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N S

Abstract: Human induced pluripotent stem cells (hiPSCs) have the potential to be differentiated into
any cell type, making them a relevant tool for therapeutic purposes such as cell-based therapies.
In particular, they show great promise for obesity treatment as they represent an unlimited source
of brown/beige adipose progenitors (hiPSC-BAPs). However, the low brown/beige adipocyte
differentiation potential in 2D cultures represents a strong limitation for clinical use. In adipose
tissue, besides its cell cycle regulator functions, the cyclin-dependent kinase inhibitor 2A (CDKN2A)
locus modulates the commitment of stem cells to the brown-like type fate, mature adipocyte energy
metabolism and the browning of adipose tissue. Here, using a new method of hiPSC-BAPs 3D culture,
via the formation of an organoid-like structure, we silenced CDKN2A expression during hiPSC-BAP
adipogenic differentiation and observed that knocking down CDKN2A potentiates adipogenesis,
oxidative metabolism and the browning process, resulting in brown-like adipocytes by promoting
UCP1 expression and beiging markers. Our results suggest that modulating CDKN2A levels could be
relevant for hiPSC-BAPs cell-based therapies.

Keywords: human induced pluripotent stem cells; adipocytes; brown adipose progenitor; browning;
3D culture; CDKN2A; UCP1; thermogenesis

1. Introduction

Obesity is considered the main risk factor for type 2 diabetes (T2D), mainly due to the
excessive accumulation of adipose tissue (AT) [1]. The expansion of AT in obese individuals
is a direct cause of the comorbidities, due to the excessive accumulation of triglycerides
(TG) within adipocytes, leading to inflammation and insulin resistance. In mammals, there
are two major types of AT that are anatomically and functionally distinct: white (WAT)
and brown (BAT). White adipocytes store excess energy as TG and release free fatty acids
as energy substrate during periods of negative energy balance. BAT differs from WAT by
its cellular origin, and is specialized in energy expenditure and the production of heat,
mainly through active fat oxidation [2]. Elevated energy expenditure in BAT is correlated
with high expression levels of a specific mitochondrial protein named uncoupling protein 1
(UCP1). More recently, the presence of a subtype of thermogenic adipocytes within WAT
that also expresses UCP1 has been reported. These inducible adipocytes, named beige, are
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distinct from white and brown adipocytes. They mainly arise from noradrenergic stimu-
lation or cold exposure. The conversion of white adipocytes into brown-like adipocytes
is called browning [3]. Obese individuals are characterized by increased WAT mass and
decreased brown and beige AT mass and activity [4]. Increasing energy expenditure by
BAT activation or by promoting the browning of WAT may represent a new therapeutic
avenue to prevent insulin resistance in obesity and T2D [5]. In humans, cold exposure
enhances metabolic activity and thermogenesis in BAT. This increase is accompanied by
increased insulin sensitivity in diabetic patients [6]. The transplantation of BAT or brown
adipocytes isolated from human adipose progenitors (APs) into the visceral cavity of mice
reverses metabolic syndrome and T2D, constituting a potential translatable therapeutic
tool to improve metabolic health [7]. Since beige adipocytes can arise through de novo
differentiation from undifferentiated APs or via the conversion of mature white adipocytes
into UCP1-positive cells, referred to as transdifferentiation [8-10], the identification of
selective molecular pathways and underlying mechanisms involved in beige adipocyte
biogenesis may represent a first step towards innovative therapeutic options.
Genome-wide association studies have established that several single nucleotide poly-
morphisms, including loss-of function mutations in the cyclin-dependent kinase inhibitor
2A (CDKN2A) locus, affect glycemia, insulin values and T2D risk, implying a role in glucose
and insulin sensitivity regulation [11,12]. The human CDKN2A locus encodes two proteins,
the Cyclin Dependent Kinase inhibitory (CDKI) p16INK4a protein and the p53 regulatory
protein p14ARF (p19ARF in mice). The p16INK4a protein is a potent CDKI preventing
the binding of CDK4/6 to Cyclin D, controlling the CDK4-pRB-E2F1 pathway; whereas
p14ARF mainly exerts its activity via the inhibition of MDM2, a ubiquitin-ligase that pro-
motes the degradation of p53 [11,12]. In AT, besides its cell cycle regulator functions (i.e.,
anti-proliferative and tumor suppressor), the CDKN2A locus also controls the commitment
of stem cells to the brown-like type fate and mature adipocyte energy metabolism [13-15].
We have shown that mice with a germline disruption of the Cdkn2a gene (Cdkn2a~/~) fed
a high-fat diet are protected against diet induced obesity (DIO) by increasing thermogen-
esis via inguinal (ing) WAT beiging, resulting in improved insulin sensitivity associated
with the activation of the PKA pathway [16]. In this study, we have also observed that
CDKN2A expression is increased in adipocytes from obese, compared to lean, subjects [16].
Consistent with these findings, a recent study reported that silencing Cdkn2a expression in
cold-inducible beige APs results in a rejuvenation of beige adipocyte formation, restoring
cold-induced thermogenesis in old mice [13]. The authors also showed that silencing
Cdkn2a expression in UCP1+ cells within ingWAT that display progenitor-like characteris-
tics stimulates new beige fat formation through cell proliferation via a cell-autonomous
role [17]. Overall, these data indicate the existence of an inverse correlation between the
expression level of CDKN2A and beige adipocyte activity, further supporting the notion that
cell-cycle genes may be involved in controlling a white-to-beige /brown fat transition that
involves APs, beige adipocyte expansion and their activity in a cell-autonomous manner.
Human induced pluripotent stem cells (hiPSCs) have the potential to be differentiated
into any cell type, making these cells an unlimited source for studying cell-based therapy. In
particular, several studies have established the therapeutic potential of hiPSCs differentiated
into brown adipocytes progenitors (hiPSC-BAP) against obesity and associated metabolic
disorders [18]. However, the limitation of the use of hiPSC-BAPs in 2D cultures is due
to their low adipocyte capacity and their low expression levels of UCP1 [18]. Here, to
overcome this limit, we report a new method of 3D culture, via the formation of an organoid-
like structure, which enhances the capacity for differentiation and the browning process of
hiPSC-BAPs [19]. We have previously reported that silencing CDKN2A expression during
hiPSC-BAP adipogenic differentiation in 2D cultures promotes UCP1 expression [16]. In
this study, we investigated the effects of CDKN2A silencing in hiPSC-BAP in improved
3D cultures. Understanding how Cdkn2a can relay to initiate a thermogenic program in
hiPSC-BAPs is a first step to envisage activating beiging as a new putative therapy to
alleviate the effects of obesity and to prevent insulin resistance and T2D. RNA-sequencing
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(RNA-seq) analysis and kinase activity profiling of hiPSC-BAP further demonstrate that
CDKN?2A silencing enhances pathways involved in adipogenesis, oxidative metabolism
and the browning process, resulting in the reprogramming of brown-like adipocytes by
promoting UCP1 expression and beiging markers.

