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SUMMARY

Promyelocytic leukemia protein (PML), the main constituent of PML nuclear bodies, regulates various physiological processes in different
cell types. However, little is known about its functions in embryonic stem cells (ESC). Here, we report that PML contributes to ESC
self-renewal maintenance by controlling cell-cycle progression and sustaining the expression of crucial pluripotency factors. Transcrip-
tomic analysis and gain- or loss-of-function approaches showed that PML-deficient ESC exhibit morphological, metabolic, and growth
properties distinct to naive and closer to the primed pluripotent state. During differentiation of embryoid bodies, PML influences cell-
fate decisions between mesoderm and endoderm by controlling the expression of Thx3. PML loss compromises the reprogramming
ability of embryonic fibroblasts to induced pluripotent stem cells by inhibiting the transforming growth factor p pathway at the very
early stages. Collectively, these results designate PML as a member of the regulatory network for ESC naive pluripotency and somatic

cell reprogramming.

INTRODUCTION

Pluripotent stem cells (PSC) are characterized by the ability
to self-renew indefinitely and to differentiate into all of the
three germ lineages—ectoderm, mesoderm, and endo-
derm—of the developing embryo. During the early devel-
opmental stages, mouse embryonic stem cells (mESC) are
derived from pre-implantation embryos (embryonic day
3.5 [E3.5]) and possess the “naive” or “ground” pluripotent
state, while mouse epiblast stem cells (EpiSC) are isolated
from the post-implantation epiblast [E6.5] and represent
a more differentiated state, termed “primed.” Interestingly,
mESC and EpiSC can be reciprocally converted into one
another, using genetic and/or epigenetic modifiers (Cheno-
weth et al., 2010).

The maintenance of pluripotency is principally regu-
lated by three transcription factors, OCT4, SOX2, and
NANOG, which constitute the core pluripotency
network. In addition, a growing number of proteins
that positively or negatively modulate the function of
the core complex have been identified. The importance
of the intrinsic pluripotency regulatory network genes
is further highlighted by their ability to reprogram
somatic cells to induced pluripotent stem cells (iPSC),
a cell type resembling ESC. Notably, genes important
for stem cell pluripotency are also active in cancers
(Hadjimichael et al., 2015), suggesting shared regulatory
mechanisms.

The promyelocytic leukemia (Pml) gene was first des-
cribed in the early 1990s as being targeted by a chromo-

somal translocation t(15;17) in acute promyelocytic leuke-
mia (Guan and Kao, 2015) that produces an oncogenic
PML-retinoic acid receptor o (RARa) fusion protein (PML-
RARa). PML protein is the key organizer of spherical subnu-
clear structures, named PML nuclear bodies (PML-NBs),
and is expressed in a variety of tissues. Its function has
been thoroughly investigated in multiple cells and it is a
critical player in DNA repair, apoptosis, senescence, onco-
genesis, and cancer progression (Guan and Kao, 2015).
However, its role in stem cells had been neglected until
recent studies unveiled intriguing findings regarding PML
involvement in the hematopoietic stem cell (HSC) asym-
metric divisions and maintenance through activating fatty
acid oxidation (FAO) (Nakahara et al., 2014). At the same
time, recent reports using embryonal carcinoma cells and
ESC showed that PML is involved in the activation of
Oct4 gene expression (Chuang et al., 2011) and belongs
to a transcriptional repressive complex that is associated
with OCT4 and NANOG (Liang et al., 2008). Although
these findings link PML with important pluripotency regu-
lators, the exact role of PML in ESC functions has yet to be
clarified.

Here, we addressed the role of PML by investigating the
phenotypes of ESC in which the expression of PML was
experimentally up- or downregulated. We show that PML
ablation impairs ESC self-renewal and pluripotency and
promotes the transition from naive to primed-like pluripo-
tent cell state. Moreover, PML depletion upregulates the
expression of mesodermal markers and decreases the differ-
entiation toward definitive endoderm. The effect of PML
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Figure 1. PML Depletion Impairs Self-Renewal and Affects the Cell Cycle

(A) PML protein level in one representative PML KD ESC clone and wild type (WT) ESC.

(B) Morphology of control (WT), PML KD, and KO ESC. Scale bar, 100 pm.

(C) Pluripotency factors protein levels upon depletion or deletion of PML.

(D) Co-immunoprecipitation of endogenous pluripotency factors (0CT4, c-MYC, STAT3, NROB1) with endogenous PML from PML OE ESC
compared with PML KD ESC.

(legend continued on next page)
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ablation on ESC differentiation can be rescued by TBX3 (a
T-box transcription factor) overexpression. Finally, Pml /"~
mouse embryonic fibroblasts (MEF) yield significantly
fewer iPSC colonies compared with wild-type (WT) MEF,
identifying PML as a pivotal mediator of somatic cell
reprogramming.

