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Insulin receptor-mediated signaling regulates
pluripotency markers and lineage differentiation
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ABSTRACT

Objectives: Insulin receptor (IR)-mediated signaling is involved in the regulation of pluripotent stem cells; however, its direct effects on regulating
the maintenance of pluripotency and lineage development are not fully understood. The main objective of this study is to understand the role of IR
signaling in pluripotency and lineage development.

Methods: To explore the role of IR signaling, we generated IR knock-out (IRKO) mouse induced pluripotent stem cells (miPSCs) from E14.5
mouse embryonic fibroblasts (MEFs) of global IRKO mice using a cocktail of four reprogramming factors: Oct4, Sox2, Kif4, cMyc. We performed
pluripotency characterization and directed the differentiation of control and IRKO iPSCs into neural progenitors (ectoderm), adipocyte progenitors
(mesoderm), and pancreatic beta-like cells (endoderm). We mechanistically confirmed these findings via phosphoproteomics analyses of control
and IRKO iPSCs.

Results: Interestingly, expression of pluripotency markers including Kif4, Lin28a, Tbx3, and cMyc were upregulated, while abundance of Oct4
and Nanog were enhanced by 4-fold and 3-fold, respectively, in IRKO iPSCs. Analyses of signaling pathways demonstrated downregulation of
phospho-STAT3, p-mTor and p-Erk and an increase in the total mTor and Erk proteins in IRKO iPSCs in the basal unstimulated state. Stimulation
with leukemia inhibitory factor (LIF) showed a ~33% decrease of phospho-ERK in IRKO iPSCs. On the contrary, Erk phosphorylation was
increased during in vitro spontaneous differentiation of iPSCs lacking IRs. Lineage-specific directed differentiation of the iPSCs revealed that cells
lacking IR showed enhanced expression of neuronal lineage markers (Pax6, Tubb3, Ascl1 and Oligo2) while exhibiting a decrease in adipocyte
(Fas, Acc, Ppary, Fabp4, C/ebpo, and Fsp27) and pancreatic beta cell markers (Ngn3, Is/1, and Sox9). Further molecular characterization by
phosphoproteomics confirmed the novel IR-mediated regulation of the global pluripotency network including several key proteins involved in
diverse aspects of growth and embryonic development.

Conclusion: We report, for the first time to our knowledge, the phosphoproteome of insulin, IGF1, and LIF stimulation in mouse iPSCs to reveal

the importance of insulin receptor signaling for the maintenance of pluripotency and lineage determination.
© 2018 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION Reprogramming of somatic cells into pluripotent stem cells was also

demonstrated to be negatively regulated by insulin growth factor

The insulin/insulin-like growth factor (IGF) family regulates the pre-
and post-natal development and maintenance of optimum metabolic
functioning of virtually all mammalian cells [1—5]. Previous studies
demonstrated the importance of IGFII/IGF1R and ERBB2 receptor
signaling in the maintenance of self-renewal of human embryonic
stem cells (ESCs) [6,7]. During lineage differentiation of human
pluripotent stem cells, insulin has been shown to interact with Wnt/
beta-catenin pathways redirecting mesoderm and endoderm to-
wards neuroectoderm while inhibiting cardiac mesoderm [8,9].

pathways [10]. In mouse ESCs, the PI3K/Akt signaling pathway pro-
motes self-renewal via IGF1R, and, while IGF signaling regulates
embryonic cardiac proliferation, insulin signaling plays a role in
development and metanephrogenesis [8,11—15]. Finally, IGFs have
been reported to regulate vasculogenesis in pluripotent stem cells by
predisposing their differentiation into mesodermal lineages [16].

In this study, we explored the direct role of insulin receptor-mediated
signaling in pluripotency maintenance and in lineage development by
reprogramming insulin receptor global knockout (IRKO) mouse
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embryonic fibroblasts into iPSCs [17]. IRKO iPSCs demonstrated
upregulation of pluripotency markers including Oct4 and Nanog.
Simultaneously, key signaling pathways including Stat3/mTor/Erk
were downregulated in the basal state while Erk signaling was upre-
gulated during spontaneous differentiation into embryoid bodies.
Directed differentiation analysis revealed that neuronal markers
(ectoderm) were upregulated while adipocyte (mesoderm) and
pancreatic beta-cell (endoderm) differentiation markers were down-
regulated in IRKOs. Finally, unbiased phosphoproteomics analyses
revealed an involvement of insulin signaling in pluripotency, growth
and development. Together, these studies underscore the importance
of insulin-mediated signaling for maintenance of pluripotency and
lineage development.

