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SUMMARY
Methylation of histone 3 at lysine 9 (H3K9) constitutes a roadblock for cellular reprogramming. Interference with methyltransferases or

activation of demethylases by the cofactor ascorbic acid (AA) facilitates the derivation of induced pluripotent stem cells (iPSCs), but

possible interactions between specific methyltransferases and AA treatment remain insufficiently explored. We show that chemical in-

hibition of the methyltransferases EHMT1 and EHMT2 counteracts iPSC formation in an enhanced reprogramming system in the pres-

ence of AA, an effect that is dependent on EHMT1. EHMT inhibition during enhanced reprogramming is associated with rapid loss of

H3K9 dimethylation, inefficient downregulation of somatic genes, and failed mesenchymal-to-epithelial transition. Furthermore, tran-

sient EHMT inhibition during reprogramming yields iPSCs that fail to efficiently give rise to viable mice upon blastocyst injection. Our

observations establish novel functions of H3K9 methyltransferases and suggest that a functional balance between AA-stimulated en-

zymes and EHMTs supports efficient and less error-prone iPSC reprogramming to pluripotency.
INTRODUCTION

Covalent chromatin modifications such as DNA and his-

tone methylation modulate gene expression and stabilize

epigenetic states in a wide variety of biological processes.

The genome-wide and locus-specific abundance of chro-

matin marks is determined by counteracting enzymatic ac-

tivities, such as histone methyltransferases and demethy-

lases (Black et al., 2012). Histone 3 at lysine 9 (H3K9)

methylation is an epigenetic mark predominantly associ-

ated with gene repression that is conserved during evolu-

tion and plays important regulatory functions during

embryonic development, sex determination, neuronal

plasticity, immune cell function, and tumorigenesis

(Benevento et al., 2015; Casciello et al., 2015; Kuroki and

Tachibana, 2018; Scheer and Zaph, 2017). H3K9 trimethy-

lation in heterochromatic regions is established by SETDB1

and SUV39H1/2 (Kang, 2015; Peters et al., 2001; Rice et al.,

2003), while the H3K9 mono- and dimethyltransferases

EHMT1 and EHMT2 (also known as GLP and G9A, respec-

tively) mediate gene silencing at euchromatic loci (Shinkai

and Tachibana, 2011). Enzymes involved in the establish-
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ment of H3K9 methylation are repressors of core pluripo-

tency-associated gene loci (Epsztejn-Litman et al., 2008)

and, thus, have particular relevance for physiological and

experimentally induced changes in cell identity (Becker

et al., 2016; Feldman et al., 2006). Inefficient removal of

H3K9 methylation is a frequent cause of incomplete tran-

scriptional reprogramming after somatic cell nuclear trans-

fer (Matoba et al., 2014) and has been reported to impede

the binding of reprogramming factors to the genome dur-

ing the derivation of induced pluripotent stem cells (iPSCs)

(Soufi et al., 2012). Consequently, the formation of mouse

(Chen et al., 2013b; Liang et al., 2012; Sridharan et al.,

2013; Tran et al., 2015; Wang et al., 2011; Wei et al.,

2017) and human (Onder et al., 2012; Soufi et al., 2012)

iPSCs can be substantially facilitated by interference with

H3K9 methyltransferases or by activation of the respective

demethylases. Despite the importance of H3K9 methyl-

transferases for cellular reprogramming and different phys-

iological and pathological processes (Shankar et al., 2013),

our understanding of the regulatory interactions control-

ling the function of these enzymes in different cellular con-

texts remains incomplete. We reasoned that the systematic
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Figure 1. Increased EHMT Activity during Early Stages of OKSM-Driven Reprogramming
(A) Representative bright-field and fluorescence images of MEFs and cells under the indicated reprogramming conditions 24 h after in-
duction of OKSM and staining with antibodies against EHMT1 (top) or EHMT2 (bottom).
(B) Mean fluorescence intensities after IF with antibodies against EHMT1 and EHMT2 under the indicated conditions. At least 100 size-
matched nuclei were analyzed. Similar results were obtained in three independent experiments.
(C) Representative mean fold change in EHMT1 and EHMT2 protein levels analyzed by WB during basal and enhanced reprogramming. n = 3
independent experiments.
(D) Same as (B) but after IF against indicated histone marks.
Significance in (B–D) with one-way ANOVA with Tukey post test: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
comparison of cells that reprogram at markedly different

efficiencies could be utilized to discover unexplored aspects

of the H3K9 methylation machinery. By taking this

approach, we were able to assign specific and context-

dependent functions to the EHMTs during the reprogram-

ming of fibroblasts into iPSCs by the ‘‘Yamanaka transcrip-

tion factors’’ OCT4, KLF4, SOX2, and MYC (OKSM). In

particular, we report the unexpected finding that EHMT

activity supports efficient and faithful establishment of

pluripotency under conditions that favor histone

demethylation.
RESULTS

Context-Dependent Roles of EHMTActivity during

Mouse Fibroblast Reprogramming

We used a well-established doxycycline (dox)-controllable

transgenic system (Stadtfeld et al., 2010b) to compare the

roles of H3K9 methylation during iPSC formation either

driven solely by theOKSM factors (‘‘basal reprogramming’’)

or further supported by chemical modulation of the trans-

forming growth factor b and WNT signaling pathways (via

iALK5 and CHIR99021, respectively) and of chromatin

state (via ascorbic acid, AA) (‘‘3c enhanced reprogram-

ming’’) (Vidal et al., 2014). These compounds are

commonly used to facilitate reprogramming and pluripo-
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tent cell culture (Dakhore et al., 2018), and iPSCs generated

via 3c enhanced reprogramming are developmentally

highly competent (Amlani et al., 2018). 3c enhanced re-

programming yields approximately 50 times more stable

iPSC colonies than basal reprogramming and does so in a

shorter period of time (6 rather than 12 days of OKSM

expression) (Penalosa-Ruiz et al., 2019; Saunders et al.,

2017; Schwarz et al., 2018; Stelzer et al., 2015; Vidal et al.,

2014). Since H3K9 methylation is a well-known roadblock

for cellular reprogramming, we speculated that 3c might

enhance iPSC formation by counteracting H3K9 methyl-

ation more efficiently than the OKSM factors alone. We

focused our studies on EHMT1 and EHMT2, the major

methyltransferases that catalyze the repressive H3K9me2

mark in mammalian cells.

Analyses by quantitative PCR (Figure S1A) and immuno-

fluorescence (IF) (Figures 1A and 1B) showed a surprising

upregulation of EHMT1 and EHMT2 at both the mRNA

and the protein level 24 h after initiation of OKSM expres-

sion in basal and 3c enhanced conditions compared with

uninduced mouse embryonic fibroblasts (MEFs). The

observed increase in EHMT1 and EHMT2 was further sup-

ported by western blot (WB) analysis (Figures 1C and

S1B). Since we observed significant differences in the abun-

dance of housekeeper proteins frequently used to

normalize WB signals between fibroblasts and reprogram-

ming intermediates (including increased levels of histone



Figure 2. EHMT Activity Supports 3c Enhanced Reprogramming
(A) Alkaline phosphatase staining of iPSCs formed from the indicated input MEFs via basal and 3c enhanced reprogramming in the absence
and presence of UNC0638, respectively. Images were taken 4 days after dox was removed to select for stably reprogrammed cells.
(B) Quantification of iPSC colony formation under the indicated conditions as percentage input MEFs. n = 3 independent experiments.
Significance with unpaired t test: ***p < 0.001.
(C) Percentage iPSC colonies formed from reprogrammable MEFs under basal or 3c enhanced conditions that were exposed to EHMT in-
hibitor during the indicated time windows (‘‘+’’ indicates chronic exposure and ‘‘�’’ addition of DMSO instead of UNC0638). Input cells were
2,500 (basal) and 300 (3c enhanced) MEFs, respectively.
n = 3 independent experiments. Significance with one-way ANOVA with Dunnett post test: **p < 0.01 and ***p < 0.001.
H3), we normalized signals based on total protein levels

determined by sensitive fluorescence assessment (Kirshner

and Gibbs, 2018) (Figure S1C). Total H3K9 mono- and di-

methylation (H3K9me1/2) levels also increased early dur-

ing reprogramming (Figures 1D and S1D). IF suggested

opposite trends for H3K9me3 (Figures S1D and S1E) and

the activatingmarks H3K4me2 and H3K4me3 (Figure S1E),

supporting the notion that dynamic chromatin remodel-

ing commences early during iPSC formation (Koche et al.,

2011).