RESULTS

PML Is Essential for Self-Renewal and Pluripotency

of ESC

Previous studies showed that ESC treatment with the
histone deacetylase inhibitor trichostatin A (TSA) disrupts
pluripotency and facilitates early differentiation events
(Karantzali et al., 2008). Pml was included in the category
of genes with reduced expression when cells started differ-
entiating. To examine whether PML is functionally rele-
vant in ESC, we monitored its expression levels upon in-
duction of differentiation utilizing different approaches
(embryoid bodies (EB) formation, leukemia inhibitory fac-
tor [LIF] withdrawal, retinoic acid, and TSA treatment), and
in all cases we observed significantly reduced expression
levels (data not shown).

To elucidate the function of PML in the maintenance of
ESC pluripotency, we first performed knockdown (KD) of
PML using a short hairpin RNA (shRNA) lentiviral vector.
The efficiency of PML KD was examined in three indepen-
dent PML KD ESC lines, the most representative of which is
shown in Figure 1A. PML KD cells propagated in both fetal
bovine serum (FBS)/LIF and 2i/LIF culture conditions and
sustained their ability to form dome-shaped colonies (Fig-
ures 1B and S1A). Although no morphological changes
were noticed, the expression of several pluripotency factors
was significantly diminished in PML KD ESC (OCT4, SOX2,
¢c-MYC, and NROB1) (Figure 1C). These findings were
consistently observed in another ESC cell line (E14)
following PML deletion (Figure S1B). To better delve into
the effects of PML ablation, we isolated PML knockout
(KO) ESC from Pml~/~ mice. These cells displayed distin-
guishable flattened morphology (Figures 1B and S1A),
much slower propagation in naive culture conditions,
and greater reduction of pluripotency factor expression
levels (Figures 1C and S1C). To further delineate the effect
of PML, we generated a stable PML-overexpressing (OE)
ESC line using Pml expressing vector and detected an

important induction of pluripotency marker expression
(Figure S1D).

An earlier study demonstrated that PML physically asso-
ciates with NANOG and OCT4 (Liang et al., 2008). Our co-
immunoprecipitation experiments using PML OE ESC
verified the OCT4 interaction and further showed that
PML associates with STAT3, c-MYC, and NROB1, three
essential regulators of the naive pluripotent state (Fig-
ure 1D). Considering the association with and the regula-
tion of the expression of essential factors, we deduce that
PML is involved in the maintenance of ESC stemness.

Recently it was reported that Pml-deficient MEF prolifer-
ate faster than WT MEF (Tang et al., 2013), which is in
agreement with previous data showing that PML inhibits
cell proliferation in cancer cells (Guan and Kao, 2015). In
contrast to these observations, we noted that PML KD
and KO ESC were passaged every 3 and 5 days, respectively,
compared with WT (passaged every 2 days); thus we pro-
ceeded to analyze the cell-cycle phase structure in the
respective cells. Interestingly, an obvious increase of the
cell fraction in the G; phase accompanied by a reduction
of the S phase, but no significant alteration in G,/M phase,
was detected in PML KD and KO ESC (Figures 1E and S1E).
Corroborating these results, the cell proliferation rate
showed a significant delay in PML KD and KO ESC (Fig-
ure 1F), while PML OE cells exhibited faster proliferation
(Figure S1F).

LIF/STAT3 signaling is important for ESC-specific cell-
cycle progression (rapid G;-S transition) through activa-
tion of cell-cycle regulators (e.g., Jun-b, c-myc, Pim-1) (Aksoy
et al.,, 2007; Coronado et al.,, 2013; White and Dalton,
2005). We therefore examined the effect of PML on LIF/
STAT3 signaling pathway using a STAT-dependent reporter
(APRE-Luc), and noticed reduced activity in the absence of
PML (Figure 1G) and increased activity in PML OE cells (Fig-
ure S1F). Further confirmation of this influence is provided
by decreased p-STAT3 protein levels in PML KD and KO ESC
(Figure 1G), whereas PML OE cells display increased levels
(Figure S1G). c-Myc, among other LIF/STAT3 targets, is
required for ESC self-renewal and drives cell-cycle progres-
sion (Singh et al., 2015). In addition to c-Myc (Figure 1A),
Jun-b and Pim-1 mRNA levels were analyzed in PML KD
and KO ESC and were notably lower in comparison with
WT ESC (Figure 1H). Thus, both LIF/STAT3 and Myc-medi-
ated mechanisms may account for the decreased cell-cycle
progression upon PML ablation.

(E) Cell-cycle analysis of WT, PML KD, and KO ESC.

(F) Growth curve of WT, PML KD, and KO ESC. Error bars indicate +SD of four independent experiments (n = 4).
(G) The activity of APRE-Luc reporter and p-STAT3 protein expression levels in ESC WT, PML KD, and KO. Data represent the mean + SD of

four independent experiments (n = 4). *p < 0.05.

