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EZH2 oncogenic mutations drive epigenetic,
transcriptional, and structural changes within
chromatin domains

Maria C.Donaldson-Collier'®, Stephanie Sungalee ©®'>, Marie Zufferey?>3®, Daniele Tavernari®233,

Natalya Katanayeva®’, ElenaBattistello?3, Marco Mina?3, Kyle M. Douglass*, Timo Rey?,
Franck Raynaud?3, Suliana Manley ©®4, Giovanni Ciriello ®23* and Elisa Oricchio®™

Chromatin is organized into topologically associating domains (TADs) enriched in distinct histone marks. In cancer, gain-of-
function mutations in the gene encoding the enhancer of zeste homolog 2 protein (EZH2) lead to a genome-wide increase in
histone-3 Lys27 trimethylation (H3K27me3) associated with transcriptional repression. However, the effects of these epigen-
etic changes on the structure and function of chromatin domains have not been explored. Here, we found a functional interplay
between TADs and epigenetic and transcriptional changes mediated by mutated EZH2. Altered EZH2 (p.Tyr646* (EZH2Y54¢X))
led to silencing of entire domains, synergistically inactivating multiple tumor suppressors. Intra-TAD gene silencing was cou-
pled with changes of interactions between gene promoter regions. Notably, gene expression and chromatin interactions were
restored by pharmacological inhibition of EZH2Y¢45X, Our results indicate that EZH2Y54¢X alters the topology and function of
chromatin domains to promote synergistic oncogenic programs.

n eukaryotic cells, chromatin progressively folds into a hierarchi-

cal structure including loops made of relatively short sequences

(~1-10kb), medium-sized domains (100-1,000kb), also known
as topologically associating domains (TADs), and large chromatin
compartments (>1Mb)'~. In particular, TADs are highly conserved
among species and cell types’. They are preferentially decorated
by either active (H3K36me3) or inactive (H3K27me3) epigen-
etic marks, which can affect the transcriptional activity within
the domains®’, and have thus been proposed as functional units
regulating gene expression in development and differentiation®’.
Interestingly, cancer cells can hijack these chromatin domains to
drive oncogenic transformation, either through chromosomal aber-
rations'®'" or as a consequence of selected mutations affecting the
cancer epigenome'>".

Mutations of epigenetic modifiers have been detected in sev-
eral tumor types', and alterations in these proteins vary the global
epigenetic status of tumor cells. However, their effects on chroma-
tin organization remain unclear. Among recurrent alterations of
chromatin remodeling factors, EZH2 gain-of-function mutations
affecting Tyr646 (RefSeq isoform: NM_004456) are common in
non-Hodgkin lymphoma'® and other tumor types'®””. EZH2 is the
histone lysine methyltransferase regulating H3K27 methylation,
and it is part of the Polycomb repressor complex 2 (ref. '¥). EZH2Y46X
aberrantly increases H3K27me3, promoting transcriptional repres-
sion'>*. This process has been implicated in stalling B-cell differen-
tiation?' and epigenetic silencing of tumor suppressors®. Given the
associations among H3K27me3, chromatin subcompartments, and
TADs”, we wondered whether oncogenic EZH2 mutations might
lead to chromatin structural and/or functional modifications. Here,
we show that epigenetic and transcriptional changes induced by

EZH2 mutations are more concordant within TADs than expected
and modulate intra-TAD interactions proximal to gene promoters.
Intra-TAD structural changes are associated with transcriptional
inactivation of entire domains. Our results illustrate how cancer-
associated epigenetic alterations can act beyond single genes and
modify the activity of entire chromatin domains.

Results

Hi-C chromatin maps of EZH2WT and EZH2"%* lymphomas.
EZH2 p.Tyr646* gain-of-function alterations lead to a genome-
wide increase in H3K27me3 (Supplementary Fig. la). To estab-
lish whether this global accumulation of H3K27me3 modifies
the genome topology on a similarly broad scale, we performed
high-throughput chromatin conformation capture (Hi-C) in two
lymphoma cell lines (Karpas422 and WSU-DLCL2) expressing
the mutant form of EZH2 (EZH2****) and a lymphoma cell line
(OCI-Ly19) expressing the wild-type EZH2 (EZH2V") protein
(Supplementary Table 1 and Supplementary Note). Contact maps
of EZH2"%*** and EZH2"" cells were binned in regions of 50 kb and
compared with multiple metrics (Fig. 1). For each pair of maps,
we compared the overall distribution of chromosomal contacts by
using the stratum-adjusted correlation coefficient (SCC)** (Fig. 1a);
the fraction of 1-Mb regions assigned to the same compartment
(A or B)* (Fig. 1b); the similarity among TADs** (Fig. 1c); and
the fraction of bin interactions that were significant in both maps,
also known as the cell interactome** (Fig. 1d). To build a refer-
ence scale of values for each metric, we compared Hi-C maps of
EZH2Y%¢X lymphoma cell lines with Hi-C maps of endothelial cells
(HUVEC), fetal fibroblasts (IMR90), and normal lymphoblastoid
cells (GM12878). Moreover, we used randomized contact maps or
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Fig. 1| Comparison of the genome 3D organization in EZH2W™ and EZH2Y54X cells. a-d, Chromatin structural elements identifiable by Hi-C; representative
images for Chr.6 of the GM12878 cell line: intrachromosomal contact map (a); correlation of observed/expected contact ratios for each pair of 1-Mb bins,
with the plaid (blue/red) pattern showing chromatin compartments A or B (b); TADs (c); significant interactions determined by using HiC-DC, with all
pairs of 50-kb bins within a 2-Mb window tested (d). e-h, Comparison between the intrachromosomal contact maps of EZH2"¢4¢* cell lines (Karpas422
and WSU-DLCL2) and of the indicated cell lines, based on the overall Hi-C matrix correlation using the SCC (e); fraction of 1-Mb bins assigned to the
same compartment (f); TAD similarity measured by measure of concordance (MoC) (g); and fraction of shared significant interactions between 50-kb
bins determined by HiC-DC (h). i-l, Comparison between intrachromosomal contact maps of OCI-Ly19-EZH2Y%4F and of the indicated cell lines as
described above, that is, based on SCC (i), compartment conservation (j), TAD similarity (k), and the fraction of shared significant interactions (l). For all
comparisons, the number of compared intrachromosomal maps is indicated below the graphs (n), when not indicated n = 22; the dotd represent the mean
values, and error bars are +1 standard deviation. P values were computed with two-tailed Wilcoxon test (Supplementary Table 1). *P < 0.05, **P < 0.01,

***P < 0.001; n.s., not significant.

TADs and independent experimental replicates of EZH2Y%X Jym-
phoma cell lines to provide the lowest and highest expected values
for each metric, respectively. The similarity ranks obtained with all
metrics were highly concordant and invariably showed that the con-
tact maps from EZH2Y* lymphoma were on average more similar
to those from EZH2"T cell lines than to any other cell model that

518

we tested, except for their replicates (Fig. 1e-h and Supplementary

Fig. 1b-e).

To validate this observation and allay nonspecific effects due to
heterogeneity among samples, we generated a syngeneic lymphoma
cell line (OCI-Lyl9) expressing the altered protein EZH2Y¢*F
(c.1937A>T, p.Tyr646Phe). We confirmed that expression of
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EZH2Y*$F increased H3K27me3 across the genome, as compared
with both the parental cell line and OCI-Ly19 transduced with an
empty vector, whereas expression of EZH2 remained similar in
the three conditions (Supplementary Fig. 1f,g). Hi-C contact maps
derived for OCI-Ly19-EZH2"*F and OCI-Ly19 cells were as similar
to or more similar than maps derived from independent replicates
of the same cell line (Fig. 1i-1 and Supplementary Fig. 1h). We con-
clude that although a certain diversity exists for a limited number
of specific contacts and contact domains, on average, the genome
topology of EZH2-mutated and wild-type lymphoma cells is
highly similar.

EZH2Y%¢X jnactivates selected TADs. Given the observed consis-
tency between the chromatin structures of EZH2Y** and EZH2WT*
cell lines, we asked whether an association might exist between
chromatin structural elements and the epigenetic and transcrip-
tional changes induced by EZH2 gain-of-function mutations. In
particular, we focused on chromatin subcompartments and TADs,
given that both have been associated with H3K27me3 (ref. *°).

To assess changes in H3K27me3 specifically induced by
EZH2 mutations, we analyzed H3K27me3 levels in OCI-Ly19
cells expressing either EZH2YF or EZH2"". The distribution of
H3K27me3 in chromatin subcompartments confirmed the previ-
ously reported enrichment in H3K27me3 within the B1 compart-
ment” (Supplementary Fig. 2a). However, in OCI-Ly19-EZH2Y*4F,
we observed a significant but similar increase in H3K27me3 across
all subcompartments (Supplementary Fig. 2a,b), thus suggest-
ing that EZH2Y%*X does not induce epigenetic changes specifically
within one subcompartment.

Next, we tested whether differences in H3K27me3 and gene
expression were more concordant within TADs than expected and
whether this association might lead to the activation or inactiva-
tion of specific domains (Fig. 2a). First, we extracted a consensus
list of 2,038 TADs that comprised at least three expressed genes
and were conserved among three EZH2Y%*X cell lines (Karpas422,
WSU-DLCL2, and OCI-Ly19-EZH2"**") and one EZH2"" cell
line (OCI-Ly19) (Supplementary Table 2). H3K27me3 chromatin
immunoprecipitation and high-throughput sequencing (ChIP-seq)
data were compared both between OCI-Lyl19-EZH2"" and OCI-
Ly19-EZH2Y%F and between OCI-Ly19-EZH2"" and two cell lines
(Karpas422 and WSU-DLCL2) with endogenous EZH2 mutations.
The TAD mean H3K27me3 values in OCI-Ly19-EZH2YF were
highly correlated with those observed in Karpas422 and WSU-
DLCL2 (Supplementary Fig. 2c); thus, we decided to focus on the
OCI-Ly19-EZH2"" and OCI-Ly19-EZH2"**¢" ChIP-seq datasets,
because they reflected H3K27me3 changes directly associated with
the EZH2 mutation. The distribution of TAD mean H3K27me3 val-
ues exhibited a positive shift in EZH2"%4¢* compared with EZH2""

cells (Fig. 2b). H3K27me3 profiles of loci within the same TAD were
more correlated than profiles of loci belonging to distinct adjacent
domains in both cell lines (Supplementary Fig. 2d,e). Moreover,
H3K27me3 fold changes between OCI-Lyl9 mutated cells and
wild-type cells were also more correlated within the same TAD
than between adjacent TADs (Fig. 2¢), and this trend was indepen-
dent of the distance between the genomic loci (Fig. 2d). Overall,
these results indicate that the EZH2-mediated increase in
H3K27me3 is associated with the compartmentalization of the
chromatin in TADs.

