrainArray resources in
version 18 (http://brainarray.mbni.med.umich.edu/Brainarr
ay/Database/CustomCDEF/). Pathway analysis was performed
using the generally applicable gene set enrichment ana-
lysis(GSEA), which determines whether a set of genes is
systematically upregulated or downregulated as a whole, albeit
individual genes need not be significantly regulated.”” Raw
GSEA P values were corrected using the false discovery rate.

We used the ConsensusPathDB information for gene set
definitions, containing =~4000 pathways compiled from
different databases.”

To identify putative upstream regulators of differentially
regulated pathways, we used a regulator-pathway correlation
algorithm called transcriptional regulatory associations in
pathways (TRAP), consisting of 431 canonical pathways
in conjunction with their transcriptional regulators. The
canonical pathways were extracted from the MSigDB
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(version 3.0) “C2:canonical pathways,” and the respective
regulators were inferred from the mutual information of
pathway-gene regulation in >3000 microarray profiles.”* To
assess the relative importance of regulators concerning sig-
nificant pathways (P < 0.05), we computed the gain in degree
centrality (DC) of each regulator from the difference in DC
between subnetworks consisting of differentially regulated
pathways (as calculated by GSEA) and associated regulators
and the full network.'” The directed mTOR network was
compiled from GeneMANIA, a real-time multiple association
integration algorithm for predicting gene function.””*

Morphologic analysis

Mouse kidneys were perfusion fixed in 4% phosphate-
buffered paraformaldehyde, embedded in paraffin, and
further processed for periodic acid—Schiff or immunofluo-
rescence staining. Images were acquired using an Axioplan
microscope equipped with a digital camera, an Axio Observer
Z1 microscope (both from Carl Zeiss Microimaging GmbH),
or a Thunder Imager (Leica Microsystems).

Western blot analysis
Kidneys were glass-glass homogenized in lysis buffer for 2
minutes (modified radioimmunoprecipitation a buffer con-
taining: 50 mM Tris/HCI, pH 7,5, 1 mM ethyleneglycol-bis-
(B-aminoethylether)-N,N,N',N'-tetraacetic acid, 1 mM eth-
ylenediamine tetraacetic acid, 1% [w/v] Triton X-100, 0.1 %
[w/v] sodium dodecylsulfate, 50 mM NaF, 150 mM NaCl,
0.5% [w/v] Na-deoxycholate, 0.1% [v/v] 2-mercaptoethanol,
1 mM Na-orthovanadate, Roche Ultra complete proteinase
inhibitor cocktail, and Roche Phospho-STOPP, as indicated
by the manufacturer [Roche] and double-distilled water at
final volume; 15 [ lysis buffer per 1 mg of tissue was used).
Samples were heated after the addition of 2x Laemmli buffer
(including 100 mM dithiothreitol) at 42 °C for 30 minutes.
Western blots were densitometrically analyzed using Labl-
mage software (Labimage Software).

A list of primary and secondary antibodies used is pro-
vided in the Supplementary Methods.

Magnetic resonance imaging measurement of renal volume
Magnetic resonance imaging experiments were performed on
a 9.4-T (400-MHz) horizontal magnet (Bruker Biospin). A
quadrature birdcage coil (Bruker Biospin) with an inner
diameter of 38 mm was used. Mice were anesthetized with
isoflurane and monitored with respect to breathing and heart
rate using electrocardiography to ensure that they remained at
a constant level.

Lenti-paired clustered regularly interspaced short
palindromic repeats/Cas9 transduction and cyst formation
from PKD1™~ tubuloids

To isolate cells for tubuloid culture and perform PKD1 gene
editing in the tubuloids, we used kidney explants of patients
undergoing nephrectomy. The study was approved by the
Ethical Board of the Rheinisch-Westfaelische Technische
Hochschule (RWTH) Aachen University, Medical Faculty
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(decision EKO016/17), and performed according to the
Declaration of Helsinki. Informed consent was given by all
patients. CD24" adult human kidney tubuloids were estab-
lished as recently described.”” The cysts from PKD17~
tubuloids were treated with 10, 25, and 50 nM of rapamycin
or palbociclib for 72 hours. Equal volume of dimethylsulf-
oxide and sterile water in the organoid growth medium was
used as negative control.

