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H3K36 methylation maintains cellidentity
by regulating opposinglineage programmes
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The epigenetic mechanisms that maintain differentiated cell states remain
incompletely understood. Here we employed histone mutants to uncover
acrucial role for H3K36 methylation in the maintenance of cell identities
across diverse developmental contexts. Focusing on the experimental
induction of pluripotency, we show that H3K36M-mediated depletion

of H3K36 methylation endows fibroblasts with a plastic state poised
toacquire pluripotency in nearly all cells. At a cellular level, H3K36M
facilitates epithelial plasticity by rendering fibroblasts insensitive to TGF[3
signals. Atamolecular level, H3K36M enables the decommissioning of
mesenchymal enhancers and the parallel activation of epithelial/stem

cell enhancers. This enhancer rewiring is Tet dependent and redirects
Sox2 from promiscuous somatic to pluripotency targets. Our findings
reveal a previously unappreciated dual role for H3K36 methylationin

the maintenance of cell identity by integrating a crucial developmental
pathway into sustained expression of cell-type-specific programmes, and
by opposing the expression of alternative lineage programmes through
enhancer methylation.

The process of cellular differentiation has been relatively well charac-
terized invivo and in vitro using animal and stem cell models in com-
bination with genome-scale assays'®. By contrast, the mechanisms
that maintain and reinforce specialized cell states once differentiation
is complete remain less well understood. Resolving this fundamental
questionis key notonly for ensuring the continuous maintenance and
functionality of adult tissues but also for dissecting oncogenesis, which

is considered an aberration of normal cell states and differentiation
programmes’. The experimentally induced conversion of somatic
cells to induced pluripotent stem (iPS) cells with transcription fac-
tors represents a powerful system to interrogate the mechanisms
that maintain differentiated cell identities'’. Induced pluripotency is
typically inefficient (1-3%) and lengthy (1-2 weeks), which is thought
to be due to redundant mechanisms that safeguard differentiated
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cell states". Indeed, the perturbation of diverse regulatory factors
enhances the generation of iPS cells by increasing cellular plasticity™.
While histone-modifying enzymes are among these regulators™¢,
their effects onreprogramming are often subtle, and the correspond-
ing genes are typically underrepresented in unbiased screens''"'5,
Histone-modifying enzymes are challenging to study in cell fate regula-
tionasthey are often essential for cellular survival or compensated by
redundant enzymes”. Additionally, some histone-modifying enzymes
recognize non-histone substrates, complicating their functional analy-
ses??*, Thus, the functional roles of specific histone modifications
inthe maintenance of cell identity remain incompletely understood.

Lysine-to-methionine (K-to-M) mutations of histone H3 have
recently been suggested as powerful tools to probe the physio-
logical roles of specific histone marks in vitro and in vivo*. K-to-M
mutants function as dominant alleles that block methylation at the
respective sites across the genome*°, In contrast to deletions of
histone-modifying enzymes, K-to-M mutations function as hypo-
morphs®, thus solving toxicity concerns. Indeed, we recently demon-
strated thatintroduction of specific H3 K-to-M mutants into embryonic
stem (ES) cells and mice reveals highly specific roles of the targeted
histone marks in mammalian pluripotency, tissue homeostasis and
tumourigenesis*®.

Inthis Article, we interrogated the molecular and functional roles
of two key active and two key repressive histone modifications on cell
identity maintenance by combining specific histone mutants with
experimental models of cell fate conversion. We uncovered a striking
effect of the H3K36M mutation, which targets H3K36 di- and trimeth-
ylation, on various lineage conversion paradigms. By elucidating the
underlying mechanisms in the context of induced pluripotency, we
demonstrated that H3K36 methylation plays a previously unexplored,
dualroleinthe maintenance of cellidentity. Our findings place H3K36
methylation at the nexus of a key extracellular signalling pathway
and epigenetic gene regulation during the maintenance of cell state,
which will advance our understanding of development, regeneration
and cancer.

Results

Key role of H3K36 methylation in cell identity maintenance

To probe the role of specific histone marks in the maintenance of cell
identity, we introduced doxycycline (DOX)-inducible lentiviral con-
structs with either wild-type histone H3.3 (WT) or H3.3 variants carry-
ing specific K-to-M mutations at lysine residues 4, 9, 27 and 36 (K4M,
K9M, K27M and K36M) (Fig. 1a,b) into murine embryonic fibroblasts
(MEFs) harbouring a DOX-inducible polycistronic cassette encompass-
ing the reprogramming factors Oct4, KIf4, Sox2 and c-Myc (OKSM)*.
Transduced cultures were treated with DOX for 12 days to induce
OKSM as well as WT or mutant histone expression before counting
iPS cell colonies on day 15 (Fig. 1b). We detected no iPS cell colonies
in K4M-transduced cells, an approximately 3-fold increase of iPS cell
colonies in K9M-transduced cells and a similar number of enlarged
iPS cell colonies in K27M-transduced cells compared with WT con-
trol (Fig. 1c and Extended Data Fig. 1a), confirming and extending
previous observations using small interfering RNA (siRNA) suppres-
sion of the respective histone-modifying enzymes™**, Strikingly,
K36M-transduced cells exhibited the most profound phenotype, with
wells being entirely overgrown by iPS cell colonies. Although certain
H3K36-specific demethylases (Kdm2a/Kdm2b) have previously been
implicated in reprogramming*®*, the reported effects were rather
subtle compared with our K36M phenotype, probably owing to com-
pensatory mechanisms. We conclude that disrupted H3K36 methyla-
tion most profoundly affects cell fate change during reprogramming.

K36M drives nearly all somatic cells towards pluripotency
We generated transgenic MEFs containing the Collal::tetO-OKSMallele
together with either the Collal::tetO-K36M allele (OKSM/K36M) or the

Collal:tetO-H3.3allele (OKSM/WT)*, allowing us to express OKSM and
histonesinahomogeneous, inducible and reversible manner (Extended
DataFig.1b).Indeed, K36M and Sox2 were uniformly induced, whereas
H3K36me2 and H3K36me3 were uniformly depleted in DOX-treated
OKSM/K36M cells (Extended Data Fig. 1c). Mass-spectrometric anal-
ysis confirmed the robust depletion of H3K36mel, H3K36me2 and
H3K36me3 on canonical and variant histone H3 in OKSM/K36M cells
(Extended DataFig.1d).

Wefirst determined the minimally required time of OKSM expres-
sion to produce stable iPS cells (Fig. 1d). While OKSM/WT cultures
gave rise to rare iPS cell colonies after 6-8 days of OKSM expression
consistent with previous observations*, OKSM/K36M cultures were
full of iPS cell colonies after as little as 4 days of OKSM expression,
indicating a markedly accelerated and more uniform acquisition of
pluripotency. We next assessed when K36M expression is required to
boost reprogramming (Extended Data Fig. 1e). Expression of K36M
in MEFs for 2 days before OKSM induction had a similar effect on iPS
cell formation as the co-expression of K36M and OKSM during the
first 2 days of reprogramming, suggesting that K36M primes the MEF
epigenome for an efficient acquisition of pluripotency (Extended
Data Fig. 1f). Importantly, the frequency of iPS cell formation further
increased with prolonged K36M expression, implying anindependent
role at later stages of reprogramming.

We next tracked surface antigens that dynamically change with
reprogramming (Fig. le). OKSM/WT control cells downregulated the
fibroblast-associated marker Thyland subsequently upregulated the
early pluripotency-associated marker SSEA1 in ~25% of cells by day 6
of reprogramming, paralleling prior observations**** (Fig. 1f,g). By
contrast, OKSM/K36M cultures already expressed SSEA1in ~10% of
Thyl1" cellsonday 2, and this population further increased to over 75%
by day 6. When we examined surface marker combinations thatidentify
more rare reprogramming intermediates poised to produce iPS cells
athigh efficiency (Fig.1e)*, we detected these populations earlier and
inahigher fraction of cellsin OKSM/K36M versus OKSM/WT cultures
(Fig. 1h). In agreement, the vast majority (-85%) of OKSM/K36M cul-
tures upregulated the late pluripotency reporter Oct4-GFP*¢ (Fig. 1e,i)
between days 4 and 8 of reprogramming while only a minor fraction
(-5%) upregulated the reporter in controls, independent of culture
conditions (Fig. 1j and Extended Data Fig. 1g). OKSM/K36M cultures
reached over 90% Oct4-GFP positivity by day 10 of reprogramming,
suggesting that almost every cell had acquired a pluripotent state
(Fig.1j).K36Minduction neither affected cell proliferation (Extended
DataFig.1h) nor cell death (Extended Data Fig. 1i), and we determined
thatresidual Oct4-GFP" cells at day 10 probably comprise pluripotent
cellsinwhichthereporter hasbeen switched off or cells that still have
the potential to produce iPS cells (Extended Data Fig. 1j-1).

Critically, the co-expression of OKSM and K36M led to a robust
increase in iPS cell formation from mouse granulocyte/macrophage
progenitors (GMPs) and keratinocytes (Extended Data Fig. 2a,b) as
well as from human fibroblasts, indicating that H3K36 methylation
functions as abarrier to reprogramming beyond MEFs (Fig. 1k-m).

Transgene-independent, passaged iPS cells derived from OKSM/
WT and OKSM/K36M MEFs were highly similar at the transcriptomic
and epigenomic level (Extended Data Fig. 2c-j). Accordingly, both
OKSM/WT and OKSM/K36M iPS cells gaverise to differentiating embry-
oid bodies (Extended DataFig. 2k,l) and well-differentiated teratomas
(Extended Data Fig.2m).K36MiPS cells also contributed to adult coat
colour chimaeras upon blastocystinjections (Extended Data Fig. 2n).

K36M confers epithelial plasticity on cells

Analysis of gene expression data from cultures undergoing reprogram-
ming (days 2-8) revealed that OKSM/K36M intermediates were on an
accelerated trajectory compared with OKSM/WT samples, with day 8
samples being closest to established iPS cells (Fig. 2a, filled circles).
Notably, in MEFs expressing K36M or WT H3.3 alone, we observed only
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Fig.1|Histone mutant analysis reveals crucial role of H3K36 methylation
incellidentity maintenance. a, K-to-M mutants of histone H3.3 dominantly
block histone methylation at the respective residue across the genome.b, WT
or mutant histones (K4M, K9M, K27M and K36M) were co-expressed with OKSM
infibroblasts during reprogramming. c, Alkaline phosphatase (AP) staining

of transgene-independent iPS cell colonies. Transduced MEFs were treated

with DOX for 12 days, followed by 3 days of withdrawal. d, OKSM transgene
dependency assay. MEFs were treated with DOX, ascorbic acid and CHIR99021
asindicated, and iPS cells were scored by AP staining on day 15. e, Marker
dynamics during MEF to iPS cell reprogramming. f, Percentage of Thyl and
SSEA1" intermediates on day 6 of reprogramming. Pvalues were determined

by two-sided unpaired Student’s t-test, error barsindicate mean +s.d. (n =3
biologically independent experiments). g, Flow cytometry analysis of Thyl and
SSEAlat early timepoints of reprogramming in WT and K36M cells. h, Abundance
of intermediate populations that reprogram with high efficiency (SSEA1"/
Scal’/Epcam’) ondays 4 and 6 of reprogramming. P values were determined

by two-sided unpaired Student’s t-test, error bars indicate mean + s.d. (n=3
biologically independent experiments). i, Flow cytometry using the Oct4-GFP
reporter as areadout for successful activation of the endogenous pluripotency
network on day 4 and day 8 of reprogramming. j, Detection of Oct4-GFP* cells
at different timepoints of reprogramming in WT and K36M samples (ascorbic
acid and CHIR99021 condition). Error bars indicate mean + s.d. (n = 3 biologically
independent experiments). k, AP staining of human reprogramming cultures at
the indicated timepoints. Human fibroblasts were transduced with constitutive
vectors expressing H3.3 WT or K36M, and OKSM. 1, Quantification of AP colony
counts ondays 9 and 12. Pvalues were determined by two-sided unpaired
Student’s t-test, n = 3 biologically independent experiments. m, Quantitative
reverse transcription polymerase chain reaction (QRT-PCR) for epithelial and
pluripotency-associated genes in human reprogramming cultures on days 9
and 12 of reprogramming. P values were determined by two-sided unpaired
Student’s t-test, error barsindicate mean + s.d. (n = 3 biologically independent
experiments).
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Fig.2|K36M endows iPS cell intermediates with transcriptional
homogeneity and epithelial plasticity. a, Multidimensional scaling plot

of RNA-seq databased on genes with most variable expression among all
timepoints and conditions. Filled circles, MEFs expressing both histone genes
and OKSM for indicated number of days; open circles, MEFs expressing histone
genes alone for 4 days. b, Heat maps showing gene expression dynamicsin WT
and K36M reprogramming intermediates for genes differentially expressed
between MEFs and iPS cells (n = 2 biologically independent replicates).

¢, Scatter plot showing gene expression differences (RPKM (reads per kilobase
per million reads mapped) at log, scale) between WT and K36M reprogramming
intermediates on day 4. Genes that are upregulated in iPS cells versus MEFs
arehighlighted in green, genes that are downregulated in iPS cells versus

MEFs are highlighted in brown (n = 2 biologically independent replicates were
integrated for this analysis). d, Uniform manifold approximation and projection
(UMAP) embedding of single-cell RNA-seq data using MEFs, reprogramming
intermediates on days 2,4, 6 and 8 for WT and K36M, as well as passaged iPS cells.
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cells total. e, Expression of Nanog projected on the same UMAP embedding as
shown ind. Dashed circles highlight scattered expression of Nanogin WT cells
(blue) on day 8 compared with homogeneous expression in K36M cells on days
6 and 8 (red). f, Quantification of transcriptional heterogeneity of indicated
samples as measured by average distance between cells within each sample
inthe same UMAP embedding as shown in d. Median values for all cells within
eachsampleare plotted. g, Selected DEGs between WT and K36M samples that
distinguish day 2 and day 4 intermediates. h, Expression of the mesenchymal
regulator Zeb1 projected on the same UMAP embedding as shown ind. Dashed
circles highlight d2 and d4 samples for WT (blue) and K36M (red). i, Expression
of epithelial gene Epcam projected on the same UMAP embedding as used in

d. Dashed circles highlight day 2 and day 4 samples for WT (blue) and K36 M
(red).j, Flow cytometric quantification of Epcam expression in WT versus K36M
reprogramming intermediates.

minor effects on gene expression patterns, pointing to a synergistic
effect between K36M and OKSM (Fig. 2a, open circles). While day 2
reprogramming intermediates were highly similar between the OKSM/

WTand OKSM/K36M conditions, starting at day 4 we observed amore
robust silencing of MEF-associated genes and a more robust induc-
tion of pluripotency-associated genes in OKSM/K36M cells compared

Nature Cell Biology | Volume 25 | August 2023 | 1121-1134

124


http://www.nature.com/naturecellbiology

Article

https://doi.org/10.1038/s41556-023-01191-z

with OKSM/WT cells (Fig. 2b). In agreement, transcriptional differ-
ences between OKSM/WT and OKSM/K36M cells at day 4 were largely
attributable to fibroblast genes upregulated in OKSM/WT cells, and
pluripotency genes upregulated in OKSM/K36M cells (Fig. 2c).

