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SUMMARY
Inhibiting the histone 3 lysine 79 (H3K79) methyltransferase, disruptor of telomeric silencing 1-like (DOT1L), increases the efficiency of

reprogramming somatic cells to induced pluripotent stem cells (iPSCs). Here, we find that, despite the enrichment of H3K79methylation

on thousands of actively transcribed genes in somatic cells, DOT1L inhibition (DOT1Li) does not immediately cause the shutdown of the

somatic transcriptional profile to enable transition to pluripotency. Contrary to the prevalent view, DOT1Li promotes iPSC generation

beyond the mesenchymal to epithelial transition and even from already epithelial cell types. DOT1Li is most potent at the midpoint of

reprogramming in part by repressing Nfix that persists at late stages of reprogramming. Importantly, regulation of single genes cannot

substitute for DOT1Li, demonstrating that H3K79 methylation has pleiotropic effects in maintaining cell identity.
INTRODUCTION

Differential gene expression allows for functional diversity

that translates to tissue specialization in multicellular

organisms. In response to signaling and spatial cues, tran-

scription factors engage with the epigenome to culminate

in gene expression patterns that establish cell identity (Kel-

sey et al., 2017). The abundance of specific epigenetic mod-

ifications changes dynamically during development, right

from the formation of the zygote (Dang-Nguyen and

Torres-Padilla, 2015; Smith and Meissner, 2013). Fertiliza-

tion of an oocyte triggers a decrease in histone 3 lysine

(K) 79 dimethylation (H3K79me2) independent of genome

replication (Ooga et al., 2008). H3K79me2 levels remain

low during the pre-implantation phase until the blastocyst

stage (Ooga et al., 2008). H3K79me2 is themost differential

histonemodification between somatic cells and embryonic

stem cells (ESCs) that are derived from the blastocyst (Srid-

haran et al., 2013).

Disruptor of telomeric silencing 1-like (DOT1L) is the

sole methyltransferase that performs all levels (me1, me2,

and me3) of H3K79 methylation (called H3K79me hence-

forth; Black et al., 2012).Dot1l knockout (KO) mice are em-

bryonic lethal between days 9.5 and 13.5, demonstrating

the importance of H3K79me in development (Feng et al.,

2010; Jones et al., 2008). Dot1l KO results in disorganized

yolk sacs containing primitive erythrocytes. DOT1L is

also necessary for development of the heart (Nguyen and

Zhang, 2011), cerebral cortex (Franz et al., 2019), and chon-

drocytes (Castaño Betancourt et al., 2012) and normal

CD8+ T cell differentiation (Kwesi-Maliepaard et al.,

2020). H3K79me is not required for pluripotency, as ESCs

continue to self-renew in the absence of DOT1L or

DOT1L catalytic activity (Barry et al., 2009; Cao et al.,
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2020; Jones et al., 2008). We and others have shown that

DOT1L is a barrier for transcription-factor-mediated re-

programming to induced pluripotent stem cells (iPSCs)

frommouse neural stem cells and human fibroblasts (Jack-

son et al., 2016; Onder et al., 2012).

Collectively, these phenotypes provide evidence for the

importance of DOT1L in cell fate determination; however,

the function of H3K79me in mammals has remained

elusive. H3K79me2 is enriched on the bodies of rapidly

elongating genes (Duffy et al., 2018; Veloso et al., 2014),

implicating the modification as a positive regulator of

transcription. In acute leukemia, fusion proteins between

mixed-lineage leukemia (MLL) and numerousDOT1L-asso-

ciated proteins (ENL, AF9, and AF10) frequently drive

oncogenesis (Mohan et al., 2010). MLL target genes, such

as the HOXA cluster, are upregulated concurrent with the

corresponding locus becoming H3K79 methylated as

DOT1L is mislocalized via the MLL-DOT1L-interacting

fusion protein. In contrast, H3K79me enrichment directly

downregulates the expression of the epithelial sodium

channel gene in mouse cells (Zhang et al., 2006), con-

founding the role of DOT1L in transcription.

Here, we use the dynamic system of somatic cell reprog-

ramming frommouse embryonic fibroblasts (MEFs) to iPSCs

to investigate DOT1L function in maintaining cell identity.

We find that DOT1L inhibition enhances MEF pluripotency

acquisition throughout the process but actsmost potently at

mid-reprogramming. This dramatic increase in reprogram-

ming is accompanied by few steady-state transcriptional

changes. Previous studies have reported that DOT1L inhibi-

tion (DOT1Li) enhances reprogramming by facilitating the

mesenchymal to epithelial transition (MET) that occurs

when reprogramming fibroblasts (Apostolou and Hoched-

linger, 2013; Onder et al., 2012). However, with orthogonal
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experiments, such as expressing Cdh1 during reprogram-

ming, testing cells after MET, and reprogramming keratino-

cytes that are already epithelial, we conclusively demon-

strate that DOT1Li enhances pluripotency far beyond the

transition to the epithelial identity. Using a small interfering

RNA (siRNA) screen, we identifyNfix, which remains highly

expressed throughout reprogramming, as a regulator that

collaborates with DOT1L to reduce iPSC formation. There-

fore, DOT1Li increases pluripotency acquisition in part by

preventing upregulation of reprogramming-associated

genes, which contributes to the continued requirement of

DOT1Li into the mid-phase of reprogramming. DOT1Li

does not immediately switch off the somatic transcriptome

to favor pluripotency and functions through pleiotropic

effects.
RESULTS

DOT1L enzymatic activity is a barrier for

reprogramming

We used a secondary reprogramming system to assess how

DOT1L affects MEF pluripotency acquisition. MEFs iso-

lated from mice that contain Oct4, Sox2, Klf4, and c-Myc

(OSKM) (Sridharan et al., 2013) under a doxycycline-

inducible promoter were reprogrammed with Dot1l

knockdown using siRNA. With depletion of just half of

the Dot1l transcript (Figure S1A), reprogramming was

increased 2-fold (Figure 1A). Because DOT1L protein can

function independent of catalytic activity (Cao et al.,

2020), we next inhibited DOT1L using two extremely spe-

cific small molecules with no reported off-target effects

(Figure 1B; Daigle et al., 2013; Kaniskan et al., 2018; Yu

et al., 2012). SGC0946, hereafter called DOT1Li, disrupts

DOT1L interaction with S-adenosyl methionine (SAM)

by inducing a conformational change and is 10-fold

more potent than the first-generation DOT1Li inhibitor,

EPZ004777 (Yu et al., 2012). Both EPZ004777 (Nassa

et al., 2019) and SGC0946 (Wu et al., 2021) were recently

shown to reduce DOT1L occupancy at target genes.

EPZ5676, known as pinometostat, is a highly selective

DOT1L inhibitor that also prevents SAM interaction and

has entered clinical trials (Campbell et al., 2017). Both

chemical inhibitors decreased H3K79me2 with similar

kinetics compared with control (Figure 1B) and compa-

rably increased reprogramming of MEFs as measured by

NANOG expression (Figures 1C, S1B, and S1C). Impor-

tantly, DOT1Li produced at least 9-fold more bona fide

pluripotent colonies that maintained NANOG expression

after removal of transgene expression by withdrawal of

doxycycline (Figures 1C, S1B, and S1C, right). Similar

concordance of increased reprogramming efficiency

from human somatic cells has been reported when using
RNAi-mediated depletion and catalytic inhibition with

EPZ00477 (Onder et al., 2012).

To determine the temporal requirement for DOT1Li to

enhance reprogramming, we performed a 6-day time

course (Figure 1D, left). When reprogramming populations

were exposed to DOT1Li in 2-day intervals, the greatest in-

crease in reprogramming was observed with treatment be-

tween days 2 and 4 (Figure 1D, blue bars). Removing

DOT1Li between days 2 and 4 resulted in fewer NANOG-

positive colonies compared with 4 days of continuous

DOT1Li treatment either early or late in reprogramming

(Figure 1D, red bars). The greatest number of NANOG+

colonies formed when DOT1L was inhibited throughout

reprogramming. Thus, DOT1L activity is a barrier to reprog-

ramming throughout the conversion process but has the

greatest effect in the intermediate phase.

