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ABSTRACT
◥

Purpose: The efficacy of EZH2 inhibition has beenmodest in the
initial clinical exploration of diffuse large B-cell lymphoma
(DLBCL), yet EZH2 inhibitors are well tolerated. Herein, we aimed
to uncover genetic and pharmacologic opportunities to enhance the
clinical efficacy of EZH2 inhibitors in DLBCL.

Experimental Design:We conducted a genome-wide sensitizing
CRISPR/Cas9 screen with tazemetostat, a catalytic inhibitor of
EZH2. The sensitizing effect of IKZF1 loss of function was then
validated and leveraged for combination treatment with lenalido-
mide. RNA sequencing (RNA-seq) and chromatin immunoprecip-
itation sequencing analyses were performed to elucidate transcrip-
tomic and epigenetic changes underlying synergy.

Results: We identified IKZF1 knockout as the top candidate for
sensitizing DLBCL cells to tazemetostat. Treating cells with taze-
metostat and lenalidomide, an immunomodulatory drug that selec-
tively degrades IKAROS and AIOLOS, phenocopied the effects of

the CRISPR/Cas9 screen. The combined drug treatment triggered
either cell-cycle arrest or apoptosis in a broad range of DLBCL cell
lines, regardless of EZH2 mutational status. Cell-line–based xeno-
grafts also showed slower tumor growth and prolonged survival in
the combination treatment group. RNA-seq analysis revealed
strong upregulation of interferon signaling and antiviral immune
response signatures. Gene expression of key immune response
factors such as IRF7 and DDX58 were induced in cells treated with
lenalidomide and tazemetostat, with a concomitant increase of
H3K27 acetylation at their promoters. Furthermore, transcriptome
analysis demonstrated derepression of endogenous retroviruses
after combination treatment.

Conclusions: Our data underscore the synergistic interplay
between IKAROS degradation and EZH2 inhibition onmodulating
epigenetic changes and ultimately enhancing antitumor effects in
DLBCL.

Introduction
Diffuse large B-cell lymphoma (DLBCL) is the most common

lymphoma subtype, with an incidence of 5.6/100,000 per year (1).
Identifying novel treatment strategies for DLBCL is a critical, unmet
medical need. Indeed, relapse occurs in 40% of all patients and is
typically associated with resistance to chemotherapy (2). At least 80%
of all patients with refractory DLBCL ultimately die from lymphoma,
given that second-line treatment regimens, including high-dose che-
motherapy and autologous stem cell transplantation, lead to cure in
only a minority of patients (2). Even cutting-edge new treatment
modalities such as chimeric antigen receptor (CAR) T-cell therapy
offer durable benefit to only a fraction of patients (3). For all these

reasons, patients with relapsed DLBCL urgently need more efficacious
treatment options.

Over the last decade, advances in next-generation sequencing
technology have led to granular cataloguing of genetic alterations that
are recurrent in B-cell lymphomas. A major theme is the common
disruption of genes encoding histone modifiers. In 2010, EZH2 was
reported for the first time to be frequentlymutated in bothDLBCL and
follicular lymphoma (4). EZH2 functions as a histone methyltransfer-
ase and is a component of the polycomb repressive complex 2 (PRC2),
mediating repression of gene expression by promoting methylation of
histone H3 on lysine 27 residues (5–7). Mutations in EZH2 are
predominantly gain-of-function hotspot mutations (8), with most
mutations causing nonsynonymous amino acid changes of Y646. In
non-malignant germinal center B cells, EZH2 represses terminal
differentiation through a blockade of checkpoint genes and this
phenotype is reinforced in lymphoma cells that harbor mutant
EZH2 (9). Because EZH2 mutations were reported, several selective
small-molecule inhibitors have been developed that compete with the
substrate (S-adenosyl methionine) of the catalytic SET domain of
EZH2 and, hence, inhibit its methyltransferase activity (10–13). The
clinical efficacy of one of these compounds, tazemetostat, has been
explored in a phase II trial (NCT01897571), with overall response rates
of 69% reported in EZH2-mutated and 35% in wildtype follicular
lymphoma, as well as 29% and 15% in EZH2-mutated and wildtype
DLBCL, respectively (14, 15). Subsequently, based on the findings of
this multicenter study, an accelerated approval for the use of tazeme-
tostat for the treatment of adults with relapsed or refractory follicular
lymphoma in conjunction with a companion diagnostic EZH2 muta-
tion test has been expedited (16).
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These observations document the potential for high efficacy in a
subset of patients, partially identified by lymphoma subtype and EZH2
mutational status. Nonetheless, it is unclear why not all patients with
EZH2-mutated DLBCL or follicular lymphoma respond. In addition,
given that tazemetostat is well tolerated, treatment efficacy can poten-
tially be enhanced by combination therapy. The focus on inhibition of
EZH2 is further justified by recent insight that the molecularly defined
EZB subtype of DLBCL, characterized by frequent mutations of EZH2
and translocations of BCL2, has poor outcome when compared to
other germinal center B cell–like (GCB)-DLBCL cases (17, 18). To
elucidate whether knockout of individual genes might confer sensi-
tivity to tazemetostat (synthetic lethality), we performed a genome-
wide knockout screen in SU-DHL-4 cells that are relatively resistant to
EZH2 inhibition, despite harboring anEZH2mutation (10, 11, 19).We
identified an interaction between EZH2 inhibition and IKAROS
degradation that can be exploited for combinatorial therapeutic
targeting in EZH2-mutated and wildtype models, and describe the
transcriptomic and epigenetic underpinnings underlying synergy
between tazemetostat and lenalidomide.