Interestingly, the distribution of H3K27me3 fold changes
(EZH2Y*X versus EZH2"T) within TADs exhibited a greater num-
ber of high fold changes than random distributions obtained by
permuting 50-kb or 100-kb intervals of H3K27me3 ChIP-seq reads
(Fig. 2e). This trend was independent of the subcompartment to
which each TAD was assigned (Supplementary Fig. 2f) and of the
interval size used in the permutations (Supplementary Fig. 2g).
Moreover, by comparing matched TAD mean H3K27me3 values in
EZH2"" and EZH2"**" OCI-Ly19 cells, we found that H3K27me3
did not proportionally increase in all domains, but fold changes were
greater in domains that had low histone methylation in EZH2W'
cells than in domains that were already enriched in H3K27me3
(Fig. 2f). Therefore, the increase in H3K27me3 mediated by EZH2
alterations within specific domains was not randomly distributed
but were dependent on the initial level of H3K27me3 (Fig. 2g).

Next, we assessed the effects of H3K27me3 changes on transcrip-
tion, in OCI-Ly19-EZH2Y**F and OCI-Ly19-EZH2"" cell lines. In
particular, we wondered whether the observed correlation between
H3K27me3 changes within TADs might be reflected in concor-
dant mRNA expression changes in genes within the same TAD.
For this purpose, we scored each TAD on the basis of the number
and magnitude of concordant gene fold changes within the domain
(mRNA fold-change concordance (FCC) scores; Supplementary
Fig. 3a). For this analysis, we selected only TADs for which at least
three genes had detectable mRNA expression in either OCI-Ly19-
EZH2Y**F or OCI-Ly19-EZH2%". The observed FCC scores were
compared with those obtained after randomly permuting gene-
to-TAD assignments. The observed FCC scores were higher than
expected on the basis of random permutations, thus indicating that
changes in gene expression in OCI-Ly19-EZH2"%*F compared with
OCI-Ly19-EZH2"" were significantly concordant within TADs
(Supplementary Fig. 3b).

To validate this finding in larger cohorts of B-cell lymphoma
samples, we collected independent mRNA expression data for
diffuse large B-cell lymphoma (DLBCL) cell lines* including
Karpas422 and WSU-DLCL2 (EZH2%T n=2, EZH2"%* n=6; each
sample was analyzed in duplicate, GSE40792), and primary samples
from germinal center (GC) patients with DLBCL*' (EZH2W" n=30,

>

Fig. 2 | Epigenetic and transcriptional changes in EZH2Y¢4¢X cells occur within TADs. a, Study design: H3K27me3 ChlIP-seq, mRNA expression, and Hi-C
data in EZH2Y4% and EZH2WT lymphomas were integrated to identify epigenetically and transcriptionally inactive, neutral, and active TADs. b, Distribution
of mean H3K27me3 signal within TADs in OCI-Ly19-EZH2WT and OCI-Ly19-EZH2"%4¢ cells. ¢, Correlation across n= 2,038 TADs of H3K27me3 fold
changes in loci within the same TAD and loci separated by one TAD boundary. d, Correlation (y axis) of H3K27me3 fold changes between all 25-kb bin
pairs within the same TADs and bin pairs separated by one TAD boundary as a function of their distance (x axis). e, Distributions of mean H3K27me3

fold changes for n=2,038 TADs and of fold changes obtained by permuting H3K27me3 bins (50 kb and 100 kb). f, Correlation between TAD mean
H3K27me3 (n=2,038 TADs) in OCI-Ly19-EZH2"T (x axis) and OCIl-Ly19-EZH2Y¢4¢F (y axis). g, TAD mean H3K27me3 fold changes (n=2,038 TADs)

between OCl-Ly19-EZH2Y64¢F and OCI-Ly19-EZH2WT; H3K27me3 values in OCI-Ly19-EZH2"T were binned (bin,= (i - 1,i)), and TAD mean H3K27me3 fold
changes in each bin are reported. Expected values were determined by TAD permutation. h-j, Cumulative sum curves of mRNA FCC for EZH2Y¢4X (n=12)
versus EZH2YT cells (n=4) in 2,038 TADs (h), GC-DLBCL EZH2Y64¢X (n=7) versus EZH2"T (n=30) patient samples in 2,038 TADs (i), and FL EZH2Y646X
(n=6) versus EZH2"T (n=17) patient samples in 1,908 TADs (j). Observed curves are compared with random curves obtained after 10,000 gene-to-TAD
assignment permutations (gray area delimits minimum and maximum values; dark line is the mean). kI, TAD mean H3K27me3 fold changes between
OCI-Ly19-EZH2Y64F and OCl-Ly19-EZH2"T cells (x axis) versus the TAD mRNA-expression fold changes in EZH2Y64¢% versus EZH2"T cell lines (y axis) for
n=2,038 TADs; in |, inactive TADs (log,(FC\327me3) >1 and log,(FC, qua) <-1) are highlighted. m, Gene-set enrichment analysis for n=283 genes within
inactive TADs according to Gene Ontology categories (n=5,337) and experimentally derived gene sets (n=3,409). Gene-set enrichment was tested by
hypergeometric test (one-sided) and adjusted by false discovery rate.
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EZH2Y%X =7, GSE23501) and patients with follicular lymphoma
(FL)* (EZH2"" n=17, EZH2Y*X n=6, PRINA278311). Across all
datasets, we verified that mRNA expression was more correlated
between genes in the same TAD than between genes in different
TADs, independently of their genomic distance (Supplementary
Fig. 3c-e). Furthermore, the FCC scores obtained by comparing
EZH2Y%X and EZH2"T cases were always greater than random,

with an overall increase ranging between 15% and 33% (increase in
area under the curve; Fig. 2h-j and Supplementary Fig. 3b). Across
all the expression datasets that we analyzed, expression changes
associated with EZH2 mutations were more concordant within
TADs than expected.

Next, we compared matched mean H3K27me3 and mRNA
expression changes within TADs in OCI-Lyl9-EZH2Y*¢* and
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Fig. 3 | Inactivation of the tumor-suppressive TAD comprising FOX03 and SESNT. a,b, Hi-C contact maps at 20-kb resolution of the genomic region
Chr.6108.3-109.8 Mb in OCI-Ly19-EZH2"T (a) and Karpas422-EZH27%4N (b). TADs are contoured in black, and representative genes within the TADs are
shown. ¢,d, H3K27me3 ChIP-seq tracks on Chr.6 108.3—109.8 Mb for OCI-Ly19-EZH2"T and OCI-Ly19-EZH2Y%4F (n =3 experiments per cell line) (¢) and
for the indicated EZH2"T (DoHH2 and OCI-Ly7) and EZH2Y64* (Karpas422 and WSU-DLCL2) cell lines (n=2 experiments per cell lines, except WSU-
DLCL2 for which n=1) (d). e f, Superimposition of H3K27me3 number of reads within 50-kb bins in Chr.6 108.3—-109.8 Mb for OCI-Ly19-EZH2"T and
OCI-Ly19 EZH2Y64¢F (@) and EZH2YT and EZH2Y%4 (f) cells. g, mRNA expression fold changes of genes in Chr.6 108.3-109.8 Mb obtained by comparing
OCI-Ly19-EZH2Y64¢F and OCl-Ly19-EZH2WT cell lines and EZH2Y64% (n=12 samples) and EZH2"T (n=4 samples) cell lines. h, mRNA expression fold
changes of the genes in Chr.6 108.3-109.8 Mb obtained by comparing EZH2Y646X (n=7) versus EZH2"T (n=30) GC-DLBCL patient samples and EZH2Y646%
(n=6) versus EZH2"T (n=17) FL patient samples. Fold changes corresponding to the inactive TAD are highlighted in red.

OCI-Ly19-EZH2%"T cells. TAD expression fold changes were
moderately yet significantly anticorrelated with TAD H3K27me3
fold changes (Pearson’s correlation=-0.31, P=3.2X10"?,
Supplementary Fig. 3f). Moreover, TADs exhibiting an H3K27me3
fold changegreater than two and an mRNA expression fold
changeless than negative two represented the majority (77%) of
TADs exhibiting at least a twofold difference in both molecular
features (Supplementary Fig. 3f), a result consistent with EZH2
mutations increasing H3K27me3 and repressing transcription.
Within the cell-line cohort including Karpas422 and WSU-DLCL2
(GSE40792), we confirmed a significant anticorrelation between
TAD mRNA and H3K27me3 fold changes (Pearson’s correla-
tion=-0.23, P=6X 10%, Fig. 2k), and TADs exhibiting H3K27me3
fold changesgreater than two and mRNA expression fold changes
less than negative two represented 86% of the TADs exhibiting at
least a twofold difference in both molecular features. This anticorre-
lation was even more pronounced when only TADs comprising the
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most differentially expressed genes were considered (Supplementary
Fig. 3g,h). Overall, EZH2%**-driven epigenetic and transcriptional
changes within TADs were found to be significantly anticorrelated.

The interdependency between gene regulation and TAD struc-
ture prompted us to investigate TADs that exhibited a strong
increase in H3K27me3 and a strong decrease in gene expression.
Within the full set of conserved TADs, we identified 72 ‘inac-
tive. TADs characterized by agreater than twofold increase in
H3K27me3 and agreater-than-twofold decrease in mRNA expres-
sion (Fig. 21). Notably, largely overlapping results were obtained
when we considered OCI-Ly19 expression differences (EZH2Y%*
versus EZH2"") or Karpas422 and WSU-DLCL2 H3K27me3
profiles (Supplementary Fig. 3i). Inactive TADs were enriched
in genes that were significantly downregulated in EZH2Y5** cell
lines (Fisher’s exact test P=2.8%x 10, odds ratio(OR) =12.4).
Moreover, in 32 of these 72 domains, more than 80% of the genes
within the domain exhibited concordant negative fold changes.
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We defined these TADs as ‘stringent inactive’ (Fig. 21) and the
remaining 40 TADs as ‘permissive inactive’ (Fig. 21). In primary
patient samples, the mRNA fold changes in inactive TADs were sig-
nificantly lower than those in other TADs (GC-DLBCL, two-tailed
ttest P=2.3x107° and FL, two-tailed ¢ test P=1.7 X 10~%), and inac-
tive TADs were enriched among TADs with concordant negative
fold changes in more than 80% of the genes within their boundar-
ies (Fisher’s exact test: Py_pppcr=0.0006, OR Gc_prpcr =32, and
Py 2.9% 1075, ORy, =3.6).