Loss ofH3K79meduring reprogramming results in few

steady-state transcriptional changes

To elucidate how loss of H3K79me enhances iPSC genera-

tion, the starting MEFs, reprogramming populations on

days 2 and 4, and ESCswere transcriptionally profiled using

RNA sequencing (RNA-seq). Independent experiment repli-

cate samples collected on day 4 were treated continuously

with DOT1Li, treated ‘‘early’’ from day 0 to 2, treated

‘‘mid’’ from day 2 to 4, or treated continuously with vehicle

control (Figures S1D and S1E) to capture how DOT1Li spe-

cifically increases mid reprogramming (Figure 1D). Contin-

uous DOT1Li for 4 days resulted in themost transcriptional

alterations compared with early or mid treatment (Figures

1E, S1G, and S1H). Three hundred fifty-two genes

were differentially expressed (Figure 1E; experimental pro-

cedures), with 10-fold more genes upregulated than

downregulated. The majority of differentially expressed

(DE) genes had a modest change in expression (Figure 1F).

This low-magnitude change in expressionoccurred ingenes

with low levels of absolute expression (Figure 1G). Mid

treatment from day 2 to 4 with DOT1Li yielded the next

highest number of changes, with 125 upregulated genes

and 2 downregulated genes (Figure S1H), followed by day

2 DOT1Li (51 upregulated and 1 downregulated; Fig-

ure S1F). Removal of DOT1Li after 2 days (early treatment)

resulted in only nine DE genes (Figure S1G). Accordingly,

early treatment clustered closest with day 4 control-treated

replicates (Figure S1D). At every time point, a far greater

number of upregulated thandownregulated geneswereDE.

H3K79me2 is enriched on numerous genes, yet few

change their steady-state mRNA levels

DOT1Li could promote iPSC generation by erasing the so-

matic program, enhancing pluripotent gene expression, or

a combination of the two. To distinguish between these

possibilities, significantly DE genes from all time points
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Figure 1. Loss of H3K79me during reprogramming results in few steady-state transcriptional changes
(A) Reprogramming efficiency of MEFs treated with control non-targeting (NT) siRNA or depleted for Dot1l (siDot1l). Error bars represent
the SEM of three independent experiment replicates, each composed of two or three technical replicates. Colonies obtained in NT were set
to 1. **p < 0.01 by unpaired t test.
(B) Immunoblot of H3K79me2 and TUBULIN loading control of reprogramming cells on day 2 or 4 treated with control DMSO, SGC0946
(DOT1Li), or EPZ5676.
(C) NANOG+ colonies obtained on days 6 to 7 after induction of OSKM in MEFs (left) and stable (NANOG+/DPPA4+) colonies 2–4 days post-
doxycycline (dox) and drug removal (right) with control or DOT1Li. Colonies obtained in control treatment were set to 1. Error bars
represent the SEM of three independent experiment replicates, each composed of two or three technical replicates. ***p < 0.001 and *p <
0.05 by unpaired t test.
(D) (Left) Scheme of exposure to DOT1Li (gray boxes) or control (dotted boxes). (Right) Number of NANOG+ colonies on day 6 is shown.
Colonies obtained in day 0–6 continuous DOT1Li treatment were set to 100% (black bar). Error bars represent the SEM of three independent
experiment replicates, each consisting of two or three technical replicates. Each duration of DOT1Li treatment, 2 days (blue bars) or 4 days
(red bars), was assessed by one-way ANOVA. Significance was calculated post hoc with the Tukey test: ***p < 0.001, *p < 0.05, and not
significant (n.s.), p > 0.05.
(E) Number of genes upregulated or downregulated by a more than 2-fold change (FC) with a posterior probability of differential expression
greater than 0.95 determined by EBSeq in day 4 DOT1Li versus day 4 control.
(F) Boxplot of log2 FC of all genes with a posterior probability of differential expression greater than 0.95 in day 4 DOT1Li relative to day 4
control.
(G) Log10 of the averaged transcripts per million (TPM) of day 4 DOT1Li and 4 control versus log2 FC of all genes. More than 2-fold
upregulated is indicated in red and downregulated indicated in blue.
See also Figure S1.
(n = 438; ‘‘DOT1Li-DE’’) were compared with the change in

gene expression in ESCs versus MEFs. While about 50% of

DOT1Li-downregulated genes were also decreased in ESCs,

far fewer of the DOT1Li-upregulated genes were upregulated

in ESCs, suggesting that most of the steady-state transcrip-

tional change is aberrant to thatobserved inESCs (Figure2A).
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We then asked whether the transcriptional changes were

correlated with the presence of H3K79 methylation. Chro-

matin immunoprecipitation sequencing (ChIP-seq) of

H3K79me2 inMEFs derived from the same reprogrammable

mouse line and ESCswas analyzed (Figure 2B; Chronis et al.,

2017).As expected,highly expressedgeneswere enriched for



Figure 2. H3K79me2 is enriched on numerous genes, yet few change transcriptionally in steady-state mRNA levels
(A) Genes upregulated (gold) or downregulated (blue) by DOT1Li treatment at any time point relative to the matched control (DOT1Li-DE
list) plotted on expression calculated as log10 of ESC TPM (left) or MEF TPM (right) versus log2 FC in ESCs relative to MEFs.
(B) Genes with H3K79me2 called peaks in ESCs (red), in MEFs (green), shared in both cell types (orange), or with no peak (purple) were
plotted onto the indicated expression calculated as log10 TPM versus log2 FC in ESCs relative to MEFs. H3K79me2 location data were
analyzed from GEO: GSE90895 (Chronis et al., 2017).
(C) Bar graph of H3K79me2 called peaks at DOT1Li-DE genes. Significance calculated by Fisher’s exact test is shown.
(D) Overlap of genes with an H3K79me2 peak on day 2 of reprogramming (Chronis et al., 2017) with DE genes at the indicated time points.
See also Figure S2.
H3K79me2 in both MEFs and ESCs. Genes with ‘‘shared

peaks’’ were highly expressed and predominantly house-

keepinggenes (Figure S2A). In addition,many low-expressed

genesdidnothavea significantH3K79me2peak,yet a subset

of these genes were DE in ESCs versus MEFs (Figure 2B, ‘‘no

peak’’).

The majority of DE genes did not have an H3K79me2

peak (Figures 2C, S2B, and S2C). Thirteen percent of upre-

gulated genes had a peak in ESCs, while only 2.7% had a
peak in MEFs, and 1.2% had a shared peak (Figure 2C).

Only 22% of downregulated genes had a peak in MEFs,

16% had a shared peak, and 1 gene had a peak in ESCs (Fig-

ure 2C). To capture whether transient gain in H3K79me2

during reprogramming affects gene expression, DE genes

at day 2 or 4 of reprogramming overlapped with genes

modified by H3K79me2 48 h after OSKM induction. Very

fewDE genes contained an H3K79me2 peak during reprog-

ramming, and the majority were upregulated (Figure 2D).
Stem Cell Reports j Vol. 17 j 384–396 j February 8, 2022 387



Figure 3. DOT1L inhibition leads to transcriptional changes not observed in MEFs or ESCs
(A) k-means clustering of DOT1Li-DE genes organized based on transcriptional change in ESCs relative to MEFs. Heatmap intensity
indicates log2 FC TPM relative to MEF for each sample.
(B) Representative gene ontology categories for each cluster. The most enriched categories containing unique sets of genes are displayed
(HOMER).
(C) qPCR validation of select genes from every cluster in non-targeting control (NT) treated with control DMSO, siDot1l (si), and DOT1Li.
Normalized expression in MEFs was set to 1 for Dot1l and clusters 1, 4, and 5. Normalized expression in ESCs was set to 1 for clusters 2 and 3.
All samples shown are from day 2 (left) to day 4 (right). Insets: zoomed-in RNA-seq heatmaps of assessed genes in control (C), DOT1Li (D),
and ESCs at day 2 (2) and day 4 (4). Genes are abbreviated as first initial and number.
(D) Hierarchical clustering of relative expression of tested genes (C).
(E) Spearman correlation of DOT1Li-DE gene TPM across all samples.
See also Figure S3.
DOT1L inhibition leads to transcriptional changes not

observed in MEFs or ESCs

To ascertain the functional role of DOT1Li during reprog-

ramming irrespective of time point, all DOT1Li-DE genes

were clustered and visualized on a heatmap relative to their

expression in MEFs (Figure 3A). Genes in clusters I–III were

changed by DOT1Li to resemble ESC-like expression and

included transcription factors involved in structure

morphogenesis, epithelium, and proliferation genes (Fig-

ures 3A, 3B, and S3A). In contrast to genes in clusters I–

III, the majority of genes (clusters IV and V) do not

resemble the transcriptional profile of ESCs relative to

MEFs (Figure 3A). Genes in cluster IV (n = 60) are a mixed

population of aberrantly upregulated genes, or their down-
388 Stem Cell Reports j Vol. 17 j 384–396 j February 8, 2022
regulation is prevented by DOT1Li (Figures 3A and S3A)

and they are not functionally related. Cluster V (n = 160)

contains genes that are upregulated by DOT1Li treatment

yet are largely unchanged in ESCs relative to MEFs (Figures

3A and S3A) that function in transmembrane signaling

(Figure 3B).