(H) Relative mRNA levels of cell-cycle requlators Junb and Pim-1. Data are shown as mean + SD of three independent experiments (n = 3).
(I) Protein levels of cell-cycle regulators p-pRB, pRB, and CCND1 were detected.
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To follow up this hypothesis, we examined the impact of
PML on the retinoblastoma (pRB) tumor suppressor and
cell-cycle regulator. In mESC, pRB is inactivated by
hyperphosphorylation and allows high E2F activity.
Upon differentiation, pRB is activated and the G;-S check-
point is established (Sage, 2012). We found that PML KD
and KO ESC are characterized by reduced p-pRB protein
levels as well as increased levels of total pRB (Figure 1I).
In addition, the expression of CYCLIN D1 (CCND1) that
is normally induced in differentiating cells (Savatier and
Malashicheva, 2004) is also elevated in PML KD and KO
cells (Figure 1I). Therefore, we conclude that PML influ-
ences ESC self-renewal and pluripotency as well as the
G;-S transition of cell cycle.

PML Maintains the Naive Pluripotent State

To better understand how PML depletion affects ESC iden-
tity, we performed genome-wide expression analysis from
PML KD and WT ESC. As shown in Figure S2A, 3,088 genes
are differentially expressed: 1,009 are upregulated (fold
change > 1.5, p < 0.05) and 2,079 are downregulated (fold
change < —1.5, p<0.05) upon PML depletion. Importantly,
the functional analysis using the Regulatory Network
Enrichment Analysis (RNEA) software (Chouvardas et al.,
2016) revealed that several signaling pathways implicated
in ESC pluripotency are affected. Namely, in the absence
of PML, naive pluripotency-associated bone morpho-
genetic protein 4 (BMP4), LIF/STAT3, and phosphatidyli-
nositol 3-kinase (PI3K) signaling (Figures S2A and S2B)
pathways are reduced, whereas the pro-differentiation
ACTIVIN and fibroblast growth factor (FGF) pathways (Fig-
ure S2A), which are required for the maintenance of primed
pluripotent state, are enriched. Moreover, many genes
related to cell cycle (Figure S2B), chromatin organization,
and DNA repair are also affected by PML depletion, suggest-
ing that PML contributes to maintenance of ESC proper-
ties. Most importantly, several naive characteristic genes
(NT0Ob1, Tbx3, KIf4, KIf5) are downregulated in PML KD
ESC, whereas representative primed state markers are
elevated (Fgf5, Leftyl, Lefty2) (Figure 2A). These data were
confirmed using RT-PCR in both PML KD and KO ESC (Fig-
ure S2C). In addition, the protein levels of OTX2, an impor-
tant brain development transcription factor that is critical
for ESC conversion into EpiSC (Acampora et al., 2013),
are increased (Figure 2B). On the contrary, the protein
levels of the essential naive state regulators NANOG,
KLF4, and cadherin 1 (CDH1), recently reported to
drive the transition from primed to naive pluripotency
(Murayama et al.,, 2015), are sharply diminished (Fig-
ure 2B). Next, we verified that PML ablation negatively
affects BMP4 signaling by reducing the activity of BRE-
Luc reporter and the expression levels of its transcriptional
targets Ids 1-3 (Figures 2C and 2D). Contrary to the effect

on BMP4 and LIF/STAT3 signaling pathways, PML loss
enhances the activity of Smad2/3-responsive element
CAGA-Luc reporter upon stimulation with 25 ng/uL
ACTIVIN A (Figure 2E). On the other hand, upon PML
forced expression, naive and primed markers were raised
and lessened, respectively (Figure S2D), in agreement
with assays monitoring the activity of corresponding
signaling pathways (Figure S2D). Our aforementioned
data concerning the cell-cycle distribution are in full agree-
ment with a recent study presenting that the switch from
naive to primed state is related to increased duration of
G, phase (Coronado et al., 2013).

Considering the different metabolic profiles of the two
pluripotent states (Zhou et al.,, 2012) and the function
of PML as an activator of FAO in HSC (Ito et al., 2012),
we analyzed the oxygen consumption rate and the mito-
chondrial membrane potential (using tetramethylrhod-
amine methyl ester dye, TMRE) upon PML deletion. Sur-
prisingly, PML loss in ESC leads to lower mitochondrial
respiration and membrane potential compared with WT
ESC (Figures S3A-S3C). This reduction is also correlated
by the decrease of several FAO and oxidative phosphory-
lation (OXPHOS) enzyme genes in PML KD ESC (Fig-
ure S3D), in line with the metabolic changes upon ESC
differentiation.

