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Epigenomes enable the rectification of disordered cancer gene expression, thereby
providing new targets for pharmacological interventions. The clinical utility of
targeting histone H3 lysine trimethylation (H3K27me3) as an epigenetic hallmark has
been demonstrated'”’. However, in actual therapeutic settings, the mechanism by
which H3K27me3-targeting therapies exert their effects and the response of tumour
cells remain unclear. Here we show the potency and mechanisms of action and
resistance of the EZH1-EZH2 dual inhibitor valemetostat in clinical trials of patients
with adult T cell leukaemia/lymphoma. Administration of valemetostat reduced
tumour size and demonstrated durable clinical response in aggressive lymphomas
with multiple genetic mutations. Integrative single-cell analyses showed that
valemetostat abolishes the highly condensed chromatin structure formed by the
plastic H3K27me3 and neutralizes multiple gene loci, including tumour suppressor
genes. Nevertheless, subsequent long-term treatment encounters the emergence of
resistant clones with reconstructed aggregate chromatin that closely resemble the
pre-dose state. Acquired mutations at the PRC2-compound interface resultin the
propagation of clones with increased H3K27me3 expression. In patients free of PRC2
mutations, TET2 mutation or elevated DNMT3A expression causes similar chromatin
recondensation through de novo DNA methylation in the H3K27me3-associated
regions. We identified subpopulations with distinct metabolic and gene translation
characteristics implicated in primary susceptibility until the acquisition of the
heritable (epi)mutations. Targeting epigenetic drivers and chromatin homeostasis
may provide opportunities for further sustained epigenetic cancer therapies.

M Check for updates

H3K27me3is acancer hallmark that accumulates around the promoter
regions of genes that should be properly expressed. Consequently,
the chromatin structure becomes condensed and the genes essential
for cellidentity and appropriate functions are suppressed'. Excessive
H3K27me3 is among the principal epigenetic drivers in cancers®>.
The H3K27me3 enzymes EZH1 and EZH2 are compensatory factors
thatenable stable regulation of methylation patterns®'°. EZH2 is a his-
tone modifier thatis frequently detected to be abnormalin cancers and
altersthe entire epigenome by increasing H3K27me3 levels. Targeting
EZH2 provides a therapeutic benefit in B cell lymphomas and certain
solid tumours with vulnerabilities**. Valemetostat is a first-in-class

EZH1-EZH2 (EZH1/2) dualinhibitor that can block the complementary
effects of EZH1/2 (refs.10,11). It is expected to be more efficient than
EZH2-selective inhibitorsin eliminating H3K27me3 and is highly effec-
tive against lymphomas. Clinical trials of valemetostat have shownits
sustained safety and efficacy against HTLV-1-associated aggressive
adult T cell leukaemia/lymphoma (ATL) and other lymphomas®’.
Next-generation epigenetic therapies targeting H3K27me3 are prom-
ising and rapidly developing, and clinical trials are being conducted
for various cancer types. However, it remains unclear how the systemic
H3K27me3-based therapies affect the tumour epigenome in patients
toelicitthe clinical efficacy. Moreover, clinical recurrences after along
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Fig.1|Antitumour effect of valemetostat. a, Changesin abnormal
lymphocytes of three casesin afirst-in-human valemetostat phase I study.
Valemetostat was administered orally once daily (200 mg daily) until asign of
disease progressionwas observed. Clinical diagnoses (partial response (PR),
completeresponse (CR) and progressive disease (PD)) are annotated. b, Changes
invariantallele frequency (VAF) of major somatic mutations from theinitiation
of treatmentidentified by targeted deep sequencing of peripheral blood.

¢, Correlation between changes of abnormal lymphocyte and H3K27me3 from

period have also been observed in the trials; however, the underlying
mechanisms still remain unclear.

Clinical benefits of EZH1/2 inhibition

We conducted timelapse analyses of the patients enrolled for the
valemetostat clinical trials. ATL, arare type of T cell ymphoma with
poor prognosis?® particularly renowned for its increased H3K27me3
levels™', was selected as the target for the first-in-human clinical trial
of valemetostat®. In total, ten participants among the enrolled patients
intwo clinical trials (patients 1-3 (Pt1-3) from phasel as the discovery
cohort and Pt4-10 from phase Il as the validation cohort) were sub-
jected to intensive molecular monitoring.

Valemetostat was administered orally once daily (200 mg daily)
until asign of disease progression could be observed (Supplementary
Table1). The patient responses to the therapy and tumour dynamics
were observed after administration of valemetostat. Inall cases, lesions
were detected in the peripheral blood, allowing us to collect and analyse
peripheral blood mononuclear cells (PBMCs) to directly assess the
clinical efficacy and tumour characteristics using less-invasive tests.
We applied the HTLV-1provirus integrated within the tumour genome
toimprove tumour cell identification accuracy.

The number of abnormal lymphocytes drastically decreased after1
week of treatment (Fig. 1a). In parallel, we also observed a significant
reductioninsolubleIL-2 receptor-a (sIL-2Ra) and HTLV-1-infected cell
counts, denoted as proviralload (Extended Data Fig.1a,b). Ptl1showed
apartial response. Pt2 and Pt3 showed complete response at 20 and
12 weeks, respectively. All patients were able to stay on single-agent
valemetostat for more than 2 years with acceptable safety and dura-
ble response. Likewise, rapid responses were observed and clinically
diagnosed as partial response or complete response in the validation
cohort (n=7) (Extended Data Fig. 1c,d).

AllPBMC samples (n =104) were collected from the patientsimmedi-
ately before (Pre) and during treatment, as well as during the progres-
sive disease stage (Supplementary Table1). Whole-genome sequencing
of the Pre-samples revealed asignificant number of somatic mutations
as single-base mutations (3.9 mutations per megabyte per sample on
average) or copy number variations typical to ATL' (Supplementary
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baseline (%) innine patients. d, Representative tracks (CDKNIA and CDKNICloci)
for H3K27me3in Ptl1, Pt5and Pt8 before and after valemetostat treatment.
Chr.,chromosome. e, The number of altered H3K27me3 clusters after treatment
inthree cases detected by ChIP-seq.f, Average ChIP-seq signal profiles for
H3K27me3 in tumour baseline (Pre) and after treatment (48 weeks) around the
TSSand acrossthe genebody. ORF, openreading frame. g, Treatment-associated
changes of H3K27me3 (x axis) and H3K27ac (y axis) at ChIP-seq-merged all
peaks. Statistics and reproducibility are described in the Methods.

Tables 2 and 3). Pt3 was characterized as a poor prognostic type har-
bouring ahomozygous TP53mutation and PDL1I (also known as CD274)
structural variation”. Targeted deep sequencing revealed that the
variant allele frequency of the major clones decreased in parallel
with decreasing abnormal lymphocytes and proviral load dynamics
(Fig. 1b). We further used HTLV-1 provirus frequency to quantify the
size of multiple clones'®. Major clones and unexpanded subclones
were significantly depleted by valemetostat with similar dynamics
(Extended DataFig. 1e,f). Targeted genome profiling showed that the
mutation pattern of the responders was similar to that of the general
cohort*. Malignant clones with poor prognostic variations, including
PRKCB, TP53,IRF4and PDLI (ref.19), were diminished after treatment
(Extended Data Fig. 1g and Supplementary Table 4).

We used a flow cytometry-based H3K27me3 assay? to quantify the
methylation changesinthe ATL cells. The observed tumour H3K27me3
level was generally highin the Pre-samples, but the valemetostat treat-
ment reduced it to a normal level (Extended Data Fig. 2a-c). Rapid
reduction of H3K27me3 levels was observed in the tested patients
(n=9),and astatistical correlation between H3K27me3 loss and clinical
benefit was observed (Fig. 1c and Extended Data Fig. 2d,e).

We next performed chromatin immunoprecipitation followed by
sequencing (ChIP-seq) to further assess how valemetostat affects the
tumour epigenome. Clinical specimens from Pt1, Pt5and Pt8 were avail-
able, and tumour cells before treatment and at clinical response were
sorting-enriched (more than 95%) and analysed for tumour-specific
H3K27me3. The pre-treatment tumour cells showed an overallincreas-
ing trend in H3K27me3 compared with normal T cells (Extended
Data Fig. 2f-h). The H3K27 acetylation (H3K27ac) pattern inversely
correlated with H3K27me3. In particular, the H3K27me3-mediated
super-silencer cluster® was observed spanning over 1 Mb around
several regions.

H3K27me3 profiling before the treatment showed that H3K27me3
clustersaveraging morethan10 kb (0.199-288 kb) inlength were estab-
lished mainly around the transcription start site (TSS). Valemetostat
treatment significantly reduced H3K27me3 levelsin tumour suppressor
genes (TSGs), showing agenome-wide reduction of H3K27me3 peaks
(morethan 35,000 peaks) in all cases (Fig.1d,e). Focusing on the gene
loci, an overall decrease was observed around the TSS and across the
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Fig.2|Chromatindecondensation by valemetostat. a, The workflow
illustrates the collection and processing of fresh peripheral blood samples from
aclinical trial and the following multilayered experimental platform. ChIP-seq,
chromatinimmunoprecipitation with sequencing. EM-seq, enzymatic methyl
sequencing.b, All ATAC peak values (total 69,544 peaks) of tumour cells (y axis)
atpre-treatment (left) and after treatment (48 weeks; right) versus normal
CD4" T cells (xaxis) inarepresentative case (Ptl). ¢, Proportion of chromatin-
condensed peaks (cis-element value < 0.01) from scATAC-seq datain three
patients.d, Scatter plot of log, fold changes of ATAC (xaxis) and H3K27me3
(yaxis) at partial response (48 weeks) for all gene promoter regions in Pt1.

e, Numbers of chromatininactive genes (promoter sum < 0.01) in three patients.
f.g, Box plots summarize normalized log, fold changes of sScATAC-seq promoter

genebody (Fig. 1f,g). Moreover, H3K27ac levelsincreased in the regions
where H3K27me3 levels were reduced. Both EZH1 and EZH2 targets
were alleviated similarly (Extended Data Fig. 2i,j). Tumour-specific bulk
RNAssequencing (RNA-seq) confirmed that typical target genes' were
restored immediately after the treatment (Extended Data Fig. 2k-m).
Theseresultsindicate that valemetostat sufficiently restored the epig-
enome of the tumour cells close to the healthy state, leading to clinical
improvements.

Chromatin reprogramming by valemetostat

We performed single-cell assay for transposase-accessible chromatin
withsequencing (scATAC-seq) to evaluate the influence of valemetostat
onthe chromatinstructure and gene regulation. We collected live PBMC
samples (total n =10 from phasel) at Pre, at the time of clinical response
(partial response or complete response) and at progressive disease
and sequenced 85,480 cells (Fig. 2a). In general, an average of 86,351
peaks per sample could be detected. These peaksincluded those at the
promoter regions of the marker genes in the ATL cells (for example,
CADMTI), confirming that those cellswereindeed ATL cells. The HTLV-1
provirus reads were also useful in detecting minimal residual disease,
thus allowing theidentification and analysis of even those tumour cells
thatwerereduced toless than 5% as aresult of the treatment (Extended
DataFig.3a,b). Provirus and host genome chimeric reads'® gave helpful
information for identifying the clonal origin of the cells.

Compared with normal CD4" T cells, the propagated tumour cells
before the treatment showed an aggregated chromatin structure
across the entire genomic regions in all cases (an average of 39.4%
of the detected ATAC peaks, P < 0.05) (Fig. 2b,c and Extended Data
Fig.3c).Referring to the ChIP-seq data of the same case, the ATAC peaks

activities (f) and scRNA-seq gene expression (g) at H3K27me3 target genes
(563 genes) in three patients. Statistical significance is provided only for main
combinations. The middle line within the box plots corresponds to the median;
thelower and upper hinges correspond to the first and third quartiles; the
upper whisker extends from the hinge to the largest value no further than
1.5timestheinterquartile range (IQR); and the lower whisker extends from the
hinge to the smallest value at most 1.5 times the IQR. h, Aggregate scATAC
tracks and H3K27me3 distribution before and after valemetostat treatment at
therepresentative H3K27me3 targetloci (miR-31and BCL2L11) inthree patients.
Highlighted regions show chromatin decondensation by valemetostat.
Statistics and reproducibility are described in the Methods.

were negatively correlated with the H3K27me3 levels. By contrast, the
H3K27me3 mark accumulated in the tumour-associated condensed
chromatinregions (Extended DataFig. 3d,e). After valemetostat treat-
ment, the condensed regions decreased inall cases. Ptland Pt3, whose
H3K27me3 levels were markedly diminished by valemetostat, showed
relaxed chromatin structures comparable with normal cells after the
treatment (Fig. 2b,c). Focusing on the promoter regions, a substan-
tial number of gene promoters were inactivated in the tumour cells
atPre (1,121 genes on average). The reduction in H3K27me3 levels by
valemetostat was correlated with chromatin relaxation, reducing the
number of inactivated genes to the level of normal cells in all cases
(P<0.05) (Fig. 2d,e and Extended Data Fig. 3f). The inactivated genes
included several genes associated with T cell function and immune
response. Certain TSGs* were inactivated at Pre but were restored by
valemetostat (Extended Data Fig. 3g,h).

To further investigate the significance of chromatin structural
changes on gene expression, we performed single-cell RNA-seq
(scRNA-seq) for the PBMC samples (n =10, 98,358 cells) (Fig. 2a).
Tumour cell clusters could be identified in the ¢-distributed stochastic
neighbour embedding (¢-SNE) planar by gene mutations, viral reads and
marker gene expressions (Extended Data Fig. 3i). Integration with the
corresponding scATAC-seq datashowed a positive correlation between
gene expression and promoter activity (R = 0.608). Expression of the
loci with condensed chromatin promoters (cis-element value < 0.01)
was inactivated with H3K27me3 (Extended Data Fig. 3j,k). The inte-
grated data demonstrated that valemetostat relaxed the chromatin
structure andinduced expression at the lociwhere H3K27me3 had been
accumulated (Fig. 2f,g). The chromatin accessibility of the representa-
tive H3K27me3 target genes (miR-31, BCL2L11, among others)'*** was
increased by valemetostat (Fig. 2h).
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Fig.3|Mechanisms of resistance to valemetostat. a, Chronological transition
of VAF values (normalized by proviralload) for somatic mutations identified

by deep sequencinginPtlinrelation to treatment with valemetostat. b, Model
ofthe PRC2-valemetostat complex superimposed on the PRC2-S-adenosyl-
L-homocysteine (SAH) complex, with molecular surfaces of ligands and mutation
siteson EZH2 and/or EED identified in the clinical trials. ¢, Nested pie chart
shows the proportion of PRC2 mutations and clonal characteristics at
progressive disease.d, ATL cells (TL-Om1) with PRC2 mutations were treated
with valemetostat (90% inhibitory concentration (IC,,) or more) and monitored
for outgrowth for37 days. The bar graph shows the percentage of recovered
outgrowth clones (outgrowth activity among 96 clones) for each cell with PRC2
mutations. WT, wild type. e, H3K27me3 staining of PBMCs in Pt1and Pt8 gated
on CD4*CADMI'CD7 tumour cell populations at clinical response and at
progressive disease. f, Heat maps of H3K27me3 ChIP-seq peaks centred on the

As abnormal H3K27me3 enrichment was common at the loci of
transcription factors and microRNAs, changes in H3K27me3 had
various secondary effects?'%, A total of 246 genes (fold change > 2,
P <0.05)were commonly upregulated in ATL cells before treatment,
including genes associated with cell growth and apoptosis regula-
tion. By rectifying the epigenomic regulations upon valemetostat
treatment, 89.4% of these abnormal genes were repressed (Extended
Data Fig. 31,m).

For the validation cohort, we further analysed the relationship
between chromatin structure and gene expression patterns using
single-cellmultiome analysis, which involves the simultaneous detec-
tion of ATAC and gene expression profiles. We sequenced 109,830 cells
and obtained ATAC and gene expression data for the same individual
cells**. We found that gene expression correlated with chromatin struc-
ture (Extended Data Fig. 4a—c). Furthermore, we demonstrated that
changesinthe chromatin structure are responsible for gene expression
intumorigenesis. We identified key genes (P < 0.05) for tumorigenesis
that were silenced by aggregation of chromatin structure (Extended
DataFig. 4d). Integration of the corresponding ChIP-seq data sub-
sequently supported that regions of tumour-specific silencing had
accumulated H3K27me3 marks. The decreasein H3K27me3 levels was
induced by valemetostat, thereby loosening chromatin structure and
inducing gene expression (Extended Data Fig. 4e-g). Collectively, the
results directly showed that aberrant H3K27me3 marks were elimi-
nated in patients who received valemetostat treatment, and chromatin
aggregation and gene silencing were released.

Acquired PRC2 mutation for resistance

Although all tested cases showed a durable response, these respon-
ses were eventually interrupted due to the recurrence of ATL.
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We investigated how the relapse occurred, allowing ATL cells to find
fitness against the epigenetic therapy.