As an independent validation of these trends in tran-

scriptional profile, we verified the expression changes in

an siRNA-mediated depletion of Dot1l over a 6-day time

course. Samples were collected on day 2 and day 4 and

showed a greater than 2-fold decrease in Dot1l expression

(Figure 3C). We selected at least three genes in each cluster

that represented varying levels of change on day 2 and day

4 by DOT1Li (Figure 3C, inset). The results obtained from



Figure 4. Inhibition of DOT1L enhances reprogramming of epithelial cells
(A) (Top) CDH1 immunofluorescence on day 4 of reprogramming of Cdh1-transduced cells. Scale bar represents 500 mm. (Bottom) Relative
Cdh1 expression measured on day 3 of reprogramming is shown. ESCs are set to 1. Cells were treated with control (white bars) or DOT1Li
(gray bars).
(B) Fold NANOG+ colonies of empty-vector- (–) or Cdh1-transduced cells, treated with control (white bars) or DOT1Li (gray bars). Empty-
vector-transduced cells treated with control are set to 1. Error bars represent the SEM of three independent experiment replicates, each
consisting of two technical replicates. ****p < 0.0001 and n.s., p > 0.05, by unpaired t test.
(C) Reprogramming scheme (top): cells were grown for 3 days in KnockOut serum replacement (KSR)-containing medium to accelerate
CDH1 expression. On day 3.5, cells were sorted with flow cytometry for CDH1 surface expression, followed by DOT1Li or control treatment.
RNA-seq samples were collected at day 5.5, and reprogramming was evaluated on days 8 to 9. (Bottom) NANOG+ colony formation of CDH1-
sorted cells treated with DOT1Li (D) or control (C) is shown. Error bars represent the SEM of three independent experiment replicates, each
consisting of two or three technical replicates. *p < 0.05 and n.s., p > 0.05, by unpaired t test.
(D) Overlap of 1.5-FC DOT1Li downregulated genes in CDH1� and CDH1+ cells with the downregulated genes from all time points of the
DOT1Li time course (2-FC; Figure 3A) and genes downregulated in ESCs relative to MEFs (2-FC). A selection of genes is displayed.

(legend continued on next page)
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the genetic knockdown cluster with DOT1L catalytic inhi-

bition (Figure 3D). Another study using the first-generation

EPZ004777 inhibitor and shDOT1L in breast cancer lines

found a large overlap in gene-expression changes between

the twomethods of depletingDOT1L function (Nassa et al.,

2019). However, it remains possible that some of the tran-

scriptional alterations that we observe are due to off-target

effects of the small-molecule DOT1Li.

Although the changes in clusters I–III (Figure 3A) position

DOT1Li-treated cells closer to pluripotency acquisition than

control-treated cells, Spearman correlation of DOT1Li-DE

gene expression shows that all time points more closely

resemble MEFs than ESCs (Figure 3E). Both day 2 samples

cluster together and are more correlated to day 4 control

comparedwith other day 4 samples, suggesting day 4 control

treatment is kinetically behind theotherDOT1Li treatments.

Because there are few transcriptional alterations, all day 4

samples cluster closely together (Figure 3E).Of the day4 sam-

ples, day 4 early (d0–2) andday4 control treatments aremost

highly correlated, explaining why a removal of DOT1Li on

day 2 of reprogramming barely increases NANOG+ colony

formation relative to control treatment (Figure 1D).

To determine how the clusters may be regulated, we per-

formed motif analysis and found that cluster III and, to a

lesser extent, cluster II were enriched for E-boxes that can

be bound by a cadre of proteins, depending on the motif

context (Figure S3B). Mesenchymal E-box binding genes

that repress expression are not DE by DOT1Li, with the

exception of Twist2, which is 2-fold downregulated on

day 4 with constant DOT1Li inhibition (Figure S3C). Of

note, DOT1Li inhibition also activates Mycn (2.7-fold in

day 4DOT1Li) that binds E-boxes to promote gene activity.

Thus, the balance of these two proteins may be responsible

for themodest increase in expression of cluster III, which is

much more significantly enriched for E-boxes compared

with cluster II (Figure S3B). Cluster IV is enriched for

TCF7 motifs, a transcriptional activator, which is upregu-

lated by DOT1Li treatment. Finally, cluster V is enriched

for HOXD12 and HIC1motifs, both transcriptional regula-

tors downregulated by DOT1Li treatment.
(E) Overlap of 1.5-FC DOT1Li upregulated genes in CDH1� and CDH1+

time course (2-FC; Figure 3A) and genes upregulated in ESCs relative
(F) Scatterplot of log2 FC TPM of DOT1Li versus matched control, of th
axis RNA-seq samples at DOT1Li-DE genes.
(G) NANOG+ colonies on day 8 of keratinocyte reprogramming, treated
detected. Inset: immunoblot of H3K79me2 and TUBULIN loading con
(H) Expression (TPM) bar graph of DOT1Li upregulated reprogrammin
(I) Cells transduced with vector control (–) or human NANOG (hN), tre
colonies during reprogramming are shown. (Right) Stable colonies pos
to 1. Error bars represent the SEM of three independent experiment rep
0.0001, ***p < 0.001, *p < 0.05, and n.s., p > 0.05, by unpaired t te
See also Figure S4.
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Thus, DOT1Li may promote development of reprogram-

ming intermediates expressing lineage genes (Polo et al.,

2012) due to subtle changes in transcription factor levels.

However, as the two clusters that most resemble ESCs (I

and II) are devoid of motifs bound significantly by any of

the DOT1Li DE genes, it is unlikely that DOT1L regulates

pluripotency acquisition through such intermediates.

Inhibition of DOT1L enhances reprogramming of

epithelial cells

To investigate whether individual genes in the upregulated

cohort could replace DOT1Li, we first examined the epithe-

lial genes. MET is an early phase of reprogramming when

starting with MEFs (Apostolou and Hochedlinger, 2013).

Cluster II genes (Figure 3A) that were most similar in their

expression changes to ESCs (Figure S3A) are enriched for

epithelial genes and E-box motifs (Figure S3B). We intro-

duced Cdh1, which has previously been shown to be

required for pluripotency (Chen et al., 2010; Hawkins

et al., 2012), into reprogrammable MEFs using a lentivirus

to achieve expression comparable to that in ESCs (Fig-

ure 4A). Although CDH1 was detected at the cell surface

(Figure 4A), it did not enhance MEF reprogramming (Fig-

ure 4B). It is important to note that exogenousCdh1 expres-

sion was incapable of causing mesenchymal gene downre-

gulation (Figure S4A). This result supports the notion that

mesenchymal gene downregulation and Cdh1 upregula-

tion are regulated independent of each other from our co-

expression analysis of single-cell (sc) RNA-seq data, where

we found that reprogramming cells can simultaneously

express genes fromboth programs (Tran et al., 2019). Given

that expression of Cdh1 alone could not replace DOT1Li

function (Figure 4B), we assessed how reduction of

H3K79me affects reprogramming of cells that are already

epithelial. Reprogramming MEFs were sorted on day 3.5

post-OSKM induction for cell-surface CDH1 expression

(Figure 4C) to a level similar to that of ESCs (Figure S4B). Re-

programming of the CDH1� and CDH1+ sorted cells was

then continued in the presence of DOT1Li. Interestingly,

reprogramming of both populations of cells was increased
cells with the upregulated genes from all time points of the DOT1Li
to MEFs (2-FC). A selection of genes is displayed.
e indicated time course (Figure 1) x axis, and CDH1 sort (Figure 4) y

with DOT1Li or control. Bars represent technical replicates. n.d., not
trol in ESCs and keratinocytes (Ker.) is shown.
g factors.
ated with control (white bars) or DOT1Li (gray bars). (Left) NANOG+

t-dox removal are shown. Colonies obtained in vector control are set
licates, each consisting of two or three technical replicates. ****p <
st.



to similar extents (6.8-fold) when exposed to DOT1Li (Fig-

ure 4C), indicating a response beyond the upregulation of

the epithelial program.