To explore the functional relevance of inactive TADs, we per-
formed a gene-set enrichment analysis on all genes within these
domains. Multiple Gene Ontology categories scored as significant
(Supplementary Table 3), including cancer and lymphoma-specific
categories (Fig. 2m). Notably, most significantly enriched gene sets
contained EZH2 targets previously identified in prostate cancer®
and genes differentially expressed in B-lymphocyte progenitors
(Fig. 2m and Supplementary Table 3). These findings are consistent
with EZH2Y%** Jocking in an inactive state genes that are transiently
repressed in the GC during B-cell differentiation®’. To determine
whether inactive TADs are also repressed in normal GC cells, we
compared the mRNA expression of their genes in normal centroblasts
and centrocytes versus differentiated memory B cells”. Across all 72
inactive TADs, we identified seven domains that exhibited signifi-
cant downregulation in centrocytes and centroblasts compared with
memory B cells (Supplementary Fig. 3j). Transcriptionally repressed
domains included genes regulating B-cell proliferation (for example
SESN1)*, DNA repair (DTX3L and PARP9)*, and lymphocyte migra-
tion and trafficking (for example SIPRI)* (Supplementary Fig. 3k).

Overall, these results suggest that genes within inactive TADs are
bona fide targets of EZH2 and that inactivation of TADs containing
genes involved in B-cell differentiation and proliferation is poten-
tially selected in EZH2-mutated tumors.

Silencing multiple tumor suppressors in inactive TADs. One
of the top stringent inactive TADs included the genes SESNI,
FOXO03, and ARMC2 (TAD6.139 at chromosome (Chr.) 6 108850—
109450kb; Fig. 3a,b). Recently, we reported that SESNTI is a direct
target of mutated EZH2 and that it acts as a tumor suppressor in FL*.
FOXO3 has been described as bona fide tumor-suppressor gene con-
trolling multiple signalings*. Moreover, genes within this locus are
frequently co-deleted in non-Hodgkin lymphoma, and these dele-
tions are largely mutually exclusive with EZH2 mutations®*”*. The
inactive TADG6.139 exhibited a significant increase in H3K27me3
encompassing the entire domain in OCI-Ly19 cells overexpressing
EZH2Y%¢, whereas H3K27me3 was detected only in specific regions
in OCI-Ly19-EZH2"" cells (Fig. 3c,e). Similarly, an independent
comparison of H3K27me3 levels in EZH2-mutated and wild-type
cells confirmed a clear increase in H3K27me3 within the entire
inactive TAD (Fig. 3d,f). Consistently, all genes within TAD6.139
exhibited lower mRNA expression in OCI-Lyl9-EZH2Y¢4F

and in EZH2-mutated lymphoma cells (Fig. 3g), as well as in
GC-DLBCL and FL patient samples with EZH2Y*X mutations
(Fig. 3h) compared with EZH2"T" lymphomas. Enrichment in
H3K27me3 was confirmed by targeted ChIP (Supplementary
Fig. 4a), and changes in expression in OCI-Ly19-EZH2Y%4* cells were
confirmed by quantitative PCR (Supplementary Fig. 4b). Notably,
additional genes with previously described tumor-suppressive func-
tion were found within inactive TADs (Supplementary Table 2). For
example, similar patterns of H3K27me3 and gene downregulation
were confirmed in TAD3.47 (Chr.3 33150—33450kb), encompass-
ing the tumor-suppressor gene FBXL2 (refs. ***°) and silenced targets
in lymphoma, CRTAP", and SUSD5" (Supplementary Fig. 4c—e). In
particular, FBXL2 mediates degradation of cyclin-D3, which is the
most expressed and mutated cyclin-D protein in B-cell lymphoma®.

Together, these results indicate that mutated EZH2 promotes
concordant downregulation of multiple tumor suppressors within
the same TAD, thus suggesting that these domains may function as
tumor-suppressive units.

TAD inactivation accelerates lymphomagenesis. To assess the
functional consequences of simultaneous downregulation of mul-
tiple tumor-suppressor genes within the same chromatin domain,
we knocked down, alone and in combination, the expression of
FOXO03, ARMC2, and SESN1, which are included in the candidate
tumor-suppressive TAD6.139. We used IL3-dependent pro-B FL5-
12 cells as a surrogate model to measure the effects of gene down-
regulation on B-cell proliferation***. We knocked down Foxo3,
Sesnl, and Armc2 by using short hairpin RNAs (shRNAs, denoted
by ‘sh’prefix) coupled with a fluorescent marker*>* (Supplementary
Fig. 5a—c). The number of cells expressing either shFoxo3 or
shSesnl increased two to threefold after four cycles of IL3 with-
drawal (12 days). Notably, in the same time frame, cells with the dual
knockdown of Foxo3 and Sesnl increased 7- to 12-fold (Fig. 4a,b,
Supplementary Fig. 5d, and Supplementary Table 4). We observed a
similar enrichment in double-positive cells in normal growth condi-
tions (Supplementary Table 4), whereas a synergistic effect was not
observed with concurrent knockdown of Armc2 and either Foxo3
or Sesnl (Supplementary Fig. 5e,f), thus suggesting a specific func-
tional synergy between loss of Foxo3 and Sesnl to enhance pro-B
cell proliferation.

Next, to test the oncogenic potential of the dual loss of Foxo3
and Sesnl in tumor development and progression, we transduced
hematopoietic progenitor cells (HPCs) isolated from an Ep-myc
mouse model”*® with shRNAs targeting Foxo3, Sesnl, or both
(Fig. 4c). Animals harboring tumors expressing shFoxo3 (n=16),
shSesnl (n=17), or both (n=21) had shorter overall survival than
those expressing vector (n=14, shFoxo3 versus vector P=0.04,
shSesnl versus vector P=0.03, and shFoxo3 and shSesnl versus
vector P=0.02) (Supplementary Fig. 5g). Tumors that originated
from HPCs transduced with single shRNAs were enriched in either

>

>

Fig. 4 | Concurrent downregulation of genes within tumor-suppressive TADs accelerates B-cell proliferation and lymphoma progression. a,
Representative flow cytometry analysis of FL5-12 cells expressing empty vectors coupled with dsRed or GFP, or the sh1-Foxo3-dsRed and the sh2-SesnT-
GFP at days 0 and 12. Numbers indicate the percentages of cells in each subpopulation (n=3 independent experiments). b, Percentages of cells in
each subpopulation at days 4, 8, and 12, relative to day O. Bars indicate mean values, and error bars correspond to one standard deviation over three

independent experiments. P values were calculated by two-way analysis of variance (independent variables are shRNA and day of measurement). ¢, Study
design of in vivo experiments: HPCs were isolated from Ep-myc embryos, retrovirally modified with the indicated plasmids, and transplanted into recipient
animals. d, Representative flow cytometry analysis of HPC before transplantation (left column) and of isolated tumor cells (right column). Numbers
indicate the percentages of cells in each subpopulation (sh2-Sesn1 n=3, sh1-Foxo3 n=4, sh2-Sesn1+ sh1-Foxo3 n=4, independent animals). e, Quantitative
expression analysis of tumors expressing vector (n=4 independent animals and two technical replicates), sh2-SesnT (n=5 independent animals),
sh1-Foxo3 (n=4 independent animals), and sh2-SesnT and sh1-Foxo3 (n=6 independent animals). Bars indicate mean values, and error bars correspond to
one standard deviation. P values were calculated with two-tailed t test. f, Hematoxylin and eosin (H&E) cellular staining and Ki-67 immunohistochemistry
of tumor and liver tissue biopsies of Ep-myc mice expressing the indicated shRNAs or vector (n=2 independent experiments). Scale bar, 200 pm.

g, Overall survival of secondary recipient animals transplanted with Ep-myc tumor cells expressing vector (n=5), sh1-Foxo3 (n=5), sh2-Sesn1 (n=5) or
sh2-SesnT and sh1-Foxo3 (n=5). P value was calculated with log-rank test.
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GFP-positive (shSesnl) or dsRed-positive (shFoxo3) cells (Fig. 4d).
Notably, even though HPCs transduced with both shRNAs showed
a low percentage of double-positive cells in the initial population
(5-8%), tumors originating from these HPCs were almost exclu-
sively composed of double-positive cells (Fig. 4d), thus suggesting
that cells expressing both shRNAs expanded more rapidly than cells
with a single shRNA. We confirmed that tumors expressing single
or double shRNAs efficiently downregulated the expression of
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targeted genes (Fig. 4¢), and all of the animals exhibited character-
istic features of aggressive lymphoma (Fig. 4f and Supplementary
Fig. 5h,i). To determine whether dual loss of Foxo3 and Sesn1 boosts
tumor aggressiveness, we transplanted purified tumor cells with
single and double knockdown into secondary recipient animals.
Here, we observed a significant acceleration of tumor development
(P=0.001) (Fig. 4g) in animals receiving cells with double knock-
down compared with those with a single shRNA. These results
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Fig. 5 | Inhibition of EZH2 abrogates H3K27me3 and reactivates inactive TADs. a, Immunoblot for H3K27me3 in EZH27%%* cell lines treated with 2 uM
of GSK126 or 1uM of EPZ6438 or vehicle (DMSO) for 72 h. Total histone H3 was used as a loading control, and the experiment was repeated twice.

b, Ratio of TAD concordance (MoC) between WSU-DLCL2 and Karpas422 treated with DMSO or GSK126 and TAD concordance between independent
replicates of each cell line (DMSO). Dots indicate the means of 22 intrachromosomal-map comparisons, and error bars are +1 standard deviation.

c,d, TAD mRNA expression fold changes in EZH2Y64¢* (n=12) versus EZH2"T (n=4) cell lines (x axis) versus TAD mRNA expression fold changes in
EZH2Y64¢% cells treated with GSK126 (n=12) versus DMSO (n=12) (c) or treated with EPZ6438 (n=12) versus DMSO (n=12) (y axis) (d). e, TAD mRNA
expression fold changes of OCI-Ly19-EZH2Y¢4¢F versus OCIl-Ly19-EZH2"T (x axis) and in OCIl-Ly19-EZH2Y%4¢F treated with GSK126 versus DMSO (y axis).
f, Intersection of inactive TADs obtaining a log,(FC,qna) > O (reactivated) in EZH2764¢X cell lines treated with GSK126 or EPZ6438, or OCI-Ly19-EZH2Y64¢F
cells treated with GSK126. g, mRNA expression fold changes of individual genes in Chr.6 108.3-109.8 Mb obtained by comparing EZH27%4®* cell lines
treated with GSK126 (n=12) or EPZ6438 (n=12) versus DMSO (n=12) and OCIl-Ly19-EZH2Y%4¢ treated with GSK126 (n=3) versus vehicle (n=3). Fold

changes corresponding to the inactive TAD are highlighted in green; P values were computed with limma two-sided t test. h, Graphical summary of the
results: treatment with EZH2 inhibitors act as a switch turning tumor-suppressive TADs from transcriptionally inactive to active domains. *P < 0.05,

**P < 0.01, 8P < 0.1

demonstrate that the inactivation of the tumor-suppressive
TAD6.139 by mutated EZH?2 synergistically downregulates multiple
tumor suppressors to drive tumor development and progression.