2. Materials and Methods
2.1. Cell Culture and siRNA Experiments

hiPSC-BAPs, derived from the hiPSC line NOK6 were grown in standard tissue culture
conditions at 37 °C with 5% CO; as previously described [20]. The growth medium was
DMEM low glucose supplemented with L-glutamine (2 mM), penicillin—streptomycin
5000 IU/mL-5000 g/mL (Pen/Strep), 10% FBS and 2.5 ng/mL FGF2.

2.1.1. Generation of hiPSC-Derived Brown-like Adipospheres

The generation of spheroids and their adipogenic differentiation was performed as we
recently described in detail [21]. Briefly, 1 x 10° hiPSC-BAPs were seeded per well of 24 well
Ultra-Low Attachment (ULA) plate (Corning 3473, Fischer scientific, Illkirch-Graffenstaden,
France) for three days for spheroid formation. Then, to differentiate spheroids, the growth
medium was changed to a differentiation medium composed of EBM-2 (Lonza, Colmar,
France) supplemented with 0.1% FCS, IBMX (0.5 mM), dexamethasone (0.25 uM), T3
(0.2 nM), insulin (170 nM), rosiglitazone (1 uM), SB431542 (5 uM), and a EGM-2 cocktail
(Lonza, CC-3121) including ascorbic acid, hy-drocortisone and EGF. IBMX and dexam-
ethasone were maintained only for the first 3 days of differentiation. SB431542 and EGF
were removed after the first 9 days of differentiation. Spheroids were maintained in the
differentiation medium for up to 20 days, with the medium changed once a week.

2.1.2. siRNA Transfection

siRNAs (Human CDKN2A siRNASMART pool, GEHealth Bio-Sciences, Rosersberg,
Sweden) were transfected at the time when hiPSC-BAPs were in suspension for spheroid
formation. One hundred nM siRNAs were transfected in a medium containing 60% DMEM
low glucose, 40% MCDB-201, 1x ITS, dexamethasone (10’9 M), and ascorbic sodium acid
(100 mM) using HiPerFect (Qiagen, Courtaboeuf, France) transfection reagent as described
by the supplier. Cells were then maintained in conditions to form spheroids and were
induced to differentiate as described above.