To identify a transcriptional response after epithelial up-

regulation, we profiled the gene expression of CDH1� and

CDH1+ populations with DOT1Li. Independent experi-

ment replicate transcriptional data from these sorted pop-

ulations were highly reproducible (Figure S4C) and clus-

tered with one another rather than with MEFs or ESCs

(Figure S4D). Similar to the results from the unsorted

time course (Figures 1 and 3), more genes were upregulated

than downregulated by DOT1Li in both CDH1� and

CDH1+ populations. Hoxd12 was the only commonly

downregulated gene in CDH1�, CDH1+, DOT1Li-DE days

2 and 4, and ESCs relative toMEFs (Figure 4D). Upregulated

genes that were altered in the same direction as their

expression in ESCs (Figure 4E) were enriched for the func-

tional categories of stem cell population maintenance

and epithelial cell development. The changes mediated

by DOT1Li in unsorted populations were positively corre-

lated with those in CDH1-sorted populations (Figure 4F).

Interestingly, the changes in CDH1� cells more closely

resemble day 2 of the unsorted time course, whereas the

CDH1+ cells are comparatively more correlated to day 4

alterations (Figure 4F). Indeed, irrespective of the status of

CDH1 expression in the sorted population, addition of

DOT1Li further enhances the expression of pluripotent

genes, such as Nanog, albeit to a much lower extent than

in ESCs (Figure S4E).

CDH1 is an important, but not the sole, determinant of

epithelial identity. Given that DOT1Li increased reprog-

ramming from MEFs that overexpressed or were induced

to express CDH1, we next investigated the effect of

DOT1L on an epithelial cell type. Keratinocytes are epithe-

lial and, despite not having to undergoMET (Li et al., 2010;

Samavarchi-Tehrani et al., 2010), still reprogram poorly

compared withMEFs (Nefzger et al., 2017).We isolated ker-

atinocytes from reprogrammable mice and confirmed that

they express similar levels of CDH1 on their surface

compared with ESCs (Figure S4F). Because our mass spec-

trometry comparison of global histone modification levels

was from MEFs (Sridharan et al., 2013), we performed an

immunoblot for H3K79me2. Keratinocytes had over 5-

foldmore H3K79me2 globally than ESCs (Figure 4G, inset),

confirming that high levels of this modification are a com-

mon feature of somatic cells. DOT1Li applied during kera-

tinocyte reprogramming increased both the efficiency and

the kinetics with the appearance of tens of NANOG+ col-

onies by day 8 of reprogramming (Figure 4G). No colonies

were obtained in the control at this time point, likely due to

their lower reprogramming efficiency compared withMEFs

(Nefzger et al., 2017). Thus, DOT1Li promotes pluripo-

tency beyond the upregulation of epithelial identity.
We next assessed whether DOT1Li increases reprogram-

ming through upregulation of pluripotency factors. In

our previous analysis of single-cell transcriptomic analysis,

we found that the co-expression of a quartet of genes,

Nanog, Sall4, Tdgf1, and Epcam, within the same cell pre-

dicted a more homogeneous transition to an iPSC state

(Tran et al., 2019). DOT1Li upregulated the same genes

but to a much smaller magnitude than that in ESCs (Fig-

ure 4H). We introduced exogenous human NANOG (Fig-

ures S4G and S4H) and found that it enhanced transgene

independence in the presence of DOT1Li (Figure 4I).

Thus, DOT1Li does not increase reprogramming through

Nanog upregulation but collaborates with NANOG specif-

ically to maintain pluripotent colonies.

To identify whether any other DOT1Li DE genes regulate

pluripotency acquisition, they were overlapped with genes

identified in a large short hairpin RNA (shRNA) screen start-

ing with the same OSKM-inducible secondary MEF system

(Borkent et al., 2016). Among the genes that affected re-

programming more than 2-fold from the screen (�2,300

genes), only 10 overlapped. However, seven barrier genes

were upregulated and three enhancers were downregulated

by DOT1Li, in the opposite direction of pluripotency pro-

motion (Figure S4I). Thus, the DOT1Li-mediated increase

in reprogramming is unlikely to be replaced by upregulat-

ing single-gene expression. In addition, DOT1Li treatment

does not increase cellular proliferation (Figure S4J) or cause

changes in the cell cycle (Figures S4K and S4L), indicating

that it does not enhance pluripotency by increased cell

number.

Inhibition of DOT1L enhances reprogramming

beyond modulation of single genes

Because DOT1Li did not change the entire transcriptional

landscape either away from a somatic program or toward

a pluripotency program, we used a candidate approach to

screen DOT1Li-DE genes for their contribution to pluripo-

tency acquisition. As a higher percentage of downregulated

genes were modified by H3K79me2 (Figures 2C and S3D),

and DOT1L has previously been reported as a barrier to re-

programming bymaintaining fibroblast gene transcription

(Onder et al., 2012), we comprehensively ranked DOT1Li

directly downregulated genes (Figure 5A, step 1). Among

the DOT1Li genes that were downregulated in ESCs versus

MEFs (step 2), we filtered those that had a significant

H3K79me2 peak in MEFs or 48-h post-OSKM induction

(step 3) that is reduced in ESCs (step 4; Figure 5B). A change

in gene expression levels between MEFs and ESCs could

occur in every single cell of the starting population or could

reflect a population average.Wehave previously performed

scRNA-seq of MEFs, ESCs, and a time course of reprogram-

ming (Tran et al., 2019). Using these data, we then chose

genes that were expressed in the entire population of
Stem Cell Reports j Vol. 17 j 384–396 j February 8, 2022 391



Figure 5. Inhibition of DOT1L enhances reprogramming beyond modulation of single genes
(A) Schematic to identify DOT1L direct target genes. Genes were filtered for (1) at least 2-FC downregulation in expression by DOT1Li
treatment at any time point, (2) at least 2-FC downregulation in expression in ESC versus MEFs, (3) a significant gene body H3K79me2 peak
(p-4) with 3-fold enrichment over input in MEFs or 48 h OSKM (B), (4) a 2-fold reduction in H3K79me2 gene body reads in ESCs, and (5)
expression in a substantial portion of MEFs or reprogramming cells by scRNA-seq (C).
(B) Integrative Genomics Viewer (IGV) tracks of H3K79me2 signal in MEFs, 48 h OSKM, and ESCs of potential DOT1L direct targets.
(C) Cells expressing the DOT1L target gene are labeled in red on the scRNA-seq t-distributed stochastic neighbor embedding (t-SNE). MEFs,
reprogramming cells (days 3, 6, 9, and 12), and ESCs are indicated and labeled. Day 3 of reprogramming is indicated, but the other days are
mixed, as reprogramming becomes more heterogeneous as it proceeds (Tran et al., 2019).
(D) Expression (TPM) bar graph of candidate DOT1Li downregulated genes.
(E) NANOG+ colonies on days 6 to 7 of reprogramming (left) and stable colonies post-dox removal (right) of cells transfected with NT and
siRNA against Nfix, treated with control (white bars) or DOT1Li (gray bars). Control-treated NT was set to 1. Error bars represent the SEM of
three independent experiment replicates, each consisting of two or three technical replicates. ***p < 0.001, **p < 0.01, *p < 0.05, and
n.s., p > 0.05, by unpaired t test.
(F) NANOG+ colonies at day 6 of reprogramming (left) and stable colonies post-dox removal (right) of cells transduced with empty vector
control (�) or NFIX, treated with control (white bars) or DOT1Li (gray bars). Error bars represent the SEM of three independent experiment
replicates, each consisting of two or three technical replicates. ****p < 0.0001 and ***p < 0.001 by unpaired t test.
See also Figure S5.
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starting MEFs or reprogramming cells (step 5; Figure 5C),

narrowing to six potential targets that could be critical for

the mechanism of DOT1Li (Figure 5D). Notably, all six tar-

gets were also downregulated by siRNA-mediated Dot1l

depletion (Figure 3C).

Each target was reduced individually using siRNA-medi-

ated knockdown in the presence or absence of DOT1Li.

Depletion of Fosl1 resulted in cell deathwith three different

siRNAs (data not shown) and was not analyzed further. For

each of the other five targets, siRNA-mediated depletion

was robust and resulted in a similar fold change compared

with that obtained by DOT1Li (Figure S5A). When siRNA

for each target was combined with DOT1Li, mRNA levels

were further reduced (Figure S5A).Hic1,Hoxd12, andTwist2

depletion did not enhance reprogramming in the presence

or absence of DOT1Li (Figures S5B and S5C). Meox2 deple-

tion alone or combined with DOT1Li slightly decreased

NANOG+ colony formation (Figure S5B) but did not affect

bona fide colonies that remained after doxycycline with-

drawal (Figure S5C). Depletion of Nfix alone increased the

occurrence of NANOG+ colonies 2-fold compared with a

3-fold increase with DOT1Li (Figure 5E, left). However,

Nfix depletion did not lead to a robust formation of bona

fide colonies, as DOT1Li treatment increased transgene-in-

dependent colonies 11-fold, whereas only a 4.8-fold in-

crease was observed with siNfix (Figure 5E, right). When

combined with DOT1Li, Nfix depletion enhanced trans-

gene-independent colony formation (Figure 5E, right).