MEFs expressing OKSM exhibit a substantial degree of heterogene-
ity with most cells undergoing cell cycle arrest or acquiring alternative
fates”. To assess how K36M expressionimpacts these phenotypes, we
performed single-cell RNA sequencing (RNA-seq) of OKSM/WT and
OKSM/K36M intermediates (Fig. 2d and Extended Data Fig. 3a). In
agreement with our analysis of Oct4-GFP cells, we detected expres-
sionofthelate pluripotency marker Nanoginonly arare subset of day
8 cells in OKSM/WT cultures whereas Nanog was already expressed
in every cell at day 6 in OKSM/K36M cultures (Fig. 2e, dotted circles,
and Extended Data Fig. 3b). When we assessed the transcriptional
similarity between single cells as a proxy for cellular heterogeneity, we
found that OKSM/K36M intermediates exhibited aslittle heterogene-
ity as MEFs and established iPS cells, while OKSM/WT reprogramming
intermediates exhibited an early, transient increase in heterogeneity,
mirroring previous observations* (Fig. 2f). Hence, K36M expression
effectively neutralizes early reprogramming barriers typical of WT cells
and prevents the formation of heterogeneous cell states refractory to
iPS cell formation.

Focusing on the earliest stages of reprogramming between day
2 and day 4, we noticed a marked downregulation of mesenchymal
markers such as Colla2, Zebl and PrrxI and a homogeneous upregu-
lation of epithelial markers such as Epcam, Cdh1 and Krt8 in OKSM/
K36M intermediates (Fig.2g-iand Extended Data Figs.3cand 4a,c-e).
However, OKSM/WT cells largely maintained a mesenchymal pro-
gramme and only a small subset of cells expressed epithelial genes
at these timepoints. We corroborated these observations with a dif-
fusion model (Extended Data Fig. 3d,e), which shows that K36M cells
uniformly progress along a successful reprogramming trajectory
defined by Nanog and Cdhl expression (Extended Data Fig. 3f,g),
while the majority of WT cells follow an unproductive path defined by
continued expression of the MEF gene ZebI (Extended Data Fig. 3h).
Consistently, we observed a homogeneous upregulation of Epcam
protein expression specifically in OKSM/K36M cells between days
2 and 4 using fluorescence-activated cell sorting and immunofluo-
rescence analyses (Fig. 2j and Extended Data Fig. 4b). We note that
some mesenchymal/epithelial genes (Extended Data Fig. 3i) as well
as genetic programmes linked to development and differentiation
(Extended Data Fig. 3j,k) were also modulated in K36M MEFs with-
out OKSM expression and probably contributed to reprogramming
via the aforementioned priming effect of K36M (Extended Data
Fig.1le,f). Together, these observations suggest that K36M facilitates
an efficient switch from a mesenchymal to an epithelial identity,
a process previously shown to be important for the acquisition of
pluripotency**.

K36M acts downstream of TGF and Smad2 but upstream

of Zebl

We next explored a possible molecular relationship between H3K36
methylation and TGF (3 signalling as TGF ligands and downstream effec-
tors are well-known regulators of mesenchymal identity and antago-
nists of epithelial identity®® (Fig. 3a). In OKSM/WT cells, inhibition
of TGF signalling enhanced the fraction of Epcam” and Oct4-GFP*
cells, while exposure to recombinant TGFf3 abolished both Epcamand
Oct4-GFP expression, confirming our previous finding® (Fig. 3b,c and
Extended DataFig. 5a,b). However, OKSM/K36M cells were insensitive
to either TGFf inhibition or recombinant TGF[3 treatment, suggest-
ing that K36M functions downstream of TGFf signals (Fig. 3b,c and
Extended DataFig. 5a,b). Consistently, OKSM/K36M cells maintained
low levels of mesenchymal genes and high levels of epithelial genes
regardless of the presence of recombinant TGF or TGFf inhibitor
(Fig. 3d and Extended Data Fig. 5¢,d), while TGF3 and TGFf3 inhibitor

elicited the expected mesenchymal and epithelial biased gene expres-
sion changes, respectively, in OKSM/WT cells. Furthermore, the modu-
lation of TGF signalling led to acomparable change in phospho-Smad2
levelsin OKSM/WT and OKSM/K36M cells, indicating that K36M exerts
its effect downstream of this key TGF3 mediator (Fig. 3e).

To define TGFB/Smad effector genes that are modulated by K36M,
we perturbed candidate mesenchymal transcription factors with
siRNAs. Suppression of Snail, Snai2 and TwistI levels had minimal
effects on Epcam expression, whereas suppression of Zebl levels led
to a>5-fold increase of Epcam® cells in OKSM/WT cells and this effect
was neutralized in OKSM/K36M cells (Fig. 3f). We observed a similar,
albeit smaller effect when measuring Oct4-GFP expression, suggest-
ing that K36M'’s effect is in part attributable to ZebI downregulation
(Fig. 3g). Strikingly, OKSM/K36M cells overexpressing ZeblI failed to
upregulate Epcam compared with control (Fig. 3h). These results sug-
gest that Zebl is a downstream effector of H3K36 methylation critical
for the maintenance of a mesenchymal state in our system. Since the
effects of Zebl suppression on acquiring an epithelial/pluripotent state
did not fully recapitulate the effects of K36M expression (Fig. 3g), we
tested whether microRNAs (miRNAs) previously implicated in both
mesenchymal-to-epithelial transition and pluripotency induction may
beinvolved.Indeed, we observed arobust upregulation of miRNAs that
target mesenchymal regulators and favour an epithelial state, including
miR-205 and the miR-200 family*>**, as well as of miRNAs that facilitate
the acquisition of a pluripotent state, including the miR-290-295 and
miR-302families (Fig. 3i and Extended Data Fig. 5e,f)***.

K36M modulates epithelial plasticity in diverse contexts
Totest whether disrupted H3K36 methylationimpacts mesenchymal/
epithelialidentity and TGFf signalling more broadly, we measured the
effects of K36M expression during MEF-to-induced neuron conver-
sion using Brn2/Ascll/Mytllexpression®, and during MEF-to-myocyte
conversion using MyoD expression®. Consistent with the pro-epithelial
effect of K36M during induced pluripotency, its forced expression
led to a significant increase in the number of induced neurons from
MEFs (Fig. 3j). However, K36M expression substantially reduced the
formation of Myh1-positive myotubes from MEFs (Fig. 3k), indicating
that a mature myogenic fate cannot be efficiently established from
mesenchymal cells in the absence of H3K36 methylation. Notably,
K36M expression did not interfere with the reprogramming of MEFs
to muscle progenitors using a recently published protocol***, sug-
gesting that H3K36 methylationis dispensable for the acquisition of a
self-renewing myogenic state but essential for muscle cell differentia-
tion (Extended Data Fig. 5g).

Toinvestigate whether K36M’s effect on epithelial identity is con-
servedin cell fate transitions that do not involve ectopic transcription
factor expression, weinduced K36MinES cells (Extended Data Fig. 5h,i)
that were coaxed into gastruloids. This process mimics early stages of
gastrulation and comprises an epithelial-to-mesenchymal transition
(EMT)®%-%2, Control ES cell cultures readily transitioned fromaspherical
toatube-like structure typical of gastruloids, whereas K36M cultures
remained spherical and failed to elongate, consistent with a require-
ment for H3K36-methylation to exit the pluripotent/epithelial state
and acquire adifferentiated/mesenchymalstate (Extended DataFig. 5j).
Supporting these data, K36M also blocked EMT inamonolayer differen-
tiationmodel fromES cells to pre-somitic mesoderm®, asinferred from
afailuretoinduce N-Cadherin, Thx6 and Msgnl expression (Extended
Data Fig. 5k). Thus, H3K36 methylation is critical in physiologically
relevant models of early development involving an EMT switch.

We finally assessed whether K36M expression modulates TGF3
signalling in a physiological context that does not entail an EMT. Epi-
dermal stem cells represent a classic type of epithelial stem cells that
require TGFP cues for proper differentiation in vivo®* and in vitro®.
Thus, we generated epidermal stem cell cultures expressing either
H3.3 WT or K36M. Acute withdrawal of TGFp inhibitor and parallel
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addition of recombinant TGFp led to the immediate flattening and
differentiation of WT cultures as determined by the loss of cells express-
ing the epidermal stem cell marker p63 (Fig. 31). By contrast, cultures
expressing K36M retained p63 expression in a substantial fraction of
cells, consistent with the notion that K36M partially phenocopies the
effect of TGFB inhibition.

H3K36me2 and H3K36me3 cooperatively safeguard
cellidentity

To determine whether K36M’s phenotype is driven by the disruption
of H3K36me3, H3K36me2 or both marks, we modulated cognate
histone methyltransferases/demethylases during reprogramming
(Extended Data Fig. 6a). The suppression of individual methyl-
transferases (Nsd1/Nsd2 for H3K36me2, Setd2 for H3K36me3) had
only subtle effects on the formation of Epcam” intermediates and
iPS cell colonies (Extended Data Fig. 6b). By contrast, the com-
bined suppression of Nsd1/Nsd2 and that of Nsd1/Nsd2/Setd2 had
the strongest beneficial effect on the formation of Epcam” cells in
WT fibroblasts. Conversely, the overexpression of Nsd2in WT cells
substantially reduced reprogramming efficiency and this effect was
neutralized by K36M expression (Extended Data Fig. 6¢,d). Corrobo-
rating these results, siRNA-mediated inhibition of the H3K36me2
demethylases Kdm2a and Kdm2b significantly reduced reprogram-
ming efficiency (Extended Data Fig. 6e-h), whereas knockdown
of the H3K36me3 demethylases Kdm4a and Kdm4c had no effect.
Consistently, the overexpression of Kdm2a, Kdm2b and Kdm4a
strongly increased reprogramming efficiency while the overex-
pression of Kdm4c had only a subtle beneficial effect (Extended
Data Fig. 6i-k). Of relevance, Kdm4a was shown to demethylate
not only H3K36me3 but also H3K36me?2 (ref. 66), suggesting that
K36M’s effect on reprogramming is largely driven by the depletion of
H3K36me2 levels while the parallel depletion of H3K36me3 levels hasa
supportiverole.

K36M alters H3K36me2/3 deposition and gene expression

To understand how K36M facilitates the extinction of a mesen-
chymal identity and the acquisition of an epithelial/pluripotent
identity at a chromatin level, we assessed the epigenome of day
4 reprogramming intermediates. As expected, H3K36me3 was
enriched over gene bodies and progressively increased with gene
expression levels in OKSM/WT cells, whereas this mark was globally
depleted in OKSM/K36M cells with the exception of the most highly
expressed genes that retained residual H3K36me3 levels (Fig. 4a,b
and Extended Data Fig. 7a-d). Together with our functional data on
H3K36me3-specific histone-modifying enzymes, these results suggest
that H3K36me3 depletion contributes to the extinction of the somatic
programme, while residual H3K36me3 levels at highly expressed

genes may facilitate the induction of epithelial and pluripotency
programmes.

H3K36me2 signal was distributed over broad intergenic and genic
regionsincluding enhancers and promoter-proximal introns in OKSM/
WT control cells, confirming and extending previous observations®®®
(Fig. 4c). OKSM/K36M cells showed genome-wide depletion of this
mark across these broad H3K36me2 domains and other genomic fea-
tures (Fig. 4c and Extended DataFig. 7e). Notably, H3K36me2-depleted
domains in OKSM/K36M cells were associated with a similar num-
ber of upregulated (n =910) and downregulated (n =1,053) genes
associated with epithelial/pluripotent and mesenchymal identity,
respectively (Fig. 4d). Supporting the instructive role of H3K36me2
in driving these gene expression changes, the forced expression of
Kdm2ain OKSM/WT MEFs was sufficient to drive the downregulation of
fibroblast genes and the upregulation of epithelial/pluripotency genes
(Extended Data Fig. 6l).

K36M decommissions MEF enhancers and activates

ES cell enhancers

To understand how K36M-dependent H3K36me2 depletion leads to
both gene activation and gene silencing, we mapped the deposition
of the repressive H3K27me3 mark known to antagonize H3K36 meth-
ylation®®7°, Only a fraction of H3K36me2-depleted domains gained
H3K27me3, while the remaining domains showed little or no H3K27me3
accumulation (Fig. 4e and Extended Data Fig. 8a). Genes located within
H3K36me2-depleted domains that gained H3K27me3 were enriched
for ontology terms related to signal integration (Extended Data
Fig.8b), inline with our earlier findings linking H3K36 methylation to
TGFp signalling (Fig. 3). Moreover, TGF[3-responsive genes that were
downregulated in K36M cells (Fig. 3d) gained H3K27me3 at their pro-
moters consistent with arole of PRC2intheir silencing (Extended Data
Fig.8c).Indeed, when we suppressed the PRC2 components Fzh2 and
Suzi2 using siRNAs in OKSM/K36M cells, we observed a reduction in
reprogramming efficiency and a delayed silencing of mesenchymal
genes (Extended Data Fig. 8d-h).