We next evaluated the effect of treatment ofMEFs under-

going reprogrammingwith UNC0638, an efficient and spe-

cific substrate inhibitor of EHMT activity (Vedadi et al.,

2011). Standard doses (1 mM) of UNC0638 reduced levels

of H3K9me2, particularly under 3c enhanced conditions,

as detected by both IF andWB (Figures S2A–S2C). This sug-

gests that EHMT-mediated accumulation of H3K9me2 is an

early and previously unappreciated event during cellular

reprogramming, which appears more pronounced during

3c enhanced than during basal iPSC reprogramming.

Chemical and genetic interference with EHMTs during

OKSM-driven reprogramming of mouse neural progenitor

cells (Shi et al., 2008) and fibroblasts (Sridharan et al.,

2013) has been reported to facilitate iPSC formation, sup-

porting the prevalent notion that H3K9 methyltransferase

activity counteracts the induction of pluripotency. Accord-

ingly, EHMT inhibition via UNC0638 in our system
increased reprogramming efficiency under basal condi-

tions (Figures 2A and 2B, top), generating significantly

higher numbers of transgene-independent iPSC col-

onies—defined by their epithelial morphology and expres-

sion of an EGFP cassette inserted into the endogenous

Pou5f1 locus, also known asOct4 (Lengner et al., 2007)—af-

ter washout of dox (Figure S2D). To our surprise, iPSC for-

mation was strongly impaired (3- to 5-fold) when

UNC0638 was administered during 3c enhanced reprog-

ramming (Figures 2A and 2B, bottom). We also obtained

reduced numbers of iPSC colonies in the presence of

UNC0638 during 3c enhanced reprogramming driven by

OKS factors (no ectopic MYC) (Figures S2E and S2F) or

when using lentiviral vectors expressing OKSM (Sommer

et al., 2009) (Figure S2G), suggesting that our observations

are not restricted to a single reprogramming approach.

Together, these findings demonstrate that 3c enhanced re-

programming, in contrast to basal reprogramming,

partially becomes dependent on EHMT activity.

EHMT Inhibition Counteracts Downregulation of a

Subset of MEF-Associated Genes

To establish the temporal requirements of EMHT activity

during reprogramming, we next exposedOKSM-expressing

cells at specific intervals of time to UNC0638. We adjusted

the intervals of exposure (1 day for 3c and 2 days for basal

reprogramming) to reflect the substantially faster kinetics
Stem Cell Reports j Vol. 15 j 1233–1245 j December 8, 2020 1235



of 3c enhanced reprogramming (Vidal et al., 2014). This re-

vealed that the reprogramming-promoting effect of EHMT

inhibition on basal reprogramming, as well as the reprog-

ramming-counteracting effect of EHMT inhibition on 3c

enhanced reprogramming, was most pronounced when

UNC0638 was administered during early reprogramming

stages (days 0–4 during basal and days 0–2 during 3c

enhanced reprogramming) (Figure 2C).

To gain insight into the genome-wide molecular conse-

quences of EHMT inhibition during the early stages of

iPSC formation we used RNA sequencing (RNA-seq), which

clearly distinguished MEFs, basal intermediates, and 3c

enhanced intermediates (Figure S3A). Unsupervised

k-means clustering of genes differentially expressed be-

tween starting MEFs and cells 2 days after initiation of

OKSM expression under either condition revealed five

distinct groups (Figure 3A and Table S1). Three of these

groups contained mostly genes expressed more highly in

MEFs than in established iPSCs (fold change > 2; adjusted

p < 0.05) that were downregulated early during reprogram-

ming (clusters 1, 3, and 4), while the two other groups con-

tained larger fractions of iPSC-associated genes that were

already upregulated at this stage of iPSC formation (clusters

2 and 5) (Figure 3A). Gene ontology (GO) analysis revealed

stronger activation of genes involved in RNA metabolism

and translation (cluster 5) and more efficient silencing of

genes required for cell adhesion (cluster 4) during 3c

enhanced reprogramming (Figure 3A and Table S1). Direct

comparison of differentially expressed genes between early

intermediates of the two different reprogramming condi-

tions confirmed more efficient downregulation of tran-

scripts associated with cell adhesion and extracellular ma-

trix organization during 3c enhanced reprogramming

(Table S2). These observations demonstrate that basal and

3c enhanced reprogramming exhibit distinct molecular

characteristics during early stages of iPSC formation.

Next, we interrogated the consequences of EHMT inhibi-

tion on the transcriptional dynamics associated with the

two different reprogramming regimens. Principal-compo-

nent analysis (PCA) of early reprogramming intermediates

confirmed close proximity of biological replicates and sug-

gested a more pronounced effect of UNC0638 on 3c

enhanced than on basal reprogramming (Figure S3B). Dif-

ferential gene expression analysis confirmed this observa-

tion and identified a total of 456 genes associated with 3c

enhanced reprogramming that were significantly altered

(fold change > 1.5; adjusted p < 0.05) in the presence of

UNC0638 (Table S3). In agreement with the established

roles of EHMTs as transcriptional repressors, we observed

more frequent gene activation upon inhibition of these en-

zymes (408 of 456 genes or 89.5%).Only 44 (or 9.7%) of the

456 genes affected during 3c enhanced reprogramming

were also affected in their expression by UNC0638 treat-
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ment during basal reprogramming (Table S3). Analysis of

affected genes in the aforementioned five clusters revealed

that EHMT inhibition counteracted the downregulation of

a subset of genes in the MEF-enriched clusters 1, 3, and 4,

while minimally affecting the iPSC-related clusters 2 and

5 (Figures 3B and S3C). Overall, we found that the majority

of genes upregulated in the presence of UNC0638 during

3c enhanced reprogramming (328 of 408 genes or 80.4%)

were MEF associated. We will refer to this group of tran-

scripts as ‘‘insufficiently silenced genes’’ (ISGs) (Figure 3C).

GO analysis showed that ISGs represent biological pro-

cesses such as biological adhesion and extracellular matrix

remodeling (Figure 3D and Table S3). Together, these obser-

vations suggest that EHMTs during 3c enhanced reprog-

ramming contribute to the silencing of somatic gene

expression during iPSC formation.

Rapid Loss of H3K9me2 upon EHMT Inhibition during

3c Enhanced Reprogramming

We next evaluated the global levels of H3K9me2 by chro-

matin immunoprecipitation with massively parallel

sequencing (ChIP-seq) in starting fibroblasts and early (48

h) reprogramming intermediates. PCA revealed distinct

clustering of all four reprogramming conditions (basal

and 3c enhanced, with and without UNC0638) (Fig-

ure S3D). Integration of RNA-seq data revealed an inverse

correlation between expression levels of gene loci and their

H3K9me2 intensity in the respective samples (shown for

MEFs in Figure S3E), in agreement with the reported repres-

sive nature of this mark. Consistent with our IF analyses

(Figures 1D and S1D), ChIP-seq showed a genome-wide in-

crease in H3K9me2 levels in reprogramming intermediates

and a marked decrease in the presence of UNC0638 that

was significantlymore pronounced during 3c enhanced re-

programming (Figure 3E). This increase in H3K9me2 was

not restricted to downregulated genes. Similarly, the loss

of this mark in the presence of UNC0638 extended beyond

genes that were transcriptionally affected in early reprog-

ramming intermediates by EHMT inhibition (Table S4).

These observations argue against a simple correlation be-

tween the dynamics of global H3K9me2 changes and tran-

scriptional output, at least during the early stages of iPSC

formation we analyzed.