Wefirstidentified a characteristic somatic mutation at the Y111amino
acidresidue of EZH2 during clonal repopulation at progressive disease
in Ptl(Fig.3a). Among the ten cases, somatic mutations were detected
inthe core components of the Polycomb repressive complex 2 (PRC2)
gene complex around the valemetostat-binding pocket in five cases
(50%) (Fig.3b,c, Extended DataFig. 5a,b and Supplementary Table 4).
All these mutations emerged within the populations of the originat-
ing clones that existed before the treatment. Tumour-specific deep
sequencing (more than 2,500 coverage) could not detect such PRC2
mutations before treatment, suggesting that the mutations had newly
emergedinthe original clones and propagated during treatment. These
mutations have not been reported in malignant lymphomas or any
other cancers in vivo. In vitro studies on other EZH2 inhibitors have
reported the Y111 substitution for other amino acids®2.

The clinically identified amino acid substitutions (EZH2(Y111S/
Y111C/Y111H/Y111N), EZH2(Y661N) and EED(H213R)) were located at
the interface among EZH2, EED and valemetostat. Binding affinities
predicted using the free-energy perturbation algorithm showed that
the EZH2-EED interface provides a favourable platform for valem-
etostat. Substitution of the amino acids would significantly reduce
these interactions with valemetostat (Extended Data Fig. 5b-d). In
addition, an EED mutation was identified in this study. The EED(H213R)
substitution causes: (1) areduction in the hydrophobic interaction of
valemetostat with EZH2(Y111) and EZH2(Y661), and (2) a reduction
in the rate of salt bridge formation with EED(D237), thus leading to a
reduced relative affinity (0.046%).

We further examined the effects of mutations at the PRC2 interface
on H3K27me3.In 293T cells expressing the EZH2 or EED mutants, cel-
lular H3K27me3 levels were retained at the untreated level, evenin the
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Fig.4|Non-genetic mechanisms of resistance to valemetostat.
a, Chronological transition of normalized VAF values for somatic mutations
inPt3.b, Venndiagram depicts overlapped chromatin-condensed inactive
genes (promoter sum < 0.01) in tumour cells from Pt3. LoF, loss of function.
¢, Histogram shows differentially methylated (AmCpG < -10% or AmCpG >10%)
probesinresistant tumour from Pt3 at progressive disease (118 weeks) versus
pre-treatment tumour.d, Whole-genome DNA methylation profiling detected
progressive disease-associated mCpG acquisition clusters. The plot shows
average DNA methylation (%) in tumour baseline (Pre) and at progressive disease
centred by mCpGgain12,772 clusters. e, Heat maps of DNA methylation and
H3K27me3 ChIP-seq peaks (20-kb windows) at progressive disease-associated
mCpG gain clusters. The arrowheads indicate cluster centre. f, Correlation
between A-DNA methylation (%) and A-scATAC-seq promoter sumin the resistant
cellsversus pre-treatment cells from Pt3.g,h, Normalized log, fold changes of
scATAC-seq promoter activities (g) and scRNA-seq gene expression (h) in

presence of valemetostat (Extended Data Fig. Se). In addition, we estab-
lished an ATL cellline stably expressing PRC2 mutants and performed a
resistant outgrowth assay”? in the presence of valemetostat. We found
that PRC2 mutations caused the emergence of tolerant cells. These
emerged cells were less sensitive to the epigenetic response invoked
by valemetostat and thus were less susceptible to reactivation of the
target TSGs (Fig. 3d and Extended Data Fig. 5f-i). Direct evaluation of
the H3K27me3 levelin the progressive disease clinical clones harbour-
ing EZH2"" (Pt1) and EZH2"**™ (Pt8) further confirmed that tumour
cellsinahypermethylated state were repopulating. The H3K27me3-low
cells detected during the clinical response almost disappeared (Fig. 3e).
Inaddition, H3K27me3 ChIP-seq showed that these repopulated cells
withtheresistant mutationresumed the similar patterndetected before
treatment, indicating that the recovery of H3K27me3 caused clinical
relapse (Fig. 3f).

We further examined the effects of the acquired mutations on the
chromatin structure. The scATAC-seq timelapse data showed that
the promotersinactivated before the treatment were significantly
reactivated by valemetostat. Upon the occurrence of the mutation,
strong chromatin compaction of the same gene set occurred in the
rapidly propagating resistant clone, demonstrating amarked tendency
to revert to the original chromatin structure (Fig. 3g). Furthermore,
the scRNA-seq analysis confirmed the expression of the mutant EZH2
in the progressive disease clone (Fig. 3h). In this progressive disease
clone, the expression of epigenetically inactivated genes before the
treatment was also strongly silenced, corresponding well with the

ATL  DLBCL
relation to treatment-associated mCpG gain in Pt3. Statistical significance is
provided only for main combinations. i, Normalized log, fold changes of
scATAC-seq promoter activities of TSGs. Statistical significanceis provided
only for main combinations. In g-i, the middle line within box plots corresponds
to the median; the lower and upper hinges correspond to the first and third
quartiles; the upper whisker extends from the hinge to the largest value no
further than1.5times the IQR; and the lower whisker extends from the hinge
tothe smallest value at most 1.5times the IQR. j, Representative tracks for
H3K27me3 (ChIP-seq) and methylated CpG tracks (EM-seq) (16 weeks (complete
response) and 118 weeks (progressive disease) with TET2LoF) around the TSS.
k1, Bar graphs show the percentage of recovered outgrowth clones (outgrowth
activityamong 96 clones) under the valemetostat IC,, or higher condition for
eachlymphoma cell with TET2knockdown (k) and ectopic DNMT3A or DNMT3B
expression (I). DLBCL, diffuse large B cell ymphoma; shCtrl, control shRNA.
Statistics and reproducibility are described in the Methods.

scATAC-seq data (Fig. 3i). The evidence collectively indicates that the
clonally selected mutations in PRC2 genes should be responsible for
resistance, almost completely reversing the effects of valemetostat by
chromatin recondensation.

Epigenetic homeostasis by DNA methylation

The characteristics of the resistant clones are summarized in Extended
Data Fig. 6a. We noticed that some patients showed a relapse even
though the tumour levels of H3K27me3 were maintained low. In those
cases, whole-genome sequencing and deep sequencing of the recurrent
clones in the other patients showed no acquired mutations in PRC2
genes (Fig. 3¢). Nevertheless, the recurrent clones also genetically
evolved, showing anincreased single-nucleotide variant/insertion
and deletion and copy number variations (Supplementary Tables 2
and 3). Focusing on the epigenome-related genes, we detected a bial-
lelic loss of function of the TET2 gene in the selected progressive dis-
ease cloneinPt3 (Fig.4a). The TET2 mutation could be rarely foundin
ATL'* and was not detected before the treatment, suggesting that the
mutationwas acquired during the treatment-induced selection. In Pt2,
although no epigenome-related gene mutations could be detected, the
scRNA-seqanalysisidentified robust DNMT3A expression, specifically
intherecurrent clone (Extended DataFig. 6b,c). The scATAC-seq data
showed that the enhancers of the DNMT3A locus were activated and
epigenetically evolved in the recurrent clone (Extended Data Fig. 6d).
In the validation cohort, patients with no detectable PRC2 mutations
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(Pt2and Pt5) and a patient with an EZH2 mutation but low variant allele
frequency (Pt7) showed elevated DNMT3A and decreased TET2 levels
(Extended DataFig. 6a).

Weinterpreted the evolutionary impact of these epigenetic factors
from scATAC-seq and found that the recurrent clones without PRC2
mutations also showed chromatinre-aggregation (Fig. 4b and Extended
DataFigs. 6e and 7a). By contrast, the acquired copy number reduction
observed after the relapse was more common at the active lociand not
associated with the gene inactivation (Extended Data Fig. 6f).

Considering that abnormalities in the DNA methylation pathway
were detected, we investigated the relationship between chromatin
recondensation and DNA methylation in relapse. We performed the
850K DNA methylationarray to quantify methylated CpG (mCpG) lev-
elsneartheTSS. The progressive disease cells without PRC2 mutations
showed increased DNA methylation near the TSS, where H3K27me3
was enriched (Fig. 4c and Extended Data Fig. 6g). We further pro-
filed the whole-genome DNA methylation status of 28.3 million CpG
sites per sample on average (96.4% of all CpG sites) using EM-seq
and detected progressive disease-associated mCpG acquisition clus-
tersinthe target region of valemetostat where H3K27me3 originally
accumulated (Fig. 4d,e and Extended Data Fig. 7b-d). Progressive
disease cells (EZH2(Y111S)) from Pt1 showed no such preferential
mCpG distribution.

We also examined the influence of mCpG on the open chromatin
structure and identified a moderate negative correlation between
the increase in mCpG with recurrence and chromatin accessibility
(R=-0.421). The genes characterized by the H3K27me3-related chro-
matin condensation were restored by valemetostat but were again
strongly recondensed by mCpG gain at progressive disease (Fig. 4f,g
and Extended Data Fig. 6h). The corresponding scRNA-seq data
confirmed that this epigenetic transition was reflected in the gene
expression (Fig.4hand Extended DataFig. 6i). Consequently, the gene
regulation of several important TSGs restored by valemetostat was
againsilenced by focal compensatory mCpG acquisition (Fig. 4i,j and
Extended Data Figs. 6j and 7d).

Todirectly verify that the DNA hypermethylation was responsible for
resistance, we established a Pt2-derived progressive disease cell line.
The same clonal origin and absence of PRC2 mutations were confirmed,
and this cell line showed high DNMT3A expression and low sensitivity
tovalemetostat. Cell growth was inhibited by DNMT3A-targeting short
hairpin RNA (shRNA), indicating that the cells became dependent on
DNMT3A rather than on PRC2 (Extended Data Fig. 6k-m).

DNMT3A and TET2 inacquired resistance

To validate whether DNA methylation was induced by the epigenetic
selective pressure of the H3K27me3 change, we established two resist-
ant ATL celllines by long-term exposure (over 2 months) to valemeto-
stat. ATN-1 cells were transformed into resistant cells preferentially
expressingloss-of-function TET2mRNA, similar to the results observed
in Pt3 and Pt5. This resistant clone showed a low sensitivity to PRC2
knockdown and treatment with valemetostat. Instead, the TET2 gene
transfer increased sensitivity to valemetostat, suggesting that the
clone is dependent on TET2 (Extended Data Fig. 8a-c). mCpG was
increased near the TSS (Extended Data Fig. 8d). ChIP-seq and RNA-seq
for the resistant cell lines showed that although the H3K27me3 level
remained low even after valemetostat removal, a high mCpG level on
the H3K27me3 sites still had a compensatory role in repressing the
expression (Extended Data Fig. 8e-g). Methylation-specific PCR sup-
portedtherole of TET2 inthe regulation of DNA methylation (Extended
DataFig. 8h).

Wealso collected datato clarify the function of TET2 in the acquired
resistance to valemetostat by molecular genetic analyses. ATN-1
cells with TET2 knockdown were cultured for an extended period
(2 months) to induce epigenetic evolution. The TET2-knockdown
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cells showed a significant resistant outgrowth capacity and a large
number of resistant clone cells emerged in the presence of valemeto-
stat (Fig. 4k and Extended Data Fig. 8i-k). The emerged outgrowth
clones showed reduced TET2 expression and low levels of H3K27me3.
Whole-genome profiling by EM-seq and methylation-specific
PCR-based validation in multiple clones demonstrated the com-
pensatory mCpG acquisition at H3K27me3 targets (Extended Data
Fig. 81,m). Single-nucleotide resolution analysis of the TET2-targeting
shRNA and clinically resistant Pt3 clones preferentially detected
mCpG gain in the TSS regions of Polycomb targets (H3K27me3 and
SUZ12) but not in outside regions (Extended Data Fig. 8n and Sup-
plementary Table 5). Furthermore, clustered methylation at 3,208
CpG islands near the TSS was detected (P < 0.05), many of which
were identified in H3K27me3 targets (Extended Data Fig. 80). Inter-
estingly, these cells were sensitive to alow dose of the DNA methyla-
tion inhibitor decitabine. Growth inhibition and the reactivation
of key TSGs were detected in all 16 tested clones (Extended Data
Fig.8p,q).

By long-term exposure to valemetostat, we also developed another
resistant cell line with increased DNMT3A expression and hyper-
methylated CpG sites, as observed in Pt2, Pt5 and Pt7. This resistant
cellmodel showed a low sensitivity to PRC2 knockdown and treat-
ment with valemetostat, and susceptibility was resumed by shRNA
experiments against DNMT3A. Theresistance-associated DNA meth-
ylation was cancelled by DNMT3A-targeting shRNA (Extended Data
Fig.9a-e).

Furthermore, forced expression of DNMT3A alone caused a robust
resistant outgrowth in different lymphoma models (Fig. 41 and
Extended Data Fig. 9f-h). However, the outgrowth was completely
inhibited when the catalytically active enzymatic domain of DNMT3A
was deleted. This effect was also detected in DNMT3B-expressing cells
and, althoughto alesser extent,inall cell lines. Indeed, all the randomly
selected clones (n =16) showed ahigh DNMT3A level and were resistant
to valemetostat. EM-seq demonstrated that mCpG was compensa-
tory acquired in H3K27me3 targets, with increased methylation of
mCpG clusters (Extended Data Fig. 9i-k and Supplementary Table 5).
Co-treatment with decitabine significantly inhibited cell growth and
reactivated epigenetically suppressed TSGs (Extended Data Fig. 91,m).
Theseresultsindicated that DNMT3A causes an epigenetic acquisition
of resistance.

Overall, we concluded that despite using different genes, the com-
mon chromatin structure-based mechanism was used to acquire the
resistance.

Subpopulations with differential susceptibility

All abnormalities detected in resistant cells were heritable traits
selected after several months under constant treatment-related
pressure. The slow emergence of such heritable clones indicates the
existence of primary tolerance caused by differencesin susceptibility.

Reclustering the scRNA-seq data, including those remaining after
treatment, yielded two subclusters with mutually distinct expression
patterns (Fig. 5a and Extended Data Fig.10a). The two subclusters at Pre
shared the same major somatic mutations and viral integration sites,
indicating that they were originally derived from the same clone. Com-
paring the characteristics of these subpopulations, along witha‘clinical
time order’, revealed that subcluster B (SC-B) was infrequent before
treatment and at the time of response. However, the SC-B pre-existed
when the eventual resistant somatic mutations emerged. The clone,
which subsequently expanded and caused the relapse by acquiring
theresistant mutation, shared the same mutation patterns with SC-B.
Therefore, SC-B should be the origin of the resistant clones. The two
clusters did not differ significantly in the expression of regulatory T
lineage marker genes, which is characteristic of ATL cells. H3K27me3
target gene expression was slightly lower in SC-B than in SC-A at Pre,
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Fig. 5| Intrinsic subpopulations with differential susceptibility. a, --SNE
projection of scRNA-seqdatain Ptl, with cells coloured according tosampleID,
subclustering based onclinical time order or k-means, and profiles of mutations
and virusreads. Black dashed arrows indicate clinical time order of SC-A; blue
solid arrowsindicate clinical time order of SC-B. b, Clustered heat maps depict
expression levels of genesinvolved in differentially enriched categoriesin
subclusters SC-A and SC-Bin Ptl. Genes highlighted by white dashed lines
indicate genessignificantly decreased in SC-A. SD, stable disease. ¢, Hallmark
gene setenrichment analysis of scRNA-seq datafrom Pt1SC-B before
valemetostat treatment compared with SC-A. For all pathways shown,
significantly enriched gene sets were evaluated by normalized enrichment
score (NES) and nominal Pvalue (P < 0.001). DN, down-regulated. d, RIP assay
for PRC2 gene mRNA. elF complexes wereimmunopurified from TL-Om1cells
using antibodies toelF3D and elF4A. elF-associated mRNA was quantified by
quantitative PCR. The graph shows the fold change in the enrichment relative
tothecontrollgG. n=3independent experiments, mean +s.d., *P< 0.05.

e, Immunoblots show protein levels of H3K27me3, PRC2, eIF3D and OXPHOS
mitochondrial factorsin H3K27me3 higher (H) and lower (L) cells from Pt1

and Pt7 after valemetostat treatment. Electrophoresis experiments with
independent patient samples were performed once. f, Quantification of
elF3D-bound PRC2 gene mRNAin 293T cells with EZH2WT and EZH2 A5’ UTR by
RIPassay.n =3independentexperiments, mean +s.d.,*P=0.00861.g, Protein
levels of EZH2 and H3K27me3 in cellswith EZH2WT and EZH2 A5’ UTR. h, Relative
cellgrowthrate (%) over time in TL-Om1 cells with EZH2WT and EZH2 A5’ UTR.
n=3independentexperiments, mean +s.d., *P<0.05.i, Growth inhibition

rate (%) over time by 0.1nM valemetostatin TL-Om1cells with EZH2ZWT and
EZH2 A5 UTR.n=3independent experiments, mean +s.d., *P < 0.05. Statistics
andreproducibility are described in the Methods. For gel source data, see
SupplementaryFig.1.

and this feature was maintained all the time until progressive disease
(Fig. 5b and Extended Data Fig. 10b).