Recent studies suggested that H3K36 methylation can have dif-
ferential effects on transcription depending on the chromatin con-
text’", We therefore investigated whether H3K36me2 depletion leads
to locus-specific effects on regulatory elements during reprogram-
ming (Fig. 4fand Extended Data Fig. 7f). Indeed, asubset of enhancers
within H3K36me2-depleted domains exhibited reduced H3K27ac levels
and chromatin accessibility in OKSM/K36M cells; these enhancers
were enriched for MEF enhancers (Fig. 4f-h). By contrast, enhancers
within H3K36me2-depleted domains that gained H3K27ac signal and
chromatin accessibility were enriched for pluripotency enhancers
(Fig. 4f-h). Gene Ontology analysis of these two enhancer groups
showed an overrepresentation of mesenchymal and epithelial terms

Fig.3|K36M acts downstream of TGFf3 and Smad2 but upstream of Zebl.
a, Effects of TGFf signalling on reprogramming. b, Flow cytometry for Epcam
inday 8 reprogramming intermediates for WT and K36M samples. Untreated
controls versus cells treated with 250 nM Repsox (TGFi) or 2.5 ng ml™
recombinant TGFfB-1or -2 (rTGFB-1and rTGF-2). ¢, Fraction of Oct4-GFP*
cellsinreprogramming cultures treated with TGFBi or rTGF3-1/ rTGF3-2on
day 8. Pvalues were determined by two-sided unpaired Student’s ¢-test, error
barsindicate mean +s.d. (n =3 independent biological experiments). d, Heat
map showing gene expression (z-score) of mesenchymal and epithelial genes
inWT and K36M reprogramming intermediates treated with either TGFfi or
rTGFB-1(n =2biologically independent replicates). e, Immunoblot analysis
for phospho-Smad2, Smad2 and GAPDH in WT and K36M reprogramming
intermediates treated with either TGFBi or rTGFp-1. Blot is representative of
three independent biological experiments. f, Epcam expression (fold change)
of WT and K36M reprogramming cultures (day 4) transfected with the indicated
siRNAs relative to control. Error bars indicate mean + s.d. (n =3 independent
biological experiments). g, Fraction of Oct4-GFP* cellsin day 8 WT samples

treated with control siRNA or siRNA targeting Zebl. Pvalues were determined

by two-sided unpaired Student’s t-test, error barsindicate mean + s.d. (n=3
independent biological experiments). h, Flow cytometry for Epcam on day 4 in
WT and K36M reprogramming intermediates transduced with empty vector or
DOX-inducible ZebI.i, Small RNA-seq of day 4 reprogramming intermediates.
Heat map of key pro-epithelial and pro-pluripotency miRNAs (n = 2 biologically
independent replicates). j, MEF-to-neuron conversion. Representative
immunofluorescence images (scale bar, 50 pm) and quantification of Tubb3*
neurons (line indicates mean). Pvalue determined by two-sided unpaired
Student’s t-test, n = 3 biologically independent experiments. k, MEF-to-myotube
conversion. Representative immunofluorescence images (scale bar, 50 um) and
quantification of Myh1" myotubes (line indicates mean). Pvalues determined

by two-sided unpaired Student’s ¢-test, n = 3 biologically independent
experiments. I, Epidermal stem cells exposed to recombinant TGFB-1(10 ng ml™).
Representative images for phase and p63 immunofluorescence. Fraction of p63*
cells per field. Pvalue determined by unpaired Student’s ¢-test, error bars indicate
mean +s.d. (n =3 independent biological experiments).

Nature Cell Biology | Volume 25 | August 2023 | 1121-1134

1126


http://www.nature.com/naturecellbiology

Article

https://doi.org/10.1038/s41556-023-01191-z

(Extended DataFig. 7h,i),and their genomiclocations were enriched for
bindingssites of regulatory factors linked to mesenchymal (for example,
Fosl1 and Cebpb) and epithelial/pluripotent (for example, Oct4 and
Nanog) identity, respectively (Extended Data Fig. 7j). Accordingly,
promoters proximal to enhancers that lost H3K27ac concomitantly
lost H3K4me3 levels and associated genes were downregulated (for
example, Vimand PrrxI), while promoters proximal to enhancers that
gained H3K27ac concomitantly increased H3K4me3 levels and associ-
ated genes were upregulated (for example, Cdhl and Pou5fI) (Fig. 4i-k

and Extended DataFig. 7g). Collectively, our results demonstrate that
H3K36me2 depletion differentiallyimpacts enhancer activity in OKSM/
K36Mcells, leading to the parallelinduction and repression of opposing
lineage programmes, respectively.

K36M rewires transcription factor binding preferences

K36M expression could replace Oct4 or Kif4 expression during repro-
gramming, while Sox2 expression was essential, suggesting that Sox2
is key for mediating the effects of K36M (Extended Data Fig. 9a). To
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Fig.4|K36M decommissions MEF enhancers and activates ES cell enhancers.
a, Profile plot of mean H3K36me3 density over gene bodies + 10 kb. TSS,
transcription startsite, TES, transcription end site (n = 2 biologically independent
replicates were integrated for this analysis). b, H3K36me3 deposition at DEGs
(n=2,068) for WT (blue) and K36M (red) samples on day 4 of reprogramming.
RPKM, reads per kilobase per million mapped reads. Centre line indicates median
(n=2biologically independent replicates were integrated for this analysis).

¢, Profile plot of median H3K36me2 density over H3K36me2 domains (n =2
biologicallyindependent replicates were integrated for this analysis). d, Scatter
plot showing expression of genes proximal to or overlapping with H3K36me2
domainsin WT and K36M samples. Red indicates upregulated and blue indicates
downregulated genes in OKSM/K36M versus OKSM/WT cellson day 4 (n=2
biologically independent replicates were integrated for this analysis). e, Heat
maps showing signal intensities for H3K36me2 and H3K27me3 at H3K36me2
domainsincluding a2 kb flanking region (n = 2 biologically independent
replicates were integrated for this analysis). f, Heat maps showing signal
intensities for H3K36me2, H3K27ac and chromatin accessibility (ATAC-seq)
around differentially regulated (>2-fold) enhancers within H3K36me2 domains.

Enhancers were called by measuring H3K27ac abundance in regions proximal
to H3K36me2 domains excluding promoters (n = 2 biologically independent
replicates were integrated for this analysis). g, Scatter plot showing H3K27ac
abundance atenhancers embedded within H3K36me2 domainsin WT and K36M
reprogramming intermediates (n = 2 biologically independent replicates were
integrated for this analysis). Colours show overlap with MEF (beige) or ES cell
enhancers (green)”. h, Fraction of differentially regulated (>2-fold) enhancers
embedded within H3K36me2 domains and overlapping with MEF (beige) or

ES cell enhancers (green) in WT and K36M reprogramming intermediates™.

i, H3K4me3 enrichment at enhancer-proximal promoters (n =3,687) in WT
and K36M cells on day 4, and of corresponding RNA expression. Centre line
indicates median (n =2 biologically independent replicates were integrated
for this analysis). j,k, Representative tracks of mesenchymal gene Vim (j) and
of epithelial gene Cdhi (k) in WT and K36M reprogramming intermediates on
day 4 (n=2biologicallyindependent replicates). Putative regulatory elements
are highlighted in grey. The data in square brackets represent the range of
normalized read densities.
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Fig. 5| K36M-dependent chromatin rewiring alters transcription factor
binding preferences. a, Scatter plots showing Sox2 occupancy at sites specific
to early reprogramming intermediates (‘ectopic’, left) and ES cells (‘ES cell-
specific’, right) between WT and K36M reprogramming intermediates (n =2
biologically independent replicates were integrated for this analysis).

b, Representative tracks showing ectopic Sox2 binding to the Acta2 promoter
(n=2biologicallyindependent replicates). The datain square brackets represent
therange of normalized read densities. ¢, Representative tracks showing ES
cell-specific Sox2 binding at the proximal enhancer of Pou5f1 (n = 2 biologically
independent replicates). The datain square brackets represent the range of
normalized read densities. d, DNA methylation at ectopic and ES cell-specific
Sox2 binding sites using published methyl-seq data of MEFs (n =2) and RRBS data
of ES cells (n =2) (refs. 80,81). e, Scatter plots of differentially methylated regions
(DMRs) between WT and K36M reprogramming intermediates on day 4 and day
8 (n=2biologically independent replicates were integrated for this analysis).

DMRs overlapping ES cell-specific Sox2 binding sites are highlighted in purple.

f, Heat maps showing percent DNA methylation at ectopic and ES cell-specific
Sox2 binding sites in MEFs, reprogramming intermediates on day 4 and day 8,
and passaged iPS cells (n = 2 biologically independent replicates for day 4 and
day 8 samples, one sample for each genotype in uninduced MEFs and iPS cells).

g, Profile plots showing enrichment of Sox2 (left) and H3K36me2 (right) over
differentially demethylated regionsin WT (blue) and K36M (red) reprogramming
intermediates on day 4 (n =2 biologically independent replicates were integrated
for this analysis). h, DNA methylation at ectopic and ES cell-specific Sox2 binding
sitesin WT, Dnmt3a knockout (KO) and Dnmt3b KO MEFs®°, aswell asin WT

and Tet triple KO (TKO) ES cells®! (n =2). i, Representative tracks showing DNA
methylation at the Pous5fI locus in reprogramming intermediates (RRBS) and
WT/Dnmt3a KO/Dnmt3b KO MEFs (methyl-seq)®° (n = 2 biologically independent
replicates).

understand how K36M expression collaborates with Sox2 to activate
enhancers, we determined Sox2’s chromatin binding patterns on day 4
of reprogramming. Genomic Sox2 occupancy was strongly correlated
with H3K27ac deposition in OKSM/K36M cells, consistent with the
established role of Sox2 as an enhancer-bound factor (Extended Data
Fig. 9b). Of relevance, Chronis et al. previously demonstrated that
OKS predominantly bind to ectopic targets associated with an active
chromatin signature (MEF enhancers/promoters) early in reprogram-
ming before robustly engaging with pluripotency-specific targets

(ES cell enhancers) late in reprogramming”. Strikingly, we observed
amarked, K36M-dependent reduction in Sox2 binding to ectopic
targets such as Acta2, Vim and Zebl1 and a parallel increase in Sox2
bindingto ES cell-specific targets such as Pou5f1, Cdhl and LeftyI (Fig.
5a-c), with H3K36me2 levels being similarly depleted across both
types of target (Extended Data Fig. 9¢). We confirmed this differential
enrichmentusing anindependentset of iPS cell-associated Sox2 sites
(Extended Data Fig. 9d). Mirroring the increase in Sox2 signal, H3K27ac
and chromatin accessibility were also increased at ES cell-specific
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sites in OKSM/K36M cells (Extended Data Fig. 9b,e). These results
suggest that K36M-dependent chromatin rewiring reduces the early,
inappropriate binding of pluripotency factors to ectopic/somatic
targets while it promotes their binding to epithelial/pluripotency
targets.

We hypothesized that differential DNA methylation patterns
between OKSM/K36M and OKSM/WT cells could underlie the
observed Sox2 binding preferences because DNA methylation typi-
cally restrains transcription factor binding’®’” and H3K36me2/3 have
been shown to target DNA methylation via Dnmt3a/b (refs. 78,79).
Indeed, our analysis of published DNA methylation data and chroma-
tin accessibility patterns suggested that ectopic Sox2 sites are nor-
mally hypomethylated in MEFs and ES cells, whereas ES cell-specific
Sox2targets are hypermethylated and inaccessible in MEFs but dem-
ethylated and accessiblein ES cells (Fig. 5d and Extended Data Fig. 9f).
When we applied reduced representative bisulfite sequencing (RRBS)
to our OKSM/K36M and OKSM/WT cells, we observed a striking,
K36M-specific loss of DNA methylation during reprogramming
(Fig. 5e) including at sites that are normally methylated in ES cells/
iPS cells (Extended Data Fig. 9g). Consistent with our previous
meta-analysis, we found that ectopic Sox2 targets were largely
hypomethylated in our MEFs and iPS cells, while over two-thirds
of ES cell-specific Sox2 targets were methylated in our MEFs but
demethylated in our iPS cells (Fig. 5f). Notably, K36M facilitated a
profound and progressive demethylation of ES cell-specific Sox2
targets, reaching levels akin to ES cells at day 8 of reprogramming.
In line with this finding, we observed a strong enrichment of Sox2
binding, but a depletion of H3K36me2 deposition, over hypomethyl-
ated regionsin OKSM/K36M cells at day 4 (Fig. 5e,g) including at the
Cdh1, Krt8, miR-290-295 and Pou5fI loci (Extended Data Fig. 9h-k).
These results suggest that the timely and effective Sox2 binding to
ES cell-associated targets is typically restrained by DNA methylation
but enabled by K36M expression.

We failed to detect differences in the methylation of ectopic
Sox2 sites between WT, Dnmt3a™ and Dnmt3b™~ MEFs®, suggesting
that these sites are not regulated by the de novo methyltransferases
(Fig. 5h). However, ES cell-specific Sox2 sites showed reduced DNA
methylationin Dnmt3a™ MEFs (Fig. 5h,i) and elevated methylationin
Tet1/2/3-deficient ES cells® compared with ectopic Sox2 sites, consist-
ent with the notion that de novo methyltransferases and Tet enzymes
compete for targets in ES cells®>. Methylation differences between
enhancers that were more or less active in OKSM/K36M cells rela-
tive to OKSM/WT cells may be due in part to differences in CpG den-
sity (Extended Data Fig. 91). Collectively, these findings suggest that
H3K36me2 depletion at enhancers leads to an attenuated de novo
methylation viaDnmt3a, whichinturn facilitates Tet-dependent dem-
ethylation and activation of target genes.

K36M-dependent enhancer activation requires Tet activity

To investigate whether Tets play a functional role in the activation
of epithelial/pluripotency genes® % in our system, we measured the
levels of 5-hydroxymethylcytosine (ShmC), which s the Tet-catalysed
product of 5mC. We observed a strong ShmC signal in OKSM/K36M
cells that was absent in the starting MEFs and OKSM/WT intermedi-
ates (Fig. 6a). To determine whether this genomic demethylation
isrequired for enhanced iPS cell generation in OKSM/K36M cells,
we treated cultures with dimethyloxalylglycine (DMOG) previously
shown to inhibit Tet enzymes>****. DMOG-treated OKSM/K36M cul-
tures exhibited areduction of ShmClevels commensurate with OKSM/
WT cultures and untreated MEFs, and it abrogated the demethylation
of ES cell-specific Sox2 binding sites and enhancers more active in
K36M cells (Fig. 6a and Extended Data Fig. 10a,b). Consequently,
DMOG treatment abolished the formation of Epcam”and Oct4-GFP*
cellsin OKSM/K36M cells (Fig. 6b,c). We observed similar results upon
suppression of Tet1, Tet2 and Tet3 using short hairpin RNAs (Extended
DataFig.10c,d) and confirmed the attenuated upregulation of the ES
cell-associated genes Epcam, Pou5f1 and miR-290 in DMOG-treated
OKSM/K36M cells (Fig. 6d and Extended Data Fig. 10e). By contrast,
the MEF-associated gene Vim continued to be effectively downregu-
lated in the presence of OKSM/K36M and DMOG, underscoring the
Tet-independent regulation of mesenchymal genes (Fig. 6d). Moreo-
ver, Dnmt3a/b overexpression neutralized the beneficial effect of
K36M on reprogramming and led to increased Cdhl methylation,
supporting the antagonistic roles of Tet and Dnmt3 enzymes in the
regulation of epithelial/pluripotency genes (Fig. 6e and Extended
Data Fig. 10f,g). Hence, depletion of H3K36 methylation facilitates
reprogramming via disrupting the balance between Dnmt3a/b and
Tetenzymes at regulatory elements of epithelial/pluripotency genes,
leading to their demethylation and activation.