EZH2YX jnhibition reactivates transcription within TAD.
Next, we explored the potential of blocking EZH2 methyltrans-
ferase activity by using two pharmacological inhibitors (GSK126
and EPZ6438) to reactivate inactive TADs. Pharmacological
inhibition of EZH2 with either GSK126 or EPZ6438 efficiently

524

depleted H3K27me3 in lymphoma cells (Fig. 5a). However, loss of
H3K27me3 did not significantly modify the chromatin compart-
mentalization into TADs. Indeed, TADs derived from intrachromo-
somal maps of treated and untreated cells exhibited conservation
scores similar to those observed for independent replicates of the
same cell line (Fig. 5b). Nevertheless, EZH2Y%% cell lines treated
with the EZH2 inhibitors GSK126 and EPZ6438 (n =12 treated and
n=12 DMSO) exhibited multiple transcriptional changes, although
not as extreme as those observed between EZH2"*4* and EZH2WT*
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cells (Supplementary Fig. 6a,b). By mapping differentially expressed
genes to our list of conserved TADs, we found that the TAD mRNA
expression changes induced by the two inhibitors were positively
correlated (Supplementary Fig. 6¢) and mostly corresponded to
upregulation (positive fold changes) of TADs that were downregu-
lated (negative fold changes) in EZH2Y#* compared with EZH2WT
cells (Supplementary Fig. 6d,e). Importantly, most inactive TADs
(64/72 with GSK126 and 56/72 with EPZ6438) exhibited positive
fold changes, and these reactivated TADs were enriched in signifi-
cantly upregulated genes (adjusted P value < 0.01) from both experi-
ments (Fig. 5¢,d) (DMSO versus GSK126: Fisher’s exact test P=107%,
OR=2.74, DMSO versus EPZ6438: Fisher’s exact test P=6.8 X 107,
OR=3.17). A similar reactivation (54/72 inactive TADs) was veri-
fied in OCI-Ly19-EZH2"**F cells treated with the GSK126 inhibi-
tor (Fig. 5e and Supplementary Fig. 6f). Reactivated TADs had a
high degree of overlap among the three experiments (Fig. 5f). In
particular, after treatment with both EZH2 inhibitors, genes within
the tumor-suppressive TAD6.139 exhibited positive fold changes
in all three models, results consistent with a stringent inactive-to-
active switch of the domain, in which all genes are concordantly
regulated (Fig. 5g). Conversely, TADs flanking TAD6.139 showed
no pattern of co-regulation. These results were validated through
quantitative PCR (Supplementary Fig. 6g). Notably, treatment with
EZH2 inhibitors increased FOXO3, SESN1, and ARMC?2 expression
exclusively in OCI-Lyl9-EZH2Y" cells, whereas no significant
expression changes were observed in the OCI-Ly19-EZH2WT cells
(Supplementary Fig. 6h). Reactivation of the tumor-suppressive
TAD6.139 is thus a direct effect of inhibiting the mutated form
of EZH2. Together, these results indicate that pharmacological
depletion of H3K27me3 is sufficient to restore the transcrip-
tional activity in previously silenced tumor-suppressive chromatin
domains (Fig. 5h).

EZH2Y%¢* modulates intra-TAD chromatin interactions. Changes
in transcriptional activity are frequently associated with novel or
missing interactions among regulatory elements'*'>". Although
TADs in EZH2Y%X, untreated or treated with EZH2 inhibitors,
and EZH2YT cells were highly conserved (Supplementary Fig. 7a),
we asked whether transcriptional changes in tumor-suppressive
TADs were associated with rewiring of specific interactions within
the domains.

To address this question within the TAD6.139, we compared
20-kb-resolution Hi-C maps for Karpas422 treated with vehicle
(Karpas422-DMSO, Fig. 6a) and with GSK126 (Karpas422-GSK126,
Fig. 6a). Significant interactions between the 5' ends of the domain
(Chr.6 108860-108880kb) and a region spanning ~100kb in the
middle part of the TAD (Chr.6 109100-109220kb) were detected
in treated and untreated cells (Supplementary Table 5). However,
only Karpas422 treated with GSK126 exhibited a highly significant

interaction between genomic regions near the 5' and 3' ends of the
domain (Chr.6 108860-108880 kb and 109380-109400kb) (Fig. 6b).
Next, we systematically compared significant interactions in
Karpas422-DMSO and/or Karpas422-GSK126 to identify signifi-
cant differences between these conditions (empirical g value <0.1)
(Fig. 6¢). Notably, top-scoring differential interactions (empirical
q value=0.025) highlighted a stronger interaction between the 5'
end and the middle region of the domain in Karpas422-DMSO than
Karpas422-GSK126, whereas Karpas422-GSK126 exhibited a signif-
icantly stronger interaction between the 5'and 3' ends of the domain
than Karpas422-DMSO (Fig. 6¢,d and Supplementary Table 5). This
observation was confirmed by quantification of the number of nor-
malized reads between the 20-kb regions Chr.6 108860-108880kb
and Chr.6 109380-109400kb (P=0.02) (Supplementary Fig. 7b),
and the same significantly different interactions were found in
WSU-DLCL2 cells treated with vehicle or GSK126 (Supplementary
Fig. 7c—e). To corroborate the observed changes in interaction fre-
quency at higher resolution, we performed UMI-4C in Karpas422,
either untreated or treated with GSK126, by using two independent
sets of primers (Supplementary Table 6). We observed an enrich-
ment in interactions between the Chr.6 108861-108863kb and
Chr.6 109370-109400 kb regions in cells treated with GSK126 com-
pared with untreated cells (DMSO) with both primers (Fig. 6e,f and
Supplementary Fig. 7f,g).

By mapping significantly differential interactions to functionally
annotated regions in the genome, we found that these interactions
linked genomic regions proximal to gene promoters that are recog-
nizable by H3K4me3 peaks (Fig. 6g and Supplementary Fig. 7h).
Notably, chromatin contacts were stronger between genomic
regions proximal to FOXO3 and SESN1 promoters in EZH2Y¢X cells
treated with GSK126 than in untreated cells (Fig. 6g). Concordant
with the inactive status of TAD6.139 in EZH2Y%X cells, the pro-
moters of FOXO3, ARMC2, and SESN1I exhibited lower H3K4me3
and higher H3K27me3 in EZH2Y%X than in EZH2"7 cells (Fig. 6g
and Supplementary Fig. 7h). Moreover, a peak of H3K27ac and
H3K4mel was detected at the SESNI promoter only in OCI-Ly7
EZH2%T cells, thus suggesting that in these cells, this promoter
might have distal enhancer function* (Supplementary Fig. 7h).

To determine whether treatment with EZH2 inhibitor restored
intra-TAD interactions that were modified by the increase of
H3K27me3 in EZH2 mutated tumors, we performed the same dif-
ferential-interaction comparison between syngeneic EZH2"%*F and
EZH2"T OCI-Ly19 cells as well as between Karpas422 (EZH2Y%*N)
and OCI-Lyl9 (EZH2%"). OCI-Lyl9-EZH2"" showed stronger
interactions between FOXO3 and SESNI promoter regions than
OCI-Ly19 cells expressing EZH2Y* (Fig. 6h). The same differ-
ence in interaction between these loci was detected between OCI-
Ly19-EZH2%" and Karpas422-EZH2Y*N (Supplementary Fig. 7i).
Conversely, both OCI-Ly19-EZH2Y**F and Karpas422-EZH2Y*4N

>
>

Fig. 6 | Intra-TAD structural changes in EZH2"™ and EZH2Y¢*¢* cells. a, Hi-C contact maps of TAD6.139 at 20-kb resolution (Chr.6 108.84-109.44 Mb)

in Karpas422 treated with DMSO (top) or 2 pM GSK126 for 72 h (bottom). b, Significant interactions in Karpas422-DMSO (top) or Karpas422-GSK126
(bottom) determined by HiC-DC. Bin pairs within 2-Mb windows were tested. ¢, Significantly different interactions (g value < 0.1) between Karpas422-
DMSO and Karpas422-GSK126 (n=435 tested interactions). Empirical g values were determined as described in Methods. d, Most significantly different
interactions between Karpas422-DMSO and Karpas422-GSK126. e, UMI-4C domainogram: mean number of contacts (percentage of the maximum)

in the Chr.6 108.80-109.45 kb region. f, Normalized number of UMI-4C reads in Karpas422-DMSO and Karpas422-GSK126. g, Significantly stronger