To characterize the molecular features differentiating SC-B from
SC-A as the possible origin of the progressive disease clone, we con-
ducted a gene set enrichment analysis. Significant enrichment of the
genes associated with metabolism was observed in SC-B. In particular,
the gene expression levels were higher for oxidative phosphorylation
(OXPHOS) genes and mitochondria-related genesin SC-B (Fig. 5cand
Extended DataFig.10c). These characteristics were maintained until the
relapse phase. Furthermore, the expression of the ribosomal protein
genes differed significantly between these two clusters. Weinspected
the genes associated with translation initiation and found that SC-B
exhibited arelatively highexpression of the elF3 family genes. As elF3D
andelF3E areresponsible for promoting the translation of genes related
to the metabolic pathways®?°, this result was consistent with the char-
acteristics of OXPHOS.

To characterize the transcriptional features, we analysed previous
scRNA-seq datafromanother cohort'® (n = 3). Results showed that simi-
lar subpopulations were observed in other cases, indicating the pres-
ence of such heterogeneity (Extended Data Fig. 10d,e). SC-B showed
enhanced OXPHOS characteristics and expression of elF3 genes. Of
note, the different transcriptome was not supported as changes in
chromatin accessibility in the corresponding scATAC-seq data. Thus,
this heterogeneity appearsto be a plastic feature that is not epigeneti-
cally defined.

The 5’ untranslated regions (UTRs) of PRC2 genes were predicted to
beboundto elF3D* (Extended Data Fig. 10f). Insertion of the 5’ UTR into
the upstream of luciferase resulted inincreased expression, which was
attenuated by elF3D knockdown (Extended DataFig.10g). Furthermore,
RNA immunoprecipitation (RIP) of H3K27me3-high ATL cells showed
that the mRNAs of PRC2 factors were selectively captured by elF3D as
much or more thanJUN mRNA, which is a known target of eIF3D3*3!
(Fig. 5d). Todirectly examine how tumour cell subpopulations identi-
fied in scRNA-seq may be linked to responsiveness to valemetostat,
cells with depleted or relatively high H3K27me3 levels were sorted
fromtwo samples after administration but before acquisition of EZH2
mutations (see Methods)*. The results showed that the low-susceptible
cell population had high protein levels of OXPHOS mitochondrial fac-
tors (COX4 and TFAM), as well as elF3 and their targets such as PRC2
factorsand]JUN (Fig. Se).

Toexamine therole of the 5’ UTR, we established EZH2 5" UTR dele-
tion models (A5’ UTR) by expressing two adjacent guide RNAs and
CRISPR-nickase (Cas9 D10A)*. The 5’ UTR in the generated cells lost
thebulbstructure necessary for binding with elF3D and were also less
stable (Extended Data Fig. 10h,i). RIP of the A5’ UTR cells showed that
EZH2mRNA selectively reduced incorporationinto the elF3D complex
and decreased polysome formation and translational efficacy (Fig. 5f,g
and Extended DataFig.10j). EZH2 and H3K27me3 levels were decreased.
The A5’UTRATL cells also showed decreased proliferative capacity and
early response to alow concentration of valemetostat, thereby indicat-
ingthatthe enhanced elF3 activity and the 5’ UTR of EZH2 are involved
insensitivity (Fig. 5h,i). Moreover, knockdown of eIF3D reduced PRC2
proteins and H3K27me3 and significantly decreased cellular prolifera-
tive activities (Extended Data Fig.10k-m). Consistent with these data,
progressive disease cells in Pt3 repopulated as elF3D-high expressing
cells showed characteristics of resistant cells with high H3K27me3
(Extended Data Fig. 10n,0). These results support the idea that the
transcriptional differences in the subclusters are involved in valem-
etostat sensitivity.

Note that valemetostat was sufficiently effective in Pt2 who showed
high OXPHOS and elF3D/elF3E. The clinically expected tumour reduc-
tion was also achieved, even in the presence of SC-B in Ptl and Pt3.
Although these non-genetic and non-epigenetic features may confer
differencesin relative susceptibility, they do not appear toact directly
onresistance.
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Conclusions

This study illustrates the molecular and cellular dynamics in patients
inresponse to an inhibitor designed for histone methyltransferases.
Integration of the multilayered omics analyses and clinical resources
revealed that eliminating H3K27me3 leads to the reprogramming of the
cancer epigenome, thereby exerting a sustained clinical benefit. This
conceptis consistent with previous reportsindicating that H3K27me3
exhibitsaprimary role in chromatin compaction**. The genome-wide
chromatin decondensing directly leads to the restoration of TSG and
could even enhance the efficacy of cytotoxic agents®. Furthermore,
both treatment-naive and treatment-adapted patients displayed
the characteristic condensed chromatin structures, suggesting that
chromatin compactionisindispensable for tumour maintenance and
growth. The resistant mutations appeared on the dockinginterface of
EZH2itself or on very pivotal epigenome factors with cooperative roles
ingenesilencing, whichis particularly intriguing. Moreover, resistance
emergence took a long time. The cancer cells may have limited path
options to escape from the inhibitor. If that would be the case, the
potential for applying combination therapies to target epigenomic
abnormalities could be more significant than that of other previous
anticancer drugs®**’. We hope that the epigenetic therapies presented
inthisstudy can provide anew avenue of vast opportunities for durable
cancer treatment.
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Methods

Clinical samples and information

Peripheral blood samples were collected from ten patients enrolledin
valemetostat phase | (NCT02732275) or phase Il (NCT04102150) trials.
No statistical methods were used to determine sample size since this
study was exploratory. The availability of patient recruitment thus
determined the samplesize. All patients with relapsed ATL cases were
categorized into clinical subtypes according to Shimoyama’s criteria®®.
This translational study was approved by the Institutional Review Board
oftheinstitutes (the University of Tokyo, the University of Ryukyus and
Daiichi Sankyo Co., Ltd.). Written informed consents were obtained
fromall patients. PBMCs from patients with ATL were isolated by Ficoll
separation (Ficoll-Paque, GE Healthcare). Clinical information, includ-
ing abnormal lymphocytes and sIL-2R, was provided by the hospitals.
The HTLV-1 proviral load measurement was previously described™. In
brief, quantitative multiplex real-time PCR was performed with two
sets of primers specific for the HTLV-1 provirus and the human gene
encoding the RNase P enzyme. The proviral load was expressed as copy
numbers per 100 PBMCs, assuming that infected cells had one copy of
the integrated HTLV-1 provirus per cell. All clinical samples and data
are provided in Supplementary Table 1.

Cell culture

ATL-derived TL-Om1cells were provided by an established researcher
K.Sugamura. ATN-1cells were purchased from the RIKEN BRC cell bank
(RCB1440). The diffuse large B cell lymphoma cell line WSU-DLCL2 was
purchased from DSMZ (ACC 575). HEK293T cells were purchased from
the American Type Culture Collection (CRL-3216). HEK293FT cells
were purchased from Thermo Fisher Scientific (R70007). These cell
lines were verified by each cell bank or established researchers and
monitored for cross-contamination. The HTLV-1-infected cell lines
had been authenticated based on the provirus integration sites and
somatic mutations by panel-based targeted sequencing'®. Cell-surface
expressions of CD4 and CADM1 were validated by flow cytometry.
HTLV-1-infected, patient-derived tumour cell lines were established
bylong-term culture in complete medium RPMI1640 (Invitrogen) with
20% FBS (GIBCO) and 10 ng mlI™ IL-2 (Peprotech). Genetic mutations
and clonality of the propagating cells were confirmed by targeted
sequencing. Commonly misidentified cell lines were not used in this
study. The cell lines were also tested for mycoplasma contamination
using mycoplasma detection PCR (6601, Takara) and were negative for
mycoplasma contamination. Normal (HTLV-1-uninfected) CD4" T cells
were obtained from Lonza. All lymphoma cell lines were cultured in
RPMI1640 with 10% FBS and antibiotics (Gibco).293T and 293FT cells
were cultured in DMEM (Nissui) with 10% FBS and antibiotics. All cell
lines and primary cultures were maintained at 37 °C with 5% CO,.

Flow cytometry

ATL cell populations were obtained using a HAS-flow method as
previously described?. Single-cell suspensions of lymphocytes
were stained with fluorescent-labelled antibodies. An unlabelled
CADML1 antibody (CM004-6, clone 3E1) and an isotype control
chicken IgY antibody (2:100; PM084) were purchased from MBL.
These were biotinylated (primary amine biotinylation) using bio-
tin N-hydroxysuccinimide ester (Sigma-Aldrich). Anti-CD14-Pacific
orange antibody (MHCD1430, clone TuK4) was purchased from Invit-
rogen. All other antibodies were obtained from BioLegend. Cells were
stained using acombination of anti-CADM1-biotin (1:100; CM004-6,
MBL), anti-CD7-APC (5:100; clone CD7-6B7), anti-CD3-APC-Cy7
(5:100; clone SK7), anti-CD4-Pacific blue (5:100; clone RPA-T4)
and anti-CD14-Pacific orange (5:100) antibodies. After washing,
phycoerythrin-conjugated streptavidin (2:100; SA10041, Thermo
Fisher Scientific for phase I study; 1:80; 554061, BD Biosciences for
phase Il study) was applied. Propidium iodide (Sigma-Aldrich) or

7-AAD (51-68981, BD Biosciences) was added to the samples to stain
dead cellsimmediately before flow cytometry.

For intracellular staining of the H3K27me3, we improved the HAS-
Flow method. First, PBMCs (5 x 10°) were washed and incubated with
Ghost Dyes viability dye (Tonbo Biosciences). Then, the cells were
stained using a combination of anti-CD3-APC-Cy7, anti-CD4-Pacific
blue, anti-CD7-phycoerythrin-Cy7 (5:100; clone M-T701), anti-CD14 -
Pacific orange (or BV510 for phase Il study), anti-CADM1-biotin and
streptavidin-phycoerythrin. The surface-stained cells were then fixed
and permeabilized using BD Cytofix fixation buffer (554655, BD Bio-
sciences) and BD Phosflow Perm buffer IV (560746, BD Biosciences)
according to the manufacturer’sinstructions. After washing, the per-
meabilized cells were stained with anti-H3K27me3-Alexa Flour 488
(1:200; 5499, clone C36B11, Cell Signaling Technology), anti-histone
H3-AlexaFluor 647 (1:400;12230, clone D1H2, Cell Signaling Technol-
ogy), anti-rabbit IgG isotype control-Alexa Flour 488 (1:400; 4340,
clone DAIE, Cell Signaling Technology) and anti-rabbit IgG isotype
control-AlexaFlour 647 (1:400; 3452, clone DAIE, Cell Signaling Tech-
nology). FACSAriall or FACSLyric instrument (BD Biosciences) was used
for multicolour flow cytometry and fluorescence-activated cell sorting.
The collected datawere analysed by FlowJo software (v10.7.1, Tree Star).
CD4"'CADMI'CD7 cells and CD4*CADMI1 CD7" cells were analysed as
malignant ATL cells and non-malignant cells, respectively. Tumour
H3K27me3 levels (mean fluorescence intensity) were calculated by
normalization with the data of normal CD4'T cells.

Targeted deep sequencing

Genomic DNA from enriched cell populations, PBMC, buccal swabs
and cell lines were extracted using the QlIAamp DNA Blood Mini Kit
(Qiagen). Target capture was conducted using the SureSelect Target
Enrichment System (Agilent Technologies).

To comprehensively cover genesinvolvedin ATL, 280 humangenes
wereselected, including 50 genes frequently mutated in ATL* and 190
genes frequently mutated in haematological and solid malignancies.
Agilent SureDesign web-based application was used for capture bait
design as previously described™. The sequence data were obtained
using the HiSeq2500 or NovaSeq 6000 system (Illumina) with100-bp
paired-end reads. The sequenced data were aligned to the human ref-
erence genome hg38 by BWA (v0.7.15) software. The PCR duplicates
were removed using Picard (v2.92) and SAMtools (v1.2) software®.
Matched buccal DNA was used as matched normal controls to call
somatic mutations. The somatic mutation candidates were called using
MuTect2 from GATK (v4.0.12) software*® and annotated with ANNOVAR
(v20191024)*. Candidate mutations, with (1) 5or more variant readsin
tumour samples, (2) avariant allele frequency in tumour samples 0.01
or more, (3) read depth of 200 or more, and (4) tumour variant with
anormal variant ratio of 2 or more, were adopted and further filtered
by excluding synonymous SNVs.

Clonality analysis

The clonality analysis of HTLV-1-infected cells was performed by
high-throughput sequencing-based mapping of proviral integra-
tion sites'®. To designate the virus integration sites, sequence reads
were aligned to human reference genome hg38 and the virus genome
(NC_001436.1) by BWA. Paired-end reads spanning the viral and human
genomes and soft-clipped reads (15 bp or more soft-clipped region)
were extracted using Perlscripts and then validated by Blastn (v2.6.0+).
The clonality was calculated as the population size of each clone by
countingthe extracted reads at host-provirus junction sites. We used
PyClone (v0.13.0)**for the analysis of subclonal population structure
and reconstruct hierarchical trees. PyClone is based on a Bayesian
clustering method, which uses a Markov chain Monte Carlo-based
framework to estimate cellular prevalence values using somatic
mutations. The somatic mutation candidates for PyClone were called
using MuTect2, with (1) 5 or more variant reads in tumour samples,
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(2) avariant allele frequency in tumour samples of 0.05 or more, (3) a
read depth of200 or more, and (2) tumour variant witha normal variant
ratio of 2 or more. The clonal composition was investigated based on
the 3-binomial emission model, through which a set of clones with a
discrete set of mutations (mutational clusters) were imputed together
with their estimated clone size. The process of the clonal evolution was
estimated by extrapolation of the estimated clone sizes at all tested time
points. The hierarchical trees with imputed mutational subclusters
were depicted by ClonEvol (v0.99.11) based on the results of clustering
and cellular prevalence from the PyClone model.

Whole-genome sequencing

For whole-genome sequencing, somatic variant detection was carried
out using next-generation sequencing by Azenta Japan Corporation
(formerly, GenewizJapan). In brief, genomic DNA from patient PBMC
and matched buccal swabs were quantified and qualified by NanoDrop,
Qubit dsDNA HS assay (Thermo Fisher) and agarose gel electropho-
resis. Of genomic DNA, 1 ug was sheared into approximately 350 bp
in size by an ultrasonicator (Covaris) followed by DNA purification
and confirmation of DNA fragment size. Essentially, an entire amount
of fragmented genomic DNA was used for library preparation with a
PCR-free method (MGIEasy PCR-Free DNA Library Prep Set, MGl tech).
The resulting whole-genome sequencing libraries were quantified by
Qubit dsDNA HS assay and their fragment size distribution was con-
firmed by TapeStation D1000 ScreenTape (Agilent). Thelibrariesin the
double-stranded DNA form were further processed into single-stranded
circular DNA, whichis the final form of the MGl sequencing library. The
single-stranded circular DNA libraries were quantified by Qubit ssDNA
Assay Kit (Thermo Fisher) and used for generating DNA nanoballs by
rolling circle replication reaction. DNA nanoballs were then loaded
into a flow cell for sequencing on DNBSEQ-G400 platform (MGl tech)
with150 bp paired-end configuration, according to the manufacturer’s
instructions, yielding approximately 320 Gbin dataamount per library.
Sequence data cleaning was performed by the Cutadapt software
(v1.9.1)*. The Sentieon pipeline (https://www.sentieon.com/products/)
was used to call germline single-nucleotide variant/indel and somatic
variations. Copy number variation was detected by Control-FREEC*.

RNA-seq

Total RNA of each sample was extracted using TRIzol reagent (Inv-
itrogen) and quantified and qualified by the Agilent 2100 Bioana-
lyzer (Agilent Technologies), NanoDrop (Thermo Fisher Scientific)
and 1% agarose gel. Of total RNA with an RNA integrity number (RIN)
value above 7, 20 ng was used following library preparation. The
library preparation and sequencing were processed and analysed by
Genewiz. The libraries with different indices were multiplexed and
loaded on an lllumina HiSeq instrument according to the manufac-
turer’s instructions (Illumina). Sequencing was carried out using a
2 x150-bp paired-end configuration; image analysis and base calling
were conducted by the HiSeq control software (HCS v2.2.38 or later)
plus OLB plus GAPipeline-1.6 (Illumina) on the HiSeq instrument. For
quality control, to remove technical sequences, including adapters,
PCR primers or fragments thereof, and quality of bases lower than 20,
passfilter data of fastq format were processed by Trimmomatic (v0.30)
to be high-quality clean data. For mapping, Hisat2 (v2.0.1) was used to
index the reference genome sequence. Finally, clean datawere aligned
to the reference genome via the software Hisat2.