2.2. RNA Extraction and RNA-Sequencing

Total RNA was extracted from the hiPSC-BAP 3D at D0 and D10 of differentiation
using TRIzolTM Reagent (Sigma-Aldrich, Saint-Quentin-Fallavier, France). The quality
of the RNAs was verified with RNA 6000 nanochips on the agilent 2100 bioanalyser.
Purified RNA (200 ng) was used for the library preparation. Briefly, RNA libraries were
prepared using the TruSeq Stranded mRNA Library Preparation Kit (Illumina, San Diego,
CA, USA) following the manufacturer’s instructions. The libraries were sequenced on
the NextSeq system (Illumina) using a paired-end 2x75 bp protocol. Three biological
replicates per condition were sequenced. The GEO accession number for the sequencing
data was GSE223241.

2.3. Proteins Extraction and PamGene Kinase Assay

Proteins from spheroids and adipospheres were extracted for PamGene kinase assay
as previously described [16]. Tyrosine (PTK) and serine/threonine kinase (STK) activity
was investigated with PTK and STK microarrays purchased from PamGene (PamGene
International BV, ’s-Hertogenbosch, The Netherlands). The experiments were performed as
described in the manufacturer’s instructions.
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2.4. Bioinformatic Analysis

For RNA sequencing, the demultiplexing of the sequence data was performed using
bcl2fastq Conversion Software (Illumina; bcl2fastq v2.19.1). The trimming of adapter
sequences was performed using cutadapt software (version 1.7.1). Reads quality control
was assessed using FastQC (v0.11.5). Subsequently, sequence reads from FASTQ files
were aligned to the human genome GRCh38, downloaded from Ensembl 108. Alignment
was performed using STAR aligner (version 2.5.2b). Over 19 millions of 75 base pairs
PE-reads reads were generated per sample. The normalized counts of the different genes
and isoforms were performed using RSEM (v1.2.31) using a GTF from Ensembl 108. Finally
differential expression was performed using R version 3.6.3 and DESeq?2 package v1.24.0.
An adjusted p-value < 0.05, Log2FC > 1 and LogFC < —1 were set as thresholds. We
then performed pathway analysis using the core analysis function of Ingenuity Pathway
analysis (IPA) (Qiagen) and the Gene Set Enrichment Analysis (GSEA) was done using
GSEA software version 4.3.2 (GSEA; http:/ /software.broadinstitute.org/gsea/ (accessed
on 3 October 2022)). All GSEA data showed had a p-value < 0.05.

For Pamgene analysis, image acquisition and data analysis were performed according
to the manufacturer’s instructions as previously described [16]. Data and upstream kinase
analysis were conducted using the Bionavigator software v.6.3.67.0 developed by PamGene.
Peptides and kinases with an adjusted p-value < 0.05, LogFC > 1 and LogFC < —1 were set
as thresholds.

2.5. Statistical Analysis

Data are presented as mean +=SEM. Statistical analyses were performed using unpaired
two-tailed Student’s t-test, using GraphPad Prism software. Differences were considered
statistically significant at p < 0.05 (* p < 0.05; ** p < 0.01 and ** p < 0.001).

3. Results

3.1. Characterization of the Differentiation Process of hiPSC-BAPs into Adipocytes in 3D Culture
Adipogenic differentiation of hiPSC-BAPs was performed as summarized in Figure 1.

Briefly, hiPSC-BAPs were plated, transfected with siRNA, and differentiation was triggered

3 days later, for 10 days. RNA-seq and Pamgene experiments were performed before (at
DO0) and after (at D10) differentiation.

hiPSC-BAPs in ULA plates

Spheroid formation  Differentiation of spheroids into adipospheres

D-3 DO D10
siRNA transfection RNA-Seq RNA-Seq
Pamgene Pamgene

Spheroid Adiposphere

Figure 1. Protocol of hiPSC-BAP differentiation into adipospheres. hiPSC-BAPs were plated
into low adherent plates (ULA) and transfected with the control siRNA or the CDKN2A siRNA.
Three days (D-3) after, spheroids formed and then were induced to undergo differentiation into
adipospheres. Confoncal images are shown. Blue: DAPI for nuclei staining. Red: Oil Red O for lipid
droplets staining. Scale: 50 um. RNA-Seq and Pamgene analyses were performed at day 0 (D0) and
day 10 (D10).
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3.1.1. Transcriptome Analysis of the Adipogenic Differentiation of hiPSC-BAPs in
3D Culture

