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A B S T R A C T

Posttranscriptional modifications of histones constitute an epigenetic mechanism that is closely linked to both
gene silencing and activation events. Trimethylation of Histone3 at lysine 27 (H3K27me3) is a repressive mark
that associates with developmental gene regulation during differentiation programs. In the developing pancreas,
expression of the transcription factor Neurogenin3 in multipotent progenitors initiates endocrine differentiation
that culminates in the generation of all pancreatic islet cell lineages, including insulin-producing beta cells.
Previously, we showed that Neurogenin3 promoted the removal of H3K27me3 marks at target gene promoters in
vitro, suggesting a functional connection between this factor and regulators of this chromatin mark. In the
present study, we aimed to specifically evaluate whether targeting the activity of these histone modifiers can be
used to modulate pancreatic endocrine differentiation. Our data show that chemical inhibition of the H3K27me3
demethylases Jmjd3/Utx blunts Neurogenin3-dependent gene activation in vitro. Conversely, inhibition of the
H3K27me3 methyltransferase Ezh2 enhances both the transactivation ability of Neurogenin3 in cultured cells
and the formation of insulin-producing cells during directed differentiation from pluripotent cells. These results
can help improve current protocols aimed at generating insulin-producing cells for beta cell replacement therapy
in diabetes.

1. Introduction

Diabetes mellitus is characterized by absolute or relative insulin
deficiency, which leads to hyperglycemia. The central role of insulin-
producing pancreatic β-cells in the pathogenesis of diabetes makes this
disease an ideal candidate for the application of regenerative medicine
approaches. The generation of replacement β-cells from pluripotent
stem cells through stepwise directed differentiation protocols, or from
fully-differentiated somatic cells through direct reprogramming strate-
gies are contemplated as promising developments with great potential
in therapeutical applications for diabetes.

Site-specific covalent modification of histones constitutes a chro-
matin remodeling mechanism that plays a crucial role in the activation
of cell-specific transcriptional programs during development.

Trimethylation of histone3 at lysine 27 (H3K27me3) is a histone mark
that is associated with transcriptional repression of a subset of genes
that classically encode for developmental regulators. In embryonic stem
cells, many developmental genes are concomitantly enriched in tri-
methylation at H3K27 and H3K4 (an active mark), creating a bivalent
state in which genes are poised for activation but remain inactive until
the repressive mark is removed. In the pancreas, H3K27me3 enrich-
ment patterns dynamically change in the course of formation of β-cells
from progenitors [2]. Remarkably, inadequate changes in H3K27me3
modification patterns have been associated with impaired endocrine
gene activation during in vitro differentiation, which may partly un-
derlie the immaturity of the β-cells generated ex vivo following these
protocols [3].

Ezh2, a component of the Polycomb Repressive complex 2 (PRC2) is
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a methyltransferase for H3K27me3. Conditional deletion of the Ezh2
gene in mice has revealed that Ezh2 restrains the formation of pan-
creatic progenitors from endoderm [4] and of endocrine progenitors
from pancreatic progenitors [5]. Conversely, H3K27me3 marks are
removed by the Jumonji domain-containing demethylases Jmjd3
(Kdm6b) and Utx (Kdm6a) [6]. Knockdown of Jmjd3 in directed dif-
ferentiation protocols from stem cells has been shown to result in ab-
normal definite endodermal formation [3]. Particular roles of these
demethylases in the formation of pancreatic endocrine cells are un-
known.

The generation of endocrine progenitors during pancreatic devel-
opment entails expression of the transcription factor Neurogenin3
(NEUROG3) that functions as a transcriptional activator of the endo-
crine program. We previously showed that ectopic expression of
NEUROG3 in cultured cells promotes loss of H3K27me3 marks at the
proximal promoters of key downstream target genes [7], pointing to the
engagement of this transcription factor with chromatin modulators of
H3K27me3. In the current study, we have aimed at investigating the
role of H3K27me3 marks in the initiation of endocrine differentiation
by NEUROG3. We show that the activity of H3K27me3 demethylases is
required for NEUROG3-dependent gene transactivation and that phar-
macological manipulation of H3K27me3 levels can be used to modulate
NEUROG3 activity in vitro. Additionally, we show that by blocking the
action of H3K27me3 methyltransferases we can enhance insulin ex-
pression during directed endocrine differentiation from iPSCs. These
results support the idea that the use of small molecule modulators of
chromatin-modifying enzymes may serve to improve transcription
factor (TF) based-cellular direct reprogramming protocols for genera-
tion of surrogate β-cells.