SCATAC-seq

Thessingle-cell RNA-seq library was constructed using the Chromium
Controller and Chromium NextGEM Single Cell ATAC Reagent Kits
v1.1 (10x Genomics) following the standard manufacturer’s proto-
cols. To collect live cells for ATAC-seq, PBMC cryovials (1-10 x 10°
cells per 1 ml of CELLBANKER 1 (Zenoaq resource)) were removed
from liquid nitrogen or —80 °C freezer and warmed in a 37 °C water

bath. Cells were then pelleted by centrifugation at 500g for 5 min and
resuspended in PBS. After twice washing with PBS, nuclei isolation
was conducted by the 10x Chromium standard protocol. Chilled lysis
buffer (100 pl) was added to the pellet, then incubated for 3 min on
ice. Chilled wash buffer (1 ml) was added immediately to the lysed
cell, followed by two washes. Then, the lysed cell was resuspended in
an appropriate volume of chilled diluted nuclei buffer, and 1.6 x 10*
nuclei were immediately incubated in a transposition mix to recover
10,000 nuclei. After transposition, the sample was loaded onto the
10x Chromium controller to recover 10,000 nuclei. Gel beads were
prepared according to standard manufacturer’s protocols. Oil parti-
tions of single nucleiwith oligo-coated gel beads (GEMs) were captured
and thermal cycling was performed, resulting in single-stranded DNA
tagged with a10x cell barcode. The library was sequenced using the
NovaSeq 6000 system (Illumina) according to the manufacturer’s
instructions. For ATAC libraries, sequencing was performed using a
50 x 49-bp paired-end configuration following the manufacturer’s
protocol. After sequencing analysis, fastq files were created by the Cell
Ranger atac ver2.0.1 mkfastq pipeline (10x Genomics). The obtained
fastq files were mapped to the reference genome provided by 10x
Genomics (GRCh38). The Cell Ranger atac count pipeline (v2.0.1) was
used to perform demultiplexing, aligning reads, filtering, peak calling,
clustering and motif activity analyses, using default parameters. The
CellRanger datawere imported into the Loupe Cell Browser software
(v6.0.0) for t-SNE-based clustering, heat map generation and promoter
activity plots.

scRNA-seq

The scRNA-seq library was constructed using the Chromium Control-
ler and Chromium Single Cell 5’ Reagent Kits and 3’ Reagent Kits v2
(10x Genomics) following the standard manufacturer’s protocols. To
collect live cells for scRNA-seq, PBMC cryovials (1-10 x 10 cells per
1 ml of CELLBANKER 1) were removed from liquid nitrogen or -80 °C
freezer and warmed in a 37 °C water bath. Cells were then pelleted by
centrifugation at 500g for 5 min and resuspended in PBS. After twice
washing with PBS, cells were then pipetted through a 40-pm filter to
remove cell doublets and contamination. Cell viability (more than 60%)
was confirmed by trypan blue staining. The collected single-cell sus-
pension from PBMCs (1.6 x 10* live cells per sample) was immediately
loaded onto the 10x Chromium Controller to recover thousands of
cellsfromeach subpopulation for library preparation and sequencing.
Gel beads were prepared according to the standard manufacturer’s
protocols. Oil partitions of single cell with GEMs were captured and
reverse transcription was performed, resulting in cDNA tagged with
a cell barcode and unique molecular index (UMI). The library was
sequenced using the NovaSeq 6000 system (Illumina) according to
the manufacturer’s instructions. Sequencing was carried out using a
1x91-98-bp single-end configuration (default setting), which is suf-
ficient to align confidentially to the transcriptome. After sequencing
analysis, fastq files were created by the Cell Ranger ver3.1.0 mkfastq
pipeline (10x Genomics). The obtained fastq files were mapped to
the reference genome provided by 10x Genomics (GRCh38). The Cell
Ranger count pipeline (v3.1.0) was used to perform demultiplexing,
aligningreads, filtering, clustering and gene expression analyses, using
default parameters. In brief, after read trimming, Cell Ranger used
an aligner called STAR, which performs splicing-aware alignment of
reads to the genome. Cell Ranger further aligned exonic and intronic
confidently mappedreads toannotated transcripts by examining their
compatibility with the transcriptome. Only uniquely mapping exonic
reads were carried forward to UMI counting. After the UMI filtering
steps with default parameters and expected cell counts, each observed
barcode, UMIand gene combination was recorded asa UMl countin the
feature-barcode matrix. The workflow also performed an improved
calling cell barcodes algorithm, identified the primary mode of high
RNA content cells and also captured low RNA content cells.
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After data processing, we recovered quality-assured data for sec-
ondary analysis of gene expression. To correct batch effects between
time points, we used a Cell Ranger merge algorithm. To regress out the
cell-cell variationin gene expression driven by batch and cluster data
with corrected datain different time points, we used astandard Seurat
v3integration workflow with functions FindIntegrationAnchors() and
IntegrateData(). The Cell Ranger data or batch-corrected data were
imported into Loupe Cell Browser software (v6.0.0) for ¢-SNE-based
clustering, heat map generation and gene expression distribution plots.

Single-cell multiome analysis

The single-cell multiome (scMultiome) libraries were constructed
by using Chromium Controller and 10x Genomics Chromium Next
GEM Single Cell Multiome ATAC plus Gene Expression following the
standard manufacturer’s protocols (CGO00365Rev C,CGO00338 Rev
F,10x Genomics). The libraries were sequenced using the NovaSeq
6000 system (Illumina) according to the manufacturer’sinstructions.
For ATAC libraries, sequencing was performed using a 50 x 49-bp
paired-end configuration. RNA library sequencing was performed
using a 28 x 91-bp paired-end configuration. The scMultiome dataset
was first processed using Cell Ranger ARC v2.0.0 (Cell Ranger ARC, 10x
Genomics). BCL files were converted into fastq using the command
cellranger_ark mkfastqwith default parameter. The fastq files were then
processed by cellranger_ark count and merged by cellranger-arc aggr.
Toremove batch effect, the scMultiome RNA dataset was processed by
Seurat (v4.3.0)* reciprocal principal component analysis (clustering
parameters principal component analysis dimensions1-30, resolution
0.5). The scMultiome ATAC dataset was recounted by Signac (v1.9.0)*
using the merged peak bed files and processed by Harmony (v0.1.1)*.

Single-cell mutation identification and analysis

RNA variants from scRNA-seq data were validated from curated BAM
files based on the results of Cell Ranger. For each cell barcode in the
filtered Cell Ranger barcode list, and each somatic variant in the tar-
geted sequencing data, variant bases were identified. Only reads with
aChromium cellular barcode tag and a Chromium molecular barcode
tagwereincluded. We then obtained the cell-associated tag for down-
stream analysis of UMIs. Chromium cellular barcode tags with the vari-
ant reads extracted by SAMtools were defined as at least one mutant
read detected and mapped on each ¢-SNE projection using Loupe Cell
Browser software. Almost variants were validated by manual review to
identify mutant cells accurately. One-sided Fisher’s exact tests were
used toidentify cell clusters that were enriched for somatic mutations
(P<0.05).

Virus reads and host-virus chimeric reads from single-cell data
For detection of virus reads from scATAC-seq and scRNA-seq data, we
processed Cell Ranger GRCh38-aligned sequence data. No-map and
soft-clipped reads (more than 20 bp soft-clipped) were extracted using
Python scripts. The pass-filter data of fastq format were processed to
remove adopter and polyA sequences. The high-quality clean data were
thenaligned tothe humanreference genome (hg38) and virus genome
(NC_001436.1) via the software STAR. For detection of cells express-
ing virus genes, Chromium cellular barcode tags with virus reads
were defined as at least one virus read detected. Almost virus-aligned
reads were derived from the antisense strand. Both host-aligned and
virus-aligned soft-clipped reads were extracted as host-virus chi-
meric reads. Genomic breakpoints of chimeric reads were analysed
from supplementarily mapped data from STAR alignment to link the
clone-specific chimeric reads with the viralintegration sites identified
inthe corresponding clones. The extracted Chromium cellular barcode
tags with virus antisense reads or clone-specific host-virus chimeric
reads were mapped on ¢-SNE projection using the Loupe Cell Browser.
One-sided Fisher’s exact tests were used to identify cell clusters that
were enriched for virus reads (P < 0.05).

Cluster assignment and single-cell data analysis

Promoter activity (promoter sum) and expression patterns of CD4,
CADMI1 and CD7 were used and overlaid on the t-SNE to identify ATL
tumour clusters using the Loupe Cell Browser. Chromium cellular
barcodes with HTLV-1-derived antisense transcripts (SCRNA-seq)
and proviral DNA reads (scATAC-seq) were overlaid on the ¢-SNE. The
HTLV-1-derived reads served for inference of infected cells (P < 0.05).
Infected clone-specific host-virus chimeric reads were significantly
enrichedineach cluster (P< 0.05). To detect the mutation-harbouring
clones estimated by PyClone, RNA variants from scRNA-seq data were
validated from curated BAM files based on the results of Cell Ranger.
Chromium cellular barcode tags with variant reads were defined as at
least one mutant read detected and mapped on each ¢-SNE projection
(P<0.05).log, Fold change and median-normalized average values of
assigned clusters were obtained via the Loupe Cell Browser and used
inthe following analysis of differentially expressed genes within each
cluster. Manual clustering based on expression patterns was curated by
original Python scripts or polygonal selectiontool (Loupe Cell Browser
interface).

ChIP-seq
Tumour cells (1 x 107) sorted by surface markers (CD4'CADM1'CD7") or
normal CD4" T cells from HTLV-1-negative healthy donors were fixed
by adding1/10 volume of freshly prepared formaldehyde solution (11%
(v/v) formaldehyde, 100 mM NaCl, 1 mM EDTA (pH 8.0) and 50 mM
HEPES (pH 7.9)) to the existing media or PBS and incubated for 15 min
atroomtemperature. Fixation was stopped by adding 1/20 volume of a
1.25Mglycine solutionand incubating for 5 minat room temperature.
Subsequently, cells were collected and washed twice with chilled PBS
with 0.5% (v/v) Igepal. The cell pellet was snap-frozenondryice. Further
processing and ChIP experiments including chromatin extraction,
fragmentation, antibody precipitation and library preparation were
performed at Active Motif using validated antibodies to H3K27me3
(39155, polyclonal, Active Motif), H3K27ac (39133, polyclonal, Active
Motif) and SUZ12 (39357, polyclonal, Active Motif).
Illluminasequencinglibraries were prepared from the ChIP and input
DNAs by the standard consecutive enzymatic steps of end-polishing,
dA-additionand adaptor ligation. After a final PCR amplification step,
theresulting DNA libraries were quantified and sequenced on NextSeq
500 from Illumina (75-nt reads, single end). Reads were aligned to the
human genome (hg38) using the BWA algorithm (v0.7.12). Duplicate
reads wereremoved, and only uniquely mapped reads (mapping qual-
ity >25) were used for further analysis. Alignments were extended in
silicoattheir3’ends toalength of 200 bp, whichis the average genomic
fragmentlengthinthe size-selected library, and assigned to 32-nt bins
along the genome. The resulting histograms (genomic ‘signal maps’)
were stored in bigWig files. Peak call for H3K27me3 and H3K9me3 were
performed using the SICER algorithm (v1.1) with a cut-off P=107°. Peak
callfor H3K27ac was performed using the MACS algorithm (v2.1.0) with
acut-off P=107. Peaks that were on the ENCODE blacklist of known false
ChIP-seq peaks were removed. Signal maps and peak locations were
used as input data to the Active Motifs proprietary analysis program,
which creates Excel tables containing detailed information on sample
comparison, peak metrics, peak locations and gene annotations. EaSeq
software (v1.111)*¥ was also used to calculate each peak value and create
heat maps. For the TSS plot, the ChIP-seq dataset was normalized by
input data and visualized by Deeptools (v3.3.1)*.

DNA methylation profiling

For DNA methylation profiling, genomic DNA was extracted from
enriched tumour cell populations (CD4*CADM1'CD7") and cell lines
using the QlAamp DNA Blood Mini Kit (Qiagen). DNA methylation
levels were analysed using the Infinium MethylationEPIC Bead-
Chip (more than 850,000 probes) (Illumina). Quality testing of the
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double-stranded DNA was performed by measuring absorbance with
NanoDrop2000 and fluorescence with Qubit (Thermo Fisher Sci-
entific), followed by quality testing by agarose gel electrophoresis.
Genomic DNA was used for bead array analysis by iScan (Illumina)
according to the Infinium HD methylation protocol guide, manual
protocol (15019519 v01). Bisulfite conversion, hybridization and fur-
ther data processing were performed at Takara Bio. In brief, bisulfite
conversion of 250 ng of genomic DNA was performed using the EZ
DNA Methylation Kit (Zymo Research). The bisulfite-converted DNA
was alkaline denatured and subjected to enzymatic whole-genome
amplification. The amplified genomic DNA was fragmented by
enzyme, purified by isopropanol precipitation and resuspended in
buffer. The resuspended DNA was heat denatured and applied to the
Infinium MethylationEPIC BeadChip for hybridizationat48 °Cinan
oven for approximately 23 h. After hybridization, the BeadChip was
washed with buffer, and asingle nucleotide labelled at the probe end
was incorporated by a single-nucleotide elongation reaction. The
hybridized genomic DNA was then denatured, removed and stained
with a fluorescent dye-labelled antibody against the incorporated
labelled nucleotide. The stained BeadChip was washed, coated, dried
and then fluorescence images were acquired using iScan. Normaliza-
tion by background subtraction and internal controls was performed
using GenomeStudio (V2011.1) or Methylation Module (v1.9.0) to
analyse the acquired fluorescence image data. Each CpG site was
annotated by distance from the TSS of the genes (hg38). Only CpG
sites within +5 kb of the TSS were used for further integrative analyses.
The B-value was used as the methylation level (%), and probes that
fluctuated more than 10% were defined as differentially methylated
sites. BigWig files were created using the Enhancer Linking by Meth-
ylation/Expression Relationship (ELMER) package with the function
createBigWigDNAmetArray().

For whole-genome DNA methylation analyses of patient speci-
mens and established resistant models, we performed EM-seq®. The
libraries of EM-seq were prepared from 50 ng of DNA using the NEB-
Next Enzymatic Methyl-seq Kit (New England BioLabs). Paired-end
sequencing of 150 bp was performed using NovaSeq 6000. The EM-seq
dataset was adapter-timmed by Trim Galore v0.6.7 with the default
parameters. The trimmed reads were aligned to hg38 using Bismark
(v0.22.3)*°. PCR duplicates were removed using deduplicate_bismark
with default parameter. The methylation information was extracted
with a bismark_methylation_extractor. The methylation informa-
tion had afiltered depth of more than five. Differential methylated
regions were extracted using metilene (v0.2-8)* (P < 0.05). All meth-
ylated CpG sites were also analysed at single-nucleotide resolution
from the EM-seq data. The methylation information bedGraphs of
bismark outputs were converted to BigWig by bedGraphToBigWig
and visualized by Integrative Genomics Viewer. Methylation levels
of target genes were calculated by Deeptools v3.3.1 and visualized
by Deeptools plotProfile.

Bioinformatic analysis

The Integrative Genomics Viewer tool*? was used for visualizing and
interpreting the results of DNA-seq, RNA-seq, ChIP-seqand DNA meth-
ylation data. For differentially expressed gene analysis, HTSeq (v0.6.1)
estimated gene and convert read counts to transcripts per million
from the paired-end clean data. Selected genes were subjected to the
hierarchical clustering analysis using the iDEP.91 pipeline that contains
the DESeq_2 package®. Gene set enrichment analysis® was performed
using GSEA software (v4.1.0) (http://www.broadinstitute.org/gsea)
with 1,000 permutations. Gene sets used in this study were selected
fromthe MSigDB hallmark gene sets (http://www.broadinstitute.org/
gsea/msigdb/collections.jsp). Significantly enriched gene sets were
evaluated by normalized enrichment score (NES) and nominal Pvalue
(P<0.001). Gene ontology analysis was performed by DAVID Bioinfor-
matics Resources (https://david.ncifcrf.gov/).

Data visualization

Box plots, beeswarm plots, violin plots, hierarchical clustering and
correlation matrix were analysed and visualized by using R (v3.2.3).
Box plots are defined as follows: the middle line corresponds to the
median; the lower and upper hinges correspond to first and third quar-
tiles; the upper whisker extends from the hinge to the largest value
no further than 1.5 times the IQR from the hinge (where the IQR is the
interquartile range or distance between the first and third quartiles);
and the lower whisker extends from the hinge to the smallest value
at most 1.5 times the IQR of the hinge. All data points are overlaid on
the box plot.