Next, we tested whether alterations in H3K9me2 levels

could explain the insufficient silencing of specific MEF-

associated genes during 3c reprogramming in the presence

of UNC0638. We therefore focused on the 328 ISGs (Fig-

ure 3C and Table S3) and a control group of 2,664 MEF-

associated genes that are equally efficiently downregulated

in the absence and presence of EHMT inhibition (fold

change between 0.9 and 1.1). Although both gene groups

gained H3K9me2 compared with MEFs during reprogram-

ming, ISGs on average showed significantly higher levels



Figure 3. Molecular Consequences of EHMT Inhibition during Early Reprogramming Stages
(A) Unsupervised k-means clustering of genes differentially expressed between MEFs and cells expressing OKSM for 2 days under either
basal or 3c conditions (adjusted p < 0.05; fold change [FC] > 2). Pie charts indicate the abundance of genes associated with either MEFs or
iPSCs (adjusted p < 0.05; FC > 2) or neither cell type in the respective cluster. Select GO categories (false discovery rate [FDR] < 0.05)
associated with identified clusters are highlighted.
(B) Effects of EHMT inhibition (UNC) on the expression levels of genes associated with cluster 3 (top) and cluster 5 (bottom) identified in
(A) during both basal (x axis) and 3c enhanced (y axis) reprogramming. Transcripts with significantly changed abundance during 3c
enhanced reprogramming (adjusted p < 0.05; FC > 1.5) are highlighted in green (failed downregulation) and orange (failed upregulation),
respectively. Percentage of affected cluster-specific genes is shown.
(C) Venn diagram showing overlap between genes upregulated during 3c enhanced reprogramming in the presence of UNC0638 and genes
significantly more highly expressed in MEFs than in iPSCs.
(D) GO terms associated with MEF-associated genes that are inefficiently silenced during 3c enhanced reprogramming in the presence of
UNC0638 (ISGs).
(E) H3K9me2 ChIP signal across 2.5-kb tiling intervals across the mouse genome. Average values from two separate chromatin pre-
cipitations are shown for each of the indicated conditions.
(F) H3K9me2 ChIP signal over the 10 kb immediately upstream of the TSS in ISGs in the presence of UNC0638 during 3c reprogramming and
2,664 control MEF-associated genes that are efficiently silenced (CON). n = 2 independent experiments.
(G) Ratio of H3K9me2 signal in the presence and absence of UNC0638 at the TSS region of ISGs and control genes during basal and 3c
reprogramming. Indicated p values in (F and G) were calculated with Wilcoxon rank-sum test. n = 2 independent experiments.
(H) Overlap of the 1,000 protein-coding gene loci with the highest degree of loss of H3K9me2 signal upon EHMT inhibition during basal
and 3c reprogramming.
of this chromatin mark both immediately upstream of the

transcription start site (TSS) (Figure 3F) and across the gene

body (Figure S3F). Although both ISGs and control genes

exhibited a drastic decrease in H3K9me2 levels upon

UNC treatment (~50% in basal and ~80% in 3c-enhanced

reprogramming), ISGs experienced a stronger loss of this
mark, in particular under 3c conditions (Figures 3G and

S3G). When we compared gene loci that were most

strongly affected in their H3K9me2 levels by EHMT inhibi-

tion during either basal or 3c enhanced reprogramming,we

observed limited overlap and distinct GO terms (Figures 3H

and S3H and Table S4). Together, these experiments reveal
Stem Cell Reports j Vol. 15 j 1233–1245 j December 8, 2020 1237



widespread remodeling of H3K9me2 during early stages of

iPSC formation and demonstrate both quantitative and

qualitative differences with respect to target loci affected

by EHMT inhibition during basal and 3c enhanced reprog-

ramming. Figure S3I highlights H3K9me2 changes at select

MEF-associated gene loci.

Interference with EHMTActivity Affects Intermediate

and Late Markers of Reprogramming

We turned tomicroscopy and flow cytometry to assess how

EHMT inhibition affects later stages of iPSC formation.

Visualization of 3c enhanced reprogramming intermedi-

ates labeled with a strong, dox-dependent EGFP viral trans-

gene revealed a pronounced reduction in nascent colonies

with epithelial features and a concomitant increase in col-

onies that consisted exclusively of cells retaining fibro-

blastic morphology in the presence of UNC0638 (Figures

4A and 4B). This correlated with reduced numbers of inter-

mediate cells expressing the epithelial surface markers

CDH1 (also known as E-cadherin) and EpCAM (also known

as CD326) (Figure 4C). In addition, the intermediate cells

that successfully upregulated CDH1 retained elevated

levels of the fibroblast surface marker THY1 (Figures S4A

and S4B). In contrast, EHMT inhibition during basal re-

programming led to a significant increase in intermediate

cells expressing CDH1 and EpCAM (Figure 4D). The rela-

tive abundance of late reprogramming intermediates

(measured at day 6 during 3c and at day 12 during basal

reprogramming) that had reactivated expression of endog-

enous Oct4 was about 2-fold increased in 3c enhanced re-

programming and 20-fold increased in basal reprogram-

ming (Figures 4C and 4D). These observations indicate

that EHMT inhibition facilitates the reactivation of endog-

enous pluripotency loci, in particular under basal condi-

tions, but under 3c enhanced conditions counteracts the

efficient transition of reprogrammable fibroblasts to the in-

termediate, epithelialized stages of iPSC formation.

Interestingly, the short hairpin RNA (shRNA)-mediated

knockdown (KD) of Ehmt1 recapitulated the reprogram-

ming-inhibiting effect of UNC0638 treatment during 3c

enhanced reprogramming, while KD of Ehmt2 recapitu-

lated the reprogramming-promoting effect of EHMT inhi-

bition during basal reprogramming (Figures 4E and 4F),

suggesting different and context-dependent functions of

these enzymes during iPSC formation. Quantitative PCR

confirmed a similar degree of specificity and efficiency of

the shRNAs used to interfere with the EHMTs (Figure S4C).

However, WB showed that loss of EHMT1 was associated

with strongly reduced levels of EHMT2 protein but not

vice versa (Figure S4D). This suggests that EHMT1 stabilizes

EHMT2 in reprogramming intermediates, as has been pre-

viously reported for mouse embryonic stem cells (Tachi-

bana et al., 2005), while EHMT1 is independent of
1238 Stem Cell Reports j Vol. 15 j 1233–1245 j December 8, 2020
EHMT2 levels. In addition to destabilization of EHMT2,

KD of Ehmt1 but not Ehmt2 reduced the levels of

H3K9me2 in early reprogramming intermediates, while

H3K9me1 and H3K9me3 appeared unaffected (Figure S4E).

These observations suggest that 3c enhanced reprogram-

ming intermediates can compensate for a significant reduc-

tion in EHMT2 but not in EHMT1 levels, whichmight help

explain the different effects that Ehmt1 and Ehmt2 KD has

on the efficiency of iPSC formation (Figures 4E and 4F).

Evidence for a Balance between EHMTActivity and

AA-Stimulated Enzymes during Reprogramming

Next, we sought to investigate whether a specific compo-

nent of the 3c mixture (AA, iALK5, and CHIR99021) is

responsible for the reduction in iPSC formation observed

upon EHMT inhibition. Reprogramming experiments con-

ducted in the presence of single compounds revealed a sig-

nificant reduction in iPSC colonies when UNC0638 was

used together with AA (Figures 5A and 5B). In contrast, a

slight increase in colony numbers was observed when

EHMTs were inhibited in the presence of either

CHIR99021 or iALK5, although this was not significant in

all experiments conducted with CHIR99021 (Figure 5B).

The fold-change reduction in colony numbers observed

in the presence of AA alone was less dramatic than in the

context of 3c conditions, raising the possibility that AA

might synergize with one or both of the other two reprog-

ramming enhancing compounds in establishing a require-

ment for EHMTactivity. Indeed, iPSC colony numbers were

strongly reducedwhenAAwas combinedwith either iALK5

or CHIR99021 in the presence of UNC0638 (Figure 5C).

Colony numbers remained unchanged when iALK5 was

combined with CHIR99021 in the absence of AA (Fig-

ure 5C), suggesting that not all approaches to enhancing

reprogramming efficiencies acquire dependence on

EHMT activity.

EHMT inhibition has been reported to counteract

cellular proliferation in cancer cells (Casciello et al.,

2015). In light of the importance of the proliferative poten-

tial for iPSC formation (Li et al., 2009; Utikal et al., 2009),

we asked whether this might contribute to the observed

reduction in colonies. Quantification of cells at early re-

programming stages revealed reduced cell numbers in the

presence of UNC0638 under all conditions, including

those where EHMT inhibition favors reprogramming (Fig-

ure S5A). This suggests that an effect on proliferation is un-

likely to explain the reduction in iPSC reprogramming

observed only under specific conditions.