2. MATERIAL AND METHODS

2.1. Mice and mouse embryonic fibroblasts (MEFs)

All studies involving mice were approved by the Institutional Review
Board of the Joslin Diabetes Center and were in accordance with
National Institute of Health (NIH) guidelines. Embryonic day 14.5 wild
type control and insulin receptor (IR) knockout (IRKO) MEFs were
derived from breeding IR heterozygous mice (Jackson Laboratory Inc.).
All fibroblasts were maintained up to a maximum passage ~#10 in
Dulbecco Modified Eagle’s Media (DMEM) supplemented with Gluta-
max, 10% Fetal Bovine Serum (FBS), and 1% non-essential amino
acids.

2.2. Lentiviral-mediated reprogramming and iPSC generation and
characterization

Generation of mouse iPSCs involved infection of primary MEFs with
mouse STEMCCA lentivirus vector expressing the reprogramming
factors Oct4, Sox2, Kif4, and cMyc. iPSC characterization involved
teratoma formation, H&E staining, and immunostaining for the three
lineage markers performed according to previous reports [18—20].
Briefly, MEFs (5 x 104) were plated in six well plates and virally
transduced with the lentiviral particles in the presence of 5 pg/ml
Polybrene® (EMD Millipore) after 8—24 h. The fibroblasts were
washed three times with PBS and fed fresh 15% mouse embryonic
stem cell (ESC) media supplemented with leukemia inhibitory factor
(LIF) (EMD millipore). On days 7—14, ESC-like colonies were individ-
ually picked, cultured, expanded, frozen and subsequently character-
ized in a 2i-media feeder-free system for pluripotency markers. Sex
determination of iPSCs was performed by using primers RO5 and RO3
which exclusively amplify sex-determining region of the 326 base pair
of Chr Y (Sry). IRS1 amplification of the 480 base pair was used as
internal control.

2.3. Gene expression analyses using quantitative RT-PCR and
western immunoblotting

RNA extraction was performed using standard Trizol reagent
(Invitrogen) according to the manufacturer’s instructions; the
resultant aqueous phase was mixed (1:1) with 70% RNA-free
ethanol and added to Qiagen Rneasy mini kit columns (Qiagen),
and the manufacturer’s protocol was followed. RNA quality and
quantity were analyzed using Nanodrop 1000. One microgram of
RNA was used for reserve transcription step using the high-
capacity cDNA synthesis kit (Applied Biosciences) according to
manufacturer instructions. cDNA was analyzed using the ABI
7900HT system (Applied Biosciences), and gene expression was
calculated using the AACt method. Each RT-PCR was run in
triplicate samples, and data was normalized to B-actin according
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to previous reports [21]. In parallel experiments, total cellular
proteins were harvested using M-PER mammalian protein extrac-
tion reagent (Thermo Scientific) followed by western immunoblot-
ting of proteins including Oct4 (Santa Cruz #Bio.sc-5279), Nanog
Cell Signaling, #8785s), Stat3 (Santa Cruz Bio. #sc-482), B-actin
Santa Cruz Bio. #sc-1616), pStat3 (Cell Signaling, #9145s), IR-f
Cell Signaling, #3025s), IGF1R-[ (Cell Signaling, #9750s), pErk1/2
Cell Signaling, #9101s), Erk1/2 (Cell Signaling, #9102s), pmTor
(Cell Signaling, #5536s), mTor (Cell Signaling, #2972s), pMek (Cell
Signaling, #9121s), Mek (Cell Signaling, #9122s), pIRS-1 (Cell
Signaling, #2381s), IRS-1 (Cell Signaling, #2390s), PI3K85 (Milli-
pore, # 06-496), PDK1 (Cell Signaling, #3062s), a.-tubulin (Abcam,
#ab7291). The blots were developed using chemiluminescent
substrate (ECL, ThermoFisher, MA).

P

2.4. Embryoid body formation

Control and IRKO iPSCs grown in a 2i system were collected using
accutase (Invitrogen), and two million control or IRKO iPSCs were
seeded in 10 cm petri-dishes containing high glucose DMEM
supplemented with 20% FBS without LIF. Media were replaced
every 24h, and cells started to form EBs at day 2 of differentiation.
On days 5 and 10, EBs were harvested for transcript and signaling
analyses.