2. Materials and methods

2.1. Cell culture and viral transfection

Mouse pancreatic cells mPAC L20 were cultured in Dulbecco's
modified Eagle's medium (DMEM) supplemented with 10% (v/v) fetal
bovine serum and antibiotics. Mouse Embryonic Fibroblasts (MEFs)
were isolated from prenatal mouse embryos between day E12.5-E14.5
following previously established protocols (https://ki.mit.edu/sbc/
escell/methods/isolating with modifications). MEFs were maintained
in high-glucose DMEM supplied with 10% (v/v) FCS, 2mM L-glutamine
(Gibco) and antibiotics. The human induced pluripotent stem cell line
FiPS-4F-7 was obtained from the National Stem Cell Bank (BNLC) and
maintained on Corning [8] Matrigel (BD) in mTeSR1 media (StemCell
Technologies). Medium was changed every other day. The chemical
inhibitors used were: EI-1 (Millipore), GSK-126 (Active Biochemicals)
and GSK-J4 (Tocris Bioscience). They were added to the culture
medium after viral transduction unless otherwise stated.

For adenoviral treatment, cells were seeded onto 6-well plates
(Western blot and gene expression analyses) or 10 cm dishes (ChIP) one
day before adenoviral treatment. At 70–80% confluence, cells were
incubated with adenoviruses encoding NEUROG3, HA-Neurog3 or B-
galactosidase at a multiplicity of infection (MOI) of 40 for 2–3 h at 37 °C
in complete culture medium. Then, virus-containing medium was re-
placed and cells were maintained in culture for 48 h unless otherwise
stated. Production of the recombinant adenoviruses was described
previously [9,10].

2.2. Directed differentiation protocol

Pancreatic differentiation was induced in FiPS-4F-7 cells following a
previously described protocol [11] with some modifications. Epigenetic
inhibitors were added during the time intervals indicated in the Results
section.

2.3. Western blot

For histone immunoblots, proteins were obtained by acid extraction
in lysis buffer containing 0.2 N HCl. For determination of transgene
expression, whole cell extracts were prepared with triple detergent lysis
buffer (TrisHCl pH 8 50mM, NaCl 150mM, SDS 0.1%, Igepal CA-630
1%, Na deoxycholate 0.5%). Proteins (25 μg) were separated in a
16%Tris-Tricine (histones) or 12% Tris-Glycine (whole extracts) PAGE-
SDS gel, transferred to PVDF membranes and incubated overnight at
4 °C with rabbit anti-mouse H3K27me3 (Abcam,1:500), rabbit anti-
mouse Histone3 (H3) (Abcam,1:1000), mouse anti-HA (Sigma, 1:1000)
and mouse anti-αTubulin (Sigma, 1:1000). Bands were visualized with
ECL (Termo Scientific). Band quantification was performed using soft-
ware Image Studio Lite (Li-COR, Biosciences).

2.4. RNA isolation and reverse transcriptase polymerase chain reaction
(RT-PCR)

Total RNA was isolated using the High pure RNA Isolation Kit
(Roche) following the manufacturer's manual. First-strand cDNA was
prepared using Superscript III Reverse Transcriptase (Invitrogen) and
random hexamers in a total volume of 20 μl. 1/40 to 1/200 of the re-
sulting cDNA was used as a template for real time PCR reactions. Real
time PCR was performed on an ABI Prism 7900 detection system using
Gotaq master mix (Promega). Expression relative to a housekeeping
gene was calculated using the deltaCt method. The primer sequences
and amplicon lengths are provided in Supplementary Table S1.