Molecular dynamics simulation

The valemetostat-bound PRC2 structure was modelled as previ-
ously described". Amino acid residue numbers for EED in the PRC2
model were renumbered based on UniProt 075530 isoform 1 (iden-
tifier: 075530-1). Binding free-energy changes (AAGs) of valemeto-
stat to PRC2 single-point mutants (EZH2(Y111S/Y111C/Y111H/Y111N),
EZH2(Y661N) and EED(H213R)) relative to wild-type PRC2 were pre-
dicted by the free-energy perturbation (FEP) method*>*® using FEP
protein mutation for ligand selectivity (Schrodinger release 2021-3:
FEP+, Schrodinger, 2021) with default settings and the OPLS4 force
field”. The value of AAG for EZH2(Y111H) was defined as the mean
of AAGs for EZH2(Y111) mutated to histidine neutral tautomers,
N&-protonated (Hid) and Ne-protonated (Hie), respectively. Hydro-
gen bonds, hydrophobic interactions, ionic interactions, and water
bridges between valemetostat and wild-type or mutant PRC2s were
examined throughout 5-ns molecular dynamics simulations using edge
analysis of FEP protein mutation analysis (Schrodinger release 2021-3:
FEP+, Schrodinger) to elucidate the effect of these mutations in PRC2
on valemetostat binding. Structural model figures were generated
using PyMOL (v2.4.0, Schrodinger). Relative affinities of valemetostat
to PRC2 mutants were predicted by FEP simulations and calculated
as wild-type dissociation constant (Ky)/(wild-type or mutant K;;) =
exp(—AAG/RT), where Ris the ideal gas constant (1.987 cal K mol™)
and Tis the absolute temperature (298.15K).

Evaluation of PRC2 mutants

EZH2and EED cDNAs were subcloned into the pME-FLAG vector. Point
mutagenesis for generating resistant mutants was accomplished with
the PrimeSTAR Mutagenesis Basal Kit (Takara) and specific primer sets
(Supplementary Table 6). The generated mutant cDNAs were con-
firmed by Sanger sequencing. Transient transfection of FLAG-tagged
cDNA in 293T cells was performed by Lipofectamine 2000 (Thermo
Fisher). At 24 hafter transfection, the mediumwas replaced with fresh
mediumsupplemented with valemetostat and cultured for 5days. The
subsequent H3K27me3 level was evaluated by immunoblotting with
primary antibodies (anti-H3K27me3 (1:1,000; 07-449, Merck/Millipore),
anti-histone H3 total (1:1,000; ab10799, Abcam) and anti-FLAG M2
(1:1,000; F1804, Sigma)).

Generation and evaluation of resistant cell models

ATL cell lines were cultured in growth media supplemented with
10 nM of valemetostat for 2 months. Inhibitor-resistant outgrowth
was observed at 100 nM. For knockdown of TET2, DNMT3A, DNMT3B
and PRC2 genes, a replication-defective, self-inactivating lentivirus
vector (CS-H1-Venus-IRES-Bsd) was used (Riken, BRC). We designed
three shRNA sequences (Supplementary Table 6) and cloned them
into CS-RfA-EVBsd via pENTR4-H1. For stable expression of wild-type
and mutant EZH2 and EED in lymphoma cells, FLAG-tagged cDNAs
were subcloned into lentivirus vector CSII-EF-MCS-IRES2-Venus
(Riken). For stable expression of DNMT in lymphoma cells,
haemagglutinin-tagged DNMT3A and DNMT3B cDNA were sub-
cloned into the lentivirus vector pHIV-dTomato (Addgene #21374).
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DNMT3A(E629stop), which lacks the C-terminal enzymatic domain,
was also generated for a negative control. A TET2-encoded lenti-
virus vector was purchased from VectorBuilder (pLV-Puro-EF1A-
hTET2). The established viral vectors were co-transfected with the
packaging plasmid (pCAG-HIVgp) and the VSV-G-expressing and
Rev-expressing plasmid (pCMV-VSV-G-RSV-Rev) into 293FT cells.
High-titre viral solutions were prepared by centrifugation-based
concentration and used for transduction into cell lines. The infection
was attained by the spinoculation method and then cultured in an
appropriate condition for 5-7 days. Blasticidin (10 pg mI™) was used
to select the transduced population. Expression of fluorescent pro-
teins (Venus and dTomato) was confirmed by flow-cytometory using
FACSCalibur or FACSymphony Al (BD Biosciences), or by automated
cellcounter using Countess 3 FL (Thermo Fisher Scientific). Expression
levels of DNMT3A and DNMT3B were evaluated by immunoblotting
with primary antibodies as follows: anti-DNMT3A (1:1,000; 3598, Cell
Signaling Technology) and anti-DNMT3B (1:1,000; 57868, Cell Signaling
Technology). Alternatively, knockdown and gene induction efficiencies
were evaluated by qRT-PCR with specific primer sets (Supplementary
Table 6). For evaluation of the anti-growth activity of valemetostat,
lymphoma cell models (2 x 10°) were plated in12-well flat bottom plates
with optimized media with 10% FBS and simultaneously treated with
indicated doses of valemetostat solution in DMSO for 14 days. The cells
were maintained by passage into fresh media every 3-4 days. The cell
numbers were evaluated by Cell Counting Kit-8 (WST-8 assay, Dojindo)
following the manufacturer’s protocol. Valemetostat used in this study
was synthesized in-house.

Methylation-specific PCR

Genomic DNA (1 pg) was converted with sodium bisulfite using the
EpiTect Bisulfite Kit (Qiagen). The converted DNA (200 ng) was ampli-
fied by KOD -multi & Epi- DNA polymerase (Toyobo) with methylated
orunmethylated specific primer pairs for CpGislands within CDKNIA,
CDKNIC and BCL2L11 promoters (Supplementary Table 6). The PCR
products were analysed by 2% agarose gel stained with ethidium
bromide and visualized under UV light.

Resistant outgrowth assay

To evaluate the ability of PRC2 mutants, DNMT3A, DNMT3B and TET2-
targeting shRNA to acquire resistance to valemetostat, a resistance
outgrowth assay?® in the presence of valemetostat was performed.
Lymphoma cells expressing each gene or negative control cells were
cultured with valemetostat at IC,, or higher for 1 week. Then, 10 cells
per well were spread on 96-well plates and cultured in the presence
of valemetostat with successive passages for more than1 month. The
cumulative cell countineach well was then measured using the WST-8
assay to determine the percentage of wells that outgrowthin the pres-
ence of valemetostat. Growth suppression resistance of the randomly
collected outgrowth clones was evaluated. Gene expression levels were
also evaluated by qRT-PCR. To evaluate the effect of DNA methylation,
additional cultures were maintained for 1 week in the presence of a
low concentration (10 nM) of 5-aza-2’-deoxycytidine (decitabine from
Merck) and subsequent gene expression and cell counts were evaluated.

Evaluation of translation activity
Forthe 5" UTR reporter assay, 5’ UTR sequences of EZH1, EZH2, SUZ12
and EED were amplified from the human genomic DNA region with
specific primers (Supplementary Table 6) and inserted into the BamHI
site upstream of the start codon of pMIR-REPORT (Promega). The orien-
tation of the inserted 5 UTR was confirmed by Sanger sequencing. The
luciferase activities were quantified by the Dual-Luciferase Reporter
Assay System (Promega) 2 days after transfection.

The CRISPR-Cas9-based ‘double nicking was applied to delete a
partof the endogenous EZH2 5’ UTR. To minimize nonspecific effects
of guide RNA (gRNA) and toinduce some length of deletiononthe UTR,

adouble-nicking strategy with Cas9 nickase (Cas D10A) and double
gRNAwas used tointroduce double-stand breaks at the target site. The
gRNAswere designed using the CRISPRgRNA Designtool (DNA2.0) from
thetargetsequence withinEZH2 5’ UTR (cggtgggactcagaaggcagtggage
cccggeggeggeggeggeggegegegg; PAM sequences at both ends). The
gRNA sequencesare provided in Supplementary Table 6. Anall-in-one
vector (All-in-One Nickase Ninja vector, pD1421-AD), which can express
two gRNAs and Cas9, was constructed and introduced into 293T and
TL-Oml cells using Lipofectamine 2000. After 48 h, GFP-positive cells
were sorted. The 5 UTR sequences of ten clones in TA-cloning were
analysed by Sanger sequencing to confirm that deletion was occurring.
Thesecondary structure and free-energy change of the 5’ UTR sequence
were predicted using the mfold tool*®. The CRISPR-transduced cells
were used as bulk culture and characterized.

For the RIP assay, cells (2 x 10”) were washed with PBS and lysed with
1 ml of RNA lysis buffer (25 mM Tris-HCI (pH 7.4), 150 mM KCI, 5 mM
EDTA, 0.5% NP-40,1 mM dithiothreitol, protease inhibitor cocktail
and 100 U mI™ RNase inhibitor (Takara)). After incubation on ice for
20 min, the cells were centrifuged at 4 °C at 14,000 rpm for 20 min
to obtain cell lysate. Dynabeads protein G (Invitrogen) was added to
the lysate and rotated at 4 °C for 15 min to remove proteins nonspe-
cifically bound to the beads. For antibody-bound beads, Dynabeads
protein G was washed and inculcated with anti-elF3D (A301-758A,
Bethyl Laboratories), anti-elF3A (2013, Cell Signaling Technology) or
control IgG (2729, Cell Signaling Technology) antibodies for 10 min.
The prepared antibody-binding beads were added to the cell lysate
and slowly rotated at 4 °C for 1 h. After washing five times with RNA
lysis buffer, beads were mixed with 1 ml of TRIzol. The collected RNA
was subjected to reverse-transcriptase reaction using ReverTra Ace
gRT-PCR Master Mix (Toyobo) with the manufacturer’s protocol.
Random primer-based synthesized cDNA was analysed by quantita-
tive PCR using a real-time PCR system (Thermal cycler Dice, Takara).
EZH2and JUN mRNA levels were quantified using gene-specific primers
(Supplementary Table 6).

For evaluation of the translation activity of EZH2mRNA, the amount
of mRNAinthe ribosomal and polysomal fractions was quantified using
sucrose density gradient centrifugation. The 15-40% sucrose density
gradient solution (containing 10 mM Tris-HCI (pH 7.5), 140 mM NacCl,
5 mM MgCl,, 1 mM dithiothreitol and 100 pg mi™ cycloheximide) was
prepared in a centrifuge tube (Beckman Coulter). Cells (2 x 107) were
washed with PBS containing 100 pg ml™ cycloheximide for 5 min, then
lysed with polysome lysis buffer (10 mM Tris-HCI (pH 7.5),140 mM NaCl,
1.5 mM MgCl,, 0.5% NP-40, 0.5% deoxycholate, 2 mM dithiothreitol,
100 U mI RNase inhibitor, 100 pg ml™ cycloheximide and protease
inhibitor) and then placed on top of the density gradient solution.
The lysates were then centrifuged at 38,000 rpm for 2 h at 4 °C using
SW41Tirotor (Beckman Coulter). Twenty-four fractions were collected
in500-pl portions, and the absorbance was measured at 254 nmusing
aNanoDrop. RNA was extracted from each fraction using ISOGEN-LS
(Nippon Gene), and the EZH2 mRNA level in each fraction was quanti-
fied by qRT-PCR.

For protein analysis of the subpopulations with different H3K27me3,
total proteins from the fixed cells were extracted for immunoblot-
ting according to a previous study?®?. The fixed proteins could be lib-
erated from formaldehyde crosslinking in the presence of high heat,
500 mM Tris and 2% SDS. In brief, H3K27me3-depleted and relatively
H3K27me3-high tumour cells were sorted from the two post-dose
blood samples and then sonicated in 200 pl of modified fixed tissue
lysis buffer (500 mM Tris-HCI (pH 7.4),100 mM NacCl, 25 mM EDTA, 1%
(v/v) Triton X-100, 1% (v/v) IGEPAL, 2% (w/v) SDS and protease inhibitor
cocktail). Homogenates were incubated at 90 °C for 120 min, followed
by centrifugation at 4 °C. Protein levels of the collected supernatants
were analysed by immunoblotting.

For elF3D knockdown, the lentivirus vector CS-H1-Venus-IRES-Bsd
was used with two shRNA sequences (Supplementary Table 6). Protein
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levels of elF3D, PRC2 factors and H3K27me3 were analysed by immu-
noblotting with primary antibodies, as follows; anti-EZH1 (1:1,000;
42088, Cell Signaling Technology), anti-EZH2 (1:1,000; 3147, Cell Sign-
aling Technology), anti-SUZ12 (1:1,000; 3737, Cell Signaling Techno-
logy), anti-EED (1:1,000; 85322, Cell Signaling Technology), anti-elF3D
(1:1,000; A301-758A, Bethyl Laboratories), anti-H3K27me3 (1:1,000;
07-449, Merck/Millipore), anti-COX4 (1:1,000; 4850, Cell Signaling
Technology), anti-TFAM (1:1,000; 8076, Cell Signaling Technology),
anti-JUN (1:1,000; 9165, Cell Signaling Technology) and anti-3-actin
(1:1,000; sc-69879, Santa Cruz). Alkaline phosphatase-conjugated
anti-mouse (1:2,000; S3721, Promega) and anti-rabbit (1:2,000; S3731,
Promega) secondary antibodies and BCIP/NBT substrate (S3771, Pro-
mega) were used for detection.

Statistics and reproducibility

All bar and line graphs that summarize multiple datasets show mean
values. The middle lines within box plots indicate median values. Sig-
nificant differences in gene expression and other biological assays
between the two groups were analysed by atwo-sided Student’s ¢-test.
Adjustments were not made for multiple comparisons. Correlations
between two groups were analysed by a two-sided Pearson’s correla-
tion coefficients, and probabilities of overlap between gene sets were
statistically tested. For electrophoresis of samples with cell lines, rep-
resentative data from two to three independent repeat experiments
are shown. Because experiments on multiple outgrowth clones are
verified for reproducibility by examining multiple samples of interest,
electrophoresis was performed only once. In addition, electropho-
resis experiments with multiple independent patient samples were
performed once.

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

Data availability

All sequencing data (fastq format), including Target-seq, RNA-seq,
scRNA-seq, scATAC-seq and ChIP-seq, have been deposited in the
National Bioscience Database Center Human Database under the acces-
sionnumberJGAS000553. A previous scRNA-seq dataset (JGASO00301)
was used for validation. The reference human genome hg38 was down-
loaded from the UCSC Genome Browser. For gel source data, see Sup-
plementary Fig. 1. Source data are provided with this paper.
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Extended DataFig.1|Clinical efficacy and genomic profilingin valemetostat
trials. a, b, Changesover timeinsolubleL2receptor (sIL-2R) (a) and proviral
loads (PVL) (b) of three casesin valemetostat phase 1study. ¢, d, Changesin
abnormallymphocytes (c) and sIL-2R (d) of 7 cases in valemetostat phase 2 study.
e, Pie charts show baseline clonalitiesin three patients. The clonality of HTLV-1-
infected cellsbefore valemetostat treatment was calculated as the population

size of each clone by counting the extracted reads at host-provirus junction
sites using high-throughput sequencing based mapping of proviral integration
sites. f, Changes over timein the size of top 5 clonesin Pt2 (left) and Pt3 (right)
after treatment with valemetostat. g, Frequency of somatic mutations detected
by targeted genome sequencingin valemetostat phase 1and 2 studies (n =10,
biologicallyindependentsamples).
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Extended DataFig.2|H3K27me3 reduction by valemetostat. a, Establishment
of H3K27me3-flow system. Intracellular H3K27me3 / total histone H3 were
stained with specificantibodies in PHA-activated PBMC. Treatment with100 nM
valemetostat for 7 days significantly reduced the H3K27me3 level. Red cells,
antibody +;blue cells, isotype control. b, H3K27me3 levels in tumor (CD4"/
CADMI1'/CD7") and normal (CD4*/CADM17/CD7*) cell populationsat0,1,and 2
weeks post valemetostat treatmentin Ptl. Dashed lines indicate baselines.