AA has been recognized as a potent cofactor and stimu-

lant of the enzymatic activity of chromatin-modifying en-

zymes (Cimmino et al., 2018; Monfort andWutz, 2013), in

particular of histone andDNA demethylases. Therefore, we

attempted to restore efficient reprogramming in the



Figure 4. Impact of EHMT Inhibition on Later Stages of iPSC Reprogramming
(A) Representative images of colonies formed upon 4 days of OKSM expression under 3c conditions in the absence (DMSO) or presence of
UNC0638. Starting MEFs were labeled with a lentiviral vector expressing EGFP to visualize colony morphology.
(B) Quantification of day 4 colonies with mesenchymal or epithelial morphology under the indicated conditions. Significance with
multiple two-tailed t tests: **p < 0.01 and ***p < 0.001. At least 100 colonies were scored in three separate reprogramming experiments
for each condition.
(C) Relative abundance in the presence versus absence of UNC0638 (UNC) of the indicated reprogramming intermediates during 3c
enhanced reprogramming, as measured by flow cytometry. n = 3 independent experiments.
(D) Same as (C) for reprogramming intermediates during basal reprogramming. n = 3 independent experiments. Significance in (C and D)
with multiple t tests using Holm-Sidak correction: *p < 0.05, **p < 0.01, and ***p < 0.001.
(E) Percentage of stable iPSC colonies (per input MEFs) formed under 3c reprogramming conditions from cells transduced with indicated
shRNAs.
(F) Like (E) but under basal reprogramming conditions.
Significance in (E and F) was calculated with one-way ANOVA with Tukey post test: *p < 0.05, **p < 0.01, and ****p < 0.0001. n = 3
independent experiments.
presence of UNC0638 by shRNA-mediated KD of AA-stim-

ulated H3K9 demethylases. Interference with KDM3B,

whichhas recently been reported to be themainmodulator

of H3K9me2 downstream of AA in established pluripotent

stem cells (Ebata et al., 2017), strongly impaired basal re-

programming but slightly increased colony numbers dur-

ing 3c enhanced reprogramming in the absence of

UNC0638 (Figure S5B). Interference with KDM3B also

ameliorated the reduction in iPSC colony formation during

3c enhanced reprogramming in the presence of UNC0638

(Figure S5C). The incomplete rescue observed may suggest

the involvement of additional enzymes or other regulators.

KD of Kdm3a had no significant effect on any reprogram-

ming condition assessed (Figures S5B and S5C), despite a

similar reduction in mRNA and protein levels (Figures

S5D and S5E). Together, these observations further support

context-dependent functions of the H3K9 methylation

and demethylation machinery during iPSC formation.
Wehave previously shown that 3c reprogramming yields

iPSCs that pass the most stringent functional assays (Am-

lani et al., 2018), raising the question whether EHMTactiv-

ity is required to generate developmentally highly compe-

tent iPSCs by this method. We observed no differences in

the morphology or expression of endogenous Oct4 be-

tween iPSCs that were derived using 3c enhanced reprog-

ramming in either the absence or the presence of

UNC0638 (Figures S5F and S5G). However, when con-

ducting tetraploid blastocyst injections with iPSCs derived

from cells exposed to UNC0638 during the first 48 h of 3c

enhanced reprogramming, we obtained significantly

reduced numbers of viable pups compared with control

iPSCs (Figures 5D and 5E). To further investigate the rea-

sons for this observation, we initially analyzed the

imprinting status of Dlk1-Dio3, since loss of imprinting

(LOI) at this gene cluster frequently occurs during basal re-

programming and results in developmentally impaired
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Figure 5. AA Establishes a Requirement for EHMT Activity during Enhanced iPSC Reprogramming
(A) Alkaline phosphatase staining of transgene-independent iPSC colonies obtained after reprogramming MEFs in the presence of the
indicated compounds in the absence or presence of UNC0638.
(B) Quantification of iPSC colonies formed under the indicated conditions. n = 3 independent reprogramming experiments.
(C) Quantification of iPSC colonies formed in the presence of the indicated dual-compound conditions.
n = 3 independent reprogramming experiments. Significance in (B and C) was calculated by two-way ANOVA with Sidak post test with
adjusted p values of *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
(D) Schematic of the approach taken to test for potential functional deficits of iPSCs caused by transient EHMT inhibition during re-
programming.
(E) Quantification of viable pups obtained after blastocyst injection with the indicated iPSCs. Each circle represents the offspring obtained
from one recipient female (n = 10 for each condition) of 20 injected blastocysts. **p < 0.01 with Mann-Whitney test. Lines showmean with
SD.
(F) Heatmap of Pearson’s correlation coefficient for all expressed genes between three iPSC cultures derived in the presence of UNC0638
under 3c conditions and three iPSC cultures derived in the absence of UNC0638.
(G) Heatmap of the expression levels (RPKM) of the 328 ISGs (see Figure 3C) in established iPSCs derived in either the absence or the
presence of UNC0638.
iPSCs (Carey et al., 2011; Stadtfeld et al., 2010a), but is nor-

mally not observed after 3c enhanced reprogramming

(Swanzey and Stadtfeld, 2016). Analysis of iPSCs carrying

a sensitive fluorescent reporter system for imprint stability

atDlk1 revealed a very lowdegree of LOI in 3c iPSCs derived

in either the absence or the presence of UNC0638 (Figures

S5H and S5I). This argues against a causal role of dysregula-

tion atDlk1-Dio3 for the observed reduced survival of mice

obtained from 3c UNC iPSCs. Next, we subjected the iPSC

lines used for blastocyst injections to RNA-seq analysis,

which was performed at P3 (injections had been performed

at P1). PCA confirmed an overall very high degree of simi-

larity between iPSCs independent of derivation regimen

(Figure 5F). However, when we focused on the 328 MEF-

associated genes that failed to be efficiently downregulated

in early reprogramming intermediates upon UNC0638
1240 Stem Cell Reports j Vol. 15 j 1233–1245 j December 8, 2020
treatment (ISGs) (Figure 3C), the iPSCs clustered by treat-

ment group, revealing elevated expression levels of a sub-

stantial subset of these genes in cells derived in the pres-

ence of compound (Figure 5G). Together, these

observations suggest that even transient treatment with

UNC0638 during reprogramming can have lastingmolecu-

lar consequences in iPSCs that interfere with the develop-

mental potential of these cells or the proper function of de-

rivative tissues.
DISCUSSION

A plethora of experimental evidence has demonstrated

that H3K9 methyltransferases can counteract the induc-

tion of pluripotency ex vivo. By studying the consequences



of EHMT inhibition in two well-defined reprogramming

conditions, our work provides several lines of insight into

how interference with the H3K9 methylation machinery

can affect cellular and molecular changes during iPSC

formation.

First, our work confirms that counteracting H3K9

methylation facilitates reactivation of the Pou5f1 locus

(Chen et al., 2013b; Sridharan et al., 2013), which is consis-

tent with the developmental role of EHMT2 (Feldman

et al., 2006). Second, EHMTs appear to be involved in the

early downregulation of fibroblast-associated genes, indi-

cating that H3K9 methyltransferases can contribute to

the early silencing of the somatic program (Li et al.,

2017). Why this effect is restricted to specific loci remains

to be determined, but the observation that gene loci tran-

scriptionally affected by UNC0638 administration exhibit

higher levels of H3K9me2 methylation already in fibro-

blasts suggests that this chromatin modification might be

of special importance for the regulation of these genes.

The dramatic, genome-wide drop in H3K9me2 upon

EHMT inhibition during 3c enhanced reprogramming

might lower the levels of this chromatin mark at specific

gene loci below a threshold required for appropriate regula-

tion. The more pronounced loss of H3K9me2 during

enhanced reprogramming might be due to the enzymatic

stimulation of histone demethylases by AA or the faster

cell cycle under these conditions. The observation that

H3K9me2 levels at different gene loci are most strongly

affected in basal and 3c reprogramming could be due to

context-dependent upregulation or stabilization of a pro-

tein cofactor that recruits EHMTs to specific gene loci, as

has been reported for MYC in cancer cells (Tu et al.,

2018). Third, EHMTs can exert context-dependent func-

tions during the mesenchymal-to-epithelial transition

necessary for reprogramming (Li et al., 2010; Samavarchi-

Tehrani et al., 2010). In basal reprogramming, chemical in-

hibition of EHMT facilitates the upregulation of epithelial

markers such as CDH1 and EpCAM, suggesting that

H3K9 methylation contributes to the stable silencing of

additional pluripotency-associated gene loci in somatic

cells beyond Pou5f1. In striking contrast, EHMT inhibition

counteracts epithelization during our enhanced reprog-

ramming approach. This might be a consequence of the

impaired silencing of fibroblast-associated gene loci dis-

cussed above or reflective of interference with other aspects

of the molecular change that distinguish enhanced from

basal reprogramming, such as the much more dramatic al-

terations in H3K9me2 patterns.