Expression profile differences in the transcriptome of spheroids before differentiation
(DO0) vs. adipospheres after differentiation (D10) were determined by RNA-seq analysis.
The 3D culture markedly affects the hiPSC-BAP mRNA expression levels. Transcriptomic
analysis revealed 3484 significantly differentially expressed genes (1644 up-regulated and
1840 down-regulated) between D0 and D10 groups (Figure 2A). Overall, RNA-seq analysis
revealed that adipogenesis (i.e., upregulation of PPARy and CEBP«; downregulation of
DIO2), markers of mature adipocytes (i.e., upregulation of ADIPOQ and PLIN1), oxida-
tive metabolism pathways and browning adipocyte capacity (i.e., upregulation of FABP4,
CIDEA, PGCla and UCP1) are markedly activated in 10 days-differentiated 3D adipo-
spheres (Figure S1). We also found that mRNA expression levels of DIO2, an enzyme that
catalyzes T4 to T3 conversion [22], were markedly downregulated. Given that T3 is present
in the differentiation medium of hiPSC-BAPs, the reduction of DIO2 may reflect active
adipocyte differentiation which already adopts a brown-like phenotype [23].

After IPA and GSEA analysis, we found that several pro-adipogenic pathways were
markedly modified in the D10 vs. DO groups. We observed the activation of the cholesterol
biosynthesis, LXR/RXR and PPAR signaling pathways (Figures 2C and S3); and the repres-
sion of the sirtuin, matrix metalloprotease, acute phase response, osteoarthritis, hepatic
fibrosis and TGFf signaling pathways (Figures 2B and S3). Rosiglitazone, CEBPs, IL4 and
Vascular Endothelial Growth Factor (VEGF) are major upstream regulators of up-regulated
pathways (Figure S2). Other over-expressed pathways were those involved in cellular
oxidative metabolism such as oxidative phosphorylation, fatty acid oxidation, ketogenesis,
as well as amino acid and noradrenaline degradation pathways (Figures 2C and S3) which
are essential for adipogenesis and browning adipocyte capacity [24,25].

3.1.2. Kinome Profiling of the Adipogenic Differentiation of hiPSC-BAPs in 3D Culture

Then, we used Pamgene arrays containing serine/threonine (STK) and phosphotyro-
sine (PTK) peptides that were incubated with protein lysates of hiPSC-BAP adipospheres
before (D0) and after differentiation (D10), as previously described [16].

A global decrease in phosphorylation of both phosphorylation sites was observed at
D10 vs. DO (Figure 3A,B). Significant differences in phosphorylation for 5 out of 144 peptides
(STK, Figure 3A and Table S2) and for 14 out of 196 peptides (PTK, Figure 3B and Table S2)
were evidenced. Using a combined Bionavigator and IPA analysis to identify po-
tential upstream kinases, we found several kinases that displayed differential STK
(Figure 3C and Table S1) and PTK (Figure 3D and Table S1) phosphorylation at D10 vs. DO.

In line with RNA-seq analysis, global pro-adipogenic pathways whose phosphoryla-
tion levels were modified were identified, such as cell cycle regulation, adipogenesis, VEGEF,
fibroblast growth factor (FGF), as well as PTEN and JAK2/STAT3 signaling pathways (STK,
Figure 4A and PTK, Figure 4B), which are implicated in proliferation/differentiation during
the early stages of adipogenesis [24,25]. Among them, the intracellular mitogen-activated
protein kinase (MAPK) and the three pathways: extracellular signal-regulated kinases
(ERK1, 2, 5 and 7), Jun N-terminal kinases (JNKs) and p38 (Figure 3C and Table S1), as
well as the FGF receptor family (FGFR 1, 2, 3 and 4) (Figure 3D and Table S1), involved in
proliferative activity during adipogenesis [24], displayed lower phosphorylation.
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Figure 2. Transcriptomic analysis of 10 days-differentiated 3D adipospheres (D10 vs. D0). (A) A
volcano-plot of differentially regulated gene expression. UCP1 is indicated in black. Enrichment of IPA
biological process terms for down-regulated (B) and up-regulated (C) genes following differentiation.
IPA terms are plotted against the negative log of corrected p-values. Most down-regulated (B) and
up-regulated (C) enriched pathways.