We next assessed whether PML KD cells show character-
istics similar to those of other well-described EpiSC lines,
including E3, O0G2.1, and C1Al (GEO: GSM699680,
GSM699678, GSM699683). As shown in Figure 2F, PML
KD cells were found to localize between the EpiSC and
the ESC clusters (GEO: GSM1053554, GSM921484), indi-
cating that these cells exit from naive pluripotency.

Our data illustrate that PML ensures naive pluripotency
as manifested by changes in characteristic markers,
signaling pathway activity, and cell metabolism following
PML perturbations.

PML Impedes the Conversion from Naive ESC to EpiSC
To gain more insight into the nature of Pml~~ ESC, we
cultured WT and PML KO ESC in the presence of JAK inhib-
itor for 6 days (JAK inhibitor prevents the activation of the
LIF/STAT3 pathway). PML KO, but not WT ESC, prolifer-
ated normally in this condition as shown by growth curves
and cell morphology (Figures 3A and 3B), demonstrating
that they behave similarly to the EpiSC and do not depend
on the LIF/STAT3 pathway.

To further evaluate whether PML has a functional role in
the narrow window of ESC to EpiSC transition, we treated
PML KO, OE, and WT ESC with FGF-B/ACTIVIN (F/A), pre-
viously shown to permit in vitro EpiSC derivation and
maintenance. At day 6 of this conversion, WT and PML
OE cells changed from dome-shaped to EpiSC-like flat-
shaped colonies (Figure 3C), whereas KO cell morphology
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Figure 2. PML Reduction Promotes an Epi-like Stem Cell State

(A) Heatmap with the top representative naive and primed genes.

(B) 0TX2, CDH1, NANOG, and KLF4 protein levels prior to and after PML loss in ESC.

(C) Luciferase activity of BRE-Luc reporter upon PML depletion. Data represent the mean + SD of four independent experiments (n = 4).
*p < 0.05, **p < 0.01.

(D) mRNA levels of BMP signaling target genes (Id1, Id2, Id3) in WT, PML KD, and KO ESC. Data are shown as mean + SD of three inde-
pendent experiments (n = 3).

(E) CAGA-Luc reporter activity upon PML ablation. Error bars indicate +SD of four independent experiments (n = 4). *p < 0.05.

(F) Heatmap of the gene expression profiles of our WT and PML KD ESC replicates along with three EpiSC and two ESC lines.
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Figure 3. PML Impedes the Conversion from Naive ESC to EpiSC

(A) Proliferation of WT and PML KD ESC with or without JAKi. Western blot showing JAKi abrogation of p-STAT3. Data represent the mean +

SD of three independent experiments (n = 3). D, day.

(B) Morphology of WT and PML KO ESC after 2 and 6 days of JAKi treatment. Scale bars, 100 um. D, day.

(C) WT, PML KO, and PML OE ESC morphology at 6 days under 2i/LIF or F/A culture conditions. Scale bars, 100 um.

(D) NANOG and OTX2 protein levels in WT, PML OE, and PML KO ESC. Cells were cultured either in 2i/LIF or F/A for 6 days.

(E) Western blot analysis of NANOG and 0TX2 in WT, PML OE, and PML KO ESC. Cells were cultured in 2i/LIF (6 days), F/A (6 days), and F/A—

2i/LIF (6 days F/A plus 6 days 2i/LIF).

remained unchanged (Figure 3C). In control cells, NANOG
and KIf4 were decreased, while OTX2 and Fgf5 were raised
(Figures 3D and S3E). The silencing of PML led to a more
pronounced increase of OTX2 and Fgf5, while NANOG

and KiIf4 were lower (Figures 3D and S3E). Conversely,
PML OE ESC exit from the ground pluripotent state is
significantly delayed according to the above markers (Fig-
ures 3D and S3E). These results indicate that PML KO cells
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are closer to EpiSC than to ESC and that forced expression
of PML partially prevents the conversion to EpiSC.

We then examined whether these ESC-derived EpiLSC
following propagation (at least three passages) in F/A could
be reverted to naive ESC by culturing in 2i/LIF. Molecular
marker analysis of PML OE cells, 6 days after this transition,
showed an important induction of naive and lessening of
primed markers (Figures 3E and S3F). PML KO cells ex-
hibited no significant alterations during this transition
(Figures 3E and S3F). Collectively, these data indicated
that PML overexpression may favor the reversion from
the EpiSC to naive pluripotent state.