The requirement for EHMT activity during enhanced re-

programming appears to be caused by AA. To our knowl-

edge, none of the prior studies reporting facilitated reprog-

ramming upon interference with the EHMTs utilized AA,

explaining why this interaction has been missed. In addi-
tion, most efforts to improve iPSC formation by interfering

with H3K9 methylation were done at late stages during re-

programming or by using partially reprogrammed cells

(Chen et al., 2013b; Sridharan et al., 2013; Tran et al.,

2015). Of note, a genetic screen for epigenetic regulators

conducted during human iPSC formation (which are

routinely derived and cultured in the presence of AA) re-

ported reduced reprogramming efficiencies upon KD of

EHMT1 (Onder et al., 2012). To explain the context-depen-

dent consequences of EHMT inhibition, we propose that a

balance between these histone methyltransferases and AA-

stimulated enzymes such as KDM3B is important for iPSC

reprogramming. The concept of a functional balance be-

tween H3K9 methyltransferases and AA-stimulated en-

zymesmight help develop new strategies targeting diseases

driven by the dysregulation of chromatin-modifying en-

zymes. Of note, the impact of TET1 on the success of

iPSC formation is also modulated by the presence of AA

(Chen et al., 2013a), raising the possibility that DNA deme-

thylases might functionally interact with H3K9 methyl-

transferases and demethylases during enhanced reprog-

ramming. Of note, Tet1 expression was linked to H3K9

demethylase activity during the conversion of partially

into fully reprogrammed iPSCs (Tran et al., 2019), support-

ing the interplay of DNA and histone methylation during

reprogramming. It is noteworthy that our results strongly

suggest that EHMT1 and EHMT2 have at least partially

different roles during fibroblast reprogramming. These en-

zymes predominantly function as a heterodimer in embry-

onic stem cells (Tachibana et al., 2005), while distinct func-

tions of these methyltransferases have been reported in

other cell types (Battisti et al., 2016).

Our data also suggest that even transient inhibition of

H3K9me2 methyltransferase activity during reprogram-

ming can result in impaired iPSC function, suggesting the

introduction of persistent epigenetic aberrations. The pre-

cise molecular abnormalities caused by EHMT inhibition

remain to be determined, but this observation represents a

cautionary note for potential undesired consequences

when targeting chromatinmodifiers to facilitate iPSC forma-

tion. In conclusion, our results show that H3K9 methyl-

transferases can function as flexible regulators of cellular re-

programming that influence not only molecular change

during the process, but also the properties of resultant iPSCs.
EXPERIMENTAL PROCEDURES

Mice
Derivation, handling, and genotyping of reprogrammable mice

(JAX011001) with the Oct4-GFP allele were described previously

(Stadtfeld et al., 2010b). All animal experiments were in accor-

dance with the guidelines of the NYU School of Medicine Institu-

tional Animal Care and Use Committee.
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Basic Cell Culture and Cell Culture-Based Assays
Reprogrammable MEFs were heterozygous for Rosa26-rtTA and

for Oct4-GFP and either heterozygous for an inducible OKSM

allele (Stadtfeld et al., 2010b) or homozygous for an inducible

OKS allele (Borkent et al., 2016). Culture of MEFs and iPSCs and

reprogramming experiments were conducted as previously

described (Vidal et al., 2014). If applicable, UNC0638 (1 mM) was

added.

Immunofluorescence
The following primary antibodies were used: H3K9me1 (ab9045;

1:200), H3K9me2 (ab1220; 1:200), H3K9me3 (ab8898; 1:200),

H3K4me2 (ab7766; 1:200), H3K4me3 (ab8580; 1:200), EHMT1

(ab41969; 1:200), and EHMT2 (C6H3, 1:50).

Tetraploid Blastocyst Injections
Embryo injections were conducted with 5–10 iPSCs per blastocyst

as previously described (Stadtfeld et al., 2012).

shRNA-Mediated Knockdown
Oligonucleotides against specific target genes were designed using

the splashRNA algorithm (Pelossof et al., 2017) and are listed in Ta-

ble S5.

Lentiviral Reprogramming
Reprogramming was carried out with dox-inducible mouse OKSM

(Sommer et al., 2009) and rtTA (FUdeltaGW-rtTA, Addgene, 19780)

(Maherali et al., 2008) lentiviruses.

Flow Cytometry
Single-cell suspensions were incubated with eFluor 450-conju-

gated anti-THY1 (53-2.1), biotin-conjugated anti-CDH1

(DECMA-1), and PE/Cy7-conjugated anti-EpCAM (G8.8), followed

by incubation with streptavidin-APC (all eBiosciences).

Western Blot Analysis
The following antibodies were used: EHMT1 (Ab41969) 1:1,000,

EHMT2 (C6H3) 1:800, H3K9me2 (Ab8896) 1:800, H3K9me2

(Ab1220) 1:800, H3K9me3 (Ab8898) 1:800, H3 (Ab1791) 1:1,000,

KDM3A (12835-1-AP) 1:500, and KDM3B (19915-1-AP) 1:500.

RNA-Seq Library Preparations and Analysis
Total RNA was subjected to Automated TruSeq stranded total RNA

with RiboZero Gold library preparation (Illumina) and sequencing

with a HiSeq 2500. Reads were aligned to differentially expressed

genes identified with DESeq (Anders and Huber, 2010). GO anal-

ysis was conducted using Gorilla (Eden et al., 2009) and REVIGO

(Supek et al., 2011).

ChIP-Seq
Native ChIP-seq was performed with 10 million cells as previously

described (Chen et al., 2018), using H3K9me2 antibody (Abcam,

ab1220) and Protein G Dynabeads. Libraries were prepared using

the KAPA HyperPrep Kit (Roche) and sequenced (paired-end 50)

on an Illumina HiSeq 4000.
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ChIP-Seq Analysis
Alignment of sequenced reads (Langmead et al., 2009) and enrich-

ment analysis of ChIP signal (Quinlan and Hall, 2010) were per-

formed as described.
Data and Code Availability
Raw RNA-seq and ChIP-seq data were submitted to Gene Expres-

sion Omnibus under accession number GEO: GSE130490.
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Supplemental Information can be found online at https://doi.org/

10.1016/j.stemcr.2020.08.011.
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SUPPLEMENTAL FIGURES 
 

 
 