3.2. Knock-Down of Cdkn2a Potentiates the Capacity of Adipogenic Differentiation of Spheroids
at DO

Given that Cdkn2a might be required in the APs-specific browning process, we decided
to assess selective molecular pathways and the underlying mechanisms involved in this
process in CDKN2A-deficient hiPSC-BAPs. Expression profile differences in spheroid
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transcriptome at spheroid stages of differentiation (D0, progenitor stage) between CDKN2A-
deficient and control spheroids were determined by RNA-seq. Transcriptomic analysis
revealed 245 significantly differentially expressed genes (121 up-regulated and 124 down-
regulated) between both groups (Figure 5A). The reduction in CDKN2A mRNA expression
levels was validated in spheroids at DO (Figure S4). Overall, RN A-seq analysis showed that
CDKN2A-deficient spheroids exhibit greater adipogenic potential (i.e., downregulation of
DIO2) with an anti-inflammatory profile (Figure S4). Computational analysis indicated
that pro-adipogenic pathways such as LXR/RXR, PPAR and CXCR4 (chemokine receptor)
are activated (Figures 5C and S5); whereas pathways involved in inflammatory response
and TGEFf signaling pathways were repressed (Figures 5B and S5) in CDKN2A-deficient vs.
control spheroids [24]. Pro-adipogenic factors such as PTGER2 (prostaglandin receptor),
VEGEF, AREG (retinoic acid signaling) andFOXM1 (Forkhead Box M1) are major upstream
regulators of up-regulated pathways (Figure S5), and pro-inflammatory signaling pathways
(IL6, IL1«, IL17, NFkB, IL1$3, TNF) are major upstream regulators of down-regulated
pathways (Figures S5 and S6) [24]. Up-regulation of the molecular pathways involved
in oxidative activity was also observed (Figure S6); whereas no significant change was
evidenced in UCP1 RNA expression levels at the DO progenitor stage (Figure S4).
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Figure 3. Kinome analysis in 10 days-differentiated 3D adipospheres (D10 vs. D0). Volcano-plots
of STK (A), PTK (B)-modulated peptides and STK (C), PTK (D)-modulated kinases. Green circle:
hyperphosphorylated peptide (A). Red circle: hypophosphorylated peptide (A,B) and kinase (C,D).
Dark circle: unmodulated peptide (A,B) and kinase (C,D).

The CDKN2A products p16INK4a and p19ARF are key regulators of the activity of
kinases involved in cell proliferation and senescence [16]. We postulated that modified
kinase activity may be involved in the browning process and we performed a global kinome
analysis in CDKN2A-deficient hiPSC-BAPs. Significant differences in phosphorylation
levels for 1 out of 144 peptides (STK, Figure 6A and Table S4) and for 10 out of 196 peptides
(PTK, Figure 6B and Table 54) were evidenced between CDKN2A-deficient and control
spheroids. Using a combined Bionavigator and IPA analysis, we identified several potential
modulated signaling pathways and upstream kinases (STK, Figure 6C; PTK, Figure 6D
and Table S3). Among them, glucocorticoid (GC) receptor (GR) signaling pathways (STK,
Figure 7A), immune pathways (CD28 signaling in T-helper cells, IL15 production, CTA4
signaling in cytotoxic T lymphocyte), as well as FGF, NGF, Focal Adhesion Kinase (FAK)
and insulin receptor signaling (PTK, Figure 7B and Table S3), which are implicated in
proliferation/differentiation during the early stages of adipogenesis [24], were evidenced.
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Figure 6. Kinome analysis at spheroid stages of differentiation (D0) between CDKN2A-deficient
and control hiPSC-BAPs. Volcano-plots of STK (A), PTK (B)-modulated peptides and STK (C), PTK
(D)-modulated kinases. Green circle: hyperphosphorylated peptide (B) and kinase (C,D). Red circle:
hypophosphorylated peptide (A,B). Dark circle: unmodulated peptide (A,B) and kinase (C,D).
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against the negative log of corrected p-values. Most modulated enriched pathways in STK (A) and in
PTK (B).
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3.3. CDKN2A Invalidation Potentiates Cellular Oxidative Metabolism and Browning Process of
Adipospheres at D10

The silencing of CDKN2A significantly affects the adiposphere mRNA expression
levels at D10 (Figure S7). Transcriptomic analysis revealed 610 significantly differentially
expressed genes (406 up-regulated and 204 down-regulated) between CDKN2A-deficient
and control adipospheres (Figure 8A). The reduction of CDKN2A mRNA expression levels
was validated in spheroids at D10 (Figure S7). Overall, RNA-seq analysis revealed that
adipogenesis (i.e., upregulation of PPARy and CEBP«), markers of mature adipocyte
(i.e., upregulation of ADIPOQ and PLIN1), oxidative metabolism and browning process
pathways (i.e., upregulation of FABP4, SREBF1, CIDEA, PGCla, UCP1) are markedly
activated in 10 days-differentiated CDKN2A-deficient 3D adipospheres (Figure S7).