Deregulated Expression Levels of PML Influence
Lineage Specifications In Vitro

To study the role of PML in ESC fate decisions, we induced
differentiation of PML KD and WT ESC through EB forma-
tion and then analyzed the gene expression profile on
EB day 4, using cDNA microarray. Upon PML KD ESC differ-
entiation, 836 genes are upregulated (fold change > 1.5,
p < 0.05) and 400 genes are downregulated (fold change <
—1.5, p < 0.05) (Figure S4A). Importantly, according to
gene ontology (GO) (Figure S4A), PML KD preferentially in-
duces mesodermal and represses endodermal commitment
(Figure 4A). The representative differentiation marker
levels were also corroborated through RT-PCR and western
blot analyses in both PML KD and KO cells (Figures 4B
and 4C). In agreement with the above, the reduction of
¢-Myc, NrOb1, and Nanog at EB day 4 in PML KD and KO
ESC—factors known to inhibit endodermal commit-
ment—is delayed, indicating a facilitation of endodermal
differentiation (Figure S4B) (Zhang et al., 2014). Concern-
ing ectodermal differentiation only a few markers show a
notable change, the most remarkable being the upregula-
tion of Nestin (Nes) (Figure 4D). Strikingly, Pax6, a well-
studied neuroectodermal marker, is, unusually, already
expressed in the undifferentiated PML KD and KO ESC (Fig-
ure 3D). This derepression is in line with the study by Regad
et al. (2009), in which it was demonstrated that PML is
essential for the proper transition of neuroblasts to inter-
mediate progenitors. On the contrary, PML OE favors the
induction of endoderm (Afp) differentiation markers (Fig-
ure S4C) and at the same time enhances the suppression
of mesodermal (T) and ectodermal (Nes) markers (Figures
S4C). Hence, our data suggest that PML is essential for
proper ESC differentiation toward the three germ layers.
Specifically, PML promotes endodermal differentiation
and limits mesodermal lineages.

A potential molecular mechanism for PML effects on
differentiation might be based on the already mentioned
suppression of Thx3 by PML (Figure 4E). Thx3 is regulated
by the PI3K signaling pathway and was recently identified
as a negative regulator of mesodermal commitment via
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targeting Brachyury (T) and Wnt pathway genes (Wnit8a,
Fzd2, Wnt3a) (Waghray et al., 2015). Consistent with the
aforementioned work, we found that T and Wnt effectors
are overexpressed and induce mesoderm differentiation
(Figures 4B and 4E) in PML KD EB. In contrast to the meso-
dermal lineage commitment, Thx3 was previously reported
to induce the endodermal differentiation via activation of
Eomes in collaboration with JMJD3 (Kartikasari et al.,
2013). In PML KD ESC, the mRNA of Eomes and Jmjd3 are
decreased, in agreement with Thx3 reduction and the afore-
mentioned studies, leading to impaired endodermal differ-
entiation (Figure 4E). Moreover, it was also found that
TBX3 physically interacts with PML in proliferating cells,
reinforcing our assumption that PML mediates its role via
Tbx3 (Martin et al., 2012).

To address this question, we firstly confirmed the phy-
sical association of TBX3 and PML proteins by co-immuno-
precipitation (not shown) and subsequently by generating
stable PML KD ESC lines carrying pcDNA3-HA-TBX3 vector
(not shown). During EB differentiation, TBX3 ectopic
expression can partially restore the phenotype caused by
PML deficiency. In particular, induction of mesodermal
lineage specification is reduced while endoderm character-
istic markers are elevated (Figure 4F). Taken together, the
above results propose that TBX3 is positively regulated by
PML and that repression of TBX3 partially accounts for
the phenotype observed in PML ablation.

PML Is Required for Efficient Reprogramming of MEF
into iPSC

Since PML is required for ESC self-renewal and pluripo-
tency, we investigated its contribution to the somatic cell
reprogramming process. To address this issue, we isolated
MEF from PML-deficient mice for iPSC generation. Pml "/~
MEF and WT MEF were reprogrammed with Yamanaka
factors (OSKM) and formed iPSC colonies (Takahashi and
Yamanaka, 2006). PML deletion greatly decreases the
efficiency of reprogramming in terms of total number of
colonies (approximately 10-fold lower) and time of appear-
ance (Figure 5A). Next, pluripotency and differentiation
properties of the derived iPSC colonies were examined.
Interestingly, representative undifferentiated stem cell
markers are reduced in Pml~/~ iPSC compared with the
WT (Figure 5B) in agreement with PML KD and KO ESC.
Unlike WT iPSC, Pml~'~ iPSC express higher levels of
developmental genes (Pax6, T) (Figure S5A). EB formation
from PML KO iPSC revealed enhanced mesodermal differ-
entiation at the expense of endodermal commitment
(Figure S5B). This phenotype resembles the differentiation
potential of PML KD ESC. Finally, we analyzed the pluripo-
tency properties of PML KD iPSC with the in vivo assay of
teratoma formation. WT and PML KD iPSC were injected
intramuscularly in immunocompromised mice and tumors
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were isolated 20 days later. The germ-layer composition of
the tumors was analyzed by H&E staining. Notably, PML
KO iPSC form teratomas of smaller size and with more
mature structures in comparison with the control (Fig-
ure 5C). This observation suggests that loss of PML impairs
the pluripotency of the iPSC.