Thus, Nfix depletion acts in conjunction with DOT1Li to

promote reprogramming.

To interrogate whether these genes are barriers of the pro-

cess, we overexpressed MEOX2 and NFIX individually in

MEFs prior to the induction of reprogramming (Fig-

ure S5D). Exogenous MEOX2 expression inhibited reprog-

ramming on its own but did not affect DOT1Li-mediated

reprogramming (Figure S5E, left). Surprisingly, MEOX2

increased stable colony formation in the absence of

DOT1Li (Figure S5E, right). These contrary effects of

Meox2 depletion and overexpression on reprogramming

may be related to its heterogeneous expression in the re-

programming population (Figure 5C) and the increase in

proliferation in MEFs overexpressing MEOX2 (data not

shown). Ectopic expression ofNFIX during reprogramming

reduced DOT1Li-mediated NANOG acquisition below con-

trol levels and prevented stable colony formation (Fig-

ure 5F), suggesting it is a potent reprogramming barrier in-

dependent of DOT1L activity. Thus, the downregulation of

Nfix acts in an additive manner to increase pluripotency by

contributing to the DOT1Li phenotype.

By comparing the results of the depletion experiments

(Figures 5E, S5B, and S5C) with the pattern of expression

from single-cell analysis (Figure 5C), we find that DOT1L

acts in a collaborative manner with Nfix that is still ex-
pressed at later stages of reprogramming. Hic1, Fosl1, and

Twist2 are downregulated in most cells by day 3 of reprog-

ramming, andMeox2 is upregulated in only a portion of re-

programming cells (Figures 5C and 5D). Taken together

with the temporal effectiveness of DOT1Li at the mid

stages of reprogramming (Figure 1D), DOT1Li sets the stage

for enhancing reprogramming efficiency along with the

downregulation of persistently expressed genes such as

Nfix.
DISCUSSION

DOT1L is crucial for mammalian development, yet its role

in cell-fate determination is still unknown. Here, we find

that DOT1L is a barrier to pluripotency acquisition of

MEFs throughout reprogramming but acts most strongly

duringmid-reprogramming (Figure 1). Stages of reprogram-

ming when starting from MEFs include an early inactiva-

tion of the somatic program, an important component of

which is the mesenchymal genes (Li et al., 2010; Sama-

varchi-Tehrani et al., 2010). Inhibition of DOT1L was re-

ported to enhance human fibroblast reprogramming by

facilitating MET (Onder et al., 2012). The reverse process,

epithelial to mesenchymal transition (EMT), is prevented

in other systems, such as renal (Liu et al., 2019) and breast

cancer cell lines (Cho et al., 2015), by DOT1Li. We demon-

strate that DOT1L control of cell identity extends far

beyond epithelial transitions. Although inhibition of

DOT1L increasesCdh1 expression in ourmouse reprogram-

ming studies, it also enhances reprogramming of keratino-

cytes that do not have to undergo MET and MEF reprog-

ramming post-MET (Figure 4). This corroborates our

recent discovery that the epithelial and mesenchymal pro-

grams are independently regulated in the presence of

DOT1Li during reprogramming using scRNA-seq (Tran

et al., 2019).

In the course of assessing DOT1L transcriptional regula-

tion, we identified contributions of the reprogramming

barrier Nfix that maintain cellular identity with DOT1L

(Figure 5). NFIX is a transcription factor important for neu-

ral (Pekarik and Belmonte, 2008) and muscle development

(Pistocchi et al., 2013). In addition, NFIX is required to

maintain murine hair follicle stem cell enhancer function

(Adam et al., 2020), and its depletion increases the number

of pluripotent colonies (Yang et al., 2011). From our previ-

ous analysis of reprogrammingwith scRNA-seq, we ordered

single cells in a trajectory (Tran et al., 2019). We found a

major branchpoint where cells stalled and did not com-

plete the transition to iPSCs (Tran et al., 2019). Nfix was

found to be a branchpoint gene such that downregulation

was required to continue in the reprogramming trajectory,

further suggesting that it may have a specific role in mid-
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reprogramming. Of the identified DOT1L targets, Nfix con-

tinues to be expressed in cells later in reprogramming and

gains H3K79me2 after OSKM induction (Figures 5B and

5C), suggesting DOT1Li may facilitate its downregulation

by preventing the gain in H3K79me2 enrichment at later

reprogramming time points. This result is in contrast to

previous findings that DOT1Li enhances pluripotency

acquisition by downregulation of the established transcrip-

tional program (Onder et al., 2012). It is important to note

that depletion of Nfix does not reach the reprogramming

efficiency of DOT1Li, and the effect is additive with

DOT1Li (Figure 5E). Thus, downregulation of reprogram-

ming-associated factors may contribute but is not solely

causal of the DOT1L reprogramming phenotype.

Wefind thatmodulationofDOT1L-DEgenesdoesnot sub-

stitute for DOT1L catalytic inhibition (Figures 4 and 5), sug-

gesting that H3K79me may have a role in reprogramming

beyond transcriptional regulation of single genes. During

development, only four genes were DE in Dot1l KO mouse

c-kit+ cells sorted from embryonic day 10.5 (E10.5) yolk

sacs, where profound phenotypic alterations in vascular

morphology and erythrocyte maturation were observed

(Feng et al., 2010). These small transcriptional changes in

key factors like Nanog during reprogramming or Gata2 dur-

ing erythrocyte maturation suggest that loss of H3K79me

may alter global epigenetic profiles rather than local expres-

sion profiles. For example, loss of H3K79me2 allowed for

spread of H3K27me3 on downregulated genes in leukemia

cells (Deshpande et al., 2014). H3K79me2/3 are enriched at

certain intronic enhancers in leukemiacell lines and regulate

future deposition of H3K27ac (Godfrey et al., 2019), a

modificationassociatedwithenhanceractivity. Inneuraldif-

ferentiation,DOT1Lidecreasedaccessibilityof a subsetof en-

hancers (Ferrari et al., 2020). In support of further epigenetic

alterations, both upregulated and downregulated genes can

be decorated by H3K79me2 before DOT1L depletion in

development of the cerebral cortex (Franz et al., 2019).

Thus,H3K79memayaffecthistonemodification,depending

on chromatin context.

We observed that many more genes are upregulated

rather than downregulated in their steady-state expression

by DOT1Li during reprogramming (Figures 1 and 4). Many

of the upregulated genes are expressed in other lineages

and are not modified by H3K79me2 in MEFs or ESCs (Fig-

ures 3 and S3D). Alternatively, these genes may be regu-

lated indirectly by the binding of DOT1Li-DE transcription

factors, such as HOXD12 or HIC1. The aberrant expression

of lineage-specific genes may promote reprogramming, a

notion that can be further investigated by single-cell tran-

scriptional analysis. Regardless, the boost to reprogram-

ming cells by DOT1Li seems to outweigh the burden of

spurious lineage gene expression. Taken together, our re-

sults demonstrate that DOT1L activity functions beyond
394 Stem Cell Reports j Vol. 17 j 384–396 j February 8, 2022
steady-state alterations to the somatic transcriptome;

rather it collaborates with reprogramming-associated fac-

tors to safeguard cell identity.
EXPERIMENTAL PROCEDURES

Cell isolation and culture
Male and female MEFs were isolated on E13.5 from embryos that

were homozygous for the Oct4-2A-Klf4-2A-IRES-Sox2-2A-c-Myc

(OKSM) transgene at the Col1a1 locus and either heterozygous or

homozygous for the reverse tetracycline transactivator (rtTA) allele

at the Rosa26 locus, as previously described (Tran et al., 2019).