To dissect how impaired DNA demethylation affects regula-
tory elements in our system, we assessed the epigenome of OKSM/
K36M reprogramming intermediates in the presence and absence
of DMOG. H3K36me2 was depleted to a similar extentin control and
DMOG samples expressing K36M (Extended Data Fig. 10h). Strik-
ingly, DMOG treatment neutralized the K36M-dependent gain of
H3K27ac and Sox2 peaks while the K36M-dependent redistribution
of H3K27me3 remained largely unaffected (Fig. 6f). For example,
at the mesenchymal gene PrrxI, we observed efficient depletion
of H3K36me2, H3K27ac and Sox2 signal over the enhancer region
and a concomitant gain of H3K27me3 over the promoter region in
DMOG-treated OKSM/K36M cells (Fig. 6g). However, at the epithe-
lial/pluripotency gene Cdhl, we observed that DMOG treatment
blocked demethylation and attenuated the increase in H3K27ac and
Sox2binding at the enhancer (Fig. 6g and Extended Data Fig.10i-k).
Together, these results suggest that the inhibition of Tet enzymes

Fig. 6| DNA demethylationis limiting for K36M-dependent enhancer
activation and reprogramming. a, Dot blot assay to quantify ShmcClevels

in MEFs as well as day 4 WT and K36M reprogramming intermediates in the
presence and absence of DMOG (1 mM). b, Flow cytometric quantification of
Epcam levels on day 4 of reprogramming in untreated or DMOG-treated WT
and K36M intermediates. ¢, Quantification of Oct4-GFP" cells detected in day
4K36M reprogramming intermediates in the presence or absence of DMOG.
Pvalue determined by two-sided unpaired Student’s t-test, error bars indicate
mean ts.d. (n =3 independent biological experiments). d, Relative expression
ofthe fibroblast gene Vim, the epithelial gene Epcam and the pluripotency gene
PouSflinuntreated and DMOG-treated K36M intermediates. Error bars indicate
mean ts.d. (n =3). Pvalues were determined by two-sided unpaired Student’s
t-test. e, Fraction of Oct4-GFP* K36M cultures transduced with either an empty
vector or DOX-inducible overexpression vectors for Dnmt3a and Dnmt3b, error
barsindicate mean +s.d. (n =3 independent biological experiments).

f, Quantification of Sox2, H3K27ac and H3K27me3 levels at sites that

are gained or lostin K36M versus WT samples and the effect of DMOG on

these enrichment patterns (K36M only). Centre line indicates median (n =2
biologically independent replicates were integrated for this analysis).

g, Representative gene tracks (H3K36me2, H3K27ac, H3K27me3, Sox2 and
whole-genome bisulfite sequencing (WGBS)) showing the mesenchymal gene
Prrx1and the epithelial gene Cdh1 for WT, K36M, K36M + DMOG conditions on
day 4 of reprogramming (n = 2 biologically independent replicates). The datain
square brackets represent the range of normalized read densities for CUT&Tag
samples and the percentage of DNA methylation for WGBS. h, Schematic of
DMOG washout experiment (top), and quantification of Oct4-GFP* cells on day
8 of reprogramming (bottom). K36M cells were either left untreated (control)
or treated with DMOG for 8 days (DMOG day O to day 8) or 4 days, (DMOG day O
to day 4). Pvalues were determined by two-sided unpaired Student’s ¢-test, error
barsindicate mean + s.d. (n = 3 biologically independent experiments).

i, Summary highlighting the dual role of K36M-mediated H3K36me2 depletion
on active mesenchymal versus repressed epithelial and pluripotency genes. NS,
notsignificant.
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uncouples K36M-dependent ES cell enhancer activation, which
is Tet dependent, from MEF enhancer decommissioning, which is
Tetindependent.

Finally, we determined whether the restoration of Tet function by
withdrawal of DMOG from OKSM/K36M reprogramming cultures could
restore their ability to acquire pluripotency. Remarkably, removal of
DMOG from OKSM/K36M cultures that had been treated with DOX and

DMOG for 4 days progressed from an Epcam™/Oct4-GFP~ state to an
Epcam’/Oct4-GFP* statein virtually every cell after aslittle as 4 days of
additional DOX treatment (Fig. 6h), thus catching up to OKSM/K36M
cultures exposed to DOX alone for the entire time period. These data
imply that demethylation of epithelial/pluripotency genes is the key
limiting factor for acquiring an epithelial and subsequently a pluripo-
tent state in OKSM/K36M cells.
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Discussion

Here we provide evidence that H3K36 methylation effectively rein-
forces cell identity via two complementary mechanisms that differ-
entially impact gene expression (Fig. 6i). First, H3K36 methylation
sustains the expression of cell-type-specific genes by keeping associ-
ated enhancers and gene bodies in a euchromatic, transcriptionally
active state. Thismechanismrelies onthe known ability of H3K36me2/3
to antagonize the repressive H3K27me3 mark and is consistent with
previous observations in cancer cell lines®*. Second, H3K36 methyla-
tion aids in the silencing of alternative lineage genes by maintaining
associated enhancers in a methylated and closed chromatin state
that opposes the binding of lineage-specific transcription factors.
During reprogramming, this dual mechanism manifests itself as an
enhanced decommissioning of mesenchymal enhancers leading to
reduced ectopic OKSM binding, as well as an increased activation of
pluripotency enhancers due to elevated OKSM binding to demethyl-
ated ES cell-specific targets. Mechanistically, our data suggest that
DNA methylation of regulatory elements uncouples MEF enhancers
thatare decommissioned and transcriptionally silenced (methylation
independent) from pluripotency enhancers that are commissioned and
transcriptionally activated (methylation sensitive). We propose that
the ultimate outcome of perturbed H3K36 methylation on cell fate
will be context specific and dependent on the pre-existing chromatin
and DNA methylation state as well as the availability of fate-instructive
transcription factors.

In addition to illuminating the molecular basis by which K36M
impacts cell identity, we establish a functional relationship between
H3K36 methylation and TGFf signalling. AsK36M blocks signal integra-
tion independently of TGF3 and Smad phosphorylation, we propose
that H3K36 methylation acts as an epigenetic relay mechanism for TGFf3
signalling by modulating the ability of Smad proteins to access relevant
chromatintargets such as ZeblI (ref. 89). Our finding that H3K36 meth-
ylation maintains a mesenchymal identity and resists acquisition of
an epithelial identity is also supported by the recent identification of
H3K36me2/3-modifying enzymes as modulators of epithelial plastic-
ity in pancreatic cancer cell lines, suggesting a conserved mechanism
across both physiological and pathological contexts®s,

Our data have implications for regenerative medicine and the
treatment of cancer. For example, NSDI and H3K36M mutations were
recently detected in a subset of head and neck squamous cell car-
cinomas associated with genomic hypomethylation and impaired
differentiation®. Supporting this notion, we show that squamous
stem cells expressing K36M indeed maintain expression of basal stem
cell markers when exposed to differentiation cues. Furthermore, our
data suggest that modulation of H3K36 methylation via K36M could
be a simple approach to generate patient-specific human iPS cells
or induced neurons at high efficiency. Beyond K36M, a recent study
identified over one hundred additional mutants covering all histone
genes and diverse types of cancer”. These mutations, like K36M, are
thought to dominantly block methylation, and we speculate that
their manipulation in experimental model systems should facilitate
mechanistic insights into cell identity maintenance that have so far
remained obscured by the study of the respective histone-modifying
enzymes alone.
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Methods

Experimental procedures

Derivation of mouse embryonic fibroblasts. After timed mating,
embryos were dissected from pregnant females at embryonic day
(E)14.5.Head, limbs and internal organs were removed; the remaining
tissueminced andincubated in trypsin—-EDTA, cells were then expanded
after quenching with MEF medium (Dulbecco’s modified Eagle medium
(DMEM), 10% fetal bovine serum (FBS), Minimum Essential Medium
Non-Essential Amino Acids solution (MEM/NEAA), GlutaMAX and peni-
cillin-streptomycin). Eight- to 10-week-old male and female mice of the
following strains were used for breeding set-ups: Collal::tetO-OKSM
with an EGFP reporter inthe 3’ untranslated region (UTR) of the Pou5f1
gene, Collal::tetO-H3.3, Collal::tetO-K36M, Rosa26::M2-rtTA.

For reprogramming experiments, MEFs were derived from
crosses leading to M2-rtTA at the Rosa26 locus (heterozygous), an
EGFP reporter in the 3’ UTR of Pou5f1, an inducible OKSM cassette in
one Collal locus, and inducible H3.3 WT or K36M in the other Collal
locus. For additional experiments, MEFs were generated with the same
set-up, but without a polycistronic OKSM cassette. Mice used in this
study were housed and bred in specific-pathogen-free rooms located
in the Association for Assessment and Accreditation of Laboratory
Animal Care International-accredited Center for Comparative Medicine
vivarium at Massachusetts General Hospital (MGH). Mice were housed
in ventilated cages on a standard 12 h:12 h light cycle. All procedures
involving mice adhered to the guidelines of the approved MGH Insti-
tutional Animal Care and Use Committee protocol no.2006N000104.

Vectors. Lentiviral vectors for the DOX-inducible expression of WT
H3.3, K4M, K9M, K27M, K36M, Zebl, MyoD, Kdm2a, Kdm2b, Kdm4a,
Kdm4c, Nsd2, Dnmt3a, Dnmt3b and an empty vector were purchased
from VectorBuilder. Lentiviral vectors for the expression of short
hairpin RNAs targeting Tet enzymes were also purchased from Vec-
torbuilder. FUW-TetO-Ascll, FUW-TetO-Brn2, and FUW-Mytll were
gifts from Marius Wernig (addgene 27150, 27151 and 27152) (ref. 56).
pHAGE2-TetOminiCMV-SKM, pHAGE2-TetOminiCMV-OSM and
PHAGE2-TetOminiCMV-OKM were gifts from Hans Scholer (addgene
136551, 136555 and 136554) (ref. 91). pHAGE-STEMCCA vectors were
used for constitutive and DOX-inducible expression of OKSM as pre-
viously described””. pLV-EF1a-IRES-Blast was a gift from Tobias Meyer
(addgene 85133). H3.3 WT and K36M were introduced using Gibson
Assembly (New England Biolabs).

Induction of pluripotency. MEFs and GMPs with DOX-inducible
expression of OKSM and H3.3 WT or K36M were cultured as
described previously®®. FBS/LIF medium consisted of KO-DMEM,
15% de-activated FBS, GlutaMAX, MEM/NEAA, 1,000 U ml™ leukae-
mia inhibitory factor (LIF) and 50 uM 3-mercaptoethanol. Combi-
nations of DOX (2 pg ml™, Sigma-Aldrich), ascorbic acid (50 pg ml™,
Sigma-Aldrich) and GSK3-inhibitor CHIR99021 (3 pM, Axon Med-
chem) were supplemented (AGi medium). For reprogramming of
GMPs, stem cell factor (SCF, 20 ng ml™, Peprotech), IL-3 (10 ng ml ™,
Peprotech) and IL-6 (10 ng ml™, Peprotech) were added for the first
72 h. For keratinocyte reprogramming, cells with DOX-inducible
expression of OKSM were lentivirally transduced with DOX-inducible
H3.3 WT or K36M vectors and cultured in SAGM medium (Lonza)
supplemented with CHIR99021 (Tocris), Y27632 (Tocris) and A-8301
(Tocris)®. After 2 days of reprogramming, medium was changed to a
1:1split with FBS/LIF. After two more days, cells were cultured in only
FBS/LIF medium. Alkaline phosphatase (AP) staining was performed
using a Vector Red kit (Vector Labs) according to the manufacturer’s
recommendations.

Human fibroblasts (BJ, CRL-2522 ATCC) cultured in DMEM/10%
FBS were lentivirally transduced for the constitutive expression of H3.3
WTorK36M.STEMCCA lentivirus was introduced for the constitutive
expression of OKSM, and cells were seeded on Matrigel-coated plates.

Four days after transduction, medium was switched to ReproTeSR
(Stem Cell Technologies). AP staining was performed as described
above.

Teratoma formation assay. Approximately 2 x 10° cells were injected
subcutaneously into 8-week-old female athymic nude mice (NU/J,
Jackson Laboratories). Teratomas were monitored and removed when
tumour size reached 1 cm or tumours ulcerated. Tumours were then
processed for haematoxylin/eosin staining.

Blastocyst injections. To generate coat-colour chimaeras from iPS
cells derived with transient expression of K36 M, iPS cells were injected
into albino B6 blastocysts at E3.5 as previously described”**.

MEF-to-neuron conversion. MEFs with DOX-inducible expression of
H3.3WT or K36M were infected with DOX-inducible lentiviral vectors
(FUW-TetO-Ascl1, FUW-TetO-Brn2 and FUW-TetO-Myt1l) in MEF growth
mediumand plated on Matrigel. After 2 days, medium was changed to
neuron induction medium supplemented with DOX>®. After 3 days of
half-medium changes, cells were fixed and stained for Tubb3 (BioLe-
gend 801201).

MEF-to-myotube conversion, MEF-to-iMPC de-differentiation. MEFs
with DOX-inducible expression of WT H3.3 or K36M were transduced
with a DOX-inducible lentiviral vector for expression of MyoD. Cells
were then cultured as previously described®’.

Gastruloid generation. Gastruloids were generated as described
previously®-®*. Briefly, KH2 ES cells inducibly expressing H3.3 WT or
K36M (FBS/LIF) were plated in ultralow-attachment round-bottom
96-well plates (300 cells per well) in N2B27 medium and pulsed with
3 UM CHIR99021for 24 h onday 2 after plating. Elongation was assessed
atdays.