2.5. Neuronal differentiation

Control and IRKO iPSCs grown in a 2i system were collected using
accutase (Invitrogen). Fifty thousand control and IRKO iPSCs were
plated into gelatin-coated 6-well plates and treated with differentiation
media and followed for 10 days in Ndiff 227® media (Clontech) [22].
Cells were harvested on day 10 for transcript analyses of neuronal
markers.

2.6. Adipocyte differentiation

Control and IRKO iPSCs were differentiated into adipocytes using a
slightly modified protocol from Cuaranta-Monroy et al. [23]. The
protocol allows iPSCs to differentiate into adipocytes in 27 days in
response to a combination of cocktails at various steps (Fig. S3C).
The adipocytes were subjected to oil-red O staining for confirmation
of lipid droplets. Furthermore, total RNA was isolated for transcript
analyses of adipocyte markers. We used a spontaneous method of
EB production rather than the hanging drop method to enable a
larger yield of EBs.

2.7. Pancreatic beta cell differentiation

Control and IRKO iPSCs were differentiated into pancreatic beta-like
cells using a protocol from Szu-Hsui Liu et al. [24]. Pancreatic beta-
like cells were obtained on day 8. Total RNA was isolated from day
8 differentiated cells for transcript analyses of beta cell developmental
markers. The differentiated beta-like cells were immunostained for
chromogranin A (ab15160, abcam) and Ngn3 (F25A1B3, Develop-
mental studies Hybridoma Bank, DSHB) proteins.

2.8. Phosphoproteomics

2.8.1. Phosphoproteomics — Phosphopeptide enrichment

Control and IRKO iPSCs (n = 3/group) were pelleted, washed with
cold PBS, and lysed with ice-cold lysis buffer (8 M urea, 50 mM
Tris pH 8.0, 1 mM ethylenediaminetetraacetic acid (EDTA)), 10 mM
NaF, 1:100 phosphatase inhibitors (Sigma)). Proteins were reduced
and alkylated with 5 mM dithiothreitol (DTT) and 10 mM iodoa-
cetamide followed by trypsin (Promega) digestion for 3 h at 37 °C.
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Peptides were subjected to clean-up via a C18 solid phase
extraction column (SepPak). Phosphopeptides were enriched using
Fe3-+-NTA Agarose Beads (Qiagen) as previously described [25].
Enriched phosphopeptides were Iyophilized and stored at —80 °C
until analyses.

2.8.2. Global liquid chromatography tandem-mass spectrometry
Phosphopeptide samples were dissolved in 2% acetonitrile and 0.1%
formic acid immediately before being injected onto a liquid
chromatography-mass spectrometry (LC-MS) system consisting of a
nanoACQUITY UPLC® system with a 75 pum x 20 cm C18 LC column
and an Orbitrap Q-Exactive HF mass spectrometer (Thermo). A 110-
minute gradient was applied for LC separation. The MS was oper-
ated at a resolution of 60,000 for MS scans and 30,000 for HCD MS/
MS scans.

2.8.3. Phosphoproteomics data analysis

Data were analyzed at the peptide level using MaxQuant software
(version 1.5.3.30) using match between runs with a false discovery
rate of 0.01. We filtered out phosphosites that had missing values in
more than 80% of samples, imputed missing values with half of the
minimum intensity of the phosphosites, and normalized all samples to
have the same median intensity followed by log,-transformation.
Since principal component analysis showed sample heterogeneity,
we accounted for batch effects and estimated weights per sample
using an unbiased algorithm that assesses how well each sample’s
intensity matches those of its group [26]. We compared phosphosite
intensities between groups with the linear modeling package limma
[27]. We also used limma to plot Venn diagrams of significant
phosphosites. We plotted the heat map with the heatmap.2 function
from the gplots package. We compared pathways using the limma
package roast method [28]. Pathway barplots were plotted with the
ggplot2 package [29]. Bioinformatics analysis was done using R
software [30].