MEFs were grown in DMEM, 10% fetal bovine serum (FBS), 13

non-essential amino acids, 13 GlutaMAX, 13 penicillin/strepto-

mycin, and 2-mercaptoethanol (4 mL/500 mL). Feeder MEFs were

maintained and isolated as above from DR4 mice genetically

resistant to geneticin (G418), puromycin, hygromycin, and 6-thi-

oguanine. Feeder cells were irradiated with 9,000 rad after three

passages. ESCs V6.5 were grown on feeder MEFs in KO DMEM,

15% FBS, 13 non-essential amino acids, 13 GlutaMAX, 13 peni-

cillin/streptomycin, 2-mercaptoethanol (4 mL/525 mL), and leuke-

mia inhibitory factor. Keratinocytes were isolated from reprogram-

mablemice 4 days postnatal as previously described (Li et al., 2017)

and cultured in EpiLife medium with 60 mM calcium (Thermo

Fisher ScientificMEPI500CA) with the EpiLife defined growth sup-

plement (Thermo Fisher Scientific S0125). 293Tcells were acquired

from ATCC and grown in DMEM and 10% FBS. Mice were main-

tained according to the UW-Madison institutional animal care

and use committee (IACUC)-approved protocol.

A detailed description of allmaterials andmethods is provided in

the supplemental information.
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Figure S1 related to Figure 1

Figure S1. Loss of H3K79me during reprogramming results in few steady-state transcriptional changes. 

A. Relative Dot1l expression measured on day 2 of reprogramming. Nontargeting (NT) siRNA treated cells set to 1. 

B. Reprogramming efficiency (Left) and stable NANOG+ colonies post dox withdrawal (Right) of MEFs treated with control 
and EPZ5676 (EPZ). Colonies obtained in control treatment set to 1. Error bars represent the SEM of three independent 
experiment replicates, each comprised of 2 technical replicates. **P<0.01 and *P<0.05 by unpaired t‐test.

C. Average colonies obtained (Left) and stable NANOG+ colonies post dox withdrawal (Right) in each independent experi-
ment replicate (Rep), of MEFs treated with control (C), DOT1Li (D), and EZP5676 (E). Error bars represent the SEM of 2 
technical replicates. 

D. Pearson correlation of all timecourse RNA-Seq independent experiment replicates. Notations: Day (d), control treatment 
(Cont), and DOT1Li (DOT). 

E. Top: PCA of all timecourse RNA-Seq independent experiment replicates. MEFs notated in gray, reprogramming day 2 in 
blue, reprogramming day 4 in red, and ESCs in black. Bottom: Percent of variance explained by each component. 

F-H. Left: Number of genes upregulated or downregulated more than 2-fold change (FC) with a posterior probability of 
differential expression greater than 0.95 determined by EBSeq. Middle: Box plot of Log2 FC of all genes with a posterior 
probability of differential expression greater than 0.95. Right: Expression measured as Log10 of the averaged transcripts per 
million (TPM) of the two samples versus Log2 FC of all genes. More than 2-fold upregulated indicated in red and downregu-
lated indicated in blue. F. Day 2 DOT1Li versus day 2 Control, G. Day 4 Early (days 0-2) DOT1Li versus day 4 Control, H. 
Day 4 Mid (days 2-4) DOT1Li versus day 4 Control.
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Figure S2. H3K79me2 is enriched on numerous genes yet few change transcriptionally in steady state mRNA levels.  

A. Most significant gene ontology (GO) terms of genes that have an H3K79me2 peak shared in both MEFs and ESCs (Fig 
2B, orange).  

B. H3K79me2 peak status of DOT1Li upregulated genes designated by color, plotted on ESC expression measured as Log10 
TPM versus Log2 fold change (FC) in ESCs relative to MEFs of all genes.

C. H3K79me2 peak status of DOT1Li downregulated genes designated by color, plotted on MEF expression measured as 
Log10 TPM versus Log2 fold change (FC) in ESCs relative to MEFs of all genes.

Figure S2 related to Figure 2

A
GO Term Significance Number Examples

Cellular macromolecule metabolic process 6.4E-91 3900 Arl2bp, Ddx49

Nucleic acid metabolic process 4.5E-73 2605 Polr2e, Ets1

RNA binding 1.8E-62 581 Oas1h, Esf1

Gene expression 2.5E-57 1315 Eif4a1, Med10
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Figure S3. DOT1L inhibition leads to transcriptional changes not observed in MEFs or ESCs.

A. Violin plot of Log2 fold change (FC) TPM relative to MEFs for each cluster.

B. Table of motifs in each cluster identified with HOMER. The p-value, percent of targets within the cluster, and function of 
the binding protein for motifs bound by DOT1Li-DE genes are displayed.

C. Expression (TPM) bar graph of mesenchymal E-box binding proteins.

D. Bar graph of the percentage of genes with an H3K79me2 called peak in each cluster. Significance determined by Fish-
er’s exact test. All pairwise comparison are ****P<0.0001, except those noted as **P<0.01 or not significant (n.s.) P>0.05.
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Figure S4. Inhibition of DOT1L enhances reprogramming of epithelial cells.

A. Expression (TPM) bar graphs of MEFs and day 2 reprogramming cells transduced with empty vector control or Cdh1, 
treated with and without DOT1Li. 

B. Flow cytometry sorting of CDH1 positive and negative cells for Fig 4C with ESC and MEF controls. Gates indicate 
collected cells.

C. Pearson correlation of all CDH1 sort RNA-Seq independent experiment replicates. Notations: CDH1- (C-), CDH1+ 
(C+), control treatment (con), and DOT1Li (DOT). 

D. Top: PCA of all CDH1 sort RNA-Seq independent experiment replicates. MEFs notated in gray, CDH1- (C-) reprogram-
ming in red, CDH1+ (C+) reprogramming in blue, and ESCs in black. Bottom: Percent of variance explained by each 
component. 

E. Expression (TPM) bar graph of representative upregulated genes in CDH1- and CDH1+ that overlapped with genes 
upregulated in ESCs relative to MEFs (Fig 4E). 

F. Flow cytometry analysis of THY1 and CDH1 on ESCs and keratinocytes.

G. Immunofluorescence of human NANOG transduced in MEFs. Scale bar = 250 µM.

H. Relative human NANOG expression measured on day 4 of reprogramming in cells treated with control (white bars) or 
DOT1Li (gray bars). Control treated cells transduced with hNANOG set to one. 

I. Overlap of DOT1Li-DE genes and Borket et al., 2016 screen. Genes chosen for overlap affected reprogramming more 
than 2-fold. “Barriers” indicate genes targeted by shRNAs enriched in reprogrammed cells and “enhancers” are genes 
targeted by shRNAs depleted in reprogrammed cells.  

J. Cells treated with control (gray) or DOT1Li (red) were counted every two days during reprogramming. Error bars repre-
sent the SD of three technical replicates.

K. Quantification of cell cycle analysis. Cells on day 0 (0), and cells treated with DOT1Li (D) or control (C) were assessed 
every two days during reprogramming.

L. Representative propidium iodide and KI-67 flow cytometry cell cycle analysis (Fig S4K).
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Figure S5. Inhibition of DOT1L enhances reprogramming beyond modulation of single genes.

A. Relative expression of si-depleted genes on day 4 of reprogramming. Cells transduced with nontargeting (NT) siRNA 
treated with control set to 1.

B. NANOG+ colonies on days 6-7 of reprogramming of cells transfected with nontargeting (NT) and siRNA against the 
indicated DOT1L direct target gene, treated with control (white bars) or DOT1Li (gray bars). Control treated NT set to 1. Error 
bars represent the SEM of 3-4 independent experiment replicates, each consisting of 2-3 technical replicates. ***P<0.001, 
**P<0.01, *P<0.05, and not significant (n.s.) P>0.05 by unpaired t test.

C. Transgene independent stable colonies post dox removal of cells transfected with nontargeting (NT) and siRNA against 
the indicated DOT1L direct target gene, treated with control (white bars) or DOT1Li (gray bars). Control treated NT set to 1. 
Error bars represent the SEM of 3-4 independent experiment replicates, each consisting of 2-3 technical replicates. 
***P<0.001 and not significant (n.s.) P>0.05 by unpaired t test.

D. Relative expression of endogenous (Endo) in black and exogenous (Exo) in gray of NFIX (Left) and MEOX2 (Right) on 
day 4 of reprogramming. Cells were treated with Control (C) or DOT1Li (D). 