Figure S1. Increased EHMT activity during early stages of OKSM-driven reprogramming. Related to Figure 1. (A) 
Quantification of Ehmt1 and Ehmt2 by quantitative real-time PCR using RNA isolated from indicated conditions 24 h after 
initiation of reprogramming. N = 2 independent experiments. (B). Representative immunoblots of EHMT1 and EHMT2 protein 
24 h after initiation of reprogramming. (C) Total protein staining of corresponding blot in (C). White dotted lines outline the 
areas used for total protein quantification, as used in Figures 1C, S4D and S5E. (D) Fluorescence images of MEFs and cells 24 
h after initiation of reprogramming in indicated conditions after staining with antibodies against H3K9me1, H3K9me2 or 
H3K9me3, respectively. (E) Representative quantification of H3K9me3, H3K4me2 and H3K4me3 levels in indicated 
conditions. More than 100 nuclei of similar size were measured for each cell population in at least two independent experiments. 
Significance in (A,E) with one-way ANOVA with Tukey post-test with *p<0.05, ***p<0.001 and ****p<0.0001. 
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Figure S2. EHMT activity supports 3c enhanced reprogramming. Related to Figure 2. (A) Quantification by IF of 
H3K9me2 levels in cells either exposed to UNC0638 (UNC) or DMSO for the first 24 h of OKSM expression. Significance 
with one-way ANOVA with Sidak post-test, ****p<0.0001. At least 100 size-matched nuclei were quantified for each 
condition in three independent experiments. (B) Representative fold change (normalized to H3) of H3K9me2 protein levels 
analyzed after 24 h of reprogramming initiation by WB in basal conditions with UNC treatment (n = 4 independent 
experiments). (C) Like (B) but in 3c enhanced conditions. (D) Representative images of colonies scored as iPSCs based on 
morphology and Oct4-EGFP expression. Scale bars indicate 400µm. (E)  Representative AP staining of transgene-independent 
iPSC colonies obtained upon expression of OKS in MEFs for nine days in 3c enhanced reprogramming conditions in absence 
and presence of UNC0638. (F)  Quantification of iPSC colony formation upon OKS expression in indicated conditions. N = 3 
independent experiments (G)  Number of iPSC colonies formed upon transducing MEFs with a constitutive lentiviral vector 
expressing OKSM and reprogramming cells under basal or 3c enhanced conditions in absence of presence of EHMT inhibitor. 
N = 3 independent experiments. Significance in (F,G) with two-tailed t-test with *p<0.05, **p<0.01 and ***p<0.001. 
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Figure S3. Molecular consequences of EHMT inhibition during early reprogramming stages. Related to Figure 3. (A) 
Hierarchical tree after unsupervised clustering of indicated RNA-seq samples. (B) Principal component analysis (PCA) of 
RNA-seq data obtained from cells undergoing reprogramming for two days in indicated conditions.  (C) Effect of EHMT 
inhibition (UNC) on the expression levels of genes associated with clusters 1, 3 and 5 during basal (X-axis) and 3c enhanced 
(Y-axis) reprogramming. Transcripts with significantly changed abundance during enhanced reprogramming (p-adj<0.05; 
FC>1.5) are highlighted in green (failed downregulation) and orange (failed upregulation), respectively. Numbers indicate 
percentage of cluster-specific genes affected by UNC0638 (UNC). (D) PCA analysis of H3K9me2 ChIP-seq data in indicated 
conditions and cell types. (E) Average RNA expression levels (RPKM) of gene loci ranged based on H3K9me2 levels into four 
quartiles (Q1 lowest H3K9me2 and Q4 highest H3K9me2). N = 2 independent experiments.  (F) H3K9me2 ChIP-signal over 
the gene body in 328 MEF-associated genes inefficiently silenced (ISG) in presence of UNC0638 during 3c reprogramming 
and 2664 control MEF-associated genes that are efficiently silenced (CON).  N = 2 independent experiments.  (G) Ratio of 
H3K9me2 signal in presence and absence of UNC0638 over the gene body of ISGs and control genes during basal and 3c 
reprogramming. N = 2 independent experiments.  (H) Pie diagram showing limited overlap of GO terms associated with gene 
loci whose H3K9me2 levels are most strongly affected during basal or during 3c enhanced reprogramming, respectively (see 
also Figure 3H). (I) Representative tracks showing H3K9me2 levels at three MEF-associated genes in MEFs and in indicated 
reprogramming conditions. Noteworthy features are increased H3K9me2 levels at gene bodies and/or TSS regions during 
reprogramming and dramatic reduction of this chromatin mark upon UNC0638 treatment in presence of 3c compounds.  
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Figure S4. Consequences of EHMT inhibition for later stages of iPSC reprogramming. Related to Figure 4. (A) Flow 
cytometry histograms showing expression levels of the fibroblast marker THY1 on CDH1+ cells at Day 4 of 3c enhanced 
reprogramming in absence and presence of EHMT inhibitor. (B) Quantification of THY1 levels on CDH1+ intermediates at 
Day 4 of 3c enhanced reprogramming, MFI = mean fluorescence intensity (geometric mean; as measured by flow cytometry).  
Significance with t-test, **p<0.01.  N = 3 independent experiments. (C) mRNA levels of Ehmt1 and Ehmt2 in MEFs transduced 
with indicated shRNAs and undergoing reprogramming in 3c conditions for 24 h relative to cells expressing shRNA targeting 
Renilla. Significance with multiple two-tailed t-tests with **p<0.01 and ***p<0.001. N = 2 independent experiments. (D) 
Representative immunoblots (bottom) and quantification (top) of  mean fold knockdown of EHMT1 and EHMT2 protein levels 
analyzed after 24 h of reprogramming initiation in shRNA transduced MEFs (Renilla controls). N = 3 independent experiments. 
(E) Representative immunoblots and quantification of  mean fold change of H3K9me1, H3K9me2 and H3K9me3 protein levels 
analyzed after 24 h of reprogramming initiation in shRNA transduced MEFs. Ren = Renilla shRNA; E1 = Ehmt1 shRNA; E2 
= Ehmt2 shRNA. N = 3 independent experiments. Significance in (D,E) calculated with one-way ANOVA with Tukey post-
test with *p<0.05, **p<0.01 and ***p<0.001. 
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Figure S5. AA establishes a requirement for EHMT activity during enhanced iPSC reprogramming. Related to Figure 
5. (A) Quantification of total cell numbers after expression of OKSM factors for 48 h in indicated conditions in absence or 
presence of UNC0638.  N = 3 independent experiments. (B) Percentage of iPSC colonies (per input MEFs) formed after 
shRNA-mediated KD of Kdm3a or Kdm3b during 3c enhanced (left panel) and basal reprogramming (right panel), respectively. 
N = 2 (for basal) or 4 (for 3c) independent experiments. (C) Ratio of iPSC colonies formed during 3c enhanced reprogramming 
in presence and absence of EHMT inhibitor upon KD of indicated H3K9 demethylases. Significance in (B, C) with one-way 
ANOVA with Dunnett post-test with *p<0.05 and ***p<0.001.  N = 4 independent experiments. (D) mRNA levels of Kdm3a 
and Kdm3b in cells undergoing reprogramming in 3c conditions for 24 h upon expression of respective shRNAs relative to 
cells expressing shRNA targeting Renilla. N = 2 independent experiments.  (E) Representative immunoblots and quantification 
of  KDM3A and KDM3B protein levels analyzed after 24 h of reprogramming initiation in shRNA transduced MEFs 
normalized to total protein levels in Renilla controls. N = 3 independent experiments.  (F) Representative images of P1 3c-
iPSCs derived in either absence or presence of UNC0638.  (G) Quantification of Oct4-EGFP expression in 3c-iPSCs derived 
in either absence or presence of UNC0638.  (H) Expression of the normally silenced maternal Dlk1 allele as measured by flow 
cytometry in 3c-iPSCs derived either in absence or presence of EHMT inhibitor, compared to control cells in which imprint 
dysregulation (LOI) has resulted in upregulation of maternal Dlk1. Grey-shaded histogram indicates background fluorescence 
levels. (I) Quantification of the percentage cells expressing maternal Dlk1 in iPSCs derived under indicated conditions. N = 3 
independent experiments. 
 

 



Table S5. Oligos used

Name Purpose Sequence (5'-3')
miRE-Xho-fwd cloning TGAACTCGAGAAGGTATATTGCTGTTGACAGTGAGCG

miRE-EcoOligorev cloning TCTCGAATTCTAGCCCCTTGAAGTCCGAGGCAGTAGGC

Ehmt1_1_97mer shRNA TGCTGTTGACAGTGAGCGCCGCTATGATGATGATGAATAATAGTGAAGCCACAGATGTATTATTCATCATCATCATAGCGTTGCCTACTGCCTCGGA

Ehmt1_2_97mer shRNA TGCTGTTGACAGTGAGCGAGACGGTGATTGAGATGTTTAATAGTGAAGCCACAGATGTATTAAACATCTCAATCACCGTCCTGCCTACTGCCTCGGA

Ehmt2_1_97mer shRNA TGCTGTTGACAGTGAGCGACCCCCTGATCTTTGAGTGTAATAGTGAAGCCACAGATGTATTACACTCAAAGATCAGGGGGGTGCCTACTGCCTCGGA

Ehmt2_2_97mer shRNA TGCTGTTGACAGTGAGCGATGCAGCTCAATCGAAAGCTTATAGTGAAGCCACAGATGTATAAGCTTTCGATTGAGCTGCAGTGCCTACTGCCTCGGA

Kdm3a_97mer shRNA TGCTGTTGACAGTGAGCGCCAGGAGATTACAATTCAACAATAGTGAAGCCACAGATGTATTGTTGAATTGTAATCTCCTGATGCCTACTGCCTCGGA

Kdm3b_97mer shRNA TGCTGTTGACAGTGAGCGCCACGATGAAGAAGTACTCAAATAGTGAAGCCACAGATGTATTTGAGTACTTCTTCATCGTGATGCCTACTGCCTCGGA

Kdm3a_fwd qPCR CAGCAACTCCATCTAGCAAGG

Kdm3a_rev qPCR TGTTCTCGGTACTTCAGGTTTTG

Kdm3b_fwd qPCR TGTGGTGTTGTGAGCCGTC

Kdm3b_rev qPCR TCTGGGATCTACTGACTTGACC

b2m_fwd qPCR TTCTGGTGCTTGTCTCACTGA

b2m_rev qPCR CAGTATGTTCGGCTTCCCATTC



SUPPLEMENTAL EXPERIMENTAL PROCEDURES 
 
Mice 
Derivation, handling, and genotyping of reprogrammable mice (JAX011001) with the Oct4-GFP 
allele were described previously (Stadtfeld et al., 2010). All animal experiments were in 
accordance with the guidelines of the NYU School of Medicine Institutional Animal Care and Use 
Committee. 
 