Pre-somitic mesoderm differentiation. Pre-somitic mesoderm
differentiation was induced as described previously®. In brief, KH2
ES cells inducibly expressing H3.3 WT or K36M (2i/LIF) were plated
in N2B27 medium supplemented with 25 ng ml™ Activin A (Pepro-
tech) and 12 ng ml™ basic fibroblast growth factor (Peprotech). After
48 h, medium was changed to high-glucose DMEM supplemented
with GlutaMAX, sodium pyruvate, MEM/NEAA, 15% FBS, 50 uM
B-mercaptoethanol, 3 M CHIR99021 (Axon Medchem) and 0.5 uM
LDN193189 (Tocris). Forty-eight hourslater, cells were fixed forimmu-
nofluorescence or RNA was collected.

Embryoid body generation. Mouse iPS cells were resuspended in
MEF medium, then centrifuged in anti-adherence microwell plates
(Stem Cell Technologies). After 24 h, cell aggregates were transferred
into low-adherence plates (Stem Cell Technologies) and cultured for
four more days.

Keratinocyte culture. Keratinocytes were derived fromaRosa26-rtTA
mouse, lentivirally transduced with vectors for the DOX-inducible
expression of WT H3.3 orK36M, and cultured as previously described®.
To assess the effect of K36M expression on TGFf3 signalling in this
system, A-83-01 was removed and replaced with recombinant TGF3-1
(Peprotech) at10 ng ml™after 2 days of DOX treatment. Cells were fixed
and stained after four more days of culture.

dRT-PCR. Quantitative reverse transcription polymerase chain reac-
tion (QRT-PCR) reactions were set up intriplicate using Brilliant I SYBR
Master Mix (Agilent) and runonaLightCycler 480 PCR machine (Roche)
with 40 cycles of 30 s at 95°C, 30 s at 60 °C and 30 s at 72 °C. Fold
change was calculated using the AAC, method, and data were normal-
ized to Gapdh.Kicqstart primers were purchased from Sigma-Aldrich
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for mouse Epcam, Cdhl and Vim, and for human EPCAM, CDH1, LIN28A,
NANOG and GAPDH.

For miRNA analysis, complementary DNA was generated using a
TagMan MicroRNA Reverse Transcription Kit according to the man-
ufacturer’s recommendations, and reactions were set up in tripli-
cate with the TagMan Universal PCR Master Mix (no AmpErase UNG,
Applied Biosystems) and miRNA-specific TagMan MicroRNA assays
(TagMan MicroRNA mmu-miR-290 assay ID: 000187, TaqMan Micro-
RNA hsa-miR-200b assay ID: 002251, TagMan MicroRNA hsa-miR-205
assayID: 000509, TagMan Array MicroRNA U6 snRNA, assay ID: 001973,
all Life Technologies). Reactions were run on a LightCycler 480 PCR
machine (Roche) with40 cycles of15sat 95 °Cand1 minat 60 °C. Fold
change was calculated using the AAC, method, data were normalized
toUé.

Flow cytometry of tissue cultures. Surface marker staining was per-
formed using dye-conjugated antibodies against Thy1 (anti-Mouse
Thyl.2 eFluor 450, Thermo Fisher Scientific), SSEA-1 (anti-Human/
Mouse SSEA-1 eFluor 660, Thermo Fisher Scientific) and EpCAM
(anti-Mouse EpCAM PE, Thermo Fisher Scientific). Intracellular stain-
ing was performed using a Fix & PermKit (Thermo Fisher Scientific) and
anantibody targeting Nanog (anti-Nanog antibody ab80892, Abcam).
CellTrace-Violet (Thermo Fisher Scientific) staining and Annexin-V/PI
(Thermo Fisher Scientific) staining were performed according to the
manufacturer’s recommendations. Data were acquired on an LSRII
flow cytometer (BD Biosciences) using Diva v.6.1.2 (BD Biosciences).

Bone marrow preparation and flow cytometry. Bone marrow from
wasincubated in RBClysis buffer (BioLegend) for 8 min onice. A total
of 40-50 million cells were applied for lineage depletion according to
the manufacturer’s recommendations (Miltenyi Biotech). The cells
were stained as follows to sort GMPs.

Thefollowing lineage markers were used: Ter119 (PE/Cy5; Thermo
Fisher, catalog no. 15-5921-83), CD3e (PE/CyS5; BioLegend, catalog no.
100310), Gr1 (PE/CyS5; Thermo Fisher, catalog no. 15-5931-83); B220/
CD45R (PE/Cy5; BioLegend, catalog no.103210); TCRb (PE/Cy5; Thermo
Fisher, catalog no. 15-5961-83); CD4 (PE/Cy5; Thermo Fisher, catalog
no. 15-0041-83); CD8a (PE/Cy5; BioLegend, catalog no.100710); Scal
(PE/Cy7; ThermoFisher, catalog no. 25-5981-82); c-Kit (APC-eFluor 780;
Thermo Fisher, catalog no.47-1171-82); CD34 (FITC; Thermo Fisher, cat-
alogno.11-0341-85); CD16/32 (FC gammareceptor) (PE; BD Biosciences,
catalog no. 553145); 4/,6-diamidino-2-phenylindole (BD Biosciences,
catalog no.564907). Antibodies were diluted to 1 pl per million cells.

Immunofluorescence assays. The following primary antibodies were
used: anti-H3K36M (anti-Histone H3 K36M Rabbit Monoclonal Anti-
body, Clone RM193, RevMab), anti-H3K36me3 (abcam 9050, Thermo
Fisher MA5-24687), anti-H3K36me2 (active motif 39256), anti-Sox2
(Cell Signaling 23064), anti-Nanog (abcam 80892) anti-Epcam (Life
Technologies 14-5791-81), anti-Vim (Cell Signaling 5741), anti-Tubb3
(BioLegend 801201), anti-Myh1 (Developmental Studies Hybridoma
Bank, lowa MF20), anti-p63 (Santa Cruz sc-8431) and anti-Cdh2 (Cell
Signaling 13116).

Western blot assay. Inmunoblotting was performed using the fol-
lowing antibodies: GAPDH (Cell Signaling 8884), phospho-Smad2
Ser465/467 (Cell Signaling 3108) and Smad2 (Cell Signaling 5339).
Images were taken using a ChemiDoc Imaging System with enhanced
chemiluminescence detection.

Mass spectrometry of histone post-translational modifications.
Bulk histones were acid-extracted from cell pellets, propionylated and
subjected to trypsin digestion as described previously’®. Samples were
analysed on a triple quadrupole (QqQ) mass spectrometer (Thermo
Fisher TSQ Quantiva) directly coupled with an UltiMate 3000 Dionex

nano-liquid chromatography system. Targeted analysis of unmodified
and various modified histone peptides was performed. The process
was repeated three separate times for each sample.

Dot blot assay. DNA samples were sonicated to generate fragments
of 200-500 bp length. After denaturizing, samples were spot-
ted on nitrocellulose membranes in a Bio-Dot apparatus (Bio-Rad)
according to manufacturer recommendations. After washing,
ultraviolet-crosslinking and blocking, membranes were incubated with
anti-5ShmcC antibody (Active Motif 39769) overnight at4 °C. After incu-
bation with horseradish peroxidase-conjugated secondary antibody
(Invitrogen G21234), images were taken using a ChemiDoc Imaging
Systemwith enhanced chemiluminescence detection. Quantification
was performed using Image].

Bisulfite sequencing. A total of 200 ng of DNA was bisulfite converted
using an EZ DNA Methylation-Gold Kit (Zymo Research) according to
the manufacturer’srecommendations. PCR was performed with GoTaq
(Promega), before cloning into a pCR4-TOPO vector (Invitrogen).
Subcloned colonies were sequenced with M13 reverse primer. The
primers used for amplification of the Cdhlenhancer were AATAGGATA-
GAATAGATAAGGGAAAAAG (forward) and AAACATTTATTTCTAATCT-
TACAAACCA (reverse).

RNA-seq and ATAC-seq. For bulk RNA-seq, samples were collected at
days 0,2, 4, 6and 8 of reprogramming for both genotypes. Specimens
of iPS cells of the same backgrounds were passaged for seven passages
in FBS/LIF on feeders before pre-plating and RNA extraction. RNA-seq
libraries were constructed using polyA selection followed by NEBNext
UltraDirectional kit protocol (New England Biolabs) and sequenced on
thelllumina HiSeq2500 instrument, resulting in ~30 million reads per
sample on average. Small RNA-seq libraries were generated using the
NEB smallRNA library kit E7330L (New England Biolabs), and sequenc-
ing was run on the NextSeq 2000 as PE50 on a P3 type flowcell to -30
million reads per sample.

Assay for transposase-accessible chromatin using sequenc-
ing (ATAC-seq) was performed as previously described”. Briefly,
nuclei of 60,000 cells per sample were resuspended in transposi-
tion buffer with Tn5 transposase. DNA was isolated using a MinElute
kit (Qiagen), and libraries were amplified by PCR for 13 cycles using
barcoded, lllumina-compatible primers. After amplification, DNA
was size-selected for fragments between 100 bp and 1,000 bp using
AMPure XP beads (Beckman Coulter Life Sciences). Libraries for RNA-
and ATAC-seq underwent TapeStation 2200 (Agilent) analysis before
sequencing. ATAC-seq libraries were sequenced in paired-end 50 bp
mode on the lllumina HiSeq2500 instrument, resulting in ~40 million
reads per sample.

Single-cell RNA-seq. Single-cell RNA-seq was performed for MEFs
beforeinduction and for reprogrammingintermediates of both geno-
types on days 2, 4, 6 and 8. An iPS cell sample was added after seven
passagesin FBS/LIF on feeders and pre-plating. Approximately 5,000
cells per sample were encapsulated using the 10x Chromium pipeline
according to manufacturer guidelines using Single Cell 3’ chemis-
try v3 (10x Genomics). After mapping and quality control (QC), cells
were embedded using the monocle framework and DPT (diffusion
pseudotime)®®®’,

CUT&Tag assay. CUT&Tag was performed as previously described'.
In brief, 100,000 bead-bound cells per sample were permeabilized
and incubated with primary antibodies targeting anti-H3K36me3
(Thermo Fisher MA5-24687), anti-H3K36me2 (active motif 39256),
anti-H3K4me3 (active motif 39060), anti-H3K27ac (Millipore
MABE647), H3K27me3 (Cell Signaling 9733) and anti-Sox2 (Cell Sign-
aling 23064). After incubation with secondary antibody (Guinea Pig
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anti-Rabbit IgG, antibodies online ABIN101961), pAG-tethered trans-
posase (pAG-Tn5, Epicypher) was bound in situ at target loci. After
tagmentation and DNA clean-up, libraries were prepared by PCR ampli-
fication with barcoded Illumina-compatible primers. TapeStation 2200
analysis using High Sensitivity D1000 ScreenTape (Agilent) confirmed
successful library preparation before sequencingin paired-end 50 bp
mode with Illumina HiSeq2500, resulting in approximately 15 million
reads per sample on average.

RRBS assay. RRBS was performed on100 ng of genomic DNA for each
sample using the NuGEN Ovation RRBS methyl-seq systemaccording
to the manufacturer’srecommendations. Bisulfite conversion of DNA
was performed using the Qiagen EpiTect fast bisulfite conversion kit.
Libraries were purified with Agencourt RNAclean XP beads, QC was
performed using TapeStation analysis. Libraries were sequenced on
the lllumina NovaSeq6000, generating 100 bp single-end reads.

WGBS assay. Whole-genome bisulfite sequencing (WGBS) libraries
were produced with the TrueMethyl 0xBS-Seq Module (Tecan) and
Accel-NGS Methyl-Seq DNA Library Kit (Swift) according to the manu-
facturer’sinstructions with the omission of the oxBS stepsinthe TrueM-
ethyl protocol. Briefly, 300 ng of genomic DNA (gDNA) was sheared to
average fragment size of 200 bp using a Covaris S2 sonicator for1 min
30 swith the following settings: duty cycle 10%, intensity 5, cycles per
burst 200. Resulting sheared gDNA was concentrated using AMPure
XPbeads (Beckman Coulter) and then subjected to bisulfite conversion
and desulfunationasoutlined in the TrueMethyl 0xBS-SeqModule. This
bisulfite-converted gDNA was then used as input for the Accel-NGS
Methyl-Seq DNA Library Kit and yielded sequenceable libraries.

Statistical analyses

RNA-seq data analysis. RNA-seq reads were mapped by STARv.2.5.0
aligner'®' tomm9 reference genome using ENSEMBL annotation. Read
counts for individual genes were produced using the unstranded count
featurein HTSeqv.0.11.2 (ref.102). Differential expression analysis was
performed using the edgeR package'®® after normalizing read counts
andincluding only those genes with count per million reads >1for one
ormore samples'®, Differentially expressed genes (DEGs) were defined
onthebasis of the criteria of >2-fold change in expression value. Gene
Ontology analysis was performed using GeneOntology.org'®.

Single-cell RNA-seq data analysis. Sequenced reads were first aligned
using CellRanger v.3.0.2, and the filtered reads assigned to cell bar-
codeswere analysed with the R package Seurat, v.4.0.0 (ref. 106). A first
round of QC (input: 45,751 cells) involved removing all cells positioned
at least three median absolute deviations below the mean for library
size (total number of reads) and the number of detected genes, as well
asabove themeanfor the percentage of mitochondrial genes expressed
fromthe entire transcriptome (40,018 cells remaining). The R package
monocle3,v.1.2.9 was used for normalization, dimensionality reduction
and visualization (uniform manifold approximation and projection,
UMAP)®. Further, 372 single cells corresponding to three separate
clusters with low QC metrics and indicative of contamination were
removed (39,646 cells remaining), and the data was normalized and
clustered again. A new cluster with low QC metric (low number of genes
expressed) consisting of 903 single cells emerged and was removed.
Thefinal cleaned dataset consisted of 38,743 cells. The heterogeneity
score within samples was generated by computing the average Euclid-
eandistance amongall cells in the same condition on the basis of mon-
ocle3-derived UMAP coordinates. The correlation scores for MEFs and
ES cells (ESCsV6.5) were calculated using all available genes, and were
compared with publicly available bulk profiles'”. The datawere further
z-scored. To assess the robustness of sample separation in the visual
UMAP representation, we pre-processed the data following the stand-
ard Seurat framework as well, including normalizing with SCTransform.