Computational analysis revealed that, in addition to pro-adipogenic pathways already
highlighted at DO, global cellular oxidative metabolism (glycolysis, oxidative phosphoryla-
tion, TCA cycle, fatty acid 3 oxidation, ketogenesis, leucine and valine degradation) and the
browning process (white adipose tissue browning pathway, AMPK signaling) are markedly
activated [25] (Figures 8C and S9). PPARy and Sterol Regulatory Element Binding Tran-
scription Factor (SREBF 1 and 2) are major upstream regulators of up-regulated pathways
(Figure S8). Several kinase pathways such as p70S6K and PI3K/AKT signaling and sirtuin
signaling pathway, which affect the proliferation and differentiation of pre-adipocytes, are
repressed [24] (Figure 8B).
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Figure 8. Transcriptomic analysis in 10 days-differentiated (D10) 3D adipospheres following
siCDKN2A silencing performed at the progenitor stage 3 days before differentiation. (A) A
volcano-plot of differentially regulated gene expression. UCP1 is indicated in black. Enrichment
of IPA biological process terms for down-regulated (B) and up-regulated (C) genes of CDKN2A-
deficient D10 adipospheres. IPA terms are plotted against the negative log of corrected p-values.
Most down-regulated (B) and up-regulated (C) enriched pathways.

We then analyzed the effect of the knock-down of CDKN2A on the kinome of adipo-
spheres. Significant differences in phosphorylation for 6 out of 144 peptides (STK, Figure 9A
and Table S6) and for 8 out of 196 peptides (PTK, Figure 9B and Table S6) were evidenced.
Using the Bionavigator analysis to identify potential upstream kinases, we identified sev-
eral signaling pathways that displayed modified STK (Figure 9C and Table S5) and PTK
(Figure 9D and Table S5) phosphorylation. Following combined computional analysis, we
observed that, in addition to pro-adipogenic and kinase pathways already highlighted by
RNA-seq, AMPK and p38 MAPK which are key players of the browning process [25], are
markedly modulated. Differences in phosphorylation linked to the modulation of Gag- and
Gas-coupled G protein-coupled receptors (GPCR) (STK, Figure 10A) and pro-inflammatory
signaling pathways (IL15, IL7) (PTK, Figure 10B) are also modulated [24].
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Figure 9. Kinome analysis in 10 days-differentiated (D10) 3D adipospheres following siCDKN2A
silencing performed at the progenitor stage 3 days before differentiation. Volcano-plots illustrat-
ing STK (A), PTK (B)-modulated peptides and STK (C), PTK (D)-modulated kinases. Green circle:
hyperphosphorylated peptide (A,B) and kinase (C,D). Red circle: hypophosphorylated peptide (B).
Dark circle: unmodulated peptide (A,B) and kinase (C,D).
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p-values. Most modulated enriched pathways in STK (A) and in PTK (B).
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4. Discussion

Several studies have pointed out the therapeutic potential of hiPSC-BAP as a promising
novel therapy to alleviate the effects of obesity and T2D [18,19]. However, their low capacity
for differentiation in brown-like adipocytes in 2D cultures hampers their use for further
therapeutic approaches [19]. In recent years, 3D cell culture techniques have received much
attention, as these might provide more accurate models of tissues. Indeed, 3D cultures
generate changes in lipid accumulation and gene expression, which may lead to a better
and closer in vivo differentiation [26]. In order to improve the differentiation capacity of 2D
cultures, we developed a novel and more efficient method of using 3D cultures of hiPSC-
BAPs, via the formation of an organoid-like structure [19]. Our data confirm previous
experiments showing that differentiation into adipospheres improves adipogenesis and
browning process capacities compared to conventional monolayer BAP differentiation [16].