Basic cell culture and cell culture-based assays 
MEF cultures were established by trypsin digestion of midgestation (embryonic day (E) 13.5–
E15.5) embryos and maintained in DMEM supplemented with 10% FBS, L-glutamine, 
penicillin/streptomycin, nonessential amino acids and β-mercaptoethanol. Reprogrammable MEFs 
were heterozygous for Rosa26-rtTA and for Oct4-GFP and either heterozygous for an inducible 
OKSM allele (Stadtfeld et al., 2010) or homozygous for an inducible OKS allele (Borkent et al., 
2016). Established iPSCs were cultured on growth-arrested feeder cells in KO-DMEM 
(Invitrogen) supplemented with L-glutamine, penicillin/streptomycin, nonessential amino acids, 
β-mercaptoethanol, 1,000 U/ml LIF and 15% FBS (“ESC medium”). Reprogramming was carried 
out as previously described (Vidal et al., 2014). Briefly, were seeded on a layer of growth-arrested 
feeder cells in ESC medium in the presence of 1 μg/ml Dox and, if applicable, L-ascorbic acid (50 
μg/ml), CHIR99021 (3 μM) and TGF-b RI Kinase Inhibitor II (250 nM) (“3c”). The number of 
input MEFs ranged between 50-500 cells/cm2 and was adjusted to prevent overcrowding in the 
more efficient conditions and allow the formation of sufficient numbers of colonies for reliable 
quantification in the less efficient conditions. If applicable, UNC0638 (1 μM) was added. Media 
was changed every other day. Colonies were scored visually based on ESC-like morphology and 
expression of the Oct4-GFP reporter allele after several days in absence of dox, which represents 
a stringent assessment of pluripotency (Amlani et al., 2018). Colonies were visualized for low 
magnification image capture after alkaline phosphatase staining. To determine the effect of 
UNC0638 treatment on cellular proliferation 25,000 reprogrammable MEFs were seeded on each 
well of gelatinized 12-well plates in MEF media. After 12 hours, media was replaced with mESC 
media containing either DMSO or UNC0638, Dox and the applicable reprogramming-enhancing 
chemicals. After 72 hours, cells were harvested, adjusted to the same volume and counted using a 
Beckman Coulter Z1 Particle Counter. 
 
Immunofluorescence 
Reprogrammable MEFs grown on gelatinized 24-well plates in absence of feeders were fixed with 
paraformaldehyde (4%), permeabilized with Triton X-100 (0.5%), and stained in blocking buffer 
(5% goat serum, 2 mg/ml fish skin gelatin and 0.2% Tween20 in PBS) with primary antibodies 
against H3K9me1 (ab9045; 1:200), H3K9me2 (ab1220; 1:200), H3K9me3 (ab8898; 1:200), 
H3K4me2 (ab7766; 1:200), H3K4me3 (ab8580; 1:200), EHMT1 (ab41969; 1:200) or EHMT2 
(C6H3, 1:50) for one hour at room temperature, following by staining with appropriate 
AlexaFluor555-conjugated secondary antibodies (1:1000). After counterstaining nuclei with 
DAPI, cells were imaged on a Nikon Eclipse TiE scope equipped with a Lumencor Light Engine 
and a Neo 5.5 cSMOS camera (Andor). Images belonging to the same experimental series were 
imaged on the same day using identical instrument and software settings. Fluorescence intensities 
were determined in NIS elements after background subtraction and after using the autodetect 
function to identify nuclei based on DAPI signal. Measured fluorescence values were exported to 



Prism (GraphPad) for selection of similar-sized nuclei (n>100 for each experiment) and statistical 
analysis.  
 
Tetraploid blastocyst injections 
Zygotes were isolated from BDF1 females as previously described (Stadtfeld et al., 2012) and 
cultured overnight until they reached the 2-cell stage. One hour after electro-fusion, 1-cell embryos 
were separated from embryos that had failed to fuse, cultured for another two days and then 
injected with iPSCs, using 5-10 cells per blastocyst. Viable pups were defined as those that 
survived for at least three days following birth. Statistical analysis was conducted in Prism 
(GraphPad).  
 
shRNA mediated knockdown 
97-mer oligonucleotides against specific target genes were designed using the splashRNA 
algorithm (Pelossof et al., 2017), PCR amplified using the primers miRE-Xho-fwd and miRE-
EcoOligorev and cloned into the miRE plasmid backbones (Fellman et al. 2013). Viruses were 
produced using the packaging vectors psPax2, MD2G and Pasha/DCr8 and used on 
reprogrammable MEFs seeded at about 30% confluency at titers that achieved 20-30% 
transduction efficiency (determined using an EGFP cassette present miRE) before selection. After 
virus washout, selection was carried out in MEF media with 500 μg/ml G418 for a total of four 
days, with one passage after two days.  After washout of G418 and one day of culture in MEF 
media for recovery, cells were harvested, counted and seeded onto growth-arrested feeder cells for 
reprogramming or onto gelatinized plates for RNA and/or protein extraction.  Transduction 
efficiencies after selection ranged between 80-90% based on EGFP fluorescence. Knockdown was 
confirmed using quantitative PCR using gene-specific primers. All oligonucleotides are listed in 
Table S8. 
 
Lentiviral reprogramming 
Reprogramming was carried out by incubation of MEFs carrying the Oct4-EGFP reporter (but no 
transgenic OKSM cassette) with doxycycline-inducible mouse OKSM (pHAGE2-tetO-
STEMCCA)(Sommer et al., 2009) and rtTA (FUdeltaGW-rtTA, Addgene 19780) (Maherali et al., 
2008) lentiviruses to achieve between 20-30% of cells expressing OKSM in a dox-dependent 
manner (corresponding to on average a single pHAGE2-tetO-STEMCCA insertion per transduced 
cell). Without selection, MEFs were then seeded at a density of approximately 2,500 cells/cm2 (for 
basal reprogramming) and 250 cells/cm2 (for 3c reprogramming)  onto a layer of Mitomycin-C-
treated feeder cells in ESC media supplemented with doxycycline and, if applicable, UNC0638 
and 3c compounds. Media was changed every two days and on day 7 (for 3c reprogramming) or 
day 12 (for basal reprogramming) dox and all other compounds were washed out, followed by four 
more days of culture in ESC medium before colonies were scored based on Oct4 expression. 
Reprogramming efficiencies were calculated based on the total number of input MEFs.  
 
Flow cytometry 
Reprogramming cultures were harvested by incubation with pre-warmed 0.25% trypsin/1mM 
EDTA solution for 5 minutes at 37°C. Single-cell suspensions were obtained by repetitive 
pipetting and transfer through a 40 μm cell strainer. Cells were incubated with eFluor 450-
conjugated anti-THY1 (53-2.1), biotin-conjugated anti-CDH1 (DECMA-1) and PE/Cy7-
conjugated anti-EpCAM (G8.8), followed by incubation with Streptavidin-APC (all eBiosciences) 



and data acquired on a FACS LSR2 (BD Biosciences), using DAPI to identify dead cells. Data 
analysis was conducted with FlowJo (Tree Star) and with Prism (GraphPad). For the relative 
quantification of different intermediate cell populations in absence and presence of UNC0638, 
cultures were harvested completely at the indicated day of reprogramming, stained with the 
appropriate antibodies, volume adjusted and run through the flow cytometer for the same amount 
of time at identical acquisition speeds. Total numbers of intermediates were determined after 
gating in FlowJo and corresponding ratios (UNC0628 sample/DMSO sample) calculated. For the 
assessment of Dlk1-Dio3 imprint stability, 3c iPSCs were obtained in either absence of presence 
of UNC0638 from reprogrammable MEFs carrying a dual fluorescent reporter system for 
quantification of allele-specific expression of the Dlk1 gene, which normally is only expressed 
from the paternal allele (Swanzey and Stadtfeld, 2016). Established iPSCs cells were differentiated 
at early passage to trigger Dlk1 expression and the percentage of Dlk1-expressing cells with an 
(abnormal active) maternal allele quantified.  Statistical analysis of flow cytometry data was 
conducted in Prism, using at least 500 cells of each population of interest for each biological repeat. 
 