3. RESULTS

3.1. Loss of insulin receptor (IR) in pluripotent stem cells
upregulates pluripotency network

We generated control and IRKO MEFs from day 14.5 mouse embryos of
mixed genders and reprogrammed them into iPSCs using the
STEMCCA plasmid (Figure S1A,B) [18]. Real-time PCR and western
blot analysis confirmed almost complete absence of IR in IRKO iPSCs,
while expression of IGF1R remained unchanged compared to control
iPSCs (Figure 1A,B). Cell counting analyses and Ki67-staining of
control and IRKO iPSCs by flow cytometry showed similar proliferation
profiles and did not reveal differences between groups (Figure S1C,D).
Both groups of iPSCs were morphologically similar, as shown by bright
field images and alkaline phosphatase staining (Figure S1E, F).
Transcript expression of pluripotency markers including Kif4, Lin28a,
Tbx3, and ¢c-Myc were upregulated in IRKO iPSCs (Figure 1C). Western
blot and immunohistochemistry demonstrated upregulation of Oct4
and Nanog proteins, while flow cytometry showed upregulated SSEA-
1, a surface pluripotency marker, in IRKO iPSCs (Figure 1D,E and S1G).
Interestingly, IRKO iPSCs presented a molecular memory of increased
stemness with increased Oct4, Sox2, and KIf4 mRNA after removal of
LIF for 24 h (Figure 1F). Western blot for Oct4 and Nanog proteins
showed abundance of their expression in IRKO iPSCs (Figure 1G,H).
Injection of control and IRKO iPSCs into NOD SCID mice led to formation
of similar sized teratomas indicating an ability to differentiate into the
three lineages (Figure S1H,I and J). Interestingly, we observed
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significant downregulation of IGF1R in differentiating IRKO iPSCs in the
absence of LIF for 24 h indicating a link between IR and IGF1R during
differentiation (Figure S1K and L). These data suggest an association
between loss of IR with enhanced stemness in the pluripotent stage
and that IR removal is associated with a decrease in IGF1R expression
during differentiation of iPSCs.

3.2. Insulin receptor ablation impacts key pluripotency pathways
To explore the crosstalk between proteins in the insulin signaling and
pluripotency pathways, we examined iPSCs in the basal (unstimulated)
versus stimulated states. In the unstimulated state, phosphorylation of
Stat3 (y705), mTor (s2448), and Erk (thr202/y204) proteins were
significantly decreased while total mTor and Erk proteins were upre-
gulated in IRKO iPSCs (Figure 2A,B). Among other proteins in the in-
sulin signaling cascade, IRS1 and the 85 kDa subunit of PI3K were not
significantly altered while PDK1 was upregulated in IRKO iPSCs (Figure
S2A,B). Next, we starved iPSCs overnight followed by stimulation with
insulin (100 nM), IGF1 (100 nM) or LIF (100 units/ml) for 15 min. As
expected, the phosphorylation of Akt was virtually absent or signifi-
cantly reduced after insulin or IGF1 stimulation in IRKO iPSCs
(Figure 2C,D).

3.3. Erk pathway is upregulated during differentiation of IRKO
iPSCs

To examine the relevance of insulin signaling in differentiation, we
undertook in vitro experiments to generate embryoid bodies (EBs) from
control and IRKO iPSCs. Morphological evaluation on day 10 revealed
larger EBs differentiating from IRKO iPSCs (Figure 2E,F). Furthermore,
western blot analyses of unstimulated day 10 EBs revealed significant
upregulation of phospho-Erk in the IRKO group. The phosphorylation of
Mek was also upregulated in IRKOs but did not reach statistical sig-
nificance (Figure 2G,H). Overnight starved day 10 EBs continued to
exhibit significantly elevated phospho-Erk. Upon stimulation with in-
sulin (100 nM) a significant increase in p-Akt, p-Erk and p-Stat3 was
evident in both groups, but no significant differences were observed
between groups (Figure S2C and D).

3.4. iPSCs lacking IR exhibit enhanced expression of neuronal
differentiation markers

We next undertook differentiation of the iPSCs to generate tissues from
the three germ layers. To investigate the role of insulin signaling in
tissues originating from the ectoderm, we directed their differentiation
towards the neuronal lineage (Figure S3A, B). While the neuronal
progenitor marker (Tubb3) was evident on day 10 of differentiation in
both groups (Figure 3A), we observed relatively prominent neural ro-
settes and enhanced intensity of class Il tubulin neurons in the IRKO-
iPSCs compared to control iPSCs (Figure 3A). Consistently, transcript
levels of multiple neuronal markers including Pax6, Tubb3, Ascl1, and
Oligo2 were significantly upregulated in neuronal progenitors differ-
entiated from IRKO iPSCs as compared to controls, indicating their role
in neurogenesis (Figure 3B). These results indicate that lack of IR
mediated signaling prompts mouse iPSCs to differentiate towards the
ectodermal lineage differentiation.