Fate decisions of multipotent progenitor cells to differentiate into adipocytes are
driven by specific signaling pathways. In particular, the adipogenic process occurs in two
major phases: commitment to APs and terminal differentiation, which are determined by
modified transcriptional, epigenomic and metabolic activities [24]. Here, we showed that
the differentiation of hiPSC-BAP from spheroids to adipospheres in a 3D culture results
in marked transcriptomic and phosphorylation changes. Comparative transcriptome and
kinome analyses of spheroids before differentiation (DO0) vs. adipospheres after differen-
tiation (D10) revealed that adipogenesis, oxidative metabolism pathways and browning
adipocyte capacity are markedly activated in 10 days-differentiated 3D adipospheres.

RNA-seq analysis revealed the dynamic expression changes that occur during the
commitment of APs toward adipocyte differentiation (i.e., repression of osteoarthritis and
hepatic fibrosis pathways). TGFf and sirtuin signaling pathways, which have emerged
as critical anti-adipogenic players, were downregulated. TGF( 1 and 2 and SIRT1 inhibit
PPARy and CEBPx expression [27,28]. TGF-f 1 inhibition suppresses the proliferation and
induces the differentiation of hiPSC [19]. By contrast, transcription factor signaling path-
ways (LXR/RXR, CEBPs and PPARYy), which are the master regulators of adipogenesis [29],
were activated. These events are required to promote the growth arrest and differentiation
of pre-adipocytes and the progressive expression of a lipogenic transcriptional program
(activation of glycolysis, oxidative phosphorylation, fatty acid oxidation and ketogenesis
pathways). In line with these findings, the decrease in levels of phosphorylation of MAPK
and ERK, JNK, p38 signal-regulated kinases as well as the FGF pathway, which are key
regulators of early adipogenic events [24], was evidenced by Pamgene. This might reflect
the terminal differentiation of 3D adipospheres into mature adipocytes. In basal 3D culture
conditions, the increase in UCP1 [25], IL4 [30] and VEGEF [31] expression levels, which
is key to the brown adipocyte lineage, suggests that adipocytes already adopt a brown-
like phenotype. Indeed, IL-4 enhances the differentiation of APs into committed beige
adipogenic precursors [32], and VEGF is synthesized and promotes the angiogenesis in
BAT [33]. The activation of cholesterol biosynthesis [34] and angiogenesis (i.e., upregulation
of VEGF) [33], and the repression of matrix metalloprotease [35] and hypoxia/inflammation
(i.e., dowregulation of HIF1« [36] and acute phase response (APR)) enriched pathways,
might reflect an active adipocyte-like remodeling and expansion of the adiposphere. The
APR is an early response to inflammation which hampers lipid and glucose utilization in
adipocytes [37].

In line with its canonical role in cell-cycle progression and differentiation, the CDKN2A
locus is well known to promote adipogenesis [15]. It might also be a key determinant of
brown adipocyte fate, although underlying mechanisms and cellular pathways remain
elusive [13,15]. Thus, we next assessed molecular pathways involved in the browning
process in CDKN2A-deficient hiPSC-BAPs. CDKN2A-deficient spheroids at DO exhibit
greater adipogenic potential with an anti-inflammatory profile (Figure 11). However, no
increase in the browning process was evidenced at this stage. In addition to repressed
TGEFf and activated adipogenic pathways already highlighted in basal conditions, the most
striking observations were the identification of additional modulated signaling pathways,
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namely the activation of the CXCR4 and the repression of multiple pro-inflammatory sig-
naling pathways. GR and insulin signaling pathways also displayed significant differences
in phosphorylation levels. GCs, present in most adipogenic differentiation cocktails, are
potent inducers of adipogenesis in vitro. Pre-adipocytes from humans express GR through
which GCs stimulate the expression of PPARy and C/EBPa during adipogenesis [38,39].
Activation of GR decreases pro-inflammatory cytokine expression [40] which is known
to inhibit adipogenesis through various pathways, thus constraining the hyperplastic ex-
pandability of AT [41]. Insulin is also a powerful inducer of stem cell commitment to
adipogenesis via the activation of the PI3K/ Akt and MAPK signaling pathways to promote
pro-adipogenic transcription [42]. CXCR4 promotes proliferation of APs and is required for
the acquisition of brown adipocyte features. It also prevents inflammation [43,44].

Spheroids (D0) Adipospheres(D10)
(D-3)

CDKN2A silencing

\ ' Differentiation

l’ TGFp signaling ¢ Proliferation
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" Inflammation (IL6, IL1, TNF, NFkB, browning, UCP1, AMPK, p38 MAPK, Gots)
acute phase response)

Figure 11. Effects on silencing CDKN2A expression during hiPSC-BAP adipogenic differentia-
tion in a 3D model: from spheroids (D0) to adipospheres (D10).