interaction (compare to ¢) in Karpas422-GSK126 than Karpas422-DMSO connecting Chr.6 108.85-108.81 Mb and Chr.6 109.39-109.45 Mb. H3K4me3 and
H3K27me3 ChlP-seq tracks in Karpas422 and OCl-Ly7 (n=3 experiments) within the same genomic coordinates. h, Left, Hi-C contact maps of TAD6.139
at 20-kb resolution in OCI-Ly19-EZH2"64¢F (top) and OCI-Ly19-EZH2"T (bottom). Center, significant interactions in OCl-Ly19-EZH2Y64¢F (top) or OCl-Ly19-
EZH2WT (bottom) determined by HiC-DC. Top right, significantly different interactions (g value < 0.1) between OCI-Ly19-EZH2Y¢4¢" and OCI-Ly19-EZH2WT
(n=435 tested interactions). Empirical g values were determined as described in Methods. Bottom right, most significantly different interactions between
OCI-Ly19-EZH27¢4¢F and OCI-Ly19-EZH2WT. i, FISH library design for TAD6.139 and representative images acquired in wide field (left) and by STORM
(right). j, Eccentricity of TAD6.139 (neighborhood radius =40) in WSU-DLCL2 treated with 2 pM GSK126 or DMSO for 72 h (n=4 experiments), and OCI-
Ly19-EZH2YT and OCI-Ly19-EZH2Y64¢F (n =3 experiments). Dots are means of multiple measurements of independent cells (Supplementary Table 7), and
error bars are standard errors.
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exhibited stronger interactions between promoter regions of FOXO3
and ARMC2 than OCI-Ly19-EZH2"" (Fig. 6h and Supplementary
Fig. 7i). To verify whether changes in promoter proximity also
occurred in other inactive TADs, we performed a differential
interactome analysis within the complete set of 72 inactive TADs,
as well as within 100 sets of 72 randomly sampled neutral TADs.
By comparing Karpas422-EZH2Y%N and OCI-Ly19-EZH2"7 cells,

we found 34 interactions that were significantly different within
inactive TADs, but only 19 on average in neutral TADs (P=0.04,
Supplementary Fig. 7j). Furthermore, significant different interac-
tions between EZH2"" and EZH2**** cells were highly overlapping
with those observed between cells treated with the EZH2 inhibi-
tor GSK126 and untreated cells (17 out of 34, Fisher’s exact test
P=6x10"%, OR=130) (Supplementary Fig. 7k). In summary, we
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confirmed in multiple conditions, that the increase in H3K27me3
in EZH2-mutated tumors modulates promoter—promoter interac-
tions within inactive TADs, which are coupled with silencing of
gene transcription.

To investigate the degree of observable physical changes of the
intra-TAD structure, we used a super-resolution imaging technique
(stochastic optical reconstruction microscopy, or STORM)**°
and analyzed WSU-DLCL2 (DMSO versus GSK126, n=4 experi-
ments) and OCI-Ly19 cells (EZH2Y*** versus EZH2"", n =3 experi-
ments). To image the TAD structure by STORM, we designed a
fluorescence in situ hybridization (FISH) library painting the entire
TADG6.139 (Fig. 6i, Supplementary Fig. 8a, and Supplementary
Note). TAD6.139 did not change significantly in size (as estimated
by radius of gyration, R,) between the two conditions in all experi-
ments (Supplementary Table 7). However, we observed consistent
changes in shape, as evidenced by higher eccentricity values in
EZH2%" and EZH2Y*-GSK126 cells than in EZH2"%*** cells (Fig. 6
and Supplementary Fig. 8b—e). This increase in eccentricity was not
observed in a neutral TAD of similar size (TAD1.54, Chr.1: 28650~
29100kb), exhibiting neither transcriptional nor epigenetic changes
(Supplementary Fig. 8f,g).

Overall, our results indicate that the increase in H3K27me3 asso-
ciated with EZH2 gain-of-function mutations can modify the archi-
tecture and transcriptional activity within TADs.

Discussion

The recent advent of chromatin-conformation-capture techniques
provides new opportunities and perspectives to unravel the effects
of chromatin remodeling in cancer. EZH2Y*** increases H3K27me3
across the genome, thus leading to transcriptional repression. Here,
we found that these epigenetic and transcriptional changes were
not randomly distributed but were enriched and concordant within
specific TADs, termed inactive TADs. Although future work will
be needed to explore whether this specificity is predetermined or
emerges through selection of oncogenic traits, inactive TADs were
enriched in both EZH2 targets and B-cell differentiation programs,
thus suggesting that both scenarios are likely and play a role in
implementing EZH2Y#X oncogenic potential.

H3K27me3 determines changes in nucleosome proximity and is
a marker of closed chromatin. Using multiple models, we showed
that H3K27me3 modulates the proximity of gene promoters in
association with gene expression changes. In particular, concordant
expression changes of FOXO3 and SESN1I suggest co-regulated tran-
scription. Interestingly, both genes are direct transcriptional targets
of p53 (refs. °*?), thus prompting the hypothesis that promoter
proximity may favor coordinated transcription of genes controlled
by the same transcription factor.

Coordinated epigenetic and transcriptional reprogramming
within TADs led to the synergistic inactivation of multiple tumor
suppressors, enhancing B-cell proliferation and tumor growth.
On the basis of these results, we introduced the concept of tumor-
suppressive TADs. Importantly, analysis of expression changes in
individual genes, rather than TADs, would probably have missed
this synergistic effect. Moreover, although relatively small mRNA
expression changes for individual genes are typically dismissed as
random variations, the unexpected concordance of these variations
within TADs could identify functionally relevant gene modules.

Chromatin domains can therefore provide a new lens through
which to study oncogenic alterations, especially in the context of
cancer epigenetic reprogramming.

URLs. ENCODE, https://www.encodeproject.org/; GEO, https://
www.ncbi.nlm.nih.gov/geo/; GitHub custom scripts, https://github.
com/CSOgroup/Donaldson-et-al-scripts/; Zenodo, https://zenodo.
org/; NCBI BioProject https://www.ncbi.nlm.nih.gov/bioproject/;
Bioconductor, https://bioconductor.org/; R, https://www.r-project.
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org/; Cufflinks, http://cole-trapnell-lab.github.io/cufflinks/; STAR,
https://github.com/alexdobin/STAR/; Bowtie, http://bowtie-bio.
sourceforge.net/bowtie2/manual.shtml; MACS2, https://github.
com/taoliu/MACS/; Picard, http://broadinstitute.github.io/picard/;
LIMMA, http://bioconductor.org/packages/release/bioc/html/
limma.html; Bedtools, https://bedtools.readthedocs.io/en/latest/;
HiC-DC, https://bitbucket.org/leslielab/hic-dc/; TopDom, http://
zhoulab.usc.edu/TopDom/; mSIGdb, http://software.broadinstitute.
org/gsea/msigdb/index.jsp; hgl9 mappability file, http://hgdown-
load.soe.ucsc.edu/goldenPath/hg19/encodeDCC/wgEncodeMapa-
bility/wgEncodeCrgMapabilityAlign36mer.bigWig.

Online content

Any methods, additional references, Nature Research reporting
summaries, source data, statements of data availability and asso-
ciated accession codes are available at https://doi.org/10.1038/
s41588-018-0338-y.
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Methods

Data generation and models. Lymphoma cell lines used in this study (OCI-
Ly19, DoHH2, SU-DHL-10, WSU-DLCL2, Toledo, SU-DHL-6, and Karpas422)
were authenticated within the past year by short tandem repeat (STR) cell-line
authentication analysis (MicroArray, Switzerland) and cultured as described in
the Supplementary Note. OCI-Ly19 cells were transduced with lentiviral particles
to express EZH2Y646F in tandem with GFP or the empty vector (OCI-Ly19-
EZH2Y64F), After the initial transduction, 3-5% of the GFP-positive cells were
sorted to obtain a pure population of GFP-positive cells. We confirmed by RNA-
sequencing (RNA-seq) analysis that only one copy of mutated EZH2 was integrated
in the genome.

Hi-C experiments were performed on Karpas422, WSU-DLCL2, OCI-Ly19-
EZH2"", and OCI-Ly19-EZH2Y%*, treated with 2 uM GSK-126 or DMSO for 72h.
Data generation and analysis are detailed in the Supplementary Note. Targeted
chromosome conformation capture using unique molecular identifiers (UMI-4C)
was performed in Karpas-422 treated with 2 pM GSK126 or DMSO for 72h, as
described in ref. *°. Hi-C and UMI-4C library preparation, contact-map generation,
and data normalization were performed as described in the Supplementary Note.
A list of the primers used in this study is provided in Supplementary Table 8.

mRNA expression was assessed by means of RNA-seq in OCI-LY19-EZH2"7,
OCI-Ly19-EZH2"F, and OCI-Ly19-EZH2"*" after treatment with the EZH2
inhibitor GSK126 for 72h. ChIP-seq was performed in OCI-Ly19-EZH2"" and
OCI-Ly19-EZH2"*", Toledo, and WSU-DLCL2 cells by using a monoclonal
antibody to H3K27me3 (Cell Signaling, 9733). H3K27me3 ChIP-seq data for
OCI-Ly7, DOHH2, and Karpas422 were obtained from ENCODE, whereas
for WSU-DLCL2, data were obtained from the GEO Database (GSE40792).
Targeted ChIP validation was performed for FOXO3 and SESN1 on Toledo and
WSU-DLCL2 cell lines. All data generation and analyses are detailed in the
Supplementary Note.

STORM was used to compare the structure of TAD6.139 between WSU-
DLCL2 treated with either 2pM GSK126 or DMSO (four independent
experiments), and between OCI-Ly19-EZH2%" and OCI-Ly19-EZH2"*¢%

(three independent experiments). The structure of the neutral TAD1.54 was
compared between WSU-DLCL2 treated with either 2 pM GSK126 or DMSO
(two independent experiments). STORM data were generated and analyzed as
described in the Supplementary Note.

Mouse model. We isolated Ep-myc transgenic fetal liver cells from embryos at
embryonic day 13.5. The HPCs were grown for 4 d in a specially adapted growth
medium (DMEM, IMDM, L-glutamine, pen/strep, FBS, and SCS-stem cell
supplement (Whei, IL3, IL6, SCF, and polybrene) and retrovirally transduced
with either the vector MLS-GFP containing shRNA for Sesn1 or Foxo3 or the
empty vectors. We inoculated genetically modified HPCs into lethally irradiated,
syngeneic wild-type recipient animals. Disease onset was monitored by palpation
and blood smears. Data were analyzed in Kaplan-Meier format by using the
log-rank (Mantel-Cox) test for statistical significance. Transgenic animals were
maintained in EPFL SPF animal facility, and all animal studies were approved by
Swiss Cantonal authorities (animal license VD2932 and VD2932.1).

Comparison of intrachromosomal Hi-C contact maps. All pairwise comparisons
between intrachromosomal contact maps (or matrices) were based on four
different metrics: overall matrix correlation by SCC, fraction of corresponding
bins assigned to the same compartment (A or B), conservation of TADs, and
conservation of significant interactions between bins.