The pseudotime plots were generated on the Seurat-pre-processed
data using the R package destiny v.3.4.0 (refs. 98,99).

Small RNA-seq data analysis. Raw sequencing reads were trimmed
using trimmomatic to exclude adapter contamination and poor-quality
bases'*®. Trimmed reads were aligned to reference genome mm9 with
star aligner'”’. Read counts for individual genes were produced using
the unstranded count feature in HTSeq 0.9.1 (ref. 102). Differential
expression analysis was performed using the edgeR package'® after
normalizing read counts and including only those genes with count
per millionreads greater than 1for one or more samples'**. DEGs were
defined onthe basis of the criteria of minimum 2-fold change in expres-
sion value and Pvalue less than 0.01.

Mass spectrometry of histone post-translational modification data
analysis. Raw mass spectrometry files were imported and analysed in
Skyline with Savitzky-Golay smoothing'®. All Skyline peak area assign-
ments for monitored peptide transitions were manually confirmed.
Multiple peptide transitions were quantified for each modification.
For each monitored amino acid residue, each (un)modified form was
quantified by calculating the sum of peak areas of corresponding pep-
tide transitions; the sum of all modified forms was then calculated for
each amino acid to represent the total pool of modifications for that
residue. Finally, each modificationis thenrepresented as a percentage
of the total pool of modifications. This process was carried out for each
ofthe three separate mass spectrometry runs and averaged per sample.

ATAC-seq data analysis. Sequencing reads were mapped using bwa
v.0.5.9-r16 aligner™ followed by peak calling using Hotspot™'. DiffBind
Rpackage'was used for the analysis of differential accessible regions,
based on the cut-offs of >2-fold change in peak intensity and false
discoveryrate<0.01.

CUT&Tag data analysis. Sequencing reads were mapped to mm9 refer-
ence genome using bwa aligner"’. Peak calling was performed using
Homer'”, Heat maps and average profiles of CUT&Tag read densities
were generated using deepTools™*. Bedtools was used to calculate read
densities over given regions'. Gene Ontology analysis was performed
with ClusterProfiler after annotation using ChipSeeker"*'”. Plots were
generated in Rusing the ‘ggplot2’ package.

RRBS data analysis. Demultiplexed reads were trimmed using cuta-
dapt and the Nugene diversity adapter trimming python script trim-
RRBSdiversityAdaptCustomers.py. Alignment to the mouse mm9
genome was performed using BSMAP"® with the following parameters:
-v0.1-s12-q20-w100-S1-u-R-D C-CGG. Duplicate reads were removed
using the Nugene deduplication script nudup.py. Methylation ratios
were called with the MOABS mcall module™. Differentially methylated
regions (DMRs) were calculated in R, using package DSS to detect dif-
ferentially methylated loci'™. Locations were selected on the basis of
adelta of 0.1 and a P value threshold of 0.001 across two replicates.
Using R, allRRBS samples were filtered to keep only CpGs with at least
5% coverage. Data were then combined to perform analysis on only
matched CpGsacross all samples (n =2,688,886). For Sox2 binding site
analysis, CpGs were intersected with region sets using bedtools, and
heat maps were generated using package ‘pheatmap’ after calculating
average CpG methylation percentage for eachbindingsiteinR (ref. 115).

WGBS data analysis. QC and correcting for adaptor content was
performed using fastQC and cutadapt. After this, reads were aligned to
the mouse mm1O0 reference genome using BSmap with flags-v0.1-s16
-w100-S1-q20 -u-R. The methylation level of all CpGs captured was
calculated using the mcall module in the MOABS software suite with
standard parameter settings and CpGs <10x coverage were discarded
fromthe analysis.

Nature Cell Biology


http://www.nature.com/naturecellbiology

Article

https://doi.org/10.1038/s41556-023-01191-z

Statistics and reproducibility. Statistical tests are described in the
corresponding figure legends. Unless otherwise indicated, statistical
analyses were carried out using R or GraphPad Prism. Data distribu-
tion was assumed to be normal, but this was not formally tested. No
statistical method was used to pre-determine sample size, no datawere
excluded from the analyses and the investigators were not blinded to
allocation during experiments and outcome assessment.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

RNA-seq, ATAC-seq and CUT&Tag data have been depositedinthe Gene
Expression Omnibus under accession code GSE203492. Single-cell
RNA-seq data are deposited under GSE203536. RRBS and WGBS data
are available under GSE203606. The publicly available datasets used
in this study are GSE90893, GSE111172 and GSE77420. All other data
supporting the findings of this study are available from the correspond-
ing authors upon reasonable request. Source data are provided with
this paper.

Code availability

The code used toanalyse the single-cell RNA-seq data presented here,
andto generate the corresponding plots, is uploaded to GitHub https://
github.com/Michorlab/H3K36_methylation_scRNAseq. Code for addi-
tional analyses available upon request.
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Extended Data Fig. 1| Key role of H3K36-methylationin cell identity
maintenance. (a) Colony counts for AP staining of reprogrammable MEFs
transduced asindicated (Fig. 1b,c). K36M wells were confluent and could not be
counted. P values were determined by two-sided unpaired Student’s t test, error
barsindicate mean + SD (n = 3 biologically independent experiments). (b) Mice
with dox-inducible alleles of WT H3.3 or K36M in the Collal locus were crossed
with mice harboring a dox-inducible OKSM cassette in the same locus, and an
EGFP reporter in the 3’UTR of Pou5fI. (c) Immunofluorescence of MEFs derived
asina).Scalebar 50 pm. (d) Mass spectrometry of histone modifications in day
4 reprogramming intermediates (n =2 independent biological experiments).

(e) MEFs without endogenous OKSM but with inducible H3.3 WT or K36M

were doxycycline-treated for 2 days, then replated and transduced with
constitutive OKSM virus. Doxycycline was added to the medium for the indicated
intervals, intracellular flow cytometry for Nanog was performed on day 8. (f)
Quantification of Nanog positivity by flow cytometry on day 8 in K36M cells
treated with doxycycline for the indicated time. Cells were either not pre-treated

or pre-treated with doxycycline 2 days prior to initiation of reprogramming (see
k). Error barsindicate mean + SD (n = 3independent biological experiments).
(g) Fraction of Oct4-GFP" cells during reprogramming in FBS/LIF medium
supplemented with ascorbic acid (left) and without supplementation (right),
error barsindicate mean = SD (n =3 independent biological experiments).

(h) Membrane dye dilution assay for reprogramming cultures. (i) Percentage

of viable cells as assessed by Annexin V/PI negativity on day 2 and 4 of
reprogramming. Error bars indicate mean + SD (n = 3 independent biological
experiments). (j) Fraction of Oct4-GFP" cells after sorting of positive cells and
expansion on gelatin (top), and in picked iPSCs passaged on feeders (bottom).
(k) Day 10 K36M reprogramming cultures were sorted by Oct4-GFP reporter
positivity. Positive cells were maintained in FBS/LIF, negative cells underwent
continued reprogramming in AGi medium. (I) Quantification of Oct4-GFP"* cells
by flow cytometry in K36M cells sorted by Oct4-GFP reporter status (see i), error
barsindicate mean + SD (n =3 independent biological experiments).
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Extended Data Fig. 2| K36M enhances the reprogramming of different cell
types and generates iPSCs highly similar to control iPSCs. (a) Reprogramming
of GMPs to iPSCs. Alkaline phosphatase staining of iPSC colonies at the indicated
timepoints. Quantification of colony counts. P values were determined by two-
sided unpaired Student’s t test, n = 3 biologically independent experiments.

(b) Reprogramming of keratinocytes to iPSCs. Alkaline phosphatase staining
onday 13 of cells cultured for the indicated timeframes. Area percentage of well
thatis AP positive. P values were determined by two-sided unpaired Student’s t
test, error barsindicate mean + SD (n = 3 independent biological experiments).
(c) Immunofluorescence for Nanog, H3K36me3, H3K36me2, and H3K27me3

of passaged iPSC cultures from WT and K36M backgrounds cultured without
doxycycline onirradiated feeders. (d) Relative expression (RNA-seq) of key
pluripotency genes in passaged iPSCs of both backgrounds, n =2 biologically
independent experiments. () DNA methylation at MEF (n = 63,696) and ESC
enhancers (n =72,638) for MEFs and passaged iPSCs of both backgrounds (RRBS,
n =2biologically independent uninduced MEF replicates were integrated,
onereplicate each for uninduced iPSCs of each genotype). (f) Representative
gene tracks showing RNA-seq, ATAC-seq, and RRBS data for Cdhl and Pou5f1

in passaged iPSCs of both backgrounds. (g) Correlation matrices for key

histone modifications and chromatin accessibility in passaged WT and K36M
iPSCs (CUT&Tag and ATAC-seq, n = 2 biologically independent replicates were
integrated for this analysis). (h) Correlation of K36M vs. WT derived iPSCs for
H3K36me3 over gene bodies (CUT&Tag, n = 2 biologically independent replicates
were integrated for this analysis). (i) Correlation of K36M vs. WT derived

iPSCs for H3K36me2 in genome-wide 50 kb bins (CUT&Tag, n = 2 biologically
independent replicates were integrated for this analysis). (j) Representative
gene tracks showing H3K36me3, H3K36me2, H3K27me3, and H3K4me3 at
pluripotency gene Nanog (n = 2 biologically independent replicates).

(k) Quantification of the diameter of embryoid bodies from passaged iPSCs

of both backgrounds (without doxycycline). P value determined by two-sided
unpaired Student’s t test, n =49 for WT, n = 44 for K36M. (I) qPCR for Nanog,
Nestin, Sox7,and Gata6in embryoid bodies derived from passaged iPSCs of
both backgrounds (without doxycycline), error bars indicate mean +SD (n=3
independent biological experiments). (m) H&E sections of teratomas generated
withiPSCs of both backgrounds (without doxycycline). 4/4 WT and 6/6 K36M
iPSClines produced well-differentiated teratomas. Images depict tissue-like
structures of all germ layers. (n) Coat-color chimeras generated by blastocyst
injection of K36M iPSCs.
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Extended Data Fig. 3| Single-cell RNA-seq reveals main trajectories of WT
and K36M reprogramming intermediates. (a) UMAP embedding of scRNA-seq
data (Seurat framework) using MEFs, reprogramming intermediates on days
2,4,6,8for WT and K36M, as well as passaged iPSCs. For each indicated group,
one sample was encapsulated leading to n = 38,743 cells total. (b) Expression of
pluripotency gene Nanog projected on the same UMAP embedding asin (a).

(c) Expression of mesenchymal gene Prrx1 projected on the same UMAP
embeddingasin (a). (d,e) Diffusion pseudotime mapping of day 2 to day 8
intermediates undergoing reprogramming. WT cells are colored inblue, K36 M
cellsinred. (f) Expression of pluripotency gene Nanog projected on the same

pseudotime embedding as in (d). (g) Expression of epithelial gene Cdhl projected
on the same pseudotime embedding as in (d). (h) Expression of mesenchymal
gene Zebl projected on the same pseudotime embedding as in (d). (i) Relative
expression (RNA-seq) of mesenchymal and epithelial genes in MEFs expressing
H3.3WT orK36M, but not OKSM, n = 2 biologically independent experiments.

(j) Gene ontology terms of genes downregulated in K36M MEFs without OKSM.
Analysis and p values from geneontology.org. (k) Gene ontology terms of

genes upregulated in K36M MEFs without OKSM. Analysis and p values from
geneontology.org.
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Extended Data Fig. 4 | K36M confers epithelial plasticity on cells undergoing
reprogramming. (a) Gene expression of TwistI and Cdhl on the same UMAP
embeddingas used in Fig. 2d. Dashed circles encompass day-2 and day-4
samples for WT (blue circle) and K36M (red circle). Solid arrow indicates
switch-like MET in K36M samples, dashed arrow indicates heterogeneous
maintenance/activation of mesenchymal/epithelial programs in WT cells. For
eachgroup, one sample was encapsulated leading to n = 38,743 cells total.

(b) Immunofluorescence for Vimentinand Epcam in WT and K36M cells on day 4

of reprogramming. Scale bar = 25 pm. Three independent biological experiments
with similar results. (c) Correlation plots of single-cell RNA-seq data comparing
transcriptional programs within each cell to MEFs (y-axis) and ESCs (x-axis)'"".
For each sample, the corresponding cells are colored according to their Epcam
expression levels, whereas other cells are greyed out. (d) Correlation plots as

in (c), expression data of Twist1 is superimposed. (e) Correlation plots asin (c),
expression data of Pous5f1 is superimposed.
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Extended Data Fig. 5| K36M disrupts TGF signaling and modulates
epithelial plasticity in diverse contexts. (a) Flow cytometry histograms
displaying Epcam expression in day-4 reprogramming intermediates for WT and
K36M samples. Untreated control cells are compared to cells treated with 250 nM
Repsox (TGFBi) or 2.5 ng/ml recombinant TGFf-1or -2 (rTGFB-1, rTGF(3-2).

(b) Fraction of Oct4-GFP" cells treated with TGFfi or rTGFf in day 4
reprogramming intermediates. Error bars indicate mean + SD (n=3).