3.5. Absence of IR in iPSCs limits differentiation towards
adipocytes and pancreatic beta cells

Next, we chose to direct the differentiation of the iPSCs towards the
mesodermal lineage to address the significance of insulin signaling in
adipogenesis. The iPSCs were differentiated into pre-adipocytes over
27 days using a modified protocol from Curanat-Monroy et al. [23]
(Figure S3C). Morphological analyses of differentiated adipocytes at
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Figure 1: Mouse insulin receptor knockout (IRKO) induced pluripotent stem cells (iPSCs) revealed enhanced pluripotency network. A. Real-time PCR analysis, and B. Western blot analysis showed complete reduction of IR while IGF1-R levels
were unchanged. C. Real time PCR analyses demonstrated the upregulation of core pluripotency markers in IR KO iPSCs as compared to control iPSCs. D. Western blot analysis demonstrated the significant increase of key pluripotency proteins
Oct4 and Nanog in IRKO iPSCs as compared to controls. E. Flow cytometry analysis described higher expression of pluripotency surface marker, SSEA-1, in IRKO iPSCs. F. RT-PCR analysis demonstrated that key pluripotency markers Oct4,
Nanog, Sox2, and KIf4 have higher expression level in IRKO iPSCs compared to Control iPSCs at 24 h and 48 h after leukemia Inhibitory factor (LIF) removal during differentiation. G. Western blot analysis showed an upregulation of Oct4 and
Nanog proteins in IRKO iPSCs after 24 h of LIF removal. H. Quantification analysis of Oct4 and Nanog. -actin was used as a housekeeping control. All experiments represent 3 independent experiments using 3 independent biological clones/
groups. Data are shown as mean + SEM. Statistical significance was determined by unpaired two-tailed student’s t-test. (*p < 0.05, **p < 0.01, ***p < 0.001).
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Figure 2: Signaling pathway analysis demonstrated the differential regulation of growth pathways between Control and IRKO iPSCs at basal and starved conditions. A and B. Basal signaling pathways analysis revealed no change in pAkt, Akt,
and Stat3 and a decrease in pStat3, pmTor, and pErk in IRKO iPSCs. However, total proteins of mTOR and Erk were upregulated in IRKO iPSCs as compared to control iPSCs. G and D. In overnight starved conditions, IRKO iPSCs showed complete
loss of pAkt and significant reduction in pmTor and pErk after insulin stimulation (100 nM). IGF1 stimulation (100 nM) revealed reduction in pAkt, pmTor and pErk in IRKO iPSCs. Differentiation analyses of IRKO and Control iPSCs showed
differential regulation of growth pathways. E. Control and IRKO day 10 differentiated embryoid bodies (EBs). F. Quantification of cell size of embryoid bodies (N = 10 images per group quantified). G. Western blot demonstrated upregulated
phosphorylation of Erk/Mek pathways in differentiated day 10 embryoid bodies of IRKO iPSCs. H. Quantification of Erk/Mek phosphorylation. B-actin was used a housekeeping control. All experiments represent 3 independent experiments using
3 independent biological clones/groups. Data are shown as mean + SEM. Statistical significance was determined by unpaired two-tailed student’s t-test. (*p < 0.05, **p < 0.01, **p < 0.001).
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independent biological clones/groups. Data are shown as mean + SEM. Statistical significance was determined by unpaired two-tailed student’s t-test. (*p < 0.05, *p < 0.01, **p < 0.001).
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day 27 showed poor differentiation in adipocytes derived from IRKO
iPSCs as compared to control iPSCs (Figure S3D). The limited ability to
differentiate along the adipocyte lineage was supported by a reduced
number of oil droplets observed in adipocytes derived from IRKO iPSCs
as shown by oil-red O staining (Figure 3C). Consistently, the expression
of Fas, Acc, Ppary, Fabp4, Cebpa, Cebp@, and Fsp27 were signifi-
cantly downregulated in adipocytes differentiated from IRKO iPSCs,
while the expression of AdipoQ and Leptin (Lep) was not significantly
altered, probably due to the early stage of differentiation (Figure 3D).
These findings are consistent with the report from Boucher et al.
reporting that absence of IR is detrimental for the development of
adipose tissue [14].