Western blot analysis 
Reprogrammable MEFs were grown on gelatinized plates in absence of feeders. Cells were 
collected 24 hours after initiation of reprogramming for each treatment group. Nuclear protein was 
extracted using the Thermo Scientific NE-PER kit (Catalog Number 78833). For analysis of 
histone methylation marks, protein extraction was carried out using the Abcam histone extraction 
kit (ab113476). Protein was quantified using the Bio Rad protein Assay Dye (#5000006). Equal 
amount of protein was loaded for each set of experiment (range 5 to 15 µg) with NuPAGE™ LDS 
Sample Buffer (4X) in NuPAGE 4-12% Bis Tris protein gels. Gels were run using MES running 
buffer or MOPS running buffer in XCell SureLock Mini-Cell. Protein gels were blotted using the 
XCell II™ Blot Module and PVDF membrane, followed by straining of transfer membranes with 
Revert™ 700 Total Protein Stain. Fluorescent images for total protein quantification were taken 
immediately after staining using the Azure Biosystem C series. Membranes were transferred to a 
blocking buffer (5% nonfat milk in TBST) and incubated with gentle shaking for 2 h. Membranes 
were then probed with primary antibody and incubated overnight with gentle agitation at 4°C. 
After incubation blots were washed with TBST (Tris-Buffered Saline with Tween-20) and probed 
with respective secondary antibodies in blocking buffer. Finally, blots were washed with TBST 
and incubated in Clarity western ECL substrate chemiluminescent detection reagent (Bio-Rad 
#1705062). The following antibodies were used: 
EHMT1(Ab41969) 1:1000, EHMT2(C6H3) 1:800, H3K9me2(Ab8896) 1:800, 
H3K9me2(Ab1220) 1:800, H3K9me3(Ab8898) 1:800, H3(Ab1791) 1:1000, KDM3A(12835-1-
AP) 1:500, KDM3B(19915-1-AP) 1:500. For densitometric analysis, chemiluminescent blots were 
imaged with Azure Biosystem. AzureSpot software was used to measure individual band and total 
protein lane intensities. For each case background was subtracted for quantification. All blots were 
normalized over total protein or H3, as indicated in the figure legend. All data was analyzed using 
GraphPad Prism software. One-way ANOVA with Tukey’s positive test or student’s t test were 
used for statistical analyses. 
 
 
RNA-seq library preparations and analysis 
Total RNA was extracted from either 2 million reprogrammable MEFs or established iPSCs grown 
on gelatinized plates in absence of feeders with the RNeasy Plus Kit (Qiagen) and samples with 



RIN values > 8 were subjected to Automated TruSeq stranded total RNA with RiboZero Gold 
library preparation (Illumina). Single-end 50 bp reads were generated with HiSeq2500. RNA-seq 
raw sequencing data were aligned to mouse genome version mm10 with the tophat algorithm 
(version 2.1.0)(Kim et al., 2013) and the use of «--b2-very-sensitive» parameter. Samtools (version 
1.8) (Li et al., 2009) was used for data filtering and file format conversion. Aligned reads were 
assigned to exons with the use of the HT-seq count (version 0.5.4p3) algorithm (Anders et al., 
2015) and the following parameters «-m intersection -nonempty». Differentially expressed genes 
were identified with the use of DESeq R package (R.3.4.4) (Anders and Huber, 2010), excluding 
genes with RPKM<1. R was used for PCA analysis of all genes whose expression was above 1 
RPKM in at least one condition and for k-mean clustering on Z-transformed normalized expression 
levels of DEGs between MEFs and early reprogramming intermediates with default settings and 
k=5. Gene ontology analysis was conducted using Gorilla (Eden et al., 2009) and REVIGO (Supek 
et al., 2011). Raw sequencing data are submitted in GEO under accession number GSE130490.  
 
ChIP-seq 
MEFs were reprogrammed in basal or 3c conditions with and without 1μM UNC0638 for 48 hours 
on gelatinized plates in absence of feeders. Native ChIP-seq was performed as previously 
described (Chen et al., 2018). 10 million cells were trypsinized, washed in ice-cold PBS, and flash 
frozen. Cell pellets were resuspended in Dounce Buffer (10mM Tris-HCl pH 7.5, 4mM MgCl2, 
1mM CaCl2, protease inhibitors) with a 1:1 ratio of Drosophila Kc cells (for spike-in controls) and 
homogenized using 20 repetitions of a 25G syringe. Cells were treated with 150U/ml micrococcal 
nuclease (Worthington Biochemical) for 20 minutes at 37°C and reactions were quenched with 
0.5M EDTA and incubated on ice for 5 minutes. MNase-digested cells were incubated on ice for 
1 hour with vortexing every 10 minutes with 1ml Hypotonic Lysis Buffer (0.2mM EDTA, 0.1mM 
benzamidine, 0.1mM PMSF, 1.5mM DTT, PIC) followed by a 3000g spin at 4°C for 5 minutes. 
Supernatants were precleared by rotation for 2 hours at 4°C with Protein G Dynabeads (Life 
Technologies) that had been washed 3x in IP Buffer (10mM Tris-HCl pH 8.0, 1% Triton X-100, 
0.1% Deoxycholate, 0.1% SDS, 90mM NaCl, 2mM EDTA, PIC). Precleared chromatin was 
combined in 2 million cell equivalents with 5ul H3K9me2 antibody (Abcam, ab1220) and 20ul 
washed Protein G Dynabeads in IP Buffer and rotated at 4°C overnight. Beads were then washed 
twice with ChIP Wash Buffer (20mM Tris-HCl pH 8.0, 0.1% SDS, 1% Triton X-100, 2mM EDTA, 
150mM NaCl, PIC), once with Final ChIP Wash Buffer (20mM Tris-HCl pH 8.0, 0.1% SDS, 1% 
Triton X-100, 2mM EDTA, 500mM NaCl, PIC), and eluted twice 100ul Elution Buffer (100mM 
NaHCO3, 1% SDS) and RNase A at 68°C. Input chromatin for each sample was diluted to 200ul 
in Elution Buffer and DNA from all samples and inputs was purified using the QIAquick PCR 
Purification Kit (Qiagen). Libraries were prepared using the KAPA HyperPrep Kit (Roche) and 
sequenced (paired-end 50) on an Illumina HiSeq 4000. 
 
ChIP-seq analysis 
Raw sequenced reads were aligned to both mouse (assembly mm10) and drosophila genome 
(assembly dm6) with Bowtie 2 (Langmead et al., 2009)(version 2.2.6) and --very-sensitive option, 
while filtering of poor quality and multi-mapped aligned reads was performed with the use of 
samtools (version 1.8). Picard tools (version 2.12.2) and MarkDuplicates option was used to 
remove duplicates, while enrichment of ChIP signal of the uniquely mapped reads was performed 
with the use of bedtools(Quinlan and Hall, 2010) coverageBed command (version 2.26.0) with --
mean option. All reads from chrM and reads marked by blacklist regions (Amemiya et al., 2019) 



were removed. Enrichment of mouse H3K9me2 signal was normalized to the number of drosophila 
aligned and filtered reads (per million). Representation of the enrichment signal with bigwig files 
was performed with genomeCoverageBed and bedGraphToBigWig(Kent et al., 2010). Genome 
wide or region specific (gene body, promoter) comparison of the median H3K9me2 normalized 
ChIP signal was performed with Wilcoxon rank sum test. PCA analysis of the genome wide 
distribution of H3K9me2 was performed with R. Genome was split into 2.5 kb bins and bins with 
no reads in all the experiments were discarded from the PCA analysis 
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