¢, Changes over timein population size of low H3K27me3 cells (%) in Pt1.d, Tumor
H3K27me3 levels (mean fluorescence intensity, MFI) normalized by the level of
normal CD4" T-cells at pre-treatment (Pre) and at the time of clinical response
(PR/CR). e, Changes of tumor H3K27me3 level (% from baseline) in valemetostat
phase 2 study. f, ChIP-seq signal values of H3K27me3 (left panel) and H3K27ac
(middle panel) at all gene promoters (32,747 genes) in Pt1tumor cells (y-axis)
versus normal CD4" T-cells (x-axis). The distribution of the H3K27me3 and
H3K27ac peaks was mutually exclusive (right panel). g, h, H3K27me3 enriched
super-silencer clustersin ATL cells. Rank ordering of H3K27me3 ChIP-seq signals

identified the super-silencer clusters (g). Heatmaps and average profiles show
ChlIP-seqsignals centered on peaks, ranked by mean H3K27me3 level, in
normal CD4* T-cellsand ATL cells (h).1i,j, Average ChIP-seq TSS-TES plot (i) and
H3K27me3log,, signals at promoter regions (j) bound by EZH1 (n = 347 genes)
and EZH2 (n =269 genes) in Pt1, Pt5, and Pt8. EZH1and EZH2 ChIP data
resources®werere-analyzed. k, I, Baseline expression [Log,(TPM + 0.1)] of
EZH1and EZH2 mRNA (k) and H3K27me3 target genes (n = 630) (I) in tumor
cellsfromthree patients and normal CD4" T cells from healthy donors. Tumor-
specific RNAwas collected by CD4*/CADM1*/CD7 cell sorting and analyzed by
RNA-seq.m, Relative expression changes (log, fold-change) of the representative
H3K27me3 target genes post valemetostat treatment in Ptl. The middle lines
withinbox plots correspond to the medians; lower and upper hinges correspond
tothefirstand third quartiles. The upper whisker extends from the hinge to the
largest value no further than1.5*IQR. The lower whisker extends from the
hinge to the smallest value at most1.5*IQR. Statistics and reproducibility are
described in Methods.
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Extended DataFig. 3 | Characterization of tumor chromatin architecture
and transcriptome. a, Summary of scATAC-seq clustering (n =10 from3
patients). Cells were colored according to sample timepoint, provirus, host-
virus chimeric reads, CADM1 promoter activity, and assigned major tumor
clusters. b, Tumor population size (%) before and after valemetostat treatment
inferred by scATAC-seq, scRNA-seq, and PVL. ¢, Features of tumor-associated
chromatin condensed peaks. d, Heatmaps of all ATAC 69,545 peaks and
associated ChIP values of H3K27me3, H3K9me3, H3K27acin Pt1tumor cells.
Each correlation coefficient (R) between histone mark and ATAC peak are
provided. e, Average ChIP-seq signal profiles for H3K27me3 (left) and H3K27ac
(right) at chromatin condensed peaks in tumor cells and normal CD4" T-cells
around peak center. f, Numbers of chromatin-inactivated genes (Promoter sum
<0.01) in peripheral blood cell lineage from scATAC-seq data (n = 3 biologically
independentsamples, * P<0.05). g, Bar graph shows enriched gene ontology
terms with one-sided Fisher’s exact Pvalues (-Log,,) forcommonlyinactivated
genes (Promoter sum <0.01in three patients). h, Reactivation of TSG by
valemetostat treatment. Boxplot (top panel) shows normalized log, fold
changes of scATAC-seq promoter activities by valemetostat treatmentin TSG
(n=716 genes). Heatmap (bottom panel) show scATAC-seq promoter activities
(log, fold-change) of top 50 TSG in major clones of three patients before and
after valemetostat treatment. i, Summary of scRNA-seq clustering (n =10 from

3 patients). Cells were colored according to sample timepoint, viral RNA,
mutated RNA, CADMI expression, and assigned major tumor clusters. j, Data
integration of sScATAC-seq and H3K27me3 ChIP-seqin Pt1.Scatter plot (left)
shows scATAC-seq promoter activity (x-axis) and H3K27me3 ChIP-seq signals
(y-axis) for allgene promoter regions. Boxplot (right) summarizes H3K27me3
signalsatactive (Promoter sum>0.01,11,310 gene) and inactive (Promoter sum
<0.01,1,032 gene) promoter regions. k, Dataintegration of scATAC-seq and
scRNA-seqinPtl.Scatter plot (left) shows scATAC-seq promoter activity
(x-axis) and scRNA-seq expression level (y-axis) for all genes. Boxplot (right)
summarizes gene expression levels atactive (Promoter sum>0.01) and
inactive (Promoter sum <0.01) genes. 1, Bar graphshows enriched gene
ontology terms with one-sided Fisher’s exact Pvalues (-log,,) for commonly
overexpressed genesin ATL cells (Gene expression log, fold-change >2 versus
normal T-cellsin three patients, 246 genes, P< 0.05). m, Average (n=3
biologicallyindependent samples) of normalized log, fold changes for
commonly overexpressed genes before and after valemetostat treatment.
The middlelines within box plots correspond to the medians; lower and upper
hinges correspondto thefirstand third quartiles. The upper whisker extends
from the hinge to the largest value no further than1.5*1QR. The lower whisker
extends from the hinge to the smallest value at most 1.5* IQR. Statistics and
reproducibility are described in Methods.
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Extended DataFig. 4 |Integrated single-cell analyses for phase 2 validation
cohort. a, Workflowillustrates single-cell analyses platform for phase 2 study.
Chromatinstructure (ATAC) and gene expression (GEX) data from total 109,830
cellswere connected at the single-cell level by the 10x Genomics scMultiome
platform. Epigenetic profiling data (ChIP-seq and EM-seq) of corresponding
samplesareintegrated. b, Summary of scMultiome clustering for 11libraries
from 4 patients. Cells were colored according to patient ID, CADM1 expression,
provirusread, and assigned major tumor clusters. ¢, Scatter plot shows
scATAC-seq promoter activity (x-axis) and scRNA-seq expression level (y-axis)
forallgenesinthe four tumorsbefore treatment.d, Scatter plots show Log, fold

(CRvs. Pre) (PR vs. Pre)

(PR vs. Pre)
changes of ATAC (x-axis) and GEX (y-axis) for allgenesin Pre tumors vs. normal
cells. Gene clusters silenced by the chromatin aggregation (P < 0.05) are
indicated by dark blue. e, Heatmaps depict sorted H3K27me3 peaks centered
on TSS (20-kb windows) at chromatininactivated gene clustersin Pt5and Pt8
before and after valemetostat treatment. f, Scatter plots show Log, fold changes
from baseline of ATAC (x-axis) and H3K27me3 (y-axis) for chromatininactivated
gene clusters at clinical response in Pt5and Pt8. g, Scatter plots show Log,
fold changes from baseline of ATAC (x-axis) and gene expression (y-axis) for
chromatininactivated gene clustersat clinical response in Pt5and Pt8.
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Extended DataFig. 5|See next page for caption.



Extended DataFig. 5| Acquired EZH2 mutationinresistance to valemetostat.
a,Normalized VAF values for major somatic mutations at pre-treatment (Pre,
x-axis) and recurrence (PD, y-axis) in cases with acquired PRC2 mutations
(n=5).b,Valemetostat-bound PRC2 structural models for clinically identified
amino acid substitutions of EZH2 (Y111S, Y111C, Y111N, Y661N) and EED (H213R).
¢, Bar charts show the normalized frequency of interactions (hydrogen bonds,
hydrophobic contacts, and salt-bridges) between valemetostat and wild-type
or mutant PRC2 subunits over the molecular dynamics simulation time. The bar
heightcanbegreater than100% if the protein makes more than one contact
withvalemetostat.d, Binding free energy changes (AAG, kcal/mol) and relative
affinity (%) of valemetostat to PRC2 mutants relative to wild-type PRC2 (WT)

predicted by FEP+simulation. e, H3K27me3 levelsin 293 T cells expressing
EZH2 and EED mutantsin the presence or absence of valemetostat. Dataare
representative of two independent experiments. For gel source data,

see Supplementary Fig. 1. f, Workflow for valemetostat outgrowth assay.

g, Heatmapsrepresentrecovered outgrowth cellnumbersin TL-Om1cells
expressing PRC2 mutants in 96-well plate culture. h, Normalized EZH2 and EED
RNAlevelsinrandomly collected outgrowth clones quantified by qRT-PCR.

i, Parental cellsand the recovered outgrowth clones were treated with
valemetostat (10 nM, 100 nM) for 7 days. Bar graphs show relative expression
levels of the H3K27me3 target genes (BCL2L11 and CDKNIC).
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Extended DataFig. 6| Acquired DNMT3 overexpressioninresistance to
valemetostat. a, Characteristics of clinically resistant clones based on
single-cell analysis and genomic profiling. b, Chronological transition of
normalized VAF values for somatic mutationsin Pt2 inrelation to treatment
with valemetostat. ¢, tSNE projection for Pt2 scRNA-seq data. DNMT3A
expressionwas upregulated inthe recurrent clone (P<107°).d, scATAC-seq

and ChiIP-seqtracks at DNMT3Alocus. e, Venn diagram depicts overlapped
chromatin-condensed inactivated genes (Promoter sum <0.01) in Pt2 tumor
cellsatPre, CR,and PD (DNMT3A expression). f, Scatter plots show all gene
promoter activitiesinrecurrent clones (y-axis) in Pt2 (left) and Pt3 (right)
versus corresponding normal cells (x-axis). The gene loci with decreased copy
numbers as defined from the WGS data areindicatedin dark purple. g, Histogram
shows differentially methylated (AmCpG <-10%, or >10%) probes in Pt2 resistant
tumor at PD (135 weeks) versus pre-treatment tumor. h, i, Boxplots summarize
normalized log, fold changes of scATAC-seq promoter activities (h) and
scRNA-seq gene expression (i) in relation to treatment-associated mCpG gain
inPt2. The genes for which integrated data were available were evaluated.

days post lentivirus infection days post lentivirus infection

Statistical significance is provided only for main combinations.j, Normalized
log, fold changes of scATAC-seq promoter activities of tumor suppressor
genes (TSG) inrelation to treatment-associated mCpG gainin Pt2. Thegenes
forwhichintegrated datawere available were evaluated. Statistical significance
is provided only for main combinations. k, Pt2-derived resistant cell line was
successfully established. The same clonal origin and the absence of PRC2
mutations were confirmed by targeted sequencing. Bar graph shows relative
RNAlevels of DNMT family and PRC2 genes. I, Table summarizes characteristics
of ATL cell lines. Pt2_PD cells showed low sensitivity to valemetostat.

m, Knockdown and DNMT family and PRC2 genes were induced by lentivirus-
mediated shRNA. After lentivirus infection, growth cell numbers for 6 days
were calculated. The middle lines within box plots correspond to the medians;
lower and upper hinges correspond to the first and third quartiles. The upper
whisker extends from the hinge to the largest value no further than1.5*IQR.
The lower whisker extends from the hinge to the smallest value at most1.5*IQR.
Statistics and reproducibility are described in Methods.
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Extended DataFig. 8 | Establishment and characterization of TET2-deficient
valemetostatresistant models. a, ATL cell lines were cultured ingrowth media
supplemented with 10 nM of valemetostat for two months. Inhibitor-resistant
outgrowth was observed at 100 nM. Bar graph shows VAF values of TET2V1847%
DNA and expressed mRNA in ATN-1parental and valemetostat-resistant cells.
b, shRNA targeting EZH1,EZH2, or EED were introduced by lentivirus vectorsin
parental and resistant cell line (ATN-1_R). Graphs show cell growth (%) relative
to control shRNA. ¢, Growthinhibition rate (%) by valemetostat (0 - 10,000 nM)
in ATN-1parental and valemetostat-resistant cells.n =3 independent
experiments, mean + SD. For gene rescue experiment, TET2cDNA were
transduced by lentivirus vector. d, Histograms show differentially methylated
(AmCpG <-10%, or >10%) probesin resistant ATN-1versus parental cells.

e, f,H3K27me3 occupancy was analyzed by ChIP-seq for the parental and
valemetostat-resistant ATN-1cells. Boxplot shows H3K27me3 log,, signalsin
relation toresistance-associated mCpG gain (e). The genes for which integrated
datawere available were evaluated. Statistical significance is provided only for
main combinations. Representative tracks for H3K27me3 and methylated CpG
tracksareshownin (f). Arrowheads indicate representative CpGsites with
methylation gain. g, Log, fold-changes of RNA-seq expression level (TPM) at
mCpG gaingenes (mCpG UPsites >2) inresistant ATN-1cells compared to
parental cells. h, MSP was performed for DNAisolated from parental or resistant
ATN-1cellsinthe presence or absence of TET2. Amplified DNA was visualized by
agarose gel electrophoresis for TSG loci with primer sets specific for methylated
state (M) or unmethylated state (U). Data are representative of two independent
experiments. NTC: no template control. i, Heatmaps represent recovered

outgrowth cellnumbersin ATN-1cells expressing ShTET2 (#1, #2) in 96-well
plate culture. Collected outgrowth clones (n=16) are indicated. j, TET2ZRNA level
inrandomly collected outgrowth clones quantified by qRT-PCR. k, H3K27me3
levelin valemetostat outgrowth clones. 1, Scatter plot shows DNA methylation
changes (x-axis) and accumulation of H3K27me3 (y-axis) in the promoter
proximal region (TSS +1kbp) of eachgenein the outgrowth shTET2 clone #1.
Values are averaged per gene and represented only differentially methylated
genes (AmCpG < -5% or >5%). m, MSP assay for H3K27me3 target genes
(CDKNIA and BCL2L11)invalemetostat outgrowth clones. n, Bar graphs show
differentially methylated CpG sitesin shTET2 outgrowth clone (left) and Pt3 PD
clone (right) insingle nucleotide resolution analysis using EM-seq data.
Percentages were compiled from all CpGsites (filter depth>5) in the TSSand
downstream genebody regions (center + 1kbp). Target genes were defined
based onH3K27me3,SUZ12,and H3K27ac ChIP-seq data. o, Pie chart shows the
percentage of epigenomic domains of CpGislands near the TSSwithincreased
methylation (P< 0.05).p, q, Control cells (shCtrl) and the recovered outgrowth
clones were treated with valemetostat (100 nM) and DAC (10 nM). Bar graphs
show relative cell growth at 14 days (p, n = 3, independent experiments,

mean + SD) and relative expression levels of the H3K27me3 target genes
(CDKNI1A and BCL2L1I) at 7 days (q). The middle lines within box plots
correspond to the medians; lower and upper hinges correspond to the firstand
third quartiles. The upper whisker extends from the hinge to the largest value
no further than1.5*IQR. The lower whisker extends from the hinge to the
smallest value at most 1.5 *IQR. Statistics and reproducibility are described in
Methods. For gel source data, see Supplementary Fig. 1.
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Extended DataFig.9 | Establishment and characterization of DNMT3A-
dependent valemetostat resistant models. a, Relative expression levels of
DNMT family genes in TL-Om1 parental and valemetostat-resistant cells
quantified by qRT-PCR. b, shRNA targeting EZH1, EZH2, or EED were introduced
by lentivirus vectorsin parental and resistant cell line (TL-Om1_R). Graphs
show cell growth (%) relative to control shRNA. ¢, Growthinhibition rate (%) by
valemetostat (0 ~10,000 nM) in TL-Om1 parental and valemetostat-resistant
cells.shRNA targeting DNMT3A or DNMT3B were transduced by lentivirus
vector.n=3,independent experiments, mean + SD. d, Histograms show
differentially methylated (AmCpG <-10%, or >10%) probesinresistant TL-Om1
versus parental cells. e, MSP assay in TL-Om1_R with shDNMT3A. Amplified
DNAwas visualized by agarose gel electrophoresis for TSG loci with primer
setsspecific for methylated state (M) or unmethylated state (U). Data are
representative of twoindependent experiments.f, DNMT3A (WT and E629stop
which lacks enzymatic domain) and DNMT3B expressing cell models were
established by lentivirus vectorsin ATL-derived TL-Omland ATN-1cellsand
DLBCL-derived WSU-DLCL2 cells. DNMT3A and DNMT3B protein levels

were analyzed by immunoblotting (ATN-1). Data are representative of two
independent experiments. g, Cellgrowth curves show recovered outgrowth

outgrowth clone ID

outgrowth clone ID

cellnumbersin ATN-1cellsin 96-well plate culture.h, DNMT3ARNA level in
randomly collected outgrowth clones (n =16) quantified by qRT-PCR.1i, Scatter
plot shows DNA methylation changes (x-axis) and accumulation of H3K27me3
(y-axis) inthe promoter proximal region (TSS + 1kbp) of each gene in the
outgrowth DNMT3A clone #1. Values are averaged per gene and represented
only differentially methylated genes (AmCpG < -5% or >5%). j, Bar graphs show
differentially methylated CpG sitesin DNMT3A outgrowth clone (left) and Pt5
PD clone (right) in single nucleotide resolution analysis using EM-seq data.
Percentages were compiled from all CpG sites (filter depth>5) in the TSSand
downstream gene body regions (center + 1kbp). Target genes were defined
based onH3K27me3,SUZ12,and H3K27ac ChiP-seq data. k, Pie chart shows the
percentage of epigenomic domains of CpGislands near the TSS with increased
methylation (P< 0.05).1, m, Parental cellsand the recovered outgrowth clones
were treated with valemetostat (100 nM) and DAC (10 nM). Bar graphs show
relative cellgrowth at14 days (I, n = 3,independent experiments, mean + SD)
andrelative expression levels of the H3K27me3 target genes (CDKN1A and
BCL2L11)at7 days (m).Statistics and reproducibility are described in Methods.
Forgel source data, see Supplementary Fig.1.
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Extended DataFig.10 |Intrinsic subpopulations and translational
regulation of PRC2genes. a, t-SNE projection of scRNA-seq datain Pt3, with
cellscolored according tosampleID, sub-clustering based on clinical time
order or K-means, and profiles of mutations and virus reads. b, Clustered
heatmaps depict expression levels of genesinvolved in differentially enriched
categoriesinsubclusters SC-Aand SC-Bin Pt3. ¢, Hallmark GSEA of scRNA-seq
datafrom Pt3 SC-B before valemetostat treatment compared with SC-A. For all
pathways shown, significantly enriched gene sets were evaluated by normalized
enrichmentscore (NES) and nominal Pvalue (P<0.001).d, t-SNE projection