Finally, we directed the differentiation of control and IRKO iPSCs to-
wards the endocrine lineage (Figure S3E) using a previously published
protocol [24]. Control iPSCs differentiated into endoderm-like cells at
day 14, as evidenced by bright field images of differentiated cells
(Figure S3F). Immunohistochemical analyses revealed a reduction in
chromogranin A+ cells and Ngn3+ cells in differentiated iPSCs
deficient in IR (Figure 3E). The expression of endodermal progenitor
transcripts Ngn3, Isl1, and Sox9 were decreased significantly in IRKO
iPSCs compared to controls, and genes that are typically highly
expressed in mature pancreatic beta-cells, such as Glut2, Mafa, Ins1,
and /Ins2, presented a trend to be reduced in IRKO iPSCs (Figure 3F).

3.6. Phosphoproteomics data reveal differentially regulated
pluripotency and development-associated proteins between control
and IRKO iPSCs

We performed global phophoproteomics analyses between control and
IRKO iPSCs with or without stimulation (insulin, IGF1 or LIF) and
identified several differentially regulated phosphosites (Figure 4A). In
the unstimulated basal state, phosphosites of several pluripotency-
related proteins were upregulated in IRKO iPSCs compared to con-
trols [e.g. Rifl. (51029/2296), Kdmb5b.(S1169), Slc2a3.(S482),
Tfcp211.(S37), Zic3.(S203), Utf.(S99) and Tbx3.(S432)]. Similarly,
phosphosites of proteins involved in embryonic development (Pwp2
(S895), Npat (T205), Kmt2d (S1562), Zscandd (S312), Lig1 (S94)),
neural development (Fxr2 (S452), Sema4db (S482)) cancer (Tmx2
(S211), Npat (T205)), and DNA damage (Mdc1 (T1113)) were all
upregulated in iPSCs devoid of IR. A decreased phosphorylation was
associated with proteins involved in development (Smg9(S53), Sec61b
(S13), Thrap3 (S243)), mRNA splicing (Cpsf1(S754), Srm2 (S2638)),
and cancer (Sash1 (S831), Prkd3 (S41), Hdac1(S410)) in IRKO iPSCs
(Figure 4B and S4A). Notably, proteins presenting increased phos-
phorylation in the unstimulated state in IRKO compared to control
iPSCs were enriched for GO terms associated with histone methylation,
development, and telomere maintenance (Figure 4C) while down-
regulated phosphosites were enriched for GOs related to development,
stem cell division, and autophagy (Figure 4D).

To further explore the differential regulation of proteins when insulin
receptor signaling is compromised, we challenged control and IRKO
iPSCs independently with insulin (100 nM), IGF1 (100 nM), or LIF (100
units/ml). Exogenous insulin regulated phosphoproteins such as Sema4b
(S816), Med19 (S226), Hdac1 (S409), Gtf2f1 (T384) and Smg9 (S53).
IGF1 stimulation altered Tbc1d10b (642), Ubr4 (S2715), Glis2 (S54), and
Mdc1 (51052). And, finally, LIF regulated phosphoproteins including
Pias2 (S499), Fam193a (5293), Yap1 (S112), Zc3h13 (S207), Znf513
(S253), and Plekha7 (S116) (Figure 4B and S4B,C,D). Insulin regulated
pathways between two groups involved in receptor binding, nutrient
sensing, proliferation, development and differentiation (Figure 4E,F),
while IGF1 regulated pathways related to metabolic processes, trans-
duction, transport, membrane biology, transcription, and proteolysis
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(Figure 4G,H, S4C,E). Phosphoproteomics analysis between control and
IRKO iPSCs revealed proteins in the LIF regulated pathways which are
involved in metabolism, development, differentiation, histone methyl-
ation, kinase activity, cell maturation and tissue development
(Figure 41,J, S4D,E). Finally, all stimuli (e.g. insulin, IGF1 or LIF) regulated
phosphoproteins related to DNA damage, gene expression, cell growth,
development and cancer. Interestingly, the phosphosites Thrap3 (S243),
Arhgef7 (5228), Hdac1 (S410), Cpsfl (S754), and Zgpat (S64) were
regulated by all three stimuli.