2.5. Quantitative chromatin immunoprecipitation (ChIP) assay

Cells were fixed with 1% formaldehyde for 7min and cross-linking
was quenched by addition of 0.125mM glycine. Cell pellets were lysed
in SDS buffer (EDTA 10mM, Tris.HCl 50mM pH 8.1, SDS 1%).
Chromatin was sheared between 0.3–0.5 kb by sonication and then
cleared by centrifugation and diluted 1:10 in buffer containing 0,01%
SDS, 1,1% triton X-100, 1.2 mM EDTA, 16.7 mM Tris-HCl pH 8.1,
16.7 mM NaCl. Antibody binding was carried overnight at 4 °C using a
2.5 μg of anti-H3K27me3 (Millipore), anti-H3K4me3 (Millipore), anti-
H3K27ac (Abcam) or normal rabbit IgG as control (Sigma). Protein G
magnetic beads (Millipore) were used to precipitate the antibody-bound
complexes. Immunoprecipitates were washed and were eluted from the
beads in 50mM NaHCO3 containing 1% SDS, crosslinking was reversed
by incubation at 62 °C for 3 h and DNA was purified using Qiaquik
columns (Qiagen) and eluted in water. Immunoprecipitated DNA was
assayed by real time PCR. Primers used are listed in Supplementary
Table S1.

2.6. Statistical analysis

Data are presented as mean ± standard error of the mean (S.E.M).
Statistical significance was tested using Student's t-test for independent
samples and indicated in the figure legends.

3. Results

3.1. Temporal correlation between NEUROG3-induced transcriptional
activation and changes in histone marks

Introduction of NEUROG3 induces the endocrine transcriptional
program in mPAC cells [9]. We previously showed that gene activation
in response to NEUROG3 correlated with loss of repressive H3K27me3
marks on the activated genes [7]. Here we have studied the temporal
correlation between these two processes using as example a subset of
genes known to be directly bound by NEUROG3 [7,10,12,13]. As shown
in Fig. 1A–B, loss of H3K27me3 marks and increased transcript levels of
Atoh8 and Insm1, which display a bivalent (enriched in both H3K27me3
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and H3K4me3) status, were observed within 24 h of the transduction
with the adenovirus, 12 h after detection of NEUROG3 transgene ex-
pression. Seemingly, early responsive non-bivalent Pax4 exhibited
rapid loss of this mark at the upstream region containing the
NEUROG3-binding site. By contrast, late targets NeuroD1 and Neurog3
showed almost no change in H3K27me3 during the 48 h period studied
(Fig. 1A–B). Because these values represent an average over a cell po-
pulation, within which not all cells are equally responsive to NEUROG3
[9,10], the high basal H3K27me3 levels at these promoters might have
hindered the detection of decreases of this mark in a fraction of cells. To
overcome this limitation, we studied H3K27 acetylation (H3K27ac), an
antagonistic mark of H3K27me3, which is associated with active tran-
scription and thus not found in these promoters in control (no
NEUROG3) cells. With the exception of Neurod1, all genes exhibited
deposition of H3K27ac (Fig. 1B). Likewise, H3K4me3 was deposited in

close correlation with changes in H3K27 marks and transcriptional
activation of these genes (Fig. 1B). Together, these data support the
temporal association between removal of H3K27me3 marks and
transactivation events elicited by NEUROG3.

3.2. Chemical inhibition of H3K27 demethylases Jmjd3 and Utx blocks
NEUROG3-induced gene activation

Next, we asked whether loss of H3K27me3 was required for tran-
scriptional activation of NEUROG3 target genes. The H3K27me3 de-
methylases Jmjd3 and Utx are both expressed endogenously in mPAC
cells and their transcript levels are not modified upon NEUROG3 ex-
pression, thus indicating that changes in their expression are not re-
sponsible for changes in H3K27me3 levels in response to NEUROG3
(Fig. 2A). To evaluate the role of Jmjd3/Utx activity in NEUROG3