of scRNA-seq datain Pt11, Pt12,and Pt13, with cells colored according to
subclusters, viral reads, and expression of E/F3D and EIF3E. e, Clustered
heatmaps depict expression levels of genesinvolved in OXPHOS and translation
initiationin subclusters SC-Aand SC-Bin ATL patients (n=5).f, Secondary
structures of UTR of PRC2 factor genes. Red circles indicate representative
stem-loop structures easily recognized by elF3.g, Reporter-based 5UTR
activity screening. Aseries of 5’UTR -luciferase reporters was transfected in
293 T cellswith or without shEIF3D shRNA vector. Relative values of dual-
luciferase assay are presented. n =3, independent experiments, mean + SD.
*,versus Mock, P< 0.05; #, versus shCtrl, P< 0.05. h, i, CRISPR-nickase (Cas9
D10A)-based deletion of endogenous EZH25'UTR. Representative EZH25'UTR

sequence of an established clone (TA-5) and gRNAregions areillustrated (h).
Estimated mfold free energies (AG kcal/mol) of established AS’UTR clones are
shownbybargraph (i).j, Translation activity was evaluated by polysome analysis.
Theamountof mRNAin the ribosomal and polysomal fractions was quantified
using sucrose density gradient centrifugation. Absorbance at 254 nM of
collected fractions (upper) and EZH2 mRNA level (% distribution, lower) are
shown (representative data, n =2 biological replicates). k-m, Effect of eIF3D
knockdown (KD) in TL-Oml1 cells. The qRT-PCR (k) and immunoblotting (I)
showed reduced expression of PRC2 genes and H3K27me3 at the protein level.
TheelF3DKD cells showed reduced growth activity (m). n=3independent
experiments, mean = SD, * P< 0.05.n, Violinand box plots show scRNA-seq
expression distribution of e/F3D and e/F3E genesin Pt3. 0, H3K27me3 staining
of PBMCsin Pt3 gated on CD4°/CADM1'/CD7 tumor cell populationsat16
weeks (CR) and 118 weeks (PD) post valemetostat treatment. The middle lines
withinbox plots correspond to the medians; lower and upper hinges correspond
to thefirstand third quartiles. The upper whisker extends from the hinge to
thelargestvalue no further than1.5*IQR. The lower whisker extends from the
hinge to the smallest value at most1.5*IQR. Statistics and reproducibility are
described in Methods. For gel source data, see Supplementary Fig. 1.
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Data collection  For Target-seq, RNA-seq, scATAC-seq, scRNA-seq, scMultiome analysis, and EM-seq, sequencing and base calling were conducted by
HiSeq2500 system (HiSeq Control Software v2.2.38 or later, lllumina) or Novaseq 6000 system (Novaseq Control Software v1.6.0 or v1.7.5,
Illumina) according to the manufacturer’s instruction. Single-cell sequencing was performed on 10x Chromium controller (10x Genomics).
DNBSEQ-G400 platform (MGl tech) was used for WGS according to the manufacturer’s instructions. FACSAria Il or FACSLyric instrument (BD
Biosciences) was used for multicolor flow cytometry and fluorescence-activated cell sorting.

Data analysis Targeted deep sequencing.
The sequenced data were aligned to the human reference genome hg38 by BWA (v0.7.15) software. The polymerase chain reaction (PCR)
duplicates were removed using Picard (v2.92) and SAMtools (v1.2) software. Matched buccal DNA was used as matched normal controls to
call somatic mutations. The somatic mutation candidates were called using MuTect2 from GATK (v4.0.12) software and annotated with
ANNOVAR (v20191024). Candidate mutations with (i) > 5 variant reads in tumor samples, (ii) a VAF in tumor samples > 0.01, (iii) read depth >
200, and (iv) tumor variant: normal variant ratio > 2, were adopted and further filtered by excluding synonymous SNVs.

Clonality analysis.

The clonality analysis of HTLV-1-infected cells was performed by high-throughput sequencing based mapping of proviral integration sites. To
designate the virus integration sites, sequence reads were aligned to human reference genome hg38 and virus genome (NC_001436.1) by
BWA. Paired-end reads spanning the viral and human genomes and soft-clipped reads (> 15 bp soft-clipped region) were extracted using Perl
scripts and then validated by Blastn (v2.6.0+). The clonality was calculated as the population size of each clone by counting the extracted
reads at host-provirus junction sites. We used PyClone (v0.13.0) for the analysis of subclonal population structure and reconstruct hierarchical
trees. PyClone is based on a Bayesian clustering method, which uses a Markov chain Monte Carlo-based framework to estimate cellular




prevalence values using somatic mutations. The somatic mutation candidates for PyClone were called using MuTect2, with (i) > 5 variant reads
in tumor samples, (ii) a VAF in tumor samples > 0.05, (iii) read depth > 200, and (iv) tumor variant: normal variant ratio > 2. The clonal
composition was investigated based on the beta binomial emission model, through which a set of clones with a discrete set of mutations
(mutational clusters) were imputed together with their estimated clone size. The process of the clonal evolution was estimated by
extrapolation of the estimated clone sizes at all tested timepoints. The hierarchical trees with imputed mutational subclusters were depicted
by ClonEvol (v0.99.11) based on the results of clustering and cellular prevalence from the PyClone model.

Whole-genome sequencing.
Sequence data cleaning was performed by Cutadapt software (version 1.9.1). The Sentieon pipeline was used to call germline SNV/InDel and
somatic variations. CNV was detected by Control-FREEC.

RNA sequencing.

For quality control, to remove technical sequences, including adapters, PCR primers, or fragments thereof, and quality of bases lower than 20,
pass filter data of fastq format were processed by Trimmomatic (v0.30) to be high-quality clean data. For mapping, Hisat2 (v2.0.1) was used to
index the reference genome sequence. Finally, clean data were aligned to the reference genome via software Hisat2.

scATAC sequencing.

After sequencing analysis, fastq files were created by the Cell Ranger atac ver2.0.1 mkfastq pipeline (10x Genomics). The obtained fastq files
were mapped to the reference genome provided by 10x Genomics (GRCh38). Cell Ranger atac count pipeline (v2.0.1) was used to perform
demultiplexing, aligning reads, filtering, peak calling, clustering, and motif activity analyses, using default parameters. The Cell Ranger data
were imported into Loupe Cell Browser Software (v6.0.0) for t-distributed stochastic neighbor embedding (t-SNE) based clustering, heatmap
generation, and promoter activity plots.

scRNA sequencing.

After sequencing analysis, fastq files were created by the Cell Ranger ver3.1.0 mkfastq pipeline (10x Genomics). The obtained fastq files were
mapped to the reference genome provided by 10x Genomics (GRCh38). Cell Ranger count pipeline (v3.1.0) was used to perform
demultiplexing, aligning reads, filtering, clustering, and gene expression analyses, using default parameters. Briefly, after read trimming, Cell
Ranger used an aligner called STAR, which performs splicing-aware alignment of reads to the genome. Cell Ranger further aligned exonic and
intronic confidently mapped reads to annotated transcripts by examining their compatibility with the transcriptome. Only uniquely mapping
exonic reads were carried forward to UMI counting. After the UMI filtering steps with default parameters and expected cell counts, each
observed barcode, UMI, gene combination was recorded as a UMI count in the feature-barcode matrix. The workflow also performed an
improved Calling Cell Barcodes algorithm, identified the primary mode of high RNA content cells and also captured low RNA content cells.
After data processing, we recovered quality-assured data for secondary analysis of gene expression. To correct batch effects between
timepoints, we used a Cell Ranger merge algorithm. To regress out the cell—cell variation in gene expression driven by batch and cluster data
with corrected data in different timepoints, we used standard Seurat v3 integration workflow with functions FindintegrationAnchors() and
IntegrateData(). The Cell Ranger data or batch-corrected data were imported into Loupe Cell Browser Software (v6.0.0) for t-SNE-based
clustering, heatmap generation, and gene expression distribution plots.

Single-cell multiome (scMultiome) analysis.

scMultiome dataset was first processed using Cell Ranger ARC ver 2.0.0 (Cell Ranger ARC, 10x Genomics). BCL files were converted into fastq
using the command cellranger_ark mkfastqg with default parameter. The fastq files were then processed by cellranger_ark count and merged
by cellranger-arc aggr. To remove batch effect, scMultiome RNA dataset was processed by Seurat (v4.3.0) reciprocal PCA (clustering
parameters PCA dimensions 1~30, resolution 0.5). scMultiome ATAC dataset was recounted by Signac (v1.9.0) using the merged peak bed files
and processed by Harmony (v0.1.1).

Single-cell mutation identification and analysis.

RNA variants from scRNA-seq data were validated from curated BAM files based on the results of Cell Ranger. For each cell barcode in the
filtered Cell Ranger barcode list, and each somatic variant in the targeted sequencing data, variant bases were identified. Only reads with a
Chromium Cellular Barcode (CB) tag and a Chromium Molecular Barcode (UB) tag were included. We then obtained the cell-associated tag for
downstream analysis of UMlIs. CB tags with the variant reads extracted by SAMtools were defined as at least one mutant read detected and
mapped on each t-SNE projection using Loupe Cell Browser Software. Almost variants were validated by manual review to identify mutant
cells accurately. One-sided Fisher exact tests were used to identify cell clusters that were enriched for somatic mutations (P < 0.05).

Virus reads and host-virus chimeric reads from single-cell data.

For detection of virus reads from scATAC-seq and scRNA-seq data, we processed Cell Ranger GRCh38-aligned sequence data. No-map and
soft-clipped reads (> 20 bp soft-clipped) were extracted using Python scripts. The pass filter data of fastq format were processed to remove
adopter and polyA sequences. The high-quality clean data were then aligned to the human reference genome (hg38) and virus genome
(NC_001436.1) via software STAR. For detection of cells expressing virus genes, CB tags with virus reads were defined as at least one virus
read detected. Almost virus-aligned reads were derived from the antisense strand. Both host- and virus-aligned soft-clipped reads were
extracted as host-virus chimeric reads. Genomic breakpoints of chimeric reads were analyzed from supplementarily mapped data from STAR
alignment to link the clone-specific chimeric reads with the viral integration sites identified in the corresponding clones. The extracted CB tags
with virus antisense reads or clone-specific host-virus chimeric reads were mapped on t-SNE projection using Loupe Cell Browser. One-sided
Fisher exact tests were used to identify cell clusters that were enriched for virus reads (P < 0.05).

Cluster assignment and single-cell data analysis.

Promoter activity (Promoter Sum) and expression patterns of CD4, CADM1, and CD7 were used and overlaid on the t-SNE to identify ATL
tumor clusters using the Loupe Cell Browser. CBs with HTLV-1-derived antisense transcripts (scRNA-seq) and proviral DNA reads (scATAC-seq)
were overlaid on the t-SNE. The HTLV-1-derived reads served for inference of infected cells (P < 0.05). Infected clone-specific host-virus
chimeric reads were significantly enriched in each cluster (P < 0.05). To detect the mutation-harboring clones estimated by PyClone, RNA
variants from scRNA-seq data were validated from curated BAM files based on the results of Cell Ranger. CB tags with variant reads were
defined as at least one mutant read detected and mapped on each t-SNE projection (P < 0.05). Log2 fold-change and median-normalized
average values of assigned clusters were obtained via Loupe Cell Browser and used in the following analysis of differentially expressed genes
within each cluster. Manual clustering based on expression patterns was curated by original Python scripts or polygonal selection tool (Loupe
Cell Browser interface).

ChIP sequencing.
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Reads were aligned to the human genome (hg38) using the BWA algorithm (v0.7.12]. Duplicate reads were removed, and only uniquely
mapped reads [mapping quality >= 25) wera used for further analysis. Alignments were extended in silico at their 3'-ends to a length of 200
b, which is the average genomic fragment length in the size-selected library, and assigned to 32-nt bins along the genome. The resulting
histograms (genomic “signal maps”) were stored in bigWig files, Peak call for H3K2Z7me3 were performed using the SICER algorithm (v1.1)
with a cutoff of P value = 10-10. Peak call for H3K27ac were performed wsing the MACS algorithrm [v2.1.0) with a cutoff of P value = 10-7,
Peaks that were on the ENCODE blacklist of known false ChiP-seq peaks were removed. Signal maps and peak locations were used as input
data to Active Maotifs proprietary analysis program, which creates Excel tables containing detailed information on sample comparison, peak
metrics, peak locations and gene annotations. EaSeq software [v1.111) was also used to calculate each peak value and create heatmaps.

DM methylation profiling.

Mormalization by Background Subtraction and Internal Controls was performed using GenoemeStudio (V2011.1) / Methylation Maodule (v1.9.0)
to analyze the acquired fluorescence image data. Each CpG site was annotated by distance from the TS5 of the genes (hg38). Only CpG sites
within £5 Kbp of the T35 were used for further integrative analyses. The E-value was used as the methylation level (%), and probes that
fluctuated more than 10% were defined as differentially methylated sites. Bigwig files were created using the Enhancer Linking by
Methylation/Expression Relationship {ELMER) package with the function createBigWigDNAmetArray(].

For whole genome DMA methylation analysis, EM-seq dataset was adapter-timmed by Trim Galore ver0.6.7 with the default parameters. The
trimmed reads were aligned to hg38 using Blsmark (v0.22.3). PCR duplicates were removed using deduplicate_bismark with default
parameter. The methylation information was extracted with a bismark_methylation_extractor. The methylation information was filtered
depth = 5. Differential methylated regions (DMRs) were extracted using metilene (v0.2-8] (F < 0.05). The methylation information bedGraphs
of bismark outputs were converted to bigwig by bedGraphToBigWig and visualized by IGY. Methylation levels of target genes were calculated
by Deeptools ver3. 3.1 and visualized by Deeptools plotProfile.

Bloinformatic analysis and statistics,

Integrative Ganomics Viewer (IGY] tool was used for visualizing and interpreting the results of DNA-seq, RNA-seq, ChiP-seq, and DNA
methylation data. For differentially expressed gene analysis, HTSeq [v0.6.1) estimated gene and convert read counts to transcripts per million
[TPM) from the pair-end clean data. Selected genes were subjected to the hierarchical clustering analysis using IDEP.91 pipeline that contains
DESeq? package. Gene set enrichment analysis [G5EA) was performed using GSEA software [v4.1.0) (httpy/fwww.broadinstitute.org/gsea)
with 1,000 permutations. Gene sets used in this study were selected from the MSigD8 hallmark gene sets [hitp:/f'www.broadinstitute.org/
gsea/msigdb/collections, jsp). Significantly enriched gene sets were evaluated by normalized enrichment score (MES) and nominal P value (P <
0.001). Gene Ontology analysis was performed by DAVID Bloinformatics Resources (https://david.nciferf gov/). Significant differences in gene
expression and other biclogical assays between the two groups were analyzed by a two-sided Student's t-test. Adjustments were not made
for multiple comparisons. Correlations between two groups were analyzed by a two-sided Pearson's correlation coefficients and probabilities
of overlap between gene sets were statistically tested.

Flow cytometry.
The collected flow cytometry data were analyzed by Flowlo software (v10.7.1, Tree Star).

Far manuscripts utilizing custom algorithms or software that are cantral to the research but not yat describad in published literatura, software must ba made available to editors and
reviewers, We strongly encourage code depasition in a community repository |e.g. GitHub), See the Nature Portfolio guidelines for submitting code & software for further infarmation,

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, unigue identifiers, or web links for publicly available datasets
- A description of any restrictions on data availahility
- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All sequencing data (fastg format), including Target-seq, RNA-seq, scRNA-seq, scATAC-seq, and ChIP-seq, have been deposited in the National Bioscience Database
Center (NBDC) Human Database under an accession number JGAS000553 (https:/humandbs.blosclencedbe. jpfen/hum2s2-v2], Previous scRNA-seq dataset
[JGAS000301) was used for validation. The reference human genome hg38 was downloaded from UCSC Genome Browser. For gel raw data, see Supplementary
Figure 1. Other source data are provided with this paper.

Human research participants

Policy information about studies involving human research participants and 5ex and Gender in Research,

Reporting on sex and gender The sex of the dinical specimens available is provided in Supplementary Table 1.

Population characteristics Peripheral blood samples were collected from patients enrolled in valemetostat phase 1 (NCTO2732275) and phase 2
[NCTO4102150) trizls in Japan, Covariate-relevant population characteristics of the human research participants are provided
In Supplermentary Table 1.

Recruitment Peripheral blood samples were collected from ten patients enrolled in valemetostat phase 1 [NCTO2732275) or phase 2

[MCTO4102150] trials. All patients with relapsed or refractory ATL cases were categorized into clinical subtypes according to
Shimoyama’s criteria,
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Ethics oversight This translational study was approved by the Institutional Review Board of the institutes (the University of Tokyo, the
University of Ryukyus, and Daiichi Sankyo Co., Ltd.). Written informed consents were obtained from all patients.

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

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical methods were used to determine sample size since this is an exploratory study. Sample size was thus determined by the
availability of patient recruitment. We enrolled individuals who provided consent for our study during the enrollment period. List of used
clinical samples are provided in Supplementary Table 1.