To exclude the possibility that the observed changes are due to dif-
ferences in total proteins, we first re-analyzed the datasets by plotting
the delta delta changes (e.g. for insulin stimulation: KO vs WT with
insulin and KO vs WT with no stimulation) in each of the different
stimulation conditions (Figure 4B). Second, we measured the total
protein levels of three candidates showing decreased phosphorylation
in the unstimulated state, namely, Trim28 (Figure 4B), Sec61B (Figure
S4A) and Thrap3 (Figue. 4B and S4A), in an aliquot of the lysates also
submitted for phosphoproteomics. The increased total protein
expression patterns for all 3 candidates in IRKO iPSCs compared to
controls suggested that alterations at the phosphorylation level was
independent of changes in total protein levels (Figure S4G, H). The
present study uncovers previously unidentified roles for insulin
receptor-mediated signaling in the regulation of proteins involved in
pluripotency and lineage development. Mechanistic studies to examine
the function of these novel phosphosites require further investigation.

4. DISCUSSION

The proteins in the insulin/IGF-1 signaling family regulate the growth
and function of most mammalian cells. The role of IGFI/IGF1R in
pluripotency and differentiation has been reported previously. For
example, Bendall et al. reported that blocking of IGFIl or loss of IGF1R
cause differentiation of human pluripotent stem cells [6]. Similarly,
Wang et al. also revealed that blocking of IGF1R by an antibody or
lentivirus shRNA prompts human pluripotent stem cells to apoptosis
and begin to differentiate [7]. Delta40p53, a transactivation deficient
isoform of tumor suppressor p53, has been reported to control
switching between pluripotency and differentiation by regulating the
level of IGF1R/PI3K in mouse pluripotent stem cells [31].

To address the direct role of IR in the maintenance of pluripotency and
lineage determination, we undertook directed differentiation of control
and IRKO iPSCs obtained from day 14.5 MEFs. In the present study, we
report, for the first time to our knowledge, that loss of IR leads to
upregulation of key pluripotency genes involved in self-renewal and
differentiation such as Oct4, Nanog, along with other markers such as
Sox2, Lin28b, UTF1, Tbx3 and Rex1. Oct4, Sox2, and Nanog, all of
which are key pluripotency genes involved in reprogramming, self-
renewal and differentiation [17,32]. Oct4 overexpression triggers
primitive endoderm or mesoderm while Oct4 reduction leads to tro-
phectoderm differentiation in mouse pluripotent stem cells [33]. Wang
et al. reported that Nanog represses an ectoderm differentiation pro-
gram while Sox2 and Sox3 are redundant and block meso-endoderm
differentiation [34]. Considering that Lin28a has been reported to
control insulin/PI3K signaling via the repression of let-7 [35], it is
possible that increased expression of the pluripotency network coun-
teracts loss of IR to maintain pluripotency and self-renewal of the stem
cells. Interestingly, pluripotency markers remain upregulated both at
the transcript and protein levels even after removal of LIF, a key mouse
pluripotency cytokine, for 24 h and 48 h in IRKO iPSCs. These findings
provide new insights linking IR with regulation of pluripotency markers
and differentiation.
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Next, we explored the signaling pathways involved in pluripotency
and differentiation of stem cells. Stat3 and Akt pathways, along with
Erk and mTor signaling, are reported to maintain growth, differen-
tiation, and pluripotency of human and mouse pluripotent cells
[36,37]. Interestingly, in our study, we observed a reduction in the
Stat3/Erk/mTor pathways in IRKO iPSCs at basal state while the Akt
pathway was virtually completely blunted after starved cells were
stimulated with insulin, thus confirming the relevance of IR-mediated
Akt signaling in normal pluripotent stem cells. These findings also
suggest that insulin mediated Akt signaling is unlikely a critical
element and can be compensated for by other pluripotency path-
ways. Erk pathway is involved in differentiation and was recently
reported to be linked to self-renewal of mouse pluripotent stem cells
[38]. Observations of decreased phosphorylation of Stat3, Akt and
Erk in IRKO iPSCs led us to speculate that unidentified signaling
pathways independent of IR are involved in upregulation of the
pluripotency network.

While the Erk pathway has various functions involved in pluripotency of
human pluripotent stem cells, in mice, Erk signaling has been linked to
both pluripotency and differentiation of stem cells [38]. Trappmann
et al. reported that enhanced phospho-Erk signaling reduces stem cell
differentiation [39]. We observed an upregulation of Erk pathways in
differentiating embryoid bodies developed from IRKO iPSCs that may
have contributed to the larger EBs in this group. A more detailed study
is required to investigate the role of the Erk pathway during differen-
tiation. While genetic insulin resistance has been reported as a
modulator of gene expression in human pluripotent stem cells [40], the
role of insulin receptor-mediated signaling in lineage development has
been studied in different contexts. For example, insulin receptor
substrate 1 (IRS-1) has been reported to play a role in maintaining
mouse pluripotency [41]. It has been previously described that insulin-
mediated signaling favors differentiation of human pluripotent stem
cells into the neuroectodermal lineage at the expense of mesen-
dodermal lineages [8]. Lian et al. reported that exogenous insulin in-
hibits cardiac mesoderm which can be rescued by modulation of the
canonical Wnt signaling pathway [9].