Matrix correlation (stratum-adjusted correlation coefficient). To compare the
overall distribution of contacts across intrachromosomal Hi-C maps, we used the
SCC, as implemented in the hicrep R package* in Bioconductor (get.scc function,
after having trained the smoothing parameter with the htrain function for the
range 0:20). After smoothing Hi-C matrices with a 2D mean filter to reduce

noise and bias effects, we stratified chromatin contacts according to the genomic
distance between interacting loci. The number of strata K is given by the maximal
interaction distance divided by the bin size (for example K= 3,840, for a 192-Mb
chromosome binned at 50 kb; here, we chose the chromosome size as the maximal
interaction distance). The SCC was then computed as a weighted average of
stratum-specific Pearson’s correlation coefficients, and it can be interpreted

as a classical correlation coefficient with values ranging from -1, for perfect
anticorrelation, to+1, for perfect correlation.

Fraction of corresponding bins assigned to the same compartment. Compartments
were calculated as previously described’: Hi-C contact matrices were binned at

1 Mb by using the pca.hic function from the HiTC R package in Bioconductor, and
compartments A and B were defined according to the signs of the values of the first
eigenvector retrieved from principal component analysis of the Pearson correlation
matrix of the observed over expected Hi-C matrix (when the first eigenvector
separated the two chromosome arms, the second eigenvector was used). To
compare the compartments between two intrachromosomal matrices, we defined
the sign (positive or negative) associated with a specific compartment (A or B)

as the one achieving the highest correlation between the eigenvectors of the two
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datasets. For each pair of 1,000-kb bins corresponding to the same genomic region
in the two Hi-C contact matrices, we compared the sign of the corresponding
eigenvalue: concordant signs corresponded to bins assigned to the same
compartment, opposite signs corresponded to bins in different compartments.

A similarity score for each pair of intrachromosomal maps was defined as the
fraction of bins that were assigned to the same compartment.

Conservation of TADs. First, TADs were called at 50-kb resolution by using the
TopDom™ (TopDom function from the TopDom R package with a window size
w=0>5).

Next, we compared the set of TADs identified in two intrachromosomal
matrices by computing the concordance of the two corresponding chromosome
partitions. For this purpose, we used the measure of concordance (MoC)
previously introduced to compare clustering assignments”. MoC is defined
as follows:

Lif Ny=Np=1

Np No I1?

MoC(P,Q) = 1

IE,
(/NaNp=D) 21}21 IR

otherwise

where P and Q are the sets of TADs being compared, including N, and N, numbers
of TADs, respectively. P;and Q; are two individual TADs within P and Q having
size ||P|| and ||Q}||, respectively, measured in base pairs. Finally, ||F,|| corresponds
to the size (number of base pairs) of the overlap between the two TADs P, and Q;.

Conservation of significant interactions. The statistical significance of chromatin
interactions at the bin level was estimated with HiC-DC* in ‘fixed bin’ mode. The
bin size was set to 50 kb, with degrees of freedom (df) =6 and size=1.0. The hg19
mappability file was retrieved by following the link provided in the URLSs section.
Interactions were called significant if the HiC-DC q value was smaller than 0.05.
Conservation of significant interactions between two given cell lines c1 and c2 was
computed as the overlap between their set of significant interactions as follows:

# of common s.i.

lap =
overap = in((# of s.i. in cl), (#of s.i. in c2)}

Generation of Hi-C contact maps for replicates and randomized maps for
comparison. To build a reference scale of values for the different metrics, we
included comparisons between our Hi-C maps and randomized Hi-C maps, as well
as comparisons between independent replicates of the same cell line.

In the comparisons based on the SCC measure and on the fraction of
conserved significant interactions, we generated randomized Hi-C maps by
shuffling count values within each diagonal of the Hi-C matrix, that is by
permuting the number of contacts among bins located at the same genomic
distance. For the comparison of TAD by MoC, random TAD partitions were
generated by shuffling the original set of TADs in a way that preserved the number
and the size of the TADs. The resulting random maps were used to estimate the
expected similarity score between Hi-C experiments performed without any
expected structural similarity.

Additionally, for each cell line, we selected and aggregated independent
replicates in two groups with similar total number of reads and generated separate
contact maps and the list of contacts (interactomes) for each group. The maps and
the interactomes were used to estimate the expected similarity score between Hi-C
experiments performed on the same cell line (that is, expected highest similarity).

Concordance analyses of H3K27me3 and transcriptional changes within TADs.
A consensus list of TADs conserved among Karpas422, OCI-Ly19-EZH2"", OCI-
Ly19-EZH2Y%*, and WSU-DLCL2 cell lines was determined by using an approach
based on weighted interval scheduling (WIS) efficiently solved with a dynamic
programming (DP) approach®. Briefly, each interval/TAD received a weight
according to how conserved it was across cell lines (allowing a tolerance radius of
two bins or 100kb), and the goal was to identify a set of nonoverlapping intervals
of maximum total weight (details in Supplementary Note). Using this approach,
we identified a total of n=3,773 consensus TADs.

H3K27me3 comparison among subcompartments. Chromosome subcompartments
derived in GM12878 were downloaded from the GEO database (GSE63525).
Subcompartment calls were used to partition contact maps generated by our
experiments, given the high concordance between A and B compartments derived
in GM12878 and in our cell lines (Fig. 1c,d). Moreover, subcompartments have
been called only in GM12878, given that the procedure requires an extremely
high number of reads (documentation in GSE63525). To compare H3K27me3
across subcompartments, we considered the mean H3K27me3 levels within

each continuous DNA sequence that was assigned to the same subcompartment
(sc region) and compared the distribution of mean H3K27me3 values among

sc regions annotated for the same compartment. Unannotated sc regions were
excluded from this analysis. H3K27me3 fold changes were computed for each sc


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE40792
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region through comparing the mean H3K27me3 values in OCI-Ly19-EZH2"*¢F
versus OCI-Ly19-EZH"T cells.

Intra-TAD and inter-TAD correlation between H3K27me3 fold changes and levels.
Correlations between normalized H3K27me3 profiles of OCI-Ly19-EZH2Y¢*F and
OCI-Ly19-EZH2%T cells were investigated as previously described*’. Briefly, each
TAD was divided into ten equally spaced bins, as well as two flanking regions of
the same size of the TAD. Mean H3K27me3 levels and the fold changes of mean
H3K27me3 levels in mutated versus wild-type samples within each of these 30
bins were then stored as a row of an N X 30 matrix, where N is the number of
TADs. Finally, Spearman correlation coefficients were computed between each
pair of columns of this matrix, thus constructing a 30 X 30 symmetric pairwise
correlation matrix, whose columns 11-20 corresponded to bins within a TAD,
whereas columns 1-10 and 21-30 corresponded to bins within upstream and
downstream regions, respectively. The central 10 X10 block represented intra-TAD
correlations, whereas the 10 X 10 blocks above (or below) it and on its right (or
left) corresponded to inter-TAD correlations. The correlation of H3K27me3 fold
changes as a function of distance for intra-TAD and inter-TAD pairs of loci

(Fig. 2d) was performed as follows:

1. Each TAD was divided into bins of 25kb, as well as its two flanking regions
(of the same size as the TAD) upstream and downstream; fold changes in
each bin were computed as explained above.

2. Adistance vector was constructed as a sequence of distances ranging from
25kb to 1 Mb, each of them separated by 25kb.

3. For each element i of the distance vector, we extracted all pairs of loci that
were separated by a distance equal to i; next, we derived an N X 2 matrix
storing the N pairs for which both loci were in the same TAD, and we com-
puted the Spearman correlation coefficient between the two columns, which
represented the intra-TAD correlation at distance i; analogously, we derived
an M X 2 matrix storing the M pairs for which one locus was in the TAD, and
the other was in one of the two flanking regions and computed the inter-TAD
correlation for distance i in the same way.

4.  Finally, we plotted the intra-TAD and inter-TAD correlation versus distance
in two different lines.

Concordance between H3K27me3 changes and TADs. H3K27me3 ChIP-seq levels
in OCI-Ly19-EZH2Y*F cells and in OCI-Ly19-EZH2"" were jointly normalized
across the two cell lines, as described in the Supplementary Note. Normalized
H3K27me3 levels were averaged within each conserved TAD, and the log, fold
change was computed between the two conditions (mutated versus wild type).
Density distributions of log, fold change values were visualized by using the
‘density’ R function.

Random distributions of H3K27me3 TAD fold changes were generated by
permutation of intervals (bins) of H3K27me3 read counts. Specifically, for a given
size S, each chromosome was partitioned into bins of S base pairs, and read counts
within each bin were summed. Corresponding bins in EZH2Y**F and EZH2 wild-type
OCI-Ly19 cells were permuted together to preserve the H3K27me3 ratio between the
two conditions for each bin. Bins within each chromosome were permuted separately.
TAD fold changes were recalculated as described above. Random distributions were
generated with bin sizes ranging from 1kb to 2 Mb. The number of TADs obtaining
a fold change greater than two was compared when using the observed H3K27me3
distribution and distributions generated with bin size ranging from 50kb to 2 Mb.

Concordance between transcriptional changes and TADs. For each mRNA
expression dataset, genes with detectable expression were assigned to the TADs
with the highest overlap, and genes nonoverlapping with a TAD were discarded.
TADs containing fewer than three genes or more than the 0.99-quantile of the
number of genes by TAD distribution were excluded. With these filters, we
retained n=2,038 TADs for the comparison between EZH2Y¢X and EZH2W"
DLBCL primary samples and cell lines, n=1,923 TADs for the comparison of
follicular lymphoma primary samples, and #=900 TADs for the comparison

of OCI-Ly19 EZH2**" and OCI-Ly19-EZH2"". For the latter comparison, we
retained considerably fewer TADs, a result consistent with the RNA-seq dataset
including only three replicates for OCI-Ly19-EZH2"**" and three replicates for
OCI-Ly19-EZH2"7; thus, fewer genes had detectable expression in both conditions
than in the other datasets.