To specify the time window within which PML is
required for the reprogramming process, we infected WT
MEF with an OSKM lentiviral vector in combination with
shRNA against Pml. In agreement with previous experi-
ments, introduction of shPML reduced significantly the
number of iPSC colonies compared with control (Fig-
ure S5C). PML KD efficiency was traced throughout the
experiment and was sustained until day 8 (Figure S5C), sup-
porting a defect in the early stages of reprogramming.

It is well established that reprogramming entails
several molecular steps, including mesenchymal to
epithelial transition (MET) in the first stage (Sama-
varchi-Tehrani et al., 2010). Although Pml~~ MEF ex-
press significantly lower levels of mesenchymal markers,
their epithelial morphological switch at day 12 of reprog-
ramming is defective, as shown by reduced CDH1 and
increased ZEB1 and vimentin (VIM) (Figure 5D). On the
contrary, WT MEF show a clear MET after OSKM trans-
duction (Figure 5D). In addition, we analyzed the protein
levels of OCT4 and NANOG at day 12 and we found that
OSKM-transduced WT MEF show higher expression
levels of pluripotency markers, in contrast to Pml ™/~
MEF (Figure 5D).

A potential mechanism for the interpretation of our data
is supported by previous studies that highlight the impor-
tance of an epithelial-mesenchymal transition (EMT) that
takes place in the early days of reprogramming (Liu et al.,
2013; Unternaehrer et al., 2014). To investigate this hy-
pothesis, we verified the temporary EMT in the early phase
of reprogramming (days 0-3) shown by the upregulation of
mesenchymal markers (ZEB1, VIM) and the presence of
p-SMAD2/3. Interestingly, the EMT, as monitored by
ZEB1 and p-SMADZ2/3, is lower in Pml~/~ MEF (Figure 5E).
Thus, we concluded that PML positively contributes to
the reprogramming of somatic cells by enhancing EMT at
the very early stage.

DISCUSSION

PSC offer great opportunities for human health, allowing
the derivation of patient-specific tissues and providing
disease models for drug screening. Thus, investigation of
factors and mechanisms that regulate pluripotency consti-
tutes a rapidly growing area of cutting-edge research. In
addition to their value for regenerative medicine, pluripo-
tency factors are promising targets to study cancer stem
cells, since oncogenic transformation and cellular reprog-
ramming share common properties (Goding et al., 2014;
Hadjimichael et al., 2015).

In this report we addressed the functions of the pleio-
tropic regulator PML in embryonic and induced PSC.
PML is highly expressed in undifferentiated ESC and its
ablation induces significant changes in ESC morphology,
global gene expression profile, and lineage specification de-
cision. Specifically, PML physically interacts and regulates
the expression of crucial mediators of pluripotency and
contributes to the preservation of self-renewal. Further-
more, PML influences mESC cell-cycle profile, since its
depletion leads to prolonged G, phase, resembling that of
differentiated cells. This effect can be attributed to the
inhibition of the pro-proliferative functions of LIF/STAT3
and Myc-elicited mechanisms that we observed in lack
of PML expression. In addition, GO analysis of our micro-
arrays data highlighted PI3K pathway-related genes as
being strongly downregulated in PML-deficient ESC. PI3K
signaling is a well-documented mediator of proliferation,
and its reduced activity in PML loss is in agreement with
the effect on the ESC cell cycle.

In somatic cells PML inhibits cell proliferation through
activation of pRB and pS3, and this function highly con-
tributes to its role as a tumor suppressor (Guan and Kao,
2015). These effects are mainly due to the regulation of
post-translational modifications including phosphoryla-
tion and dephosphorylation by PML bodies. In mESC,
PRB is constitutively inactivated by phosphorylation (Ak-
soy et al., 2007; Coronado et al., 2013; White and Dalton,
2005) and the pS3 pathway is not active (Lee et al,,
2012). Our data showed that PML is involved in main-
taining pRB in an inactive state, and that PML loss impairs

(B) Validation of microarray results using RT-PCR in PML KD, KO, and WT EB. Error bars indicate +SD of four independent experiments

(n=4).

(C) Western blot analysis of PML, T, and a-fetoprotein (AFP) expression in PML KD and KO compared with WT EB.
(D) Nes and Pax6 mRNA levels upon differentiation of PML KD, KO, or WT ESC. Data are shown as mean + SD of four independent experiments

(n=4).

(E) Tbx3, Wnt pathway genes, Eomes, and Jmjd3 mRNA levels upon differentiation of PML KD, KO, or WT ESC. Data represent the mean + SD

of three independent experiments (n = 3).