Real-time reverse transcription-quantitative polymerase
chain reaction

Total RNA was isolated from PKDI™~ tubuloids and used for
reverse transcription—quantitative polymerase chain reaction
to quantify CDK4, CDK6, and cyclin DI mRNA expression.
Briefly, 250 ng of total RNA was used to synthesize cDNA via
SuperScript IIT First-Strand Synthesis System (18080051,
Thermo Fisher Scientific), according to the manufacturer’s
protocol. Reverse transcription—quantitative polymerase
chain reaction was performed in quadruplicate with 1:10
dilution of cDNA, 300 nM primers, and iTAQ SYBR Green
Supermix (172-524, Bio-Rad) using CFX Connect Real-time
PCR Detection System (Bio-Rad).

Human kidney organoids from induced pluripotent stem cells
Induced pluripotent stem cell lines used were PKD1~~ Q3838X
(exon 41 mutant, gRNA CCTGCAGCTGCACAACTGGC) and
PKD2”~ R872X (exon 14 mutant, gRNA TGGAGCGAGC-
CAAACTGAAG), both derived from the WTC-11 cell line
(Coriell GM25256) using BIG-TREE cytosine base editing
plasmids, as described in a parallel publication.”® Organoids
were differentiated as described.”” To assess toxicity and
viability, organoids were manually microdissected on day 21
after cell plating and placed in suspension until day 30. Using
wide-bore p200 tips set to a volume of 75 l, cystic organoids
were transferred into 96-well low attachment plates (1 orga-
noid/well). Palbociclib (0.3 puM; SelleckChem, S1116) and
everolimus (0.1 UM; SelleckChem, S1120) were diluted in se-
rial dilutions to 4x concentration, and 25 U of the drugs was
added to each well to bring the final volume to 100 pl/well.
Medium was changed every other day by removing 50 pl of
medium, replacing with fresh 25 il of medium and fresh 25 pl
of compound. Imaging was done on days 0, 1, 3, 7, and 14. On
day 14 (end point), a live/dead test was performed.

Statistical analysis

Data are expressed as mean + SEM. Statistical comparisons
were performed using the GraphPad Prism Software Package
6 (GraphPad Software Inc.) with 2-tailed Student t test or
analysis of variance, including respective corrections where
indicated. Differences with P values < 0.05 were considered
significant.

RESULTS

mTORCI activity was genetically eliminated in distal tubular
epithelial cells, using Ksp-driven Cre expression combined with
conditional Raptor alleles (4Rap, Supplementary Figure S1IA-H').
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Cyst formation and progressive cystic kidney disease (CyKD)
were triggered by concurrent ablation of cﬂlogene31s using
conditional Kif3a alleles, generating the CyKD ARap 1 ouse strain
(Flgure la). Ciliogenesis was equally disrupted in CyKD and
CyKD ARap mice, as indicated by the equal number of cilia at the
age of 2 weeks (Supplementary Figure S2A-C). CyKD mice with
normal mTORCI activity rapidly developed renal cysts that
became detectable by magnetic resonance imaging 2 weeks after
birth. They completely replaced the normal renal parenchyma
by 6 weeks (Figure 1b). All CyKD mice died before 12 weeks of
age, with a median survival of 7.3 weeks (Figure 1c). Concur-
rently, simultaneous deletion of Raptor dramatically slowed the
development of renal cysts during the first 4 weeks of observa-
tion in CyKD ARap mice. Although no cysts were detectable by
magnetic resonance imaging 2 weeks after birth, few cysts
appeared at 4 weeks, and even at 6 weeks the renal parenchyma
remained discernable (Figure 1b). Strikingly, the median sur-
vival of CyKD ARap mice was increased >3 times and notably, the
removal of just 1 Raptor allele improved median survival by 33%
(Figure 1c). The survival benefit was accompanied by a reduc-
tion in total kidney volume and delay in renal impairment in
CyKD ARap mice compared with either CyKD mice or CyKD"
ARap (Figure 1c). Nevertheless, despite the initial delay,
CyKDAR“P animals progressively developed cysts after 6 weeks
and ultimately succumbed to renal failure (Figure 1c). This
raises questions about the underlying mechanism(s) of cyst
formation in mTORCI1-deficient tubular cells.