Data exclusions  All data was included in the current study.

Replication The experimental findings were reliably and independently reproduced. The replication numbers were described in the corresponding figure
legends.

Randomization Not applicable since this is a case-series study which was therefore not planned to detect any difference in effects between the cohorts with
and without intervention. No animal studies were conducted in this study, all experiments were in vitro except those using clinical specimens,
and no randomization was required. Thus, randomization was not relevant to the study design.

Blinding Blinding was not relevant to our study with clinical samples because it was essential to understand underlying confounding variables in our
associations, such as clinical subtype, sex, etc. No animal studies were conducted in this study, all experiments were in vitro except those
using clinical specimens, and no blinding was required.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

n/a | Involved in the study n/a | Involved in the study
Antibodies |:| ChIP-seq
Eukaryotic cell lines |:| |Z| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms

Clinical data
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Dual use research of concern

Antibodies

Antibodies used Flow cytometry.
An unlabeled CADM1 antibody (CM004-6, clone 3E1) and an isotype control chicken immunoglobulin Y (IgY) antibody (PM084) were
purchased from MBL. These were biotinylated (primary amine biotinylation) using biotin N-hydroxysuccinimide ester (Sigma-Aldrich).
Anti-CD14-Pacific Orange antibody (MHCD1430, clone TuK4) was purchased from Invitrogen. All other antibodies were obtained from
Biolegend. Cells were stained using a combination of anti-CADM1-biotin (MBL, CM004-6), anti-CD7-APC (clone CD7-6B7), anti-CD3-
APC-Cy7 (clone SK7), anti-CD4-Pacific Blue (clone RPA-T4), and anti-CD14-Pacific Orange (MHCD1430, clone TuK4) antibodies. After
washing, phycoerythrin (PE)-conjugated streptavidin (SA10041, Thermo Fisher Scientific for phase 1 study; Cat#554061, BD
Biosciences, for phase 2 study) was applied. Propidium iodide (PI, Sigma-Aldrich) or 7-AAD (BD Biosciences, Cat#51-68981) was
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added to the samples to stain dead cells immediately before flow cytometry.

Intracellular staining of the H3K27me3.

PBMCs (5 x106) were washed and incubated with Ghost DyesTM viability dye (TONBO Biosciences). Then, the cells were stained
using a combination of anti-CD3-APC-Cy7, anti-CD4-Pacific Blue, anti-CD7-PE-Cy7 (clone M-T701), anti-CD14-Pacific Orange (or -
BV510 for phase 2 study), anti-CADM1-biotin, and Streptavidin-PE. The surface-stained cells were then fixed and permeabilized using
BD CytofixTM Fixation Buffer (BD Biosciences, 554655) and BD Phosflow Perm buffer IV (BD Biosciences, 560746) according to the
manufacturer’s instructions. After washing, the permeabilized cells were stained with anti-H3K27me3-Alexa Flour 488 (CST, #5499,
clone C36B11), anti-Histone H3-Alexa Fluor 647 (CST, #12230, clone D1H2), anti-Rabbit 1gG Isotype Control-Alexa Flour 488 (CST,
#4340, clone DA1E), and anti-Rabbit 1gG Isotype Control-Alexa Flour 647 (CST, #3452, clone DA1E).

H3K27me3 level was evaluated by immunoblotting with primary antibodies [anti-H3K27me3 (07-449, MERCK/Millipore), anti-histone
H3 total (ab10799, Abcam), anti-FLAG M2 (F1804, Sigma)].

For ChIP-seq, validated antibodies against H3K27me3 (AM#39155, polyclonal, Active Motif), H3K27ac (AM#39133, polyclonal, Active
Motif), and SUZ12 (AM#39357, polyclonal, Active Motif) were used.

For RNA immunoprecipitation (RIP) assay, Dynabeads Protein G was inculcated with anti-elF3D (Bethyl Laboratories, A301-758A),
anti-elF3A (CST, #2013), or control IgG (CST, #2729) antibodies for 10 minutes.
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Expression levels of DNMT3A and DNMT3B were evaluated by immunoblotting with primary antibodies as follows; anti-DNMT3A
(#3598, Cell Signaling Technology) and anti-DNMT3B (#57868, Cell Signaling Technology).

For elF3D knockdown, protein levels of elF3D, PRC2 factors, and H3K27me3 were analyzed by immunoblotting with primary
antibodies, as follows; anti-EZH1 (#42088, Cell Signaling Technology), anti-EZH2 (#3147, Cell Signaling Technology), anti-SUZ12
(#3737, Cell Signaling Technology), anti-EED (#85322, Cell Signaling Technology), anti-elF3D (A301-758A, Bethyl Laboratories), anti-
H3K27me3 (07-449, MERCK/ Millipore), anti-COX4 (#4850, Cell Signaling Technology), anti-TFAM (#8076, Cell Signaling Technology),
anti-c-Jun (#9165, Cell Signaling Technology), and anti-b-actin (sc-69879, Santa Cruz). Alkaline phosphatase-conjugated anti-mouse
(S3721, Promega) and anti-rabbit (53731, Promega) secondary antibodies and BCIP/NBT substrate (53771, Promega) were used for
detection.

Validation All antibodies used were validated for their use in flow-cytometory and western blotting experiments with human samples, as shown
on the website provided by the respective companies.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) ATL-derived TL-Om1 cells were kindly provided by an established researcher Dr. Sugamura. ATN-1 cells were purchased from
the RIKEN BRC cell bank (RCB1440). HEK293T cells were purchased from ATCC (CRL-3216). HEK293FT cells were purchased
from Thermo Fisher Scientific (R70007). DLBCL cell line WSU-DLCL2 was purchased from DSMZ (ACC 575). Normal (HTLV-1-
uninfected) CD4+ T-cells were obtained from Lonza.

Authentication These cell lines were verified by each cell bank or established researchers and monitored for cross-contamination. The
HTLV-1-infected cell lines had been authenticated based on the provirus integration sites and somatic mutations by panel-
based targeted sequencing. Cell surface expressions of CD4 and CADM1 were validated by flow cytometry.

Mycoplasma contamination The cell lines were tested for mycoplasma contamination using mycoplasma detection PCR (TAKARA, #6601) and were
negative for mycoplasma contamination.

Commonly misidentified lines Commonly misidentified cell lines were not used in this study.
(See ICLAC register)

Clinical data

Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  Peripheral blood samples were collected from ten patients enrolled in valemetostat phase 1 (NCT02732275) or phase 2
(NCT04102150) trials. All patients with relapsed ATL cases were categorized into clinical subtypes according to Shimoyama'’s criteria.
This translational study has been approved by the Institutional Review Board of each hospital, research institute, and Daiichi Sankyo
Co., Ltd. Written informed consents were obtained from all patients.

Study protocol Study protocol is accessible on Clinical Trials website. More information is available from the corresponding author upon reasonable
request.
Data collection This study was conducted in parallel with phase 1 (NCT02732275) and Phase 2 trials (NCT04102150) of valemetostat. Details on the

settings and places where the data were collected, as well as the periods of time for recruitment and data collection, are available at




https://clinicaltrials.gov/study/NCT02732275
https://clinicaltrials.gov/study/NCT04102150

Clinical information, including Ably and sIL-2R, was provided from the hospitals.

Qutcomes This study was conducted in parallel with Phase 1 and Phase 2 trials of valemetostat. Information of clinical outcomes were collected
independently of the clinical trials.

The primary and secondary outcomes in the clinical studies were pre-defined and measured. Details of the clinical study design are
available at

https://clinicaltrials.gov/study/NCT02732275
https://clinicaltrials.gov/study/NCT04102150

The clinical outcomes of the Phase 1 and 2 studies have been published in reference 6 and 7, respectively.

ChlIP-seq

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

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

Data access links All sequencing data (fastq format), including ChIP-seq, have been deposited in the National Bioscience Database Center
May remain private before publication.  (NBDC) Human Database, which is associated with DNA DataBank of Japan (DDBJ) under an accession number JGASO00553.

Files in database submission Pt1_Ow_Input
Pt1_Ow_H3K27me3
Ptl_4w_H3K27me3
Ptl_48w_H3K27me3
Pt1_Ow_H3K27ac
Ptl_4w_H3K27ac
Pt5_Pre_Input
Pt5_Pre_H3K27me3
Pt5_CR_H3K27me3
Pt8 Pre_Input
Pt8 Pre_H3K27me3
Pt8_PR_H3K27me3
Pt8_PD_H3K27me3
normalCD4T_Input
normalCD4T_H3K27me3
normalCD4T_H3K27ac
ATN-1_parental_Input
ATN-1_parental_H3K27me3
ATN-1_resistant_Input
ATN-1_resistant_H3K27me3

ATN-1_SUZzZ12
Genome browser session no longer applicable
(e.g. UCSC)
Methodology
Replicates All ChIP-seq analyses for clinical samples has only one biological replicate due to limiting cell number.
Sequencing depth Sample name; Total number of reads; Unique alignments without duplicate reads; Number of peaks; Length of reads; Single or Paired

end

Pt1_Ow_Input; 28,512,266; 22,766,989; NA; 75; SE
Pt1_Ow_H3K27me3; 35,908,583; 29,122,042; 36,744; 75; SE
Ptl_4w_H3K27me3; 38,573,941; 29,464,784; 33,378; 75; SE
Ptl_48w_H3K27me3; 37,797,753; 22,885,099; 25,052; 75; SE
Pt5_Pre_Input; 49,139,727; 36,841,200; NA; 75; SE
Pt5_Pre_H3K27me3; 45,078,946; 25,086,619; 32,757; 75; SE
Pt5_CR_H3K27me3; 43,995,808; 23,175,982; 23,229; 75; SE
Pt8_Pre_Input; 43,193,123; 32,662,597; NA; 75; SE

Pt8_Pre H3K27me3; 44,729,283; 23,761,441; 17,818; 75; SE
Pt8 PR_H3K27me3; 44,036,022; 26,133,922; 22,389; 75; SE
Pt8_PD_H3K27me3; 44,664,914; 22,558,540; 14,903; 75; SE
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Antibodies

Peak calling parameters

Data quality

Software

Flow Cytometry

Pt1_Ow_H3K27ac; 63,567,867; 31,085,484; 29,907; 75; SE
Pt1_4w_H3K27ac; 54,266,367; 15,815,434; 34,677; 75; SE
normalCD4T_Input; 39,012,608; 31,700,350; NA; 75; SE
normalCD4T_H3K27me3; 32,436,482; 12,477,625; 18,446; 75; SE
normalCD4T_H3K27ac; 36,341,149; 15,708,615; 31,040; 75; SE
ATN-1_parental_Input; 40,533,891; 32,783,024; NA; 75; SE
ATN-1_parental_H3K27me3; 36,323,297; 17,833,017; 30,891; 75; SE
ATN-1_resistant_Input; 49,565,134; 40,365,933; NA; 75; SE
ATN-1_resistant_H3K27me3; 37,634,603; 20,716,973; 13,335; 75; SE
ATN-1_SUZ12; 47,449,339; 35,777,362; 6,495; 75; SE

Processing and ChIP experiments including chromatin extraction, fragmentation, antibody-precipitation, and library preparation were
performed at Active Motif (Carlsbad, CA) using validated antibodies against H3K27me3 (AM#39155, Active Motif) and H3K27ac
(AM#39133, Active Motif). All antibodies used in this study and the ChlP-seq protocols performed have been validated by Active
Motif.

Reads were aligned to the human genome (hg38) using the BWA algorithm (v0.7.12). Duplicate reads were removed, and only
uniquely mapped reads (mapping quality >= 25) were used for further analysis. Alignments were extended in silico at their 3'-ends to
a length of 200 bp, which is the average genomic fragment length in the size-selected library, and assigned to 32-nt bins along the
genome. The resulting histograms (genomic “signal maps”) were stored in bigWig files.

Peak call for H3K27me3 were performed using the SICER algorithm (v1.1) with a cutoff of P value = 10-10.
SICER 1.1:

Window size: 200 bps

Fragment size: 200 bps. The shift for reads is half of 200

Effective genome size as a fraction of the reference genome of hg38: 0.86

Gap size: 600 bps

Evalue for identification of candidate islands that exhibit clustering: 1000

False discovery rate controlling significance: 1E-10

Peak call for H3K27ac were performed using the MACS algorithm (v2.1.0) with a cutoff of P value = 10-7.
MACS 2.1.0:

effective genome size = 2.70e+09

band width = 200

model fold = [5, 50]

pvalue cutoff = 1.00e-07

Broad region calling is off

Peaks that were on the ENCODE blacklist of known false ChIP-seq peaks were removed. Signal maps and peak locations were used as
input data to Active Motifs proprietary analysis program, which creates Excel tables containing detailed information on sample
comparison, peak metrics, peak locations and gene annotations. EaSeq software (v1.111) was also used to calculate each peak value
and create heatmaps.

ChiIP-seq quality was assessed in three ways: i. number of peaks called relative to appropriate input sample; ii. number of reads in the
significantly called peaks over reads in the background; iii. cross correlation plots.
Please see sequencing depth information above for the peak counts for all experiments.

BWA algorithm (v0.7.12)
MACS algorithm (v2.1.0)
SICER algorithm (v1.1)

EaSeq software (v1.111)

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).

All plots are contour plots with outliers or pseudocolor plots.

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

Methodology

Sample preparation

ATL cell populations were obtained using a HAS-flow method, as described previously19. Single-cell suspensions of
lymphocytes were stained with fluorescent-labeled antibodies. An unlabeled CADM1 antibody (CM004-6, clone 3E1) and an
isotype control chicken immunoglobulin Y (IgY) antibody (2:100) were purchased from MBL. These were biotinylated (primary
amine biotinylation) using biotin N-hydroxysuccinimide ester (Sigma-Aldrich). Anti-CD14-Pacific Orange antibody
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Instrument

Software

Cell population abundance

Gating strategy

(MHCD1430, clone TuK4) was purchased from Invitrogen. All other antibodies were obtained from BioLegend. Cells were
stained using a combination of anti-CADM1-biotin (MBL, CM004-6, 1:100), anti-CD7-APC (clone CD7-6B7, 5:100), anti-CD3-
APC-Cy7 (clone SK7, 5:100), anti-CD4-Pacific Blue (clone RPA-T4, 5:100), and anti-CD14-Pacific Orange (5:100) antibodies.
After washing, phycoerythrin (PE)-conjugated streptavidin (SA10041, 2:100, Thermo Fisher Scientific for phase 1 study;
Cat#554061, 1:80, BD Biosciences, for phase 2 study) was applied. Propidium iodide (P, Sigma-Aldrich) or 7-AAD (BD
Biosciences, Cat#51-68981) was added to the samples to stain dead cells immediately before flow cytometry.

For intracellular staining of the H3K27me3, we improved the HAS-Flow method. First, PBMCs (5 x106) were washed and
incubated with Ghost DyesTM viability dye (TONBO Biosciences). Then, the cells were stained using a combination of anti-
CD3-APC-Cy7, anti-CD4-Pacific Blue, anti-CD7-PE-Cy7 (clone M-T701, 5:100), anti-CD14-Pacific Orange (or -BV510 for phase 2
study), anti-CADM1-biotin, and Streptavidin-PE. The surface-stained cells were then fixed and permeabilized using BD
CytofixTM Fixation Buffer (BD Biosciences, 554655) and BD Phosflow Perm buffer IV (BD Biosciences, 560746) according to
the manufacturer’s instructions. After washing, the permeabilized cells were stained with anti-H3K27me3-Alexa Flour 488
(CST, clone C36B11, 1:50), anti-Histone H3-Alexa Fluor 647 (CST, clone D1H2, 1:100), anti-Rabbit IgG Isotype Control-Alexa
Flour 488 (CST, clone DA1E, 1:100), and anti-Rabbit IgG Isotype Control-Alexa Flour 647 (CST, clone DA1E, 1:100).

FACSAria Il or FACSLyric instrument (BD Biosciences) was used for multicolor flow cytometry and fluorescence-activated cell
sorting.

Expression of fluorescent proteins and tumor cell markers (CD4+CADM1+CD7-) were confirmed by flow-cytometory using
FACSCalibur or FACSymphony A1 (BD Biosciences), or by automated cell counter using Countess 3 FL (Thermo Fisher
Scientific).

The collected data were analyzed by FlowJo (v10.7.1) software (Tree Star).

After cell sorting, we were able to assess purity in our cell sorts by assessing HTLV-1 provirus PCR. In addition, expression
pattern of cell surface markers such as CADM1 and CD7 were validated using RNA-seq data.

Gating was determined using fluorescent-minus-one controls for each color used in each FACS experiment to ensure that
positive populations were solely associated with the antibody for that specific marker.

CD4+/CADM1+/CD7- cells and CD4+/CADM1-/CD7+ cells were analyzed as malignant ATL cells and non-malignant cells,
respectively. Tumor H3K27me3 levels (mean fluorescence intensity, MFI) were calculated by normalization with the data of
normal CD4+ T-cells.

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