(c) Representative tracks for expression of mesenchymal gene Colla2 on day 8 of
reprogramming, WT or K36M cells were treated asindicated. (d) Representative
tracks for expression of epithelial gene Cdhi on day 8 of reprogramming, WT

or K36M cells were treated as indicated. (e) Representative tracks for miR-200a
and miR-290. (f) Schematic of K36M’s effect on TGFf signaling and miRNA
expression during reprogramming. (g) De-differentiation of MEFs to induced
myogenic progenitor cells (iMPCs). qRT-PCR for myotube marker Myhland iMPC

B WT B K36M

marker Pax7, P values were determined by two-sided unpaired Student’s t test,
error bars indicate mean + SD (n = 3 biologically independent experiments).
Flow cytometry for Pax7-GFP reporter positive cells. (h,i) Immunofluorescence
of Nanog and K36M in ES cells of both backgrounds, cultured in S/L (g) or

2iL (h) conditions. Resultis representative of three independent biological
experiments. (j) Differentiation of ESC aggregates to elongated gastruloids.
Representative brightfield images (scale bar =500 um) and quantification of
long axis diameter (line = mean). P value was determined by two-sided unpaired
Student’sttest,n =19 for WT, n =20 for K36M. (k) Differentiation of ESCs to pre-
somitic mesoderm. Representative immunofluorescence for Cdh2 (scale bar =
50 pm). qRT-PCR for mesodermal transcription factors Thx6 and MsgnI. P values
were determined by two-sided unpaired Student’s t test, error barsindicate
mean £ SD (n =3 independent biological experiments).
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Extended Data Fig. 6 | H3K36me2 and H3K36me3 cooperatively safeguard
cellidentity. (a) Histone methyltransferases and demethylases implicated in the
regulation of H3K36me2 (top) and H3K36me3 (bottom). (b) Fraction of Epcam”®
cellsonday 4 of reprogramming (top) in WT cells with knockdown of indicated
histone methyltransferases. Colony counts after 6 days of doxycycline followed
by 4 days of independent growth (bottom), error bars indicate mean + SD
(n=3biologically independent experiments). (c,d) Fraction of Epcam (c) or
Oct4-GFP* (d) cells on day 8 of reprogramming in WT and K36M cells transduced
with either empty vector or dox-inducible Nsd2, error bars indicate mean + SD
(n=3biologically independent experiments). () Flow cytometry for Epcam
onday 8 of reprogramming in WT cells with knockdown of the indicated

histone demethylases. (f,g) Fraction of Epcam’ cells on day 4 (f) and day 8

(g) of reprogramming in WT cells with knockdown of the indicated histone
demethylases, error barsindicate mean + SD (n = 3 biologically independent

experiments). (h) Fraction of Oct4-GFP” cells on day 8 of reprogramming in

WT cells with knockdown of the indicated histone demethylases. P values

were determined by unpaired Student’s t test, error bars indicate mean + SD
(n=3biologically independent experiments). (i,j) Flow cytometry for Epcam
during reprogramming in WT cells with overexpression of the indicated

histone demethylases, error bars indicate mean + SD (n = 3 biologically
independent experiments). (k) Fraction of Oct4-GFP* cells on day 4 and day

8 of reprogramming in WT cells with overexpression of the indicated histone
demethylases, error barsindicate mean + SD (n = 3 biologically independent
experiments). (I) qRT-PCR for mesenchymal genes Vim and PrrxI, epithelial genes
Epcamand Cdh1, and pluripotency gene PouSf1 on day 4 of reprogramming in WT
cells overexpressing Kdm2a vs. empty vector control. P values were determined
by unpaired Student’s t test, error bars indicate mean + SD (n =3 independent
biological experiments).
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Extended Data Fig. 7| K36M alters H3K36me2/3 deposition and gene
expression. (a) Median H3K36me3 deposition at expressed genes (RPKM > 0.1,
n=10,251for WT, n =10,496 for K36M) of indicated expression quintiles for WT
(left) and K36M (right) samples on day 4 of reprogramming (n = 2 biologically
independent replicates were integrated for this analysis). (b) Median fold
change of H3K36me3 density over gene bodies of differentially expressed genes
(upregulated =red, downregulated =blue, n =1,872) on day 4 (n = 2 biologically
independent replicates were integrated for this analysis). (c) Fold change of
gene expression (y axis) vs. fold change of H3K36me3 (x axis) between K36 M
and WT samples on day 4 of reprogramming (n = 2 biologically independent
replicates were integrated for this analysis). (d) Representative gene tracks for
H3K36me3 and RNA levels at mesenchymal gene Vim, epithelial gene Cdh1,

and pluripotency gene Pou5fI (n = 2 biologically independent replicates). (e)
Profile plots of H3K36me2 at promoters, enhancers, and gene bodies (n =2

biologically independent replicates were integrated for this analysis).

(f) Profile plots of H3K36me2 and H3K27ac at H3K36me2 domains containing
down- or upregulated enhancers (n = 2 biologically independent replicates were
integrated for this analysis). (g) Representative tracks for Prrx1,amesenchymal
gene downregulated in K36M samples on day 4, Krt8, and Pou5f1, epithelial/
pluripotency genes upregulated in K36M samples on day 4 (n = 2 biologically
independent replicates). Putative regulatory elements highlighted in grey.

(h) Gene ontology terms of genes closest to H3K36me2 domain-embedded
enhancers that are differentially downregulated in K36M cells. Analysis and

p values from geneontology.org. (i) Gene ontology terms of genes closest to
H3K36me2 domain-embedded enhancers that are differentially upregulated

in K36M cells. Analysis and p values from geneontology.org. (j) Dot plot
representing enrichment of ENCODE data for differentially active enhancers
within H3K36me2 domains. P values were determined by Fisher’s exact test.
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Extended Data Fig. 9 | See next page for caption.
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Extended Data Fig. 9 | K36M rewires DNA methylation patterns. (a) Number
of colonies following alkaline phosphatase staining of WT and K36M cell cultures
transduced with non-selectable, dox-inducible lentiviruses for the expression

of SKM, OSM, or OKM. Cultures were induced for 12 days and stained on day 15,
n=3independent biological experiments. (b) Correlation plot of log2(fold-

change) differences (K36M vs. WT) at Sox2 peaks called in WT and K36M samples.

Differences of Sox2 enrichment are correlated with differences in H3K27ac
abundance (n =2 biologically independent replicates were integrated for this
analysis). Pearson’s R=0.56. (c) Profile plots showing H3K36me2 abundance
atectopic and ESC-specific Sox2 sidesin WT and K36M cells on day 4 of
reprogramming. (d) Sox2 enrichment at Sox2 binding sites as defined iniPSCs,
log2(RPKM). (e) Correlation plot of log2(fold-change) differences (K36M vs. WT)
at Sox2 peaks called in WT and K36M samples. Differences of Sox2 enrichment
are correlated with differences in chromatin accessibility (as measured by ATAC-
seq, n =2biologicallyindependent replicates were integrated for this analysis).

Pearson’s R = 0.68. (f) Median chromatin accessibility (as measured by ATAC-seq,
n =2biologically independent replicates were integrated for this analysis) at
ectopic and ESC-specific Sox2 binding sites in MEFs and passaged iPSCs.

(g) Density ridge plots of DNA methylation at differentially methylated regions
losing (left, n =30,294) or gaining (right, n = 28,060) methylation in iPSCs vs.
MEFs (n =2 biologically independent replicates for uninduced MEFs, for d4 and
d8samples were integrated, one sample for each genotype in uninduced iPSCs).
(h-k) Representative gene tracks of Cdhi, Krt8, the miR-290 cluster, and Pou5f1
(n=2biologicallyindependent replicates). Putative regulatory elements affected
by DNA demethylation are highlighted in grey. (I) CpG density at differentially
active enhancers in H3K36me2 domains (n = 4,939). P value determined by two-
sided Wilcoxon rank sum test. Center line indicates median; lower/upper hinges
indicate 25"/75" percentiles; whiskers extend to 1.5x IQR. P value determined by
two-sided Wilcoxon rank sum test.
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Extended Data Fig.10 | DNA demethylation is limiting for K36M-dependent
enhancer rewiring. (a) Distribution of DNA methylation (WGBS, n=2
biologically independent replicates were integrated for this analysis) at
differentially active enhancers in H3K36me2 domains (n = 4,939) in day-4
reprogramming intermediates of WT,K36M and K36M + DMOG samples.

(b) Distribution of DNA methylation (WGBS, n = 2 biologically independent
replicates were integrated for this analysis) at ectopic (n = 45,095) and ESC-
exclusive (n=27,708) Sox2 binding sites in day-4 reprogramming intermediates
of WT,K36M and K36M + DMOG samples. (c) Representative histogram plots
from flow cytometric analysis for Epcam of K36M cells with knockdown of the
indicated Tet demethylases. (d) Fraction of Epcam’ cells in K36M cells with Tet
knockdown on day 4 of reprogramming, error bars indicate mean £ SD (n =3
biologically independent experiments). (e) qPCR of miRNAs miR-200b-3p,
miR-205-5p, and miR-290a-5p in untreated (K36M Ctrl) and DMOG-treated K36M

cells (K36M DMOG). P values were determined by unpaired Student’s t test,

error bars indicate mean = SD (n = 3 independent biological experiments).

(f) Fraction of Epcam™ cells in K36M cultures transduced with either an empty
vector or dox-inducible overexpression vectors for Dnmt3a and Dnmt3b, error
barsindicate mean + SD (n =3 independent biological experiments). (g) Bisulfite-
seq of a Cdhl enhancer in K36M cells transduced with either empty vector

(left), or overexpression of Dnmt3a (middle) or Dnmt3b (right). (h) H3K36me2
levels within H3K36me2 domains (n = 7,610) on day 4 of reprogramming in

WT, untreated K36M cells (K36M Ctrl), and DMOG-treated K36M cells (K36M
DMOG). Crossbars indicate median (n = 2 biologically independent replicates
were integrated for this analysis). (i-k) Representative gene tracks of Krt8, Pou5f1,
and the miR-290 cluster (n = 2 biologically independent replicates). Putative
regulatory elements highlighted ingrey.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
X] A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

X

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

OXX O O OX O OOS
X [ X

X OO X

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection For flow cytometry, cells were analyzed on an LSRII flow cytometer (BD Biosciences) using Diva v6.1.2 (BD Biosciences). Quantitative PCR was
performed on a Lightcycler 480 system (Roche) using Brilliant 11l Sybr-Green (Agilent) and cDNA from each sample in triplicate. The efficiencies
of each primer set used was found to be >90%, and fold change was calculated using the AACt method. RNA-seq libraries were constructed
using polyA selection followed by NEBNext UltraDirectional kit protocol (New England Biolabs) and sequenced on the Illumina HiSeq2500
instrument, resulting in approximately 30 million reads per sample on average. For single-cell RNA-sequencing, approx. 5000 cells per sample
were encapsulated using the 10x Chromium pipeline according to manufacturer guidelines using Single Cell 3’ chemistry v3 for embedding,
reverse transcription and library preparation (10x Genomics). ATAC-seq libraries were sequenced in paired-end 50 bp mode on the Illumina
HiSeq2500 instrument, resulting in approximately 40 million reads per sample on average. CUT&Tag libraries were sequenced in paired-end
50 bp mode on the Illumina HiSeq2500 instrument, resulting in approximately 15 million reads per sample on average. RRBS libraries were
sequenced on the Illumina NovaSeq6000, generating 100-bp single-end reads.

Data analysis For flow cytometry, data analysis was performed using FlowJo software v10.2 (FlowJo, LLC). RNA-seq reads were mapped by STAR v.2.5.0
aligner to mm9 reference genome using ENSEMBL annotation. Read counts for individual genes were produced using the unstranded count
feature in HTSeq version 0.11.2.. Differential expression analysis was performed using the edgeR package after normalizing read counts and
including only those genes with count per million reads (CPM) > 1 for one or more samples. Differentially expressed genes were defined based
on the criteria of >2-fold change in expression value. Sequenced reads were first aligned using CellRanger version 3.0.2, and the filtered reads
assigned to cell barcodes were analyzed with the R package Seurat, version 4.0.0. A first round of quality control (input: 45,751 cells) involved
all cells positioned at least 3 median absolute deviations below the mean for library size (total number of reads) and the number of detected
genes, above the mean for the percentage of mitochondrial genes expressed from the entire transcriptome (40,018 cells remaining). The R
package monocle was used for dimensionality reduction (UMAP). Further, 372 single cells corresponding to 3 separate clusters with low QC
metrics and indicative of contamination were removed (39,646 cells remaining), and the data was normalized and clustered again. A new low
quality cluster consisting of 903 single cells emerged and was removed. The final cleaned dataset consisted of 38,743 cells. The average
distance boxplot was generated by computing the average Euclidean distance among all cells in the same condition based on UMAP
coordinates. Outliers larger than 7.5 were removed for visual purposes. The correlation scores for MEFs and ESCs (ESCsV6.5) were calculated
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using all available genes, correlated with publicly-accessible bulk profiles downloaded from an existing publication. The data was further z-
scored. The pseudotime plots were generated on the Seurat-preprocessed data using the R package destiny version 3.4.0. The code used to
analyze the scRNAseq data presented here, and to generate the corresponding plots, is uploaded to GitHub https://github.com/Michorlab/
H3K36_methylation_scRNAseq. For ATAC-seq, sequencing reads were mapped using bwa v.0.5.9-r16 aligner followed by peak calling using
Hotspot. DiffBind R package was used for the analysis of differential accessible regions (DAR), based on the cutoffs of > 2-fold change in peak
intensity and false discovery rate (FDR) < 0.01. For CUT&Tag, sequencing reads were mapped to mm9 reference genome using bwa aligner.
Peak calling was performed using Homer. Heatmaps and average profiles of CUT&Tag read densities were generated using deepTools v3.5.1.
Bedtools v2.30.0 was used to calculate read densities over given regions. Gene ontology analysis was performed using geneontology.org after
annotation using ChipSeeker v1.34.1. For RRBS analysis, demultiplexed reads were trimmed using cutadapt and the Nugene diversity adapter
trimming python script trimRRBSdiversityAdaptCustomers.py. Alignment to the mouse mm9 genome was performed using BSMAP v2.90 with
the following parameters: -v 0.1 -s 12 -q 20 -w 100 -S 1 -u -R -D C-CGG. Duplicate reads were removed using the Nugene deduplication script
nudup.py. Methylation ratios were then called with the MOABS mcall module. DMRs were calculated in R software, using package DSS to
detect differentially methylated loci. Locations were selected based on a delta of 0.1, and a p-value threshold of 0.001, across two replicates.
Using R software, all RRBS samples were filtered to keep only CpGs with at least 5 reads coverage. Data was then combined to perform
analysis on only matched CpGs across all samples (n = 2,688,886). For Sox2 binding site analysis, CoGs were intersected with region sets using
bedtools, and heatmaps were generated using package ‘pheatmap’ after calculating average CpG methylation percentage for each binding
site in R. Statistical analysis was carried out using R or GraphPad Prism.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