To gain insight into both mTORCI1-dependent and
mTORCI1-independent cystogenesis, we performed a large-
scale transcriptome analysis using microarray. Whole-
genome Affymetrix Mouse 430 2.0 microarrays were ob-
tained from control, control4*%, CyKD, and CyKD#%% mice
at day 1 and at 1, 2, and 4 weeks of age (n = 7 per condition
and time point with a total of 142 individual gene profiles).
We performed a principal component analysis, which indi-
cated that all samples clustered according to their develop-
mental stage from day 1 to week 4, with the most notable
separation according to genotype at week 4 (Supplementary
Figure S3). Using a GSEA with a curated subset of pathways
from the ConsensusPathDB, we found a marked upregula-
tion of the cell cycle in CyKD and inflammation-related
processes in CyKD ARap (Supplementary Table 1) after only
1 week. However, the most substantial increase in gene
function from 12 to 405 common pathways for CyKDAR”P
and CyKD was evident between 2 and 4 weeks
(Supplementary Figure S4A). The comparative analy51s of
the top 50 shared pathways between CyKD and CyKD ARap
yielded a progressive upregulation of mitogen-activated
protein kinase, mTORC2, and AKT signaling pathways and
their respective downstream targets in mice lacking
mTORCI1 activity, suggesting that the loss of mTORCI is
partially replaced by other growth-promoting kinase cas-
cades, including phosphatidylinositol-3’-kinase/AKT and
extracellular  signal-regulated kinase (Supplementary
Figures S4B and S5A and B).
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Acknowledging that CyKD mice do not represent an
orthologous model of human cystic kidney disease, we
compared our findings with the results of an extensive tran-
scriptomic analysis using a conditional Pkdl allele.”’ We
found a strong correlation between the gene expression in
Pkd1 knock-down mice on day 14 and CyKD mice at weeks 2
and 4, indicating that similar signaling processes lead to cyst
manifestation and  enlargement in both  models
(Supplementary Figure S6A). Especially the Gene Ontology
terms for cell division/cell cycle, cytoskeleton organization,
and chromosome segregation were commonly upregulated,
whereas several metabolic signaling pathways were down-
regulated in both models, underlining the similarity of pro-
cystic pathways (Supplementary Figure S6B).

On the basis of the apparent differences in gene expres-
sion between 2 and 4 weeks CyKD and CyKD ARap mice, we
aimed to identify key regulators of cyst-promoting pathways,
using the transcriptional regulatory associations in pathways
(TRAP) network inference algorithm.”* In this algorithm,
regulator-pathway associations are derived from transcrip-
tional coregulation in >3000 individual microarray experi-
ments with transcription factor—coding genes taken from the
Riken Transcription Factor Database and Regulator Path-
ways.”' Figure 2a depicts the networks of the most signifi-
cantly enhanced pathways connected through their
associated regulators for CyKDAR“p and CyKD at 2 and 4
weeks (P < 0.05). A random walk clustering indicated a
strong network modularity corresponding to distinctly
augmented biological pathways. Strikingly, at 2 weeks, the
subnetworks of innate immune response (subnetwork I) and
cell cycle (subnetwork IT) were highly differentially regulated
between CyKD™R® and CyKD, likely representing the
pathways that are responsible for the delay in cyst progres-
sion of mTORC1-deficient mice (mTORC1-dependent cyst-
promoting factors).

Unexpectedly, at 4 weeks, similarities between CyKD
and CyKD prevailed, with a common upregulation of cell
cycle/DNA replication, mitogen-activated protein kinase
signaling, and extracellular matrix interactions compared
with control animals (Figure 2a). These pathways represent
common mTOR-independent cyst-promoting factors that
likely explam the recurrence of cyst growth at this stage in
CyKD*R% mice. Histologic assessment of proliferation in
CyKD and CyKD** mice using K167 protein did not show a
difference at 4 weeks in the interstitium, whereas proliferation
in cyst lining epithelial cells was reduced in CyKDARap mice
(Supplementary Figure S7).

We next ranked the regulators within each network based
on their gain in DC. DC is a standard measure for the relative
importance of a node in a network as determined by the
respective number and strength of connections. We calculated
the gain as the DC ratio of the GSEA subnetworks and the
complete TRAP network; a high gain is indicative of the
importance of a regulator due to a specific pathway enrich-
ment (Figure 2b).”* Calculating the DC for the 2 subnetworks’