(F) Endodermal (Afp, Gata4) and mesodermal (7, Wnt3a) gene expression levels in the course of differentiation of WT, PML KD, and TBX3 OE
PML KD ESC. Error bars indicate +SD of four independent experiments (n = 4).

D, day.
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Figure 5. PML Is Essential for Efficient Reprogramming of MEF to iPSC
(A) Alkaline phosphatase (AP) staining of iPSC colonies 28 days after 0SKM lentiviral transduction. AP-positive colony numbers are shown
on the right. Data are shown as mean + SD of three independent experiments (n = 3).

(B) Protein levels of pluripotency markers in WT and PML KO iPSC.

(C) Teratoma formation by intramuscular injection of WT and PML KO iPSC in immunocompromised mice. Photos show the differences
between teratoma size. H&E staining analysis of the three germ layers in teratoma sections demonstrated by the respective arrows (bl,
blastema; ec, ectoderm; en, endoderm; me, mesoderm). Scale bars, 100 pum.

(D) Protein expression levels of epithelial, mesenchymal (upper panel), and pluripotency markers (lower panel) at day (D) 12 of re-

programming process.

(E) Protein levels of p-SMAD2 and ZEB1 at days (D) 0, 1.5, and 3 of reprogramming process.

cell-cycle progression and favors advance to the primed-
like state.

The effect of PML disruption on ESC transition from
the naive to the EpiSC pluripotent state is also under-
pinned by transcription factor expression, specific sig-
naling pathway deregulation, and metabolic alterations.
Our transcriptomic analysis revealed a downregulation of

genes encoding enzymes of FAO and OXPHOS. Thus,
PML loss results in decreased respiration and mitochon-
drial function, another indication for exit from the naive
state and progression to the EpiSC state. In addition,
Pml~'~ cells sustain propagation in F/A culture conditions
and proliferate normally in the presence of Jaki, reinforcing
the idea that they move on toward a primed-like stem cell
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state. Moreover, PML overexpression delays the exit from
the naive state by either permitting long-term existence
of a small fraction of undifferentiated naive ESC or allow-
ing a fraction of EpiSC to regain the naive pluripotent state.
These data propose that PML safeguards the naive pluripo-
tent state.

PML is also implicated in the differentiation process.
PML ablation stirred ESC toward mesodermal rather
than endodermal lineage commitment through Tbx3
repression. Thx3, well-known downstream target of the
PI3K signaling pathway, is one of the most significantly
repressed genes upon PML KD. Forced expression of
TBX3 in PML KD ESC rescued the differentiation changes
caused by PML loss. Physical interaction and reciprocal
inhibition between TBX2/3 and PML was previously
shown in human fibroblasts where the pro-senescence
activity of PML counteracted cell proliferation driven by
TBX (Martin et al., 2012). However, in ESC, TBX3 is posi-
tively regulated by PML and determines cell differentia-
tion choices.

Finally, we demonstrate here that PML promotes iPSC
generation by facilitating the early activation steps. Our
proposed model for its contribution to reprogramming is
that PML activates mesenchymal marker activation
(EMT), which in turn enhances epithelial (MET) and
pluripotent gene activation, resulting in an increase of re-
programming efficiency. In agreement with recent publica-
tions (Liu et al., 2013), we detect an initial EMT step in the
reprogramming process that is compromised by PML loss.
Additionally it is well established that PML is a crucial regu-
lator of transforming growth factor B (TGF-B) signaling,
since Pml~/~ MEF showed a significant reduction of
p-Smad2/3 and impaired expression of TGF-f target genes
including mesenchymal-specific genes (Lin et al., 2004).
Consequently, Pml~’~ iPSC showed reduced pluripotency
as manifested by the generation of smaller and more differ-
entiated teratomas. This effect may be also attributed to
telomere dysfunction that was reported in PML KD ESC
(Chang et al.,, 2013). Functional telomeres are essential
for pluripotency, and telomere shortening causes impaired
teratoma formation (Huang et al., 2011).

Collectively, we present evidence that PML preserves
mESC naive pluripotency and facilitates the reprogram-
ming ability of mouse fibroblasts. This action may be
related to the recently described pro-survival action of
PML in breast cancer (Carracedo et al., 2012) and the
involvement of PML in cancer stem cell maintenance
in leukemia (Ito et al., 2008) and glioma (Zhou et al.,
2015).