Fig. 1. Time-dependent changes in H3K27me3, H3K27ac and H3K4me3 enrichments and mRNA levels upon NEUROG3 expression in mPAC cells. mPAC cells were treated with a
recombinant adenovirus encoding NEUROG3 and cultured for 48 h. (A) Total RNA was extracted and transcript levels for the transgene and the indicated endogenous genes were
determined by real time PCR and expressed relative to Tbp. Results represent mean ± SE for 4 independent experiments (B) Chromatin was immunoprecipitated with tri-methylated
H3K27 (H3K27me3), acetylated H3K27 (H3K27ac) and tri-methylated H3K4 (H3K4me3) specific antibodies and associated DNA was analyzed by real time PCR. Regions amplified are
depicted as segments in gene diagram. Filled squares correspond to regions where target E box is located (region 1). Enrichment was calculated relative to MyoD (H3K27me3) or Actinb
(H3K27ac and H3K4me3) at each time point. ChIP results are mean ± SE for 4–6 independent experiments.
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function we used a chemical inhibitor of both demethylases, GSK-J4.
Treatment with GSK-J4 caused a small increase in total cellular levels of
H3K27me3 (Fig. 2B), without significant changes in basal H3K27me3
enrichment at specific promoters (Fig. 2C). Nonetheless, GSK-J4 in-
hibited NEUROG3 gene transactivation events, which correlated with
decreased H3K27ac deposition at target promoter sequences (Fig. S1).
By contrast, expression of Sox9, which is endogenously expressed and
not targeted by NEUROG3, was not changed (Fig. 2D). Further, reduced
NEUROG3 activity in the presence of GSK-J4 was not due to decreased
transgene expression levels as shown by immunoblot analysis (Fig. S2).
Together, these results reveal that NEUROG3 requires the activity of
H3K27me3 demethylases to activate genes enriched in this repressive
mark.

3.3. Chemical inhibition of Ezh2 improves NEUROG3 transactivation
activity

Given our findings with GSK-J4 we hypothesized that inhibition of
the methyltransferase Ezh2 might improve NEUROG3-dependent en-
docrine differentiation. mPAC cells endogenously express Ezh2 and,
interestingly, introduction of NEUROG3 decreases Ezh2 transcript le-
vels in these cells (Fig. 3A). Incubation with the Ezh2 inhibitor El-1
reduced both cellular H3K27me3 levels and enrichment for this mark at
specific promoters, which was accompanied by increased deposition of
active H3K27ac (Fig. 3B–D). In the absence of NEUROG3, the switch in

postranslational marks of H3K27 elicited by E1-1 had not impact on
gene expression of silent genes, although it increased transcript levels of
Atoh8, which is already transcribed under control (no NEUROG3)
conditions. In contrast, upon NEUROG3 introduction, addition of EI-1
resulted in an additional increment in H3K27ac deposition at target
promoters (Fig. S1), which was accompanied by higher NEUROG3-in-
duced gene transactivation of these genes (Fig. 3E–F). The potentiation
of NEUROG3-induced gene activation elicited by EI-1 was not related to
transgene expression changes as revealed by immunoblot analysis (Fig.
S2). Lastly, enhancement of NEUROG3 action was validated with an-
other Ezh2 inhibitor, GSK-126 (Fig. S3).

We then examined the temporal requirements for the potentiatory
effects of Ezh2 inhibition and found that addition of the inhibitor prior
to introduction of NEUROG3 had deleterious effects in the activation of
most of the NEUROG3 target genes studied except Atoh8 (Fig. 4).
Therefore, Ezh2 inhibition and NEUROG3 activity need to occur si-
multaneously to have a positive impact on the transactivation ability of
this transcription factor. Overall, these results support the idea that
inhibition of Ezh2 could help boost the activity of NEUROG3 in cellular
reprogramming protocols.