ARap
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Figure 1| Tubule-specific elimination of mammalian target of rapamycin complex 1 activity triples the life span of cilia-deficient
mice. (a) Magnetic resonance imaging (MRI), histology, weight, and blood analysis were obtained from the 5 mouse strains up to 30 weeks of
age. (b) Histology and MRIs demonstrate a striking delay in cyst formation in cystic kidney disease (CyKD)AR""’ mice at 2 and 4 weeks
compared with Raptor-containing CyKD mice. Even at 6 weeks of age, the cortex of CyKDAR“” kidneys remains largely preserved. (c) Body
weight rapidly declined in CyKD mice and was accompanied by a rapid i increase in serum urea, kidney volume, and a median survival of only
7.3 weeks. In contrast, these parameters remained relatively stable in CyKD ARap mice over the first 6 weeks, resulting in a median survival of
24.0 weeks. The number of animals in each group and detailed statistics are listed in Supplementary Table Figure S1. To optimize viewing of
this image, please see the online version of this article at www.kidney-international.org.
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Figure 2| The elimination of mammalian target of rapamycin complex 1 activity is rapidly compensated by other growth-promoting
pathways. (a) Regulator-pathway networks constructed from transcriptional regulatory associations in pathways (TRAP). Triangles depict the
significantly upregulated pathways (gene set enrichment analysis [GSEA] false discovery rate corrected P < 0.05) together with their
associated regulators (circles) for cystic kidney disease (CyKD)ARAP and CyKD at 2 and 4 weeks relative to wild-type controls. A random walk
algorithm clustered the networks into different submodules, demonstrating a significant difference between CyKD***" and CyKD at 2 weeks.
Although both CyKDARAP and CyKD contain a cluster cell cycle process, the former encompasses immune response in a disjoint subnetwork.
At 4 weeks, CyKDARAP and CyKD have similar pathways. (b) The top 10 transcriptional regulators putatively control the significant pathways in
the GSEA-enriched TRAP subnetworks from (a). Regulators were ranked according to their gain in degree centrality (DC), which denotes the
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CyKD**P beyond 2 weeks. ECM, extracellular matrix.
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innate immune response and cell cycle in CyKD*** mice
showed that the immune response regulator HclsI (hemato-
poietic cell-specific Lyn substrate 1), as well as the cell cycle
regulators Tripl3 (thyroid hormone receptor interacting pro-
tein 13) and Cdk4 (cyclin-dependent kinase 4), had the highest
gains in each network and ranked highest at 4 weeks. In
CyKD, the top DC regulators were almost exclusively related
to cell cycle regulation at both time points. Recognizing the
qualitative dominance of cell cycle and immune response
pathways both at 2 and 4 weeks, we analyzed the quantitative
dynamics of these pathways and confirmed a time-dependent
difference for cell cycle pathways between the 2 mouse models.
As expected, cell cycle pathways were earlier and stronger
upregulated in CyKD compared with CyKDARap, underlining
that the elimination of mTORCI1 (Raptor) transiently caused
transcriptional differences. Strikingly, at 4 weeks, the tran-
scriptional profiles and signaling pathways became almost
indistinguishable between CyKD and CyKDAR“P mice, coin-
ciding with the delayed appearance of cysts in CyKDAR”P mice
(Figure 2¢). These findings demonstrate that other signaling
cascades rapidly replace the loss of mTORCI.

We corroborated these findings by analyzing CD3 and
CD68 infiltrating immune cells in the different mouse
models. At 2 weeks, there was an insignificant trend for
higher CD68 cell numbers in CyKD versus CyKDARap animals
(Figure 3a, b, and i). At 4 weeks, the CD68 cell numbers were
higher in CyKD versus CyKD*** animals (Figure 3 ¢, d,
and i). At both 2 and 4 weeks, the number of CD3-positive
cells were similar in CyKD**® and CyKD (Figure 3ei).
Our analysis of immune cell infiltration is supported by a cell
type enrichment analysis of the transcriptome data using
xCell (Supplementary Figure S8A).”> The normalized
enrichment score shows a general trend toward a higher
immune and microenvironment score with cyst progression,
with a steep incline between 2 and 4 weeks and the strongest
enrichment in CyKD mice (Supplementary Figure S8A). The
immune score correlates with an increase in macrophages,
monocytes, and dendritic cells. Cyst progression also leads to
a decrease in fibroblasts and endothelial cells, whereas the
relative abundance of epithelial cells is increased.

To elucidate the downstream transcriptional targets of the
identified regulators driving cell cycle progression, we
focused on signaling pathway-related gene sets in CyKDARap
and CyKD at 2 and 4 weeks. Extracting all gene sets from the
ConsensusPathDB that contained the terms signaling,
cascade, or the proprietary names of previously identified
pathways yielded a weak regulatory overlap between CyKD
and CyKD®® at week 2 (Supplementary Figures S8-S11).
At 4 weeks, several upstream and downstream pathways of
mTOR were jointly regulated in both genotypes. In partic-
ular, this applied to ¢-Myc, Jak/Stat, p38/Jnk, Erk, Rac, Plc/
Pkc, and Tgf signaling, which all showed slightly stronger
mean activity in CyKD compared with CyKD**® animals
(Supplementary Figures S8-S11).