E. NANOG+ colonies at day 6 of reprogramming (Left) and stable colonies post dox removal (Right) of cells transduced with 
empty vector control (-) or MEOX2, treated with control (white bars) or DOT1Li (gray bars). Error bars represent the SEM of 
3 independent experiment replicates, each consisting of 2-3 technical replicates. ***P<0.001, *P<0.05, and not significant 
(n.s.) P>0.05 by unpaired t test.
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SUPPLEMENTAL EXPERIMENTAL PROCEDURES 
 
Reprogramming experiments 

MEFs were seeded at a density of 30,000 to 50,000 cells/12-well or 20,000 cells/24-well onto 
gelatinized coverslips. Keratinocytes were seeded at a density of 10,000 cells/24 well onto gelatinized 
coverslips. Feeder MEFs were added at 1/2x confluency and reprogramming was initiated with 2 μg/ml of 
doxycycline (dox) with either vehicle (DMSO) control, 5 μM SGC0946/DOT1Li (ApexBio A4167), or 3 μM 
EPZ5676 (MedChem Express HY-15593). ESC media made with FBS or knock-out serum replacement 
(KSR), as indicated, with fresh dox and chemicals was replaced every two days. Keratinocytes were 
maintained in keratinocyte media two days post-OSKM induction before changing to ESC media to avoid 
FBS-induced differentiation. In the case of exogenous gene expression, MEFs were transduced with 
lentivirus and selected (if possible) before seeding.  

To assess transgene independence, reprogramming cells were washed once with ESC media, 
and ESC media free of doxycycline and drugs was replaced in wells. Sustained NANOG expression was 
measured 2-4 days post doxycycline removal by immunofluorescence. Experiments were timed for 
individual MEFs so that cells were exposed sufficiently to OSKM to produce bona fide colonies, but not so 
long that NANOG positive colonies were overcrowded and uncountable in the presence of doxycycline.  
 
Reprogramming statistical analysis 

A colony was considered a grouping of 4 or more NANOG+ cells. Each independent experiment 
replicate was derived from an independent MEF isolation, and was the average of 2-3 technical 
replicates. Technical replicates consisted of coverslips in individual wells of a single experimental 
replicate. Fold was calculated relative to the control condition unless otherwise indicated, and error bars 
depict the standard error of the mean (SEM) of independent experiment replicates. Experimental replicate 
(n) information is listed in each figure legend. Significance was calculated as specified in legends using 
Graphpad Prism 9 for figures aggregated from three or more independent experiment replicates. To 
compare two conditions, significance was calculated using the unpaired two-tailed t-test function. 
Comparison among 3 samples was performed with one-way ANOVA repeated measure, matched based 
independent experiment replicate. The mean of every sample group was compared post-hoc using the 
Tukey test to calculate significance for multiple comparisons. 
 
Lentiviral vectors, packaging, and transduction 

NANOG (Addgene 16578), MEOX2 (Addgene 116761), and Cdh1 (Addgene 71366) were 
acquired from Addgene. The CDS of Cdh1 was amplified from Addgene 71366 with 5’-
TGTTTCGAAATGGGAGCCCGGTGCCGC-3’ and 5’-TGTGCGGCCGCTTAGTCGTCCTCGCCACCGCC-
3’, and moved into the BstBI and NotI sites of pCDH-CMV-MCS-EF1α-Neo. The CDS of human NFIX 
(NM_002501.4) was cloned in to the EcoRI site of Tet-O-FUW lentiviral vector, and was a kind from Dr. 
Jason Tchieu (Cincinnati Children’s Hospital).  Lentiviral transfer vectors were transfected into 293T cells 
with packaging vector pspax2 (Addgene 12260) and envelop vector vsvg using linear polyethylenimine. 
Media was changed to MEF media with 20 mM HEPES 4 hours post transfection. Virus-containing media 
was harvested at 48h and 72h, combined, and filtered through a 0.45 μm PVDF filter. Virus containing 
media was combined with fresh media at a ratio of 1:1 and 10 μg/ml Hexadimethrine Bromide (polybrene) 
to transduce target cells.   
 
RNA isolation and library preparation 
 Reprogramming was initiated in two independent experiment replicate samples, and RNA was 
isolated from each using TRIzol at the indicated timepoint. One-fifth the volume of chloroform was added 
and phases were separated by max centrifugation. The upper layer was isolated, RNA was precipitated 
with 0.53 volumes of ethanol, and applied to a RNeasy column (Qiagen 74104). RNA was washed with 
500 μl RW1 and DNA was digested on the column with DNase (Qiagen 79254) for 30 min. RNA was 
washed according to the RNeasy protocol and eluted in 30 ul of H2O. RNA was quantitated and 1 μg of 
each sample was combined with 20 ng of RNA from 293T (human) cells, prepared as above, as a spike-
in control for sequencing normalization (timecourse and CDH1 sort studies). The cDNA library was 
constructed using TruSeq RNA Sample Preparation kit V2 (RS-122-2002) according to the 
manufacturer’s instructions. Libraries were assessed with Qubit and Bioanalyzer3.0. 
 



  
 

RNA-Seq computational and statistical analysis 
Greater than 40 million reads of timecourse DOT1Li libraries (Fig 1) and CDH1 sort libraries (Fig 

4) were sequenced PE150 by Novogene on an Illumina HiSeq 4000. Greater than 25 million reads of 
CDH1 expression libraries (Fig S4) were sequenced SE100 by the University of Wisconsin Biotechnology 
Center on a HiSeq 2500. Sequencing quality was assessed with FastQC 
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Sequenced reads were processed using 
Trimmomatic (Bolger et al., 2014) with the following parameters: LEADING:3 TRAILING:3 CROP:100 
HEADCROP:10 SLIDINGWINDOW:4:15 MINLEN:36. Reads were aligned to the mm9 and hg18 genome 
using RSEM-1.2.4 (Li and Dewey, 2011) with a mismatch per seed set to 2 and seed length set to 28 (-
bowtie-m 200 --bowtie-n 2 --forward-prob 0.5 --seed-length 28 --paired-end). RSEM-1.2.4 alignment 
yielded transcripts per million (TPM) for each gene. Matrices of TPM of all genes were generated in R and 
used to assess RNA-Seq replicates. Pearson correlation of replicate samples was performed in R and 
plotted with the package pheatmap. Classical multidimensional scaling was performed to determine the 
proportion of variance explained by dimensions with the following parameters:  
mds <- cmdscale(dist(PCA_data), k=3, eig=TRUE), mds$eig, 
eig_pc <- mds$eig * 100 / sum(mds$eig).  
Two dimensions were plotted as over 80% of the data was explained for all analyses using: mds <- 
cmdscale(dist(PCA_data)). Replicate RNA-Seq sample TPM were averaged for all main figures since 
they clustered together in both statistical tests. 

A matrix of unnormalized reads per replicate mapping to the mouse or human genome was 
generated with R. Differentially expressed (DE) genes were called with EBSeq (Leng et al., 2013) using 
the human matrix for normalization (MedianNorm(human_matrix)). Differentially expressed genes were 
filtered to have a posterior probability DE greater than 0.95 and a 2 or greater posterior fold change 
(PostFC). Expression changes reported are PostFC values determined by EBSeq unless otherwise noted 
to be TPM. Cluster3.0 was used to perform k-means clustering of DE genes (de Hoon et al., 2004). 
Clusters were visualized as Log2 fold change relative to MEF TPM with Java TreeView (Saldanha, 2004). 
Motif discovery was performed using HOMER Motif Analysis (Heinz et al., 2010) with the following 
parameters: findMotifs.pl -start -1000 -end 100 -len 6,10. Gene Ontology was performed using HOMER 
and DAVID (Huang et al., 2009). DAVID parameters included: GOTERM_BP_4 and GOTERM_MF_4, 
viewed by functional annotation clustering. GO Terms within functional annotation clusters with an 
enrichment score more than 2 were considered significant. DE genes were compared to a published 
shRNA iterative screen dataset (Borkent et al., 2016). Fisher’s exact test was performed in R. 
 
DOT1L target gene scRNA-seq analysis 
 Expression of potential DOT1L targets was assessed with single cell RNA-seq data (GEO: 
GSE108222). Briefly, cells expressing the gene of interest were displayed on a t-distributed Stochastic 
Neighbor Embedding (t-SNE) cluster plot of MEFs, ESCs, and reprogramming cells in FBS constructed 
using Monocle2 v2.6.3 on R version 3.4.3 with cells that passed quality control as previously described 
(Tran et al., 2019).  
 