In view of the prior results we decided to examine whether Ezh2
inhibition could enhance the gene transactivation ability of NEUROG3
in less receptive cellular contexts; for instance, in distant cell lineages
such as mouse embryonic fibroblasts (MEF). We found that NEUROG3
alone was able to induce expression of several endocrine genes in

Fig. 2. Effects of chemical inhibition of the H3K27me3 demethylases Jmjd3/Utx in the transactivation ability of NEUROG3 in mPAC cells (A) mPAC cells were transduced with an
adenovirus encoding NEUROG3 and collected 48 h after viral treatment. Gene expression levels of Jmjd3 and Utx were studied by qPCR and are shown relative to Tbp. Data are
mean ± SE for 3–4 independent experiments. (B–D) mPAC cells were treated with the indicated concentrations of GSKJ4 for 48 h. (B) Total H3K27me3 levels were determined by
immunoblot analysis. Data are mean ± SE for 3 independent experiments; *p < 0.05 relative to cells cultured without inhibitor. (C) H3K27me3 enrichment at specific promoters was
studied by ChIP. Proximal promoters of the Actinb andMyoD genes were included as control for non-target constitutively active and inactive gene, respectively. Data are mean ± SE from
4 independent experiments *p < 0.05, **p < 0.01, ***p < 0.001 relative to control. (D) mPAC cells were transduced with an adenovirus encoding NEUROG3 and cultured for 48 h in
the presence of the indicated concentrations of GSKJ4. Total RNA was extracted and gene expression was evaluated by qPCR. Values are expressed relative to mRNA levels in cells treated
with the NEUROG3-encoding adenovirus without inhibitor (value of 1). Sox9 is expressed in mPAC cells and is not a NEUROG3 target. Of the NEUROG3 gene targets studied, only Atoh8
is endogenously expressed in mPAC cells (nd: non detectable). Data is mean ± SE for 4–5 independent experiments. +p < 0.05 relative to control; *p < 0.05, **p < 0.01, ***,
p < 0.001 relative to NEUROG3 without inhibitor (black bar).
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Fig. 3. Effects of chemical inhibition of the H3K27me3 methylase Ezh2 in the transactivation ability of NEUROG3 in mPAC cells (A) mPAC cells were transduced with an adenovirus
encoding NEUROG3 and collected 48 h after viral treatment. Gene expression levels of Ezh2 were studied by qPCR and are shown relative to Tbp. Data are mean ± SE for 4 independent
experiments; **p < 0.01 (B–D) mPAC cells were treated with the indicated concentrations of EI-1 for 48 h. (B) Total H3K27me3 levels were determined by immunoblot analysis. Data are
mean ± SE for 3 independent experiments; *p < 0.05 relative to cells cultured without inhibitor. (C) H3K27me3 and (D) H3K27ac enrichment at specific promoters was studied by
ChIP. Associated DNA was analyzed by qPCR. Proximal promoters of the Actinb and MyoD genes were included as control for non-target constitutively active and inactive genes,
respectively. Data are mean ± SE from 4 independent experiments *p < 0.05, **p < 0.01, ***p < 0.001 relative to cells not treated with the inhibitor. (E–F) mPAC cells were
transduced with an adenovirus encoding NEUROG3 and cultured for an additional 48 h in the presence of EI-1 at the indicated concentrations. Total RNA was extracted and gene
expression was evaluated by qPCR. Values are expressed relative to mRNA levels in cells treated with the NEUROG3-encoding adenovirus without inhibitor (value of 1). Foxa2 is
endogenously expressed and is not a NEUROG3 target. (nd: non detectable). Data are mean ± SE for 4–5 independent experiments. +p < 0.05 relative to control; *p < 0.05,
**p < 0.01, ***p < 0.001 relative to NEUROG3 without inhibitor (black bar).

Fig. 4. Effects of time of addition of the Ezh2 inhibitor in
the transactivation ability of NEUROG3 in mPAC cells.
mPAC cells were cultured in the presence of 10 μM EI-1 for
24 h before adenoviral treatment (pre) or cultured in the
presence of 10 μM EI-1 for 48 h after viral treatment [1], or
both. Then, total RNA was extracted and gene expression
was studied by qPCR. Values are expressed as fold relative
to mRNA levels in cells treated with the NEUROG3-en-
coding adenovirus without inhibitor (value of 1 and re-
presented by the broken line). Data are mean ± SE for 3–4
independent experiments. *p < 0.05, **p < 0.01,
***p < 0.001 relative to NEUROG3 without inhibitor.
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fibroblasts (Fig. 5A). Furthermore, concomitant inhibition of Ezh2 re-
sulted in significant higher mRNA levels for some of the genes including
NeuroD1, Pax6, Nkx2.2 and MafA (Fig. 5B). All together, these results
suggest that the use of chemical inhibitors of Ezh2 may be advanta-
geous in transcription factor-based reprogramming protocols towards
endocrine/β-cells.