To test whether the mRNA expression changes were more concordant within TADs
than expected, we first defined TAD mRNA expression fold changes as the mean of
the fold changes of each gene within the TAD. Gene fold changes were determined for
both microarray and RNA-seq datasets as described above. Next, we defined a measure
of concordance for fold changes within a TAD and compared the observed cumulative
sum distribution of concordance values obtained by our set of conserved TADs with
the expected cumulative sum distribution under random permutation of the gene-to-
TAD assignments. Briefly, an FCC score was computed for each TAD as:

#FC” 1]*[22 IFCT

#FC Y IFC|

FCC= [2

where #FC is the number of genes within the TAD, #FC- is the number of genes with

a negative fold change within the TAD, |FC] are absolute fold-change values, and |[FC-|
are absolute values of negative fold changes (log, fold changes were used). TADs were
ranked from highest to lowest FCC, and the cumulative sum curve was calculated.

For each test, we compared the observed cumulative sum curve against curves
obtained after random permutation of gene-to-TAD assignments. Intuitively, the more
concordant the gene expression changes within TADs, the steeper the increase in the
cumulative sum. We considered the observed concordance to be greater than expected
when the observed curve was higher than all random curves. To permute gene-to-
TAD assignments, we divided genes in five classes according to their overall levels of
expression and shuffled TAD labels within each class. For each test, we performed
10,000 permutations and reported the range comprising all random curves.

Pearson’s correlation of mRNA expression between genes located in the same
TAD or different TADs were compared as a function of their genomic distance
(maximum 500 Kb). Microarray data were normalized by using the median
absolute deviation method, whereas RNA-seq data was transformed by using
quantile normalization. Curves were fitted by using the R loess function (from the
stats package, with default parameters).

Genes within inactive TADs were analyzed by gene-set enrichment analysis,
and their expression was assessed in centrocytes, centroblasts, and memory B-cells,
as described in the Supplementary Note.

Differential intra-TAD interactome analysis for TAD6.139. For each pair of cell
lines/conditions, significantly different interactions between 20-kb bins within the
TAD 6.139 were determined as follows:

1. HiC-DC was run on Hi-C read pairs of Chr.6 with a bin size of 20kb, and the
q values obtained for each pair of bins within the entire chromosome were
retained;

2. For each pair of bins i and j (with i, j,), the interaction differ-
ence d between condition A and condition B was computed as
d‘?—s = _loglo(qi,?) + loglo(qii);

3. Distributions of d{}’B values were determined for pairs of bins at the same
genomic distance;

4. For each pair of bins i, and j, in TAD6.139, the significance of the correspond-
ing interaction difference was tested by computing its empirical P value
against the distribution of interaction differences computed between bins at

-B
the same distance, namely {d;; ilizjmig—j3

5. Empirical P values obtained for all pairs of bins within TAD 6.139 were cor-
rected for multiple testing by using the Benjamini-Hochberg procedure;

6.  Finally, interactions were called significantly stronger in condition A than in
condition B if they satisfied both the following conditions:

a. The q value computed by HiC-DC was smaller than 0.1,

b. The g value resulting from step (5) was smaller than 0.1.

Differential-interaction analysis for intra-TAD promoter-proximal regions.
For each pair of cell lines/conditions A and B, significantly different interactions
between 50-kb bins mapping to gene promoters located in a set of TADs were
determined as follows:

1. HiC-DC was run on Hi-C read pairs of all chromosomes with a bin size of
50kb, and the g values obtained for each pair of bins were retained;

2. Bin-level promoter-promoter interactions (PPIs) between genes x and y were
identified as PPI oy =—108,(q, ) where i and j are 50-kb bins overlapping
the transcription start sites of ;]genes x and y, respectively. Only PPIs between
genes in the same TAD and less than 2 Mb apart were retained;

3. Significantly different PPIs between conditions A and B were determined
as described in steps 2-6 described in ‘Differential intra-TAD interactome
analysis, with a cutoff of 0.25 for g values computed in step 5

Random sets of neutral TADs were sampled from our consensus list of 2,038
TADs such that:

1. Only TADs with |log,(H3K27me3 fold changeoc;_ s zs - vessrvs eziiz-wi) | < 0.5
and |log,(mRNA fold change .y jues sz - vsasx vs pzi2—wr)| < 0.5 were sampled;

2. The distributions of the numbers of genes per TAD in the random sets were
the same as in the set of 72 inactive TADs

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

In this study, we used the following mRNA expression datasets: GSE23501 for wild-
type and EZH2-mutated GCB-DLBCL primary human samples, PRINA278311
(NCBI-BioProject) for wild-type and EZH2-mutated FL primary human samples,
GSE40792 for wild-type and EZH2-mutated cell lines before and after treatment
with GSK126, GSE49284 for EZH2-mutated cell lines before and after treatment
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with EPZ6438, and GSE12195 for centrocytes, centroblasts, and memory B cells. through a public GitHub repository at: https://github.com/CSOgroup/Donaldson-
ChIP-seq data for H3K27me3 in OCI-Ly7, DOHH-2, and Karpas-422 were et-al-scripts/.

downloaded from ENCODE; H3K27me3 in WSU-DLCL2 was downloaded

from GSE40970; H3K4me3 in OCI-Ly7 and Karpas-422 were downloaded from

ENCODE. ChIP-seq data for H3K27me3 and RNA-seq data for OCI-Ly19 and References

OCI-Ly19-EZH2"*** were generated as described in the manuscript and have been 53. Schwartzman, O. et al. UMI-4C for quantitative and targeted chromosomal
deposited at GSE114270. HiC matrices and UMI-4C data have been deposited at contact profiling. Nat. Methods 13, 685-691 (2016).

Zenodo: https://doi.org/10.5281/zenodo.1244182. Custom scripts are available 54. Kleinberg, J. & Tardos, E. Algorithm Design (Pearson, Boston, 2005).
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Software and code

Policy information about availability of computer code

Data collection Data collected from public repository (e.g. ENCODE) was directly retrieved from the associated website without the use of custom
software as described in the Methods section.
Flow cytomentry data were acquired using LSR Il (BD).
gPCR data were acquired using AB Applied STEPOne PLUS.
sequencing was performed using lllumina Hl-seq and NexSeq500.
Histology and immunofluorescence picture were acquired with Leica DM4000 B-LED with Leica application suite v2.0.
Western blot were acquired with LICOR and Image Studio light program v3.1.4
STORM imaging were acquired using a custom build microscope (Douglass et al. Nat.Photonics 2016) but with a photometrics prime
sCMOS camera.

Data analysis Publicly available computational tools to derive TADs, compute the interactome, and process Hi-C data matrices were used as described
in the Methods section and they include:
Bowtie2-2.2.9
SAMtools (v1.3.1 and v1.6)
Picard tools (v2.5.0)
bwa mem (v0.7.12)
STAR 2.5.3a
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Cufflinks 2.2.1

SRAtools

R package Rsubread 1.28.1

R package limma 3.34.8

SICERpy (wrapper for SICER_V1.1)

IGV genome browser

bedGraphToBigWig v4

R package hicrep v1.0.0

TopDom v0.0.2

R package HiC-DC v1.0

mSigDB

PRISM 6

FlowJo 10.4.1

Custom scripts have been implemented in bash, R (v3.4.3) and Python (v2.7.5) and are made available through a public GitHub repository
at: https://github.com/CSOgroup/Donaldson-et-al-scripts

Finally, standard statistical analyses and related figures were generated using standard R functions as described in the Methods section.

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/reviewers
upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research 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
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

In this study, we used the following mRNA expression datasets: GSE23501 for wild type and EZH2 mutated GC-DLBCL primary human samples and PRINA278311 for
follicular lymphoma primary human samples (Fig. 2), GSE40972 for wild type and EZH2 mutated cell lines before and after treatment with GSK126 (Fig. 2 and Fig. 5),
and GSE49284 for EZH2 mutated cell lines before and after treatment with EPZ6438 (Fig. 5). GSE12195 for normal centroblast, centrocytes and memory B-cells
mMRNA expression (Suppl. Figure 3).
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Sample size Analyses of publicly available datasets used all available samples and multiple independent datasets were used to corroborate the
reproducibility of the findings.
The number of animals used for HPC cells experiments (n > 13) were in accordance with power analyses done based on previous experiment
were n = 10 was deemed sufficient.

Data exclusions  Differential expression analysis performed only on cell lines from GSE40972 exhibiting hotspot mutations for EZH2 or EZH2 and UTX wild-type.
HT cells were excluded as they harbor a mutation in UTX gene. UTX can in part mimic the effect of EZH2 mutations, thus we couldn't include
these cells either in the wild-type or in the EZH2 mutant group. Pfeiffer cells were excluded because they harbor a different mutation in EZH2
(A677).Both of these cell lines were per-excluded from the analysis.

In the STORM data analysis, we excluded measurements with extreme numbers of localizations (low or high) which were associated with
inflation or deflation of Rg and E values due to technical reasons related to the STORM acquisitions. The detailed procedure is reported in the
supplementary note. All measurements are reported in Supplementary Table 7 along with flag indicating whether they were retained or
excluded from subsequent analyses.

Replication Results presented in this study have been confirmed on independent datasets.
The replication number for each experiment is reported in each figure legend and individual data

Randomization  The experimental design did not included a randomization of the samples in different group, however experimental observations have been
compared to analytically and empirically derived random models to assess their statistical significance as described in the corresponding
method sections.

Blinding For the animal experiments, we measured survival and cell composition. In the initial experimental design we did not include blinding, as we
wanted to match cell composition before and after the injection
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Materials & experimental systems
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Antibodies

Antibodies used Primary Antibodies
Tri-methyl histone H3 (Lys 27) (H3K27me3), Rabbit monoclonal antibody (clone C36B11), Cell Signaling 9733; 1:1000 dilution for
western blots, 1:1600 dilution for immunofluorescence, and 1:50 for ChIP
Di-methyl histone H3 (Lys 27) (H3K27me2), Rabbit polyclonal antibody Abcam 194690; 1:500 dilution for western blot
Histone H3, XP Rabbit monoclonal antibody (clone D1H2), Cell Signaling 4499; 1:1000 dilution for western blot
Histone H3 (D2B12) XP® Rabbit mAb (ChIP Formulated), Cell Signaling 4620; 1:50 dilution for ChIP
Normal Rabbit I1gG, Rabbit polyclonal antibody, Cell Signaling 2729; 1:500 dilution, or 1ug for ChIP
EZH2, Mouse monoclonal antibody (clone AC22), Cell Signaling 3147; 1:1000 dilution for western blots
B-Actin, Mouse monoclonal antibody (clone 8H10D10), Cell Signaling 3700; 1:1000 dilution for western blot
Ki67, Rabbit monoclonal antibody (clone SP6), Abcam Ab16667; 1:200 dilution
CD3 a-rat APC (clone 17A2), lot 6224663, BD Farmingen 565643; 1:100 dilution
CD45R/B220 a-rat PE-Cy7 (RA3-6B2), lot 6105665, BD Farmingen 552772; 1:100 dilution
Secondary Antibodies
Streptavidin Alexa Fluor-647 conjugate, a-biotin, ThermoFischer S21374 (1:500 dilution)
IRDye 800CW Goat anti-Mouse IgG (H + L), 0.1 mg (1:10000 dilution)
IRDye 680RD Goat anti-Mouse IgG (H + L), 0.1 mg (1:10000 dilution)
Goat anti-Rabbit 1gG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor 488, Invitrogen (A-11034) (1:500 dilution)

4',6-Diamidino-2-Phenylindole, Dihydrochloride (DAPI) Invitrogen D1306 (1:5000 dilution)

Validation 1. CD45R/B220 a-PE-Cy7 and CD3 a-APC were used for flow cytometry analyses. Internal negative (unstained) controls were
used for all samples.