ChIP-Seq analysis 

H3K79me2 ChIP-Seq data with the accession number GSE90895 (Chronis et al., 2017) was 
downloaded from Gene Expression Omnibus and aligned to mm9 using Bowtie2 (Langmead and 
Salzberg, 2012) with the default parameters. Sam files were converted into Bam files and sorted with 
samtools-1.2 (Li et al., 2009) with the default parameters. Peaks were called relative to the input with 
MACS2 (Zhang et al., 2008) using the following parameters: --broad -p 0.0001. Peak files were annotated 
using EASeq (Lerdrup et al., 2016) from the center of the peak to the nearest gene center. Genes with 
peaks were visually mapped back on to the Log10 TPM versus Log2 posterior fold change using R 
ggplot2 (geom_point graph). Overlaps of DE genes with H3K79me2-modified genes performed with 
Venny2.1 (https://bioinfogp.cnb.csic.es/tools/venny/). ChIP enrichment was visualized using Integrative 
Genomics Viewer (IGV) (Robinson et al., 2011).    
 
Immunofluorescence 
 Coverslips were fixed in 4% paraformaldehyde-PBS, permeabilized in 0.5% Trition-X-PBS, and 
washed in 0.2% Tween-20-PBS. Coverslips were blocked for 30 min in blocking buffer (1x PBS, 5% 
donkey serum, 0.2% Tween-20, and 0.2% fish skin gelatin). Cells were stained for 1 hr with primary 



  
 

antibody in blocking buffer, rinsed 2x in wash buffer, and stained for 1 hr with secondary (1:1000) in 
blocking buffer. Coverslips were rinsed with wash buffer, stained with DAPI (0.1 μg/ml) in wash buffer, 
and rinsed with wash buffer. The following antibodies were used for immunofluorescence: anti-murine 
NANOG (Cosmo Bio RCAB0002P-F, 1:100 and Cell Signaling Technology 8822S, 1:1000), anti-human 
NANOG (R&D Systems AF1997, 1:100), anti-CDH1 (eBiosciences 14-3249-80, 1:100), and anti-DPPA4 
(Thermofisher PA5-47530, 1:100). Colony counts and imaging were performed on Nikon Eclipse Ti using 
NIS Elements software. 
 
Immunoblot 

Whole cells were lysed in RIPA buffer (150 mM NaCl, 1% NP-40, 0.5% Na deoxycholate, 0.1% 
SDS, 25 mM Tris pH 7.4) with 1x protease inhibitor (Roche 04693116001), sonicated for 5 secs at 20% 
amplitude, and quantified by cell count or with the DC Protein Assay (BioRad 5000112) according to the 
manufacturer’s instructions. Equal amounts of protein were loaded onto an SDS-Page gel and transferred 
to a nitrocellulose membrane. Membranes were blocked in blocking buffer (5% milk, 0.1% Tween-20, 1x 
PBS) followed by incubation with primary antibody in blocking buffer. Membranes were washed 0.1% 
Tween-20-PBS and incubated with secondary antibody in blocking buffer. Membranes were washed and 
visualized with ECL reagent. Images were quantified using Image Studio Lite software. Primary 
antibodies included: anti-H3K79me2 (Abcam ab3594, 1:1000) and anti-α-TUBULIN (Cell Signaling 3873, 
1:5000). 
 
Flow cytometry and sorting 

For cell cycle determination, cells were fixed in 1 volume of PBS with 9 volume of cold 70% 
ethanol and permeabilized by freezing at -20 for at least 2 hours. Cells were washed with FACS buffer 
(1xPBS, 2% FBS, 1mM EDTA), and stained for 30 min in 100 μL FACS buffer containing 1 μL anti-KI-67-
Alexa Fluor 488 (BioLegend 151204) per million cells, as previously described (Kim and Sederstrom, 
2015). Cells were washed with FACS buffer and DNA was stained for 20 min with 50 μg/ml of propidium 
iodide (in 1xPBS and 2 mM MgCl2) supplemented with 100 μg/ml RNaseA.  

Live cells were used for surface marker staining. Cells were washed in 1x PBS and incubated 
with antibodies in 1xPBS with 1% FBS for 1 hour. Sorting was performed on a BD FACS AriaII (UW 
Carbone Cancer Center, Grant #: 1S10RR025483-01) with appropriate controls for gating. FACS 
quantitation was performed on a BD Accuri C6 Flow Cytometer. Primary antibodies used were anti-THY1-
PE (eBioscience 12-0903-81, 1:100) and anti-CDH1-eFluor660 (eBioscience 50-3249-80, 1:100). 
 
siRNA transfection 

MEFs were plated at a confluency of 20,000 cells per 24 well on coverslips. Cells were 
transfected 24 hours after plating with 20 nM siRNA using DharmaFECT1 (Dharmacon T200104) 
according to the manufacturer’s instructions. Reprogramming was initiated immediately using 2 μg/ml of 
doxycycline with either vehicle (DMSO) control, 5 μM SGC0946/DOT1Li (ApexBio A4167). Cells were 
transfected every two days during reprogramming, and siRNA was increased to 40 nM at day 4 to 
account for increased cell number. Knockdown efficiencies were determined 48h after transfection. 
siDot1l (J-057964-12), siHoxd12 (M-046274-01), siNfix (MQ-045912-01), siFosl1(MQ-040704-01) were 
purchased from Dharmacon Horizon. siHic1 (mm.Ri.Hic1.13.1), siMeox2 (mm.Ri.Meox2.13.1), siTwist2 
(mm.Ri.Twist2.13.1,) were purchased from IDT. 
 
RT-qPCR 

RNA was isolated using the Isolate II RNA Mini Kit (Bioline BIO-52072), and 1 μg was converted 
to cDNA using the qScript cDNA Synthesis Kit (VWR 101414). Technical replicates of 20 ng (based on 
RNA concentration) were used to measure Ct on a BioRad CFX96 thermocycler with iTaq UniverSYBR 
Green SMX (BioRad 1725125) in 10 µl reactions. Relative expression was calculated against the 
geometric mean of two housekeeping genes. Hierarchical clustering of relative expression values 
performed with Cluster3.0 (de Hoon et al., 2004) using the uncentered correlation similarity metric and the 
average linkage clustering method. Primers used in this study: 

 
Gene  Forward 5’-3’ Reverse 5’-3’ 

Bex1 TGGTGGTGAGCATCTCTAGAAAGAG TAGAAGCTGGTAACAGGGAG 



  
 

Cd5l AGGTGATCTGCACAGACTTTGAT   TTGAGGTGATTATGGGGGCG 

Cdh1  GCCACCAGATGATGATACCC  GGAGCCACATCATTTCGAGT  

Dot1l GCGGCTGTGTGACAAATACA CCATACACCTCAGGGGAGAA 

Dsc2 AGGGCCCAGTAGAGGTACTA GTGGGAAGGGACCCAATGAA 

Egfl6 CTGCAGTGTTCTGTGATCCCT CTTCATGGTGCGCTTGTGAG 

Epcam CATTTGCTCCAAACTGGCGT TTGTTCTGGATCGCCCCTTC 

Fabp4 CATAACCCTAGATGGCGGGG CGCCTTTCATAACACATTCCACC 

Fosl1 CGGCCAGGAGTCATACGAG CCTTTCTTCGGTTTCTGCAC 

Hic1  GAGCTTTGGTGACAACCTGTA  CTGCCATATAACGCCTCTTCTT  

Hoxd12  CTCTTGCCTGCGATCTTCACT  GAATTCATTGACCAGGAATTCGTT  

Klhl30 CGCCCAAGTATGTCAGCAAC TGACACTCCACGCATCTGTC 

Krt18 AATCGAGGCACTCAAGGAAGAA GGCATCCACTTCCACAGTCA 

Meox2  TGCGCACCAGGGGATTATG  TGGGAATCTGAGCTGTCGC  

hMEOX2 AGACTGAGGCGATACGAGATAG CCTTTACCCTCTTCCACTTCATC 

Nanog CATCCCGAGAACTATTCTTGCT GAGGCAGGTCTTCAGAGGAA 

hNANOG  CAGCTGTGTGTACTCAATGATAGATTT  CAACTGGCCGAAGAATAGCAATGGTGT  

Nfix  CATCAGGGCCCAACTTCTCA  CTTGGTGCTGCTGGTGGAA  

hNFIX GAGTCCCAGCTACTACAACATC GCTCTCCATCTCACTGTCATC 

Sall4 AACATATGCGGGCGGGCCTTCA CCAGGAGGCGGGGTCCACACTC 

Tcfap2c GGGCTTTTCTCTCTTGGCTGGT TCCACACGTCACCCACACAA 

Twist2  CGCTACAGCAAGAAATCGAGC  GCTGAGCTTGTCAGAGGGG  

Gapdh  TTCACCACCATGGAGAAGGC  CCCTTTTGGCTCCACCCT  

β-actin  TGTTACCAACTGGGACGACA  TCTCAGCTGTGGTGGTGAAG  
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