We decided to further explore the role of Cdk4 as a central
driver of cyst formation, bypassing the lack of mTORCI.

862

Immunofluorescence staining of renal sections of CyKDARap

animals at 4 weeks showed a strong expression of Cdk4
protein in cyst-lining tubular epithelial cells, whereas non-
affected tubular and interstitial cells did not show a promi-
nent signal (Figure 4a). Cdk4 protein expression, assessed by
Western blot analysis, was 30% higher in CyKD than in
CyKDARap animals at 2 weeks, whereas CDK4 abundance was
reversed at 4 weeks, being increased by 55% in CyKDAR
compared with CyKD mice (Supplementary Figure S12A
and B). This change in protein expression is additionally
reinforced by an increased expression of CDK4/6 inhibitors
(namely, Cdknla, Cdknlb, Cdkn2b, and Cdkn2d) together
with the Cdkn upstream activator Tfap2a in CyKD compared
with CyKDARap mice (Supplementary Figure SI12E and F).
The only exception is Cdknlc, which is significantly down-
regulated in both conditions after 4 weeks, but more signifi-
cantly in CyKD mice. The induction of Cdk4/6 inhibitors
could potentially stem from transforming growth factor-f§
signaling through the Smad/2/3/4 heterotrimer. The latter
pathway shows the strongest upregulation between CyKDARap
and CyKD mice at 4 weeks and occurs in the context of
fibrosis in ADPKD.”” Similarly, there was a higher TRIP13
expression in CyKD mice at 2 weeks, whereas TRIP13 levels
were similar in CyKD*®*® and CyKD animals at 4 weeks
(Supplementary Figure S12A and C). TRIP13 may also
represent an important driver of cyst formation because this
AAA-ATPase can transform nonmalignant cells and promotes
treatment resistance of tumors through enhanced DNA
repair.”*

Palbociclib is a US Food and Drug Administration—
approved CDK4/6 inhibitor.”>’® To apply our findings to
ADPKD, we treated 2-week-old CyKD and CyKD*** animals
for 4 weeks with 150 mg/kg palbociclib. At 6 weeks of age, we
observed an mTOR-independent reduction in 2 kidney
weight/body weight in both CyKD and CyKDAReP
(Figure 4b). There was also a considerable improvement in
kidney function in both CyKD and CyKDARap mice
(Figure 4b). Interestingly, senescence-associated secretory
phenotype gene set taken from the REACTOME Database
showed a relative decrease in activity over time for the mTOR
knockdown animals but increased after 4 weeks for the CyKD
mice. This is in line with an increased expression of
interleukin-6, Stat3, Jun, Fos, Rela, and Nfkbl, but also the
CDK4 inhibitors Cdknla, Cdkn2a, and Cdkn2b and corre-
lates with the increased immune cell and inflammation
signature from the xCell analysis (Supplementary Figures S12
and S13).

To extend our findings to a mouse model of human
ADPKD, we used PkdlthGgg;Tg(Nes—cre)lKln mice, a devel-
opmental model of Pkdl inactivation."” Intriguingly, we
found a 30% upregulation of Cdk4 protein levels in knockout
compared with control animals and observed a 50% reduc-
tion in 2 kidney weight/body weight ratio in animals treated
with palbociclib for 6 weeks (Figure 4c). Given the systemic
application of palbociclib, we could detect a reduction in
CD3- and CD68-positive cells in palbociclib versus untreated
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positive cells in (a [a’, inset], e [’ inset]) cystic kidney disease (CyKD) mice (P = 0,054), whereas this is significant for (b [b’, inset], f [f’, inset])
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DAPI, 4,6-diamidino-2-phenylindole; THP, Tamm-Horsfall protein. To optimize viewing of this image, please see the online version of this

article at www.kidney-international.org.

animals (Figure 5a—f). In addition, there was a robust trend of
reduced proliferation within the kidneys overall and especially
within the cyst-lining epithelium (Figure 5g—i).