RNA-seq, ATAC-seq, and CUT&Tag data have been deposited in the Gene Expression Omnibus (GEQ) under accession code GSE203492. Single-cell RNA-seq data are
deposited under GSE203536. RRBS and WGBS data are available under GSE203606. The publicly available datasets used in this study are: GSES0893, GSE111172,
GSE77420. All other data supporting the findings of this study are available from the corresponding authors upon reasonable request. mm9 reference genome
available under https://www.ncbi.nlm.nih.gov/assembly/GCF_000001635.18/.
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Antibodies used DAPI solution (BD Biosciences 564907), 1:1000 IF, 1:1000 FACS
anti-Thy1.2 eFluor 450, 53-2.1 (Thermo Fisher Scientific Cat# 48-0902-82), 1:200 FACS
anti-SSEA-1 eFluor 660, eBioMC-480 (Thermo Fisher Scientific Cat# 50-8813-42), 1:200 FACS
anti-Sca-1 PE-Cy7, 25-5981-82 (Thermo Fisher Scientific Cat# 25-5981-82), 1:200 FACS
anti-EpCAM PE, G8.8 (Thermo Fisher Scientific Cat# 12-5791-82), 1:200 FACS
anti-Histone H3K36M Monoclonal Antibody, RM193 (RevMab 31-1085-00-L), 1:500 IF
anti-H3K36me3 (abcam 9050), 1:500 IF
anti-H3K36me2, C75H12 (Cell Signaling 2901), 1:200 IF
anti-Sox2, D9B8N (Cell Signaling 23064), 1:400 IF, 1:50 CUT&Tag
anti-EpCAM, G8.8 (Life Technologies 14-5791-81), 1:200 IF
anti-Nanog (abcam 80892), 1:500 IF, 1:200 FACS
anti-Ter119 (PE/Cy5; Thermo fisher, Cat# 15-5921-83), 1ul/million cells FACS
anti-CD3e (PE/Cy5; Biolegend, Cat# 100310), 1ul/million cells FACS
anti-Grl (PE/Cy5; Thermo fisher, Cat# 15-5931-83), 1ul/million cells FACS
anti-B220/CD45R (PE/Cy5; Biolegend, Cat# 103210), 1ul/million cells FACS
anti-TCRb (PE/Cy5; Thermo fisher, Cat# 15-5961-83), 1ul/million cells FACS
anti-CD4 (PE/Cy5; Thermo fisher, Cat# 15-0041-83), 1ul/million cells FACS
anti-CD8a (PE/Cy5; Biolegend, Cat# 100710), 1ul/million cells FACS
anti-c-Kit (APC-eFluor 780; Thermo fisher, Cat# 47-1171-82), 1ul/million cells FACS
anti-CD34 (FITC; Thermo fisher, Cat# 11-0341-85), 1ul/million cells FACS
anti-CD16/32 (FC gamma receptor) (PE; BD Biosciences, Cat# 553145), 1ul/million cells FACS
anti-Vim, D21H3 (Cell Signaling 5741), 1:500 IF
anti-Tubb3 (Biolegend 801201), 1:400 IF
anti-Myh1, MF 20 (Developmental Studies Hybridoma Bank, lowa, #MF20-c), 1:200 IF
anti-p63 (Santa Cruz sc-8431), 1:200 IF
HRP-conjugated anti-GAPDH, D16H11 (Cell Signaling 8884), 1:1000 WB
anti-phospho-Smad2 Ser465/467, 138D4 (Cell Signaling 3108), 1:1000 WB
anti-Smad2, D43B4 (Cell Signaling 5339), 1:1000 WB
anti-N-Cadherin, D4R1H (Cell Signaling 13116), 1:400 IF
anti-5hmC (Active Motif 39769), 1:5000 dot blot
HRP-conjugated secondary antibody, G-21234 (Invitrogen G21234), 1:5000 dot blot
anti-H3K36me3 (Thermo fisher MA5-24687), 1:100 CUT&Tag
anti-H3K36me2 (active motif 39256), 1:50 CUT&Tag
anti-H3K4me3 (active motif 39060), 1:100 CUT&Tag
anti-H3K27ac, RM172 (Millipore Sigma MABE647), 1:100 CUT&Tag
anti-H3K27me3, C36B11 (Cell Signaling 9733), 1:100 CUT&Tag
Guinea Pig anti-Rabbit IgG (antibodies online ABIN101961), 1:100 CUT&Tag

Validation anti-Thy1.2 eFluor 450, 53-2.1 (Thermo Fisher Scientific),
https://www.thermofisher.com/antibody/product/CD90-2-Thy-1-2-Antibody-clone-53-2-1-Monoclonal /48-0902-82

anti-SSEA-1 eFluor 660, eBioMC-480 (Thermo Fisher Scientific),
https://www.thermofisher.com/antibody/product/SSEA1-Antibody-clone-eBioMC-480-MC-480-Monoclonal/50-8813-42

anti-Sca-1 PE-Cy7, 25-5981-82 (Thermo Fisher Scientific),
https://www.thermofisher.com/antibody/product/Ly-6A-E-Sca-1-Antibody-clone-D7-Monoclonal/25-5981-82

anti-EpCAM PE, G8.8 (Thermo Fisher Scientific),
https://www.thermofisher.com/antibody/product/CD326-EpCAM-Antibody-clone-G8-8-Monoclonal/12-5791-82

anti-Histone H3K36M Monoclonal Antibody, RM193 (RevMab),
https://www.revmab.com/index.php/product/anti-histone-h3-k36m-rabbit-monoclonal-antibody-clone-rm193-histone-h3-k36m-
mutant/

Lc0c Y21o

anti-H3K36me3 (abcam 9050),
https://www.abcam.com/histone-h3-tri-methyl-k36-antibody-chip-grade-ab9050.html

anti-H3K36me2, C75H12 (Cell Signaling 2901)




https://www.cellsignal.com/products/primary-antibodies/di-methyl-histone-h3-lys36-c75h12-rabbit-mab/2901

anti-Sox2, D9B8N (Cell Signaling 23064),
https://www.cellsignal.com/products/primary-antibodies/sox2-d9b8n-rabbit-mab/23064

anti-EpCAM, G8.8 (Life Technologies 14-5791-81),
https://www.thermofisher.com/antibody/product/CD326-EpCAM-Antibody-clone-G8-8-Monoclonal/14-5791-81

anti-Nanog (abcam 80892),
https://www.abcam.com/nanog-antibody-ab80892.html

anti-Ter119 (PE/Cy5; Thermo fisher, Cat# 15-5921-83),
https://www.thermofisher.com/antibody/product/TER-119-Antibody-clone-TER-119-Monoclonal/15-5921-82

anti-CD3e (PE/Cy5; Biolegend, Cat# 100310),
https://www.biolegend.com/en-us/punchout/punchout-products/product-detail/pe-cyanine5-anti-mouse-cd3epsilon-antibody-26?
GrouplD=BLG6742

anti-Gr1 (PE/Cy5; Thermo fisher, Cat# 15-5931-83),
https://www.thermofisher.com/antibody/product/Ly-6G-Ly-6C-Antibody-clone-RB6-8C5-Monoclonal/15-5931-82

anti-B220/CD45R (PE/Cy5; Biolegend, Cat# 103210),
https://www.biolegend.com/en-ie/products/pe-cyanine5-anti-mouse-human-cd45r-b220-antibody-448?GrouplD=GROUP658

anti-TCRb (PE/Cy5; Thermo fisher, Cat# 15-5961-83),
https://www.thermofisher.com/antibody/product/TCR-beta-Antibody-clone-H57-597-Monoclonal/15-5961-82

anti-CD4 (PE/Cy5; Thermo fisher, Cat# 15-0041-83),
https://www.thermofisher.com/antibody/product/CD4-Antibody-clone-GK1-5-Monoclonal/15-0041-82

anti-CD8a (PE/Cy5; Biolegend, Cat# 100710),
https://production.biolegend.com/en-us/products/pe-cyanine5-anti-mouse-cd8a-antibody-156

anti-c-Kit (APC-eFluor 780; Thermo fisher, Cat# 47-1171-82),
https://www.thermofisher.com/antibody/product/CD117-c-Kit-Antibody-clone-2B8-Monoclonal/47-1171-82

anti-CD34 (FITC; Thermo fisher, Cat# 11-0341-85),
https://www.thermofisher.com/antibody/product/CD34-Antibody-clone-RAM34-Monoclonal/11-0341-82

anti-CD16/32 (FC gamma receptor) (PE; BD Biosciences, Cat# 553145),
https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies-ruo/
pe-rat-anti-mouse-cd16-cd32.553145

anti-Vim, D21H3 (Cell Signaling 5741),
https://www.cellsignal.com/products/primary-antibodies/vimentin-d2 1h3-xp-rabbit-mab/5741

anti-Tubb3 (Biolegend 801201),
https://www.biolegend.com/ja-jp/products/purified-anti-tubulin-beta-3-tubb3-antibody-11580

anti-Myh1, MF 20 (Developmental Studies Hybridoma Bank, lowa),
https://dshb.biology.uiowa.edu/MF-20

anti-p63 (Santa Cruz sc-8431),
https://datasheets.scbt.com/sc-8431.pdf

anti-GAPDH, D16H11, HRP conjugated (Cell Signaling 8884),
https://www.cellsignal.com/products/primary-antibodies/gapdh-d16h11-xp-rabbit-mab/5174

anti-phospho-Smad2 Ser465/467, 138D4 (Cell Signaling 3108),
https://www.cellsignal.com/products/primary-antibodies/phospho-smad2-ser465-467-138d4-rabbit-mab/3108

anti-Smad2, D43B4 (Cell Signaling 5339),
https://www.cellsignal.com/products/primary-antibodies/smad2-d43b4-xp-rabbit-mab/5339

anti-N-Cadherin, D4R1H (Cell Signaling 13116),
https://www.cellsignal.com/products/primary-antibodies/n-cadherin-d4r1h-xp-rabbit-mab/13116

anti-5hmC (Active Motif 39769),
https://www.activemotif.com/catalog/details/39769.html

HRP-conjugated secondary antibody, G-21234 (Invitrogen G21234),
https://www.thermofisher.com/antibody/product/Goat-anti-Rabbit-IgG-H-L-Cross-Adsorbed-Secondary-Antibody-Polyclonal/
G-21234

anti-H3K36me3 (thermo fisher MA5-24687),
https://www.thermofisher.com/antibody/product/H3K36me3-Antibody-clone-RM491-Recombinant-Monoclonal/MA5-24687
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anti-H3K36me2 (active motif 39256),
https://www.activemotif.com/catalog/details/39255

anti-H3K4me3 (active motif 39060),
https://www.activemotif.com/catalog/details/39159

anti-H3K27ac, RM172 (Millipore Sigma MABE647),
https://www.sigmaaldrich.com/US/en/product/mm/mabe647

H3K27me3, C36B11 (Cell Signaling 9733),
https://www.cellsignal.com/products/primary-antibodies/tri-methyl-histone-h3-lys27-c36b11-rabbit-mab/9733

Guinea Pig anti-Rabbit 1gG, antibodies online ABIN101961,
https://www.antibodies-online.com/antibody/101961/Guinea+Pig+anti-Rabbit+lgG+Heavy++Light+Chain+antibody+-+Preadsorbed/

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s)

Authentication

Mouse embryonic fibroblasts were derived from crosses of histone mutant- and OKSM cassette- harboring mice that
additionally carry an Oct4-EGFP reporter.

KH2 ES cell lines were originally obtained from the Jaenisch lab and were previously used in prior studies by the lab to
generate histone mutant mice (Brumbaugh et al.).

BJ fibroblasts (CRL-2522) and HEK293T (CRL-2316) were obtained from ATCC.

Primary derivation of cell lines as outlined in the text, KH2 ES cells were authenticated in prior publications (Beard et al.,
Brumbaugh et al.; PCR).

Mycoplasma contamination Cell lines were tested weekly for mycoplasma contamination using the LONZA Mycoplasma Detection Kit. All cell lines tested

negative for Mycoplasma contamination.

Commonly misidentified lines  No commonly misidentified cell lines were used.

(See ICLAC register)

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals

Wild animals
Field-collected samples

Ethics oversight

Eight to ten week-old female Collal::tetO-OKSM mice with an EGFP reporter in the 3' UTR of the Pou5f1 gene were crossed with
either male Collal::tetO-K36M mice or Collal::tetO-H3.3 mice to generate corresponding mouse embryonic fibroblasts. To
generate mouse embryonic fibroblasts without OKSM cassette, female Rosa26::M2-rtTA mice were used. For teratoma assays, 8
week-old female NU/J mice were used. Mice used in this study were housed and bred in specific-pathogen-free rooms located in the
AAALAC-accredited Center for Comparative Medicine vivarium at Massachusetts General Hospital. Mice were housed in ventilated
cages on a standard 12:12 light cycle. All procedures involving mice adhered to the guidelines of the approved Massachusetts
General Hospital Institutional Animal Care and Use Committee (IACUC) protocol no. 2006N000104.

This study did not involve wild animals.
This study did not involve animals collected from the field.

All procedures involving mice adhered to the guidelines of the approved Massachusetts General Hospital Institutional Animal Care
and Use Committee (IACUC) protocol no. 2006N000104.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

|Z All plots are contour plots with outliers or pseudocolor plots.

|Z| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Cells were trypsinized for 5 minutes, then quenched with serum-containing medium. Cells were then centrifuged at 350x g
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Sample preparation

Instrument

Software

Cell population abundance

Gating strategy

for 5 minutes and washed with buffer containing 2% FBS in PBS, and filtered through 0.2 um mesh. Staining was performed
on ice for 30 min before additional washing.

For GMP sorting, bone marrow from euthanized mice was collected by flushing both femurs and tibiae using a 27.5-gauge
needle with 10 ml of FACS buffer (PBS+2% FBS (Hyclone)). The bone marrow was then dissociated via trituration with a 22.5-
gauge needle. The resulting cells were centrifuged at 1,200 rpm for 5 min and resuspended in 5 ml of cold RBC lysis buffer
(Biolegend) and incubated for 8 min on ice. The lysis was then quenched immediately with 30 ml of FACS buffer and again
centrifuged at 1,200 rpm for 5 min. The resulting cells were resuspended in 10 ml of FACS buffer, filtered through 100um cell
strainer (Corning), and counted. 40-50 million cells were applied for lineage depletion kit (Miltenyi Biotech) according to the
manufacturer’s recommendations.

Cells were analyzed on an LSRII flow cytometer (BD Biosciences) or collected on an Aria Il flow cytometer (BD Biosciences).

Data was collected using Diva v6.1.2 (BD Biosciences) and data analysis was performed using FlowJo software v10.2 (Flowlo,
LLC).

For GMP sorting, we reanalyzed purified population to ensure greater than 90% purity.

Dead cells were identified with DAPI and gated out. Cell debris was gated out using a FSC vs SSC gate. Cell aggregates were
excluded using a FSC-W vs FSC-A approach. The GMP gating strategy is depicted as schematic within Extended Data figures.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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