3.4. Effects of chemical inhibition of Ezh2 in directed differentiation of
pluripotent cells towards beta cells

The positive results obtained in transcription factor-based transdif-
ferentiation experiments prompted us to test the effect of inhibiting
Ezh2 in directed differentiation protocols using pluripotent cells.

Chemical inhibition of Ezh2 has been shown to increase formation of
insulin-producing cells by promoting NEUROG3 expression in a human
endodermal differentiation system in vitro [5]. Here we aimed at as-
sessing if Ezh2 inhibition enhanced β-cell formation from human iPSC
using a directed differentiation protocol. To determine the timing of
endocrine differentiation following our protocol and better select when
to add the inhibitor, we initially assessed the temporal expression
profile of NEUROG3 mRNA and found that it peaked at day 9, declined
by day 12 and modestly increased again at day 21 (Fig. S4). On the
other hand, PDX1, an early pancreas specification marker, was first
detected at day 6 and both the β-cell genes INS and NKX6.1 were in-
itially detected at day 12 and increased prominently by day 21 (Fig.
S4). Based on these findings, we added EI-1 on days 6–9 (birth of

Fig. 5. Effects of chemical inhibition of Ezh2 in the transactivation ability of NEUROG3 in MEFs. Mouse embryonic fibroblasts were transduced with the NEUROG3-encoding adenovirus
and cultured for additional 48 h after viral treatment in the presence of 10 μM EI-1 or 10 μM GSK126. Total RNA was extracted and gene expression was studied by qPCR (A) Gene
expression of Neurog3 gene targets in untreated MEFs (C) or NEUROG3-expressing MEFs. Levels are expressed relative to Tbp. (B) Effects of the Ezh2 inhibitors on the indicated genes.
Values represent fold-expression relative to mRNA levels in cells treated with the NEUROG3-encoding adenovirus without inhibitor (value of 1 and represented by the broken line). Data
are mean ± SE for 4 independent experiments. *p < 0.05; **p < 0.01 relative to controls MEFs (A) or NEUROG3 without inhibitor (B).

Fig. 6. Effects of EZH2 inhibition in the directed differentiation of human iPSC towards islet cells. (A) Experimental scheme of the 21-day directed differentiation protocol showing the
times of EI-1 (20 μM) treatment (bars named C1, C2 and C3). In parenthesis, genes whose transcripts are first detected at the indicated day (B–C). Cells were collected and the indicated
days of the protocol. Total RNA was extracted and transcript levels for the indicated genes were quantified by qPCR and expressed relative to TBP. Black bars indicate gene expression
levels in control cells not treated with the inhibitor. Data are mean ± SE for 2–3 independent differentiation experiments, each in duplicate or triplicate. *p < 0.05 relative to control
cells collected the same day of the protocol (black bars).
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endocrine progenitors) and on days 9–12 or 12–15 (during active en-
docrine differentiation) as depicted in Fig. 6A. RNA was collected at
days 0, 12, 15 and 21 and gene expression was analyzed by qRT-PCR.
As shown in Fig. 6B, treatment of EI-1 during days 6–9 (C1) resulted in
higher INS gene expression at the end of the protocol, which is in
agreement with previous findings [5]. Immunostaining and counting of
INS+ cells demonstrated that the higher levels of INS gene expression
corresponded to increased numbers of insulin-expressing cells (Fig. S5).
On the contrary, inhibition of EZH2 at later stages during active en-
docrine cell genesis (C2 and C3) resulted in significantly lower INS
transcript levels as compared to cells following the standard protocol
(Fig. 6B). Based on these results, we focused on the C1 condition to
examine the status of the endocrine transcriptional program. At day 12,
several genes were found significantly upregulated as compared to
control cells including NEUROG3, PAX4, NEUROD1, SST and NKX2-2
(Fig. 6C), which would be compatible with enhanced NEUROG3 ac-
tivity as all of these genes are known NEUROG3 targets [9]. Interest-
ingly, another set of genes including PAX6, NKX6-1 and MAFA, which
are expressed in developing and differentiated β-cells, remained similar
at day 12 whilst they tended to be more expressed at day 15 relative to
control cells. By contrast, expression of SOX9 was unchanged in the C1
condition at either day 12 or 15. Taken together, these results de-
monstrate that inhibition of EZH2 activity prior to the peak of
NEUROG3 expression (day 9 in our protocol) can be used to enhance
the endocrine transcriptional program and positively influence the
number of insulin-expressing cells generated in directed differentiation
protocols using pluripotent cells.