2. Rabbit a-Ki67 (SP6) was used for histological analysis of tumors. Internal negative control (secondary only) stained slides were
used for all samples

3. Tri-methyl histone H3 (Lys 27) (H3K27me3), Rabbit IgG (2729) and Histone H3 (4620) were used for ChIP gPCR/ChIP
sequencing experiments. These antibodies were used a part of a kit offered by Cell Signaling Technologies (#9003). The kit
contains a positive control Histone H3 Antibody, a negative control Normal Rabbit IgG Antibody and primer sets for PCR
detection of the human and mouse ribosomal protein L30 (RPL30) genes. This kit has been extensively used and cited in a
number of papers ((1) Orlando, V. (2000) Trends Biochem Sci 25, 99-104., (2) Kuo, M.H. and Allis, C.D. (1999) Methods 19, 425—
33., (3) Agalioti, T. et al. (2000) Cell 103, 667-78., (4) Soutoglou, E. and Talianidis, I. (2002) Science 295,1901-4., (5) Mikkelsen,
T.S. et al. (2007) Nature 448, 553-60., (6) Lee, T.I. et al. (2006) Cell 125, 301-13., (7) Weinmann, A.S. and Farnham, P.J. (2002)
Methods 26, 37-47., (8) Wells, J. and Farnham, P.J. (2002) Methods 26, 48-56.).
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4. Tri-methyl histone H3 (Lys 27) (H3K27me3) (9733), Di-methyl histone H3 (Lys 27) (H3K27me2) (194690), Histone H3 (4499),
EZH2 (3147) and B-Actin (3700) were used as primary antibodies for western blot analyses. IRDye 800CW Goat anti-Mouse 1gG
and CD45R/B220 a-rat PE-Cy7 were used as secondary antibodies for western blot analyses.




Histone H3 (4499) has been cited in over 200 peer reviewed journals. Cell Signaling Technology cites no cross reactivity with
other histones, and provides a sample western blot for the endogenous detection of Histone H3 in of four separate cells lines
(Hela, C6, COS, and NIH/3T3).

H3K27me2 (194690) has been cited in 2 peer reviewed journals. Abcam provides a sample western blot for the endogenous
detection of H3K27me2 in Hela cells with no detection observed detection of H3K27me2 in E.coli.

H3K27me3 (9733) has been cited in over 200 peer reviewed journals. Cell Signaling Technology states “Tri-Methyl-Histone H3
(Lys27) (C36B11) Rabbit mAb detects endogenous levels of histone H3 only when tri-methylated on Lys27. The antibody does
not cross-react with non-methylated, mono-methylated or di-methylated Lys27. In addition, the antibody does not cross-react
with mono-methylated, di-methylated or tri-methylated histone H3 at Lys4, Lys9, Lys36 or Histone H4 at Lys20.” Cell signaling
provides a sample western blot for the endogenous detection of H3K27me3 in four separate cell lines (Hela, C6, COS, and
NIH/3T3).

EZH2 (3147) has been cited in over 70 peer reviewed journals. Cell signaling provides a sample western blot for the endogenous
detection of EZH2 in four separate cell lines (T47D, MCF7, SEM, MDA-MB134).
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B-Actin (3700) has been cited in over 650 peer reviewed journals. Cell signaling provides a sample western blot for the
endogenous detection of B-Actin in five separate cell lines (COS, Hela, C2C12, C6, CHO).

5. Tri-methyl histone H3 (Lys 27) (H3K27me3) (9733) was used as a primary antibody for immunofluorescence staining (1:1600).
Goat anti-Rabbit IgG Alexa Fluor 488 (1:500) (A-11034) and DAPI (D1306) (D1306) (1:5000) were used as secondary antibodies
for immunofluorescence stain.

Internal positive and negative (secondary only) control stained slides were used for validation. In addition, Cell Signaling cites
over 200 peer reviewed journals where H3K27me3 (9733) has been used, and states that “Tri-Methyl-Histone H3 (Lys27)
(C36B11) Rabbit mAb detects endogenous levels of histone H3 only when tri-methylated on Lys27. The antibody does not cross-
react with non-methylated, mono-methylated or di-methylated Lys27. In addition, the antibody does not cross-react with mono-
methylated, di-methylated or tri-methylated histone H3 at Lys4, Lys9, Lys36 or Histone H4 at Lys20.” Cell signaling provides an
example image of Hela cells immunolabeled with the (H3K27me3) (9733) antibody. Goat anti-Rabbit IgG Alexa Fluor 488
(A-11034) has been cited in over 500 peer reviewed journals, and uses a process of cross-absorption to remove antibodies that
potentially cross react with other species, which increases specificity and reduces background.

6. Streptavidin a-biotin Alexa Fluor-647 (1:500) (521374) and custom designed oligo probes (MYcroarray) were used for DNA

FISH and STORM imaging experiments. Internal negative control (secondary only) stained slides were used for validation of the
secondary antibody.

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) DoHH2 (ACC-47) DSMZ, WSU-DLCL2 (ACC-575) DSMZ, SU-DHL-10 (ACC-576) DSMZ, OCI-LY19 (ACC-528) DSMZ, Karpas-422
and Toledo and FI-5-12 cells were obtained from Wendel lab (MSKCC)

Authentication All human cell lines were authenticated by short tandem repeat (STR) profiling, performed by Microsynth, CH.

Mycoplasma contamination cells obtained for Wendel lab were tested and were negative for mycoplasma contamination, cell bought from DSMZ have
not been tested 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 mus musculus, C57BL6, females, 8-10 weeks old, HPC were isolated from embryo at 13.5-14.5 days.
Wild animals This study did not involve wild animals
Field-collected samples This study did not involve field-collected samples

ChlIP-seq
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Data deposition

|X| Confirm that both raw and final processed data have been deposited in a public database such as GEO.

|Z| Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links H3K27me3 for OCI-Ly7, DOHH-2 and Karpas-422 were downloaded from ENCODE




Data access links H3K27me3 for WSU-DLCL2 were downloaded from GSE40970

May remain private before publication. H3K4me3 for OCI-Ly7 and Karpas-422 were downloaded from ENCODE
H3K27me3 and RNAseq for OCI-Ly19-WT and OCI-Ly19-EZH2 Y646F were generated as described in the manuscript and
deposited in GSE114270, the token for reviewer access is admhsguudlkldwv
HiC matrices that can be visualized with Juicebox have been deposited in Zenodo in a private link
https://zenodo.org/record/12441837?
token=eyJhbGciOiJlUzI1NilsImV4cCIEMTUyODU4MTUSOSwiaWFOIjoxNTI10TQ1MjgOfQ.eylkYXRhljp7InJlY2lkljoxMjQOMTgzf
SwiaWQiOjuzOSwicm5kljoiYTJhNTIzMjlifQ.3l1znpUuQFO-Nkbu895VkhvmUhNieYFFsZ0ZCgedFuHw
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Files in database submission FASTQ and .bam alignment files for H3K27me3 and input (OCI-Ly19-WT and OCI-Ly19-Y646F)
.bed peak lists for H3K27me3 (OCI-Ly19-WT and OCI-Ly19-Y646F)
Genome browser session N/A
(e.g. UCSC)
Methodology
Replicates OCI-LY19-WT and OCI-LY19-Y646F: 3 replicates per condition
Sequencing depth OCI-LY19-WT: 149102952 mapped (MAPQ>0) reads for H3K27me3 ChIP and 48538036 for the input

OCI-LY19-Y646F: 122262552 mapped (MAPQ>0) reads for H3K27me3 ChIP and 46698494 for the input
Antibodies H3K27me3: Cell Signaling 9733

Peak calling parameters Peaks were called with SICER_V1.1, using hg19, fragment size 250bp; effective genome size fraction 0.86; window size 750
bp; gap size 3; redundancy threshold 1; FDR 0.001

Data quality - Mapping quality filtering to exclude secondary alignments and reads aligning to multiple locations (MAPQ>0)
- Strict FDR threshold to retain SICER peaks (FDR<0.001)
- Visual inspection of ChIP, input and peak tracks on IGV

Software - Bowtie2-2.2.9 for the alignment
- Samtools-1.6 for removing PCR duplicates, sorting and filtering
- SICERpy (wrapper for SICER_V1.1) for peak calling
- bedGraphToBigWig v 4 was used to convert bedGraph to bigWig file
- IGV genome browser for visualization
- Custom scripts under https://github.com/CSOgroup/Donaldson-et-al-scripts for downstream analyses

Flow Cytometry

Plots
Confirm that:
|z| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|z| 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).
X, All plots are contour plots with outliers or pseudocolor plots.

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

Methodology
Sample preparation Cells were retrovirally transduced with either shRNA for Sesn1, Foxo3, or MSCV-IRES-GFP or MSCV-IRES-DsRed vectors. Cells
were acquired in the indicated days
Instrument The number of fluorescent cells were monitored by FACS (Guava Millipore EasyCyte HT System or LSRII Snoopy , Becton
Dickinson).
Software The data were analyzed using FlowJo.

Cell population abundance  All cells were considered in the analyses.

Gating strategy In the initial gating FSC/SCC we only excluded debris or dead cells that in general accounted for less than 10% of the population,
all living cells were considered in the analyses.
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D Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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