Our current results designate PML as a general regulator
of cell fate and stemness that may have a broad impact
on the exploration of PSC maintenance and differentia-
tion, as well as on novel ways to target oncogenic processes.
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EXPERIMENTAL PROCEDURES

Cell Culture

The murine feeder-independent ESC line CGR8 was cultured
in gelatin-coated flasks in DMEM (Gibco) supplemented with
100 U/mL LIF (ESGRO-Millipore), 2 mM L-glutamine (Gibco),
2 mM non-essential amino acids (Gibco), 0.1 mM B-mercaptoetha-
nol (Gibco) and 15% heat-inactivated HyClone FBS (GE Healthcare
Life Sciences). For EB formation, cells were trypsinized and diluted
in Iscove’s modified Dulbecco’s medium (Gibco) supplemented
with 2 mM L-glutamine (Gibco), 2 mM non-essential amino acids
(Gibco), 0.1 mM B-mercaptoethanol (Gibco), and 20% heat-inacti-
vated HyClone FBS (GE Healthcare Life Sciences), to a final concen-
tration of 1,000 cells/20 pL. EBs were cultured without LIF as
hanging drops for 2 days and subsequently collected and cultured
in suspension for 6 additional days.

Generation of PML KD or OE ESC Stable Cell Lines

The generation of stably expressing PML shRNA ESC lines was
achieved using PML shRNA-pLKO.1 lentiviral vector provided by
Prof. Z.D. Levy of the Open University of Israel. In brief, CGR8 cells
were grown to 80% confluence and infected with the lentiviruses
produced either by the empty shRNA or PML shRNA vector,
for 72 hr. Selection of shRNA infected cells was achieved with puro-
mycin (2 pg/mkL). A total of 60 isolated resistant colonies, evident
after 2—4 weeks, were picked and further grown for screening. Puro-
mycin-resistant clones were examined using western blotand qPCR.
Respectively, PML OF ESC lines were generated using PML-IRES-GFP
construct or IRES-GFP as a negative control. The isolation of the
clones was performed using G418 (300 pg/mL).

Isolation of PML KO ESC

PML KO ESC were isolated from B57BL/6 Pml~/~ mice. Female
mice were euthanized at E3.5 stage and their uteri were immedi-
ately separated into 10 mL of DMEM on 100-mm plates. Uteri
were then transferred into 2 mL of DMEM in a 35-mm dish and
the blastocysts were flushed out using a 1-mL syringe. Blastocysts
were collected under an inverted microscope using a 20-mL pipette
and transferred to a 48-well plate containing a feeder layer of MEF
mitotically inactivated 1 day earlier. After 2-3 days, blastocysts
attached to the MEF feeder layer and hatched. ES medium was
changed every second day while the expanded blastocysts adopted
a morphology comparable with ESC (usually on day S or 6).

cDNA Microarray Analysis

Total RNA was extracted from PML KD and WT ESC cell lines at DO
and D4 of EB differentiation using an RNeasy Microarray Tissue
Mini Kit (Qiagen). The RNA was then analyzed using Affymetrix
GeneChip Mouse Gene ST 1.0 array, according the manufacturer’s
instructions. Microarray data were processed to extract the represen-
tative intensities from each probe set using Affymetrix Transcrip-
tome Analysis Console software. Fold change >1.5 and p < 0.05
were used to identify differential expression between the sample
groups. Prior to hierarchical clustering, log, transformation was
performed. Functional analysis was performed using RNEA
(Chouvardas et al., 2016). The value p < 0.05 was employed for
both significantly enriched GO terms and KEGG pathways.



iPSC Formation

Primary MEF were isolated either from C57BL/6 WTor Pml~/~ mice
at E13.5. For iPSC generation, MEF WT or PML KO (passage 1 or 2)
were plated at 0.4-0.5 x 10° cells in a 100-mm plate and incubated
overnight. The following day, cells were infected with the
lentiviruses produced by TetO-FUW-OSKM (Addgene #20342) and
FUW-M2r1tTA vectors (Addgene #20342), for 48 hr. After 2 days, cells
were reseeded on feeders and treated with 2 ug/mL doxycycline in
mESC medium for induction of Yamanaka’s factors. The medium
was changed every other day. iPSC colonies appeared 9-11 days
post infection. Alkaline phosphatase staining was performed using
an Alkaline Phosphatase Detection Kit (Millipore) according to the
manufacturer’s instructions.

Teratoma Formation

PML KO or WT iPSC were harvested using 1x trypsin and
centrifuged at 1,200 x g for 5 min. Cells were then resuspended
in 1x PBS to a final concentration of 2 x 10° cells/100 pL and
injected intramuscularly into 6- to 8-week-old male NOD-SCID
mice (100 pL per mouse). The mice were monitored every day.
Teratomas arose between 2 and 3 weeks after engraftment.

Ethical Approval for the Use of Animals

All experiments were conducted in accordance with the Labora-
tory Animal Care and Ethics Committee of IMBB. Animal work
was approved by the IMBB Institutional Animal Care and Ethics
Committee.

Statistical Analyses

Student’s t test was used for all statistical analyses. Statistical signif-
icance was defined in the figures as follows: *p < 0.05, **p < 0.01.
Values are presented as the mean + SD.
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