4. Discussion

The chromatin conformation is known to influence gene expression
and, when in a “non-permissive” compact state, can represent a barrier
for successful cell reprogramming. Here, we aimed at assessing if ma-
nipulation of the activity of chromatin-modifying enzymes might be a
useful strategy to enhance TF-based and directed endocrine differ-
entiation protocols. Specifically, we have studied the impact of che-
mically-modulating the activity of H3K27me3 regulators on the trans-
activation ability of NEUROG3. NEUROG3 is the key transcription
factor that initiates the endocrine transcriptional cascade in pancreatic
progenitors during embryogenesis [14]. Further, NEUROG3, alone or in
combination with other TFs, has been used as a cell reprogramming
factor to promote endocrine differentiation in several cellular contexts
both in vivo and in vitro [9,15–19].

Dosage and activity of H3K27me3 demethylases have been corre-
lated with the ability of several TFs to regulate gene expression pro-
grams [20]. We initially proposed the involvement of H3K27me3 in
NEUROG3-dependent transactivation events based on our findings that
forced expression of this factor promoted release of H3K27me3 marks
at target promoter regions [7], but loss of H3K27me3 could either be a
consequence or precede transcriptional activation of these genes
[23,24]. Here we show that inhibition of H3K27me3 demethylases
impairs the ability of NEUROG3 to transactivate genes. Whether it is
Utx, Jmjd3, or both, that are involved in this effect cannot be disclosed
from our data as GSK-J4 and other available chemical compounds in-
hibit both demethylases. Furthermore, it is conceivable that the specific
demethylase involved may vary depending on the cellular context in
which NEUROG3 is introduced.

As opposed to the H3K27me3 demethylase inhibitor, chemical in-
hibition of Ezh2 resulted in enhanced NEUROG3-dependent gene ex-
pression. Previous reports had implicated Ezh2 in restricting the pro-
gression from pancreatic to endocrine progenitors through negative
regulation of the Neurog3 gene [5]. Our present findings reveal that
manipulation of Ezh2 activity can also be used to influence the function
of NEUROG3. It is interesting that ectopic NEUROG3 decreases Ezh2
gene expression in mPAC cells, an observation that relates with findings
from our group showing that, in vivo, Ezh2 gene expression is reduced in

pancreatic endocrine progenitors compared to non-endocrine pan-
creatic cells [25]. Despite the known relevance of H3K27me3 marks in
the regulation of developmental genes, it has been reported that
changes in gene expression are not always associated with widespread
changes in H3K27me3 deposition [26]. In this line, it is noteworthy that
induction of the late target Neurod1 in response to NEUROG3 occurred
without detectable changes in H3K27me3 enrichment at the Neurod1
promoter in mPAC cells. Despite this, Neurod1 induction was drastically
suppressed by the Jmjd3/Utx inhibitor and enhanced by the Ezh2 in-
hibitor. Thus, we cannot rule out that these effects are secondary to
changes in the expression of intermediary gene/s that are required for
NEUROG3-triggered Neurod1 gene induction.