Strikingly, a marked enrichment of oxidative metabolism and browning process
pathways was observed in 10 days-differentiated CDKN2A-deficient 3D adipospheres
(Figure 11). Although a global increase in adipogenesis and cellular oxidative pathways
was already evidenced in basal conditions, the silencing of CDKN2A potentiates these
pathways along with WAT browning pathways at adiposphere stages of differentiation.
The findings of SREBF1 and PPARy/RXR as major upstream regulators of up-regulated
pathways might reflect their dual role in regulating adipogenic and lipogenic pathways [45].
The marked transcriptional activation of AMPK and p38 MAPK and the modulation of
the levels of phosphorylation of AMPK and G« signaling pathways reinforce the idea that
adipospheres are fully committed to differentiate into mature brown-like adipocytes [25].
In line with these findings, most of the molecular pathways (i.e., sirtuin, ERK/MAPK, FAK,
PI3K, p70S6K) that control pre-adipocyte proliferation [24] were down-regulated, suggest-
ing the terminal differentiation of mature adipocytes (Figure 11). IL15, whose production
pathway displays differential phosphorylation, is also known to lower the proliferation
rate of pre-adipocytes [46]. On the one hand, AMPK inhibits adipogenesis via blocking
the early mitotic clonal expansion. AMPK has a dual role in adipogenesis. AMPK blocks
the early mitotic clonal expansion, and later activates the differentiation of pre-adipocytes
into mature brown adipocytes [47]. Several studies have reported that AMPK signaling is
instrumental in the browning as well as in the energy expenditure of beige adipocytes [48].
Activating intracellular AMPK increases intracellular cAMP and phosphorylates PKA
resulting in induced intracellular lipolysis in BAT [48]. p38 MAPK signaling is also a key
player in browning [49]. p38 MAPK is a downstream effector kinase of cAMP/PKA signal-
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ing in brown adipocytes [50]. During the early phase of adipogenesis, both cAMP and GC
signalling pathways promote transcriptional activation, resulting in the commitment of
APs to a pre-adipocyte fate and the differentiation of pre-adipocytes [51]. Gas signaling
via GPCRs that activate cAMP /PKA signalling and UCP1-dependent thermogenesis also
regulates brown/beige adipocytes [52].

One limitation of our study is the lack of functional tests to further investigate the
brown fat properties of CDKN2A-deficient adipospheres at the cellular level. Additional
experiments to compare phenotypic differences in control and CDKN2A-deficient adipo-
spheres are also needed to better appreciate whether CDKN2A contributes to increased
BAT functions and/or morphology. Moreover, at this stage, we cannot rule out that
knocking-down CDKN2A in hiPSC-BAPs could stimulate cell proliferation. However, no
difference in size or cell phenotype was observed microscopically between control and
CDKN2A-deficient adipospheres throughout the differentiation process and up to 21 days of
culture (data not shown). In addition, the RNA-seq data of control and CDKN2A-deficient
spheroids and adipospheres did not reveal marked modifications in the expression levels
of genes involved in signaling pathways that control proliferation. Thus, it suggests that
modulating CDKN2A expression in hiPSC-BAPs does not lead to uncontrolled proliferation
of adipospheres. Given that silencing CDKN2A expression in hiPSC-BAPs has limited effect
on cell proliferation, it is tempting to speculate that this locus indeed drives alternative
pathways from those used for regulating the cell cycle to potentiate the browning process
in a 3D system.

Here, we demonstrated that CDKN2A plays an important role in brown-like adi-
pogenic recruitment and maturation in a cell-autonomous manner. Our data emphasize the
potential effects of this locus in progenitor cells on the browning process, using alternative
pathways from those used for regulating the cell cycle. In particular, we showed that AMPK,
p38 MAPK and Gas/cAMP /PKA signaling pathways are key targets of CDKN2A silencing
(Figure 11). Thus, additional studies are needed to further delineate the contributions of
these kinases and to identify both direct and indirect activators underlying the induction of
the browning process in CDKN2A-deficient stem cells. Thus, targeting alternative CDKN2A
signaling pathways that may not be involved in tumor suppressive and anti-proliferative
effects, but which are driving the browning process in APs, may represent a new strategy
to reprogram the cellular response and develop therapeutic approaches against obesity
and T2D.

5. Conclusions

In conclusion, our results suggest that the CDKN2A locus is an important regulator of
adipogenesis, oxidative metabolism and the browning process in a cell-autonomous manner.
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