To corroborate whether our findings in murine models of
PKD can be transferred to human models of PKD, we

Kidney International (2024) 106, 856-869

investigated the effect of mTOR inhibitors and palbociclib
in human tubuloids and organoids. In human PKDI™~
tubuloids,”” both rapamycin (10 nM) and palbociclib
(10 nM) could inhibit cyst growth by =50% compared with
placebo-treated controls (Figure 6a—d). Combination of the 2
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inhibitors did reduce cyst growth by =60% (Figure 6e), but not CDKI when rapamycin was used alone, similar to our
pointing to a potential additive effect of the 2 compounds  results in CyKDAR'“IP mice (Figure 6f-h).

used. Investigating the expression of CDKs in these PKDI ™~ To better pinpoint the potential additive action of com-
tubuloids showed a marked upregulation of CDK4 and CDK6  bined mTOR and CDK4/6 inhibition, we used human kidney
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organoids derived from PKDI1™~ or PKD2™'~ pluripotent stem
cells. These form cysts from kidney tubules, a phenotype that
is not observed in isogenic controls.”>”” We applied this
system to assess the capacity of palbociclib, everolimus, or
their combination to affect human PKD cyst growth. Orga-
noids were transfered into suspension culture and allowed to
initiate cystogenesis, after which treatments were added at
doses found to be nontoxic in a preliminary screen
(Supplementary Figure S14). Cystic organoids treated with
the combination of palbociclib plus everolimus exhibited a
significant decrease in cyst growth, compared with control
treatments, whereas everolimus or palbociclib alone did not
exhibit a significant effect (Figure 6i and j). Live-dead analysis
further demonstrated that these treatment conditions were
not toxic to the organoids over the time course of the
experiment (Supplementary Figure S14). Both human PKD
model systems support a combinatorial treatment approach
with mTOR and CDK4/6 inhibition in line with our murine
data.

DISCUSSION

Our results have important implications demonstrating that
mTORCI is an important driver of cyst growth and disease
progression; mice lacking mTORCI experience improved kid-
ney function and substantially increased survival rates. Thus,
mTORCI1 remains an important therapeutic target to curtail
cystic kidney disease. However, abrogation of mTORCI activity
alone only transiently slowed cyst growth; other growth-
promoting pathways were rapidly activated and bypassed
mTORCI to promote disease progression. Bypass mechanisms,
resulting from disinhibiting negative feedback loops, are
frequently observed in solid tumors treated with highly specific
receptor tyrosine kinase inhibitors,”® and require combinatorial
or sequential drug regimens to maintain efficacy.”” The latter
was successfully demonstrated in the treatment of glioblas-
toma.”’ Our results indicate that similar therapeutic concepts
might be required to treat cystic kidney disease. The combi-
nation of in vivo experiments and mathematical modeling
applied to our microarray-based transcriptome data set iden-
tified the (sub-)networks of innate immune response and cell
cycle as key networks driving cyst formation.

Using this information, we show that over time increased
numbers of especially macrophages in CyKD mice compared
with CyKDARa]P animals could potentially contribute to the
higher cyst burden in CyKD mice. We could next demon-
strate the superior efficacy of a combined Cdk4 and
mTORCI inhibition in a murine model of cystic kidney
disease. We further extended this to a human tubuloid PKD
model, where we recapitulated upregulation of CDK4/6 with
rapamycin monotherapy, whereas in a human organoid PKD
model, the application of everolimus and palbociclib proved
synergistic compared with monotherapy. CDK4 controls the
Rb-regulated G,/S cell-cycle checkpoint. Although CDK4
phosphorylates and inactivates the Rb tumor suppressor to
release the E2F transcription factors, initiating transcription
of genes required for DNA replication, CDK4/6 inhibitors

Kidney International (2024) 106, 856-869

shift the balance from proliferative toward apoptotic pro-
grams.*"** Additionally, the CDK4/6 inhibitor reduced im-
mune cell infiltration into cystic kidneys, which could
provide another means of slowing down disease progression.
The combinatorial treatment not only reduced kidney size in
mice and cyst size in organoid models but also approximated
the kidney function to wild-type animals.

Our data suggest that bypass signaling, similar to the rapid
adaptation observed in response to selective cancer treatment,
can drive cyst growth after inhibiting a single key signaling
pathway. In addition, it calls for more specific inhibitors to
reduce adverse effects and to allow for combinatorial treat-
ments. While demonstrating the crucial role of the G,/S cell
cycle regulator CDK4 in promoting cyst formation and dis-
ease progression, our findings also explain why short-term
inhibition of mTORC1 in ADPKD seems beneficial,">*°
and underline the need for further treatment concepts in
polycystic kidney disease.
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