In general, most chromatin-modifying enzymes are expressed ubi-
quitously and specific gene expression patterns are thought to be
mediated by their interaction with lineage specific factors in a context-
dependent manner [21,22]. In this regard, it should be noted that our
attempts to demonstrate physical association between adenovirally-
expressed NEUROG3 and endogenous Jmjd3/Utx or Ezh2 using co-
immunoprecipitation with commercially-available antibodies have
been unsuccessful (data not shown). Nonetheless, the observation that
changes in histone marks occur in the same gene regions where E boxes
bound by NEUROG3 are located [7,10,12,13] indirectly supports that
these chromatin modifiers and NEUROG3 are neighbors.

In addition to NEUROG3-mediated transdifferentiation, we show
that inhibition of EZH2 is also effective in promoting endocrine dif-
ferentiation in directed differentiation protocols using human iPSC.
Importantly, the timing of exposure to the chemical inhibitor of EZH2 is
critical to influence INS gene activation either positively or negatively
in this system. The mechanistic reason for this observation is unclear.
The stage between days 6 and 9 coincides with drastic induction of the
NEUROG3 gene and hence with birth of NEUROG3+ cells. We spec-
ulate that these early-born endocrine progenitors that express high le-
vels of NEUROG3 will be most responsive to EZH2 inhibition in terms of
NEUROG3 transactivation ability. In support of enhanced activation of
the endocrine program, transcript levels for genes activated down-
stream of NEUROG3 were found increased at days 12 and/or 15 in cells
treated with the inhibitor during days 6–9. In contrast, inhibition of
EZH2 after day 9, when NEUROG3 transcripts and thus NEUROG3 ac-
tivity are decaying, is detrimental to endocrine differentiation. One
possibility is that inhibition of EZH2 in late endocrine progenitors or
differentiating endocrine cells might interfere with silencing of specific
sets of genes [2] and hamper correct establishment of the endocrine
program. Similar to our present findings, Xu et al. showed that in-
hibition of EZH2 during endocrine specification, but not earlier during
pancreatic progenitor formation, resulted in a higher percentage of
insulin positive cells in a human endodermal progenitor differentiation
system in vitro [5]. Therefore, the time window for maneuver of
H3K27me3 levels and improvement of endocrine differentiation ap-
pears to be limited to the stage during which NEUROG3+ cells are
born. Future studies should be conducted to establish the functionality
of the insulin-producing cells generated using this epigenetic manip-
ulation.

To date, several examples of successful direct reprograming towards
beta cells have been reported using developmentally close cell types,
including pancreatic ductal, pancreatic exocrine, intestinal, hepatic or
stomach cells [9,15–19]. Simultaneous use of chromatin-modifying
agents and TF has been reported to improve endocrine gene activation
in response to endocrine reprogramming transcription factors [27].
However, for potential medical applications, somatic cell reprogram-
ming protocols should use readily accessible tissue such as skin. Fi-
broblasts have been successfully converted into different lineages in-
cluding neurons, cardiomyocytes or hepatocytes using specific sets of
TFs, but they appear to be poorly susceptible to TF-based transdiffer-
entiation towards β-cells [19,27,28]. Here we show that introduction of
NEUROG3 in MEFs can induce expression of endocrine differentiation
genes but not of genes encoding the islet hormones, and that
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concomitant inhibition of Ezh2 enhances the trans-activation ability of
this TF. Epigenetic agents that broadly affect DNA methylation or his-
tone acetylation were reported to induce expression of endocrine genes
from dermal fibroblasts [28]. By contrast, our results show that in-
hibition of Ezh2 alone does not promote induction of silent endocrine
genes in the absence of NEUROG3, either in MEFs or in mPAC cells.
This difference may be explained by the more restricted enrichment
pattern of the H3K27me3 mark as compared to the broader presence of
acetylated histones at gene promoters. However, it is also possible that
combining inhibition of a ubiquitous chromatin regulator together with
a differentiation transcription factor provides some gene-specificity to
the former.

In summary, this study demonstrates that manipulation of the re-
pressive mark H3K27me3 can be used to influence the transactivation
ability of NEUROG3 in cell-based assays and in directed differentiation
protocols from pluripotent cells. These results are encouraging and
support the idea that targeting specific chromatin modifiers may be a
valid tactic to improve the transdifferentiation ability of β-cell repro-
gramming factors.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bbagrm.2018.03.003.
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