To investigate the role of increased Erk pathway and loss of IR
during differentiation, we directly differentiated control and IRKO
iPSCs into neuronal cells (ectoderm), adipocytes (mesodermal) or
beta-like cell (endoderm). IRKO iPSCs showed an upregulation of
neuronal markers including early neural progenitor markers such as
Pax6, Tubb3, Oligo2 and Ascl1. This is consistent with the report
that the insulin receptor is involved in development of the peripheral
nervous system in drosophila [42]. On the contrary, adipocytes
differentiated from IRKO iPSCs presented features of reduced adi-
pogenesis. Thus, we observed significantly reduced expression of
adipocyte and lipogenesis markers, such as Fas, Acc, Fsp27, Fabp4,
Cebpa, and CebpB. Fas and Acc are lipogenic enzymes, while Fabp4
is a lipid transporter, which is highly expressed in mature white
adipocytes. Fsp27 is involved in unilocular lipid droplet and adipo-
cyte formation [43]. Furthermore, Cebp is reported to play a
developmental role in adipogenesis [44]. These data are supported
by an earlier report that adipocyte-specific IRKO mice exhibit a
significant (~90%) reduction in white adipocytes [14].

Finally, we explored the ability of IRKO iPSCs to differentiate towards
the endocrine lineage. Among the markers that are known to
contribute to pancreatic cell development, it was notable that Ngn3,
Sox9, and Is/7 were all significantly downregulated, while insulini
(Ins7) and insulin2 (Ins2) were unaltered in differentiated cells from
IRKO iPSCs. These results suggest that insulin receptor-mediated
signaling regulates a specific set of pancreatic cell developmental
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markers and warrants further investigation of the pathway during early
developmental stages in mammals.

The lack of previous reports on detailed phosphoprotemics analyses
underscores the importance of our observations that insulin receptor
signaling regulates the pluripotency network in iPSCs and provides
several novel and uncharacterized post-translational modifications in
proteins involved in diverse aspects of growth, pluripotency, cell cycle
and life span regulation. For instance, among the significantly altered
proteins, Rif1 is reported to maintain telomere length homeostasis in
pluripotent stem cells by mediating heterochromatin silencing [45];
and Kdmb5b regulates self-renewal of embryonic stem cells and op-
poses cryptic intragenic transcription [46]. Tfcp2l1 is a transcription
factor acting at the intersection of LIF and 2i-mediated self-renewal
pathways to maintain ESC identity by promoting Nanog expression
[47]. UTF1, Tbx3 and Zic3 which were identified in our phosphopro-
teomics analyses are known to be involved in pluripotency of iPSCs.
Phosphoproteomics data also provided mechanistic insights into the
differentiation properties of IRKO IPSCs. Thus, phosphoproteins
involved in neuronal development, such as Fxr2 and Sema4b, were
among those upregulated in IRKO iPSCs, confirming our findings of
upregulation of neuronal differentiation markers in IRKO iPSCs. Among
the several proteins involved in development and differentiation is
Pwp2, which is upregulated in IRKO iPSCs. Pwp1, a family member of
Pwp2, is required for the differentiation of mouse pluripotent stem cells
[48]. On the contrary, Sec61b which is required for the development of
drosophila, Smg9, involved in the development of brain, heart and eye,
and Thrap3, reported to play a role in bone and adipocyte development,
are downregulated in IRKO iPSCs [49—51]. Taken together, our studies
on directed differentiation and phophoproteomics analyses support our
hypothesis that insulin receptor signaling is a key regulator of stem-
ness and is important for the regulation of pluripotency markers and
normal embryonic development. It would be interesting to contrast
these data with a iPS model lacking IGF-1 receptors or both.

5. CONCLUSION

In summary, the present study provides a novel role for IR-mediated
signaling in the global regulation of the pluripotency network and
differentiation potential of ectoderm, mesoderm and endoderm line-
ages by upregulating the Erk pathway. The identification of several
previously uncharacterized phosphosites provides a unique opportunity
to further examine their significance as pluripotency regulators and
development mediators.
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