Materials and Methods
Cell lines

GCB-DLBCL cell lines used in this study with EZH2 gain-of-
function mutation were: SU-DHL-4 (RRID:CVCL_0539), SU-DHL-
6 (RRID:CVCL_2206), RL (RRID:CVCL_1660), WSU-DLCL-2
(RRID:CVCL_1902), Karpas-422 (RRID:CVCL_1325), and OCI-Ly1
(RRID:CVCL_1879). Cell lines with EZH2 wildtype status were:
DOHH2 (RRID:CVCL_1179), SU-DHL-5 (RRID:CVCL_1735), and
HT (RRID:CVCL_1290). SU-DHL-4, SU-DHL-6, RL, WSU-DLCL-2,
Karpas-422, DOHH2, and OCI-Ly1 harbor a t(14;18) translocation,
whereas SU-DHL-5 and HT do not. The cell lines SU-DHL-4, SU-
DHL-6, WSU-DLCL-2, DOHH2, RL, HT, and OCI-Ly1 are derived
from male patients, and SU-DHL-5 and Karpas-422 from female
patients. Genetically modified SU-DHL-4-Cas9, SU-DHL-4-Cas9
deficient in IKAROS or AIOLOS, and SU-DHL-4-Cas9 LacZ gRNA
control cell lines were generated as described in the Supplementary
Materials and Methods. All cell lines (parental and engineered) were
authenticated using short tandem repeat analysis and were routinely
confirmed free ofMycoplasma contamination using the e-MycoVAliD
mycoplasma PCR detection kit (FroggaBio).

Genome-scale CRISPR/Cas9 screen
A synthetic lethal CRISPR/Cas9 screen was performed using

SU-DHL-4-Cas9 cells and Toronto KnockOut Library v1 (TKOv1;
ref. 20) in the presence of 1 or 5 mmol/L tazemetostat (Selleckchem,
catalog no. S7128) as the treatment arms and DMSO as the vehicle
control arm over 14 days of cell propagation. After next-generation
sequencing of the gRNA library, the differentially represented gRNAs
(tazemetostat vs. DMSO) were identified using Model-based Analysis
of Genome-wide CRISPR/Cas9 Knockout (MAGeCK; v0.5.7) and the
candidate genes were determined on the basis of the modified robust
rank aggregation (RRA) scores generated from the gRNAanalysis (21).

Drug-treatment matrices and determination of synergy
The cell lines were treated with eight doses per drug or DMSO

for 6 days. Cell viability was assessed by CellTiter-Glo luminescent
cell viability assay (Promega, catalog no. G7572). Percent viability
was determined by normalizing luminescent readouts to vehicle
controls. Synergy scores were determined using the SynergyFinder
R package (22).

In vivo experiments
SCIDmice were subcutaneously injected with RL cells into the right

flank. Once tumors were established, mice were randomly assigned to
oral gavage with vehicle, lenalidomide (50 mg/kg twice daily, Sigma,
catalog no. 901558), tazemetostat (EPZ-6438, 250 mg/kg twice daily)
or their combination. EPZ-6438was provided by Epizyme, Inc. Tumor
volumes were measured daily throughout the experiment. This animal
study was approved by the University Health Network Animal Care
Committee.

RNA sequencing and data analysis
Drug- or DMSO-treated SU-DHL-4, RL, and SU-DHL-4-Cas9

deficient in IKAROS or LacZ gRNA control cell lines, were subjected
to RNA sequencing (RNA-seq), as described in the Supplementary
Materials and Methods. Differential gene expression analysis was
performed in edgeR, with absolute log fold change (FC) > 2 and
Padjusted < 0.05 as cutoffs (23, 24). Pathway analysis was performed
using g:Profiler (25, 26).

Chromatin immunoprecipitation sequencing and data analysis
The chromatin immunoprecipitation sequencing (ChIP-seq) sam-

ples were prepared from the drug- or DMSO-treated RL cells using the
SimpleChIP Enzymatic Chromatin IP Kit (Cell Signaling Technology,
catalog no. 9003). The next-generation sequencing reads weremapped
to the hg19 reference genome using Burrows-Wheeler aligner
v0.7.15 (27), filtered and QC checked by standard procedures. Peak
calling was performed by MACS2 v2.1.0 (28). Differentially H3K27ac
enriched peaks between treatment samples were identified by Diff-
Bind (29). Promoters and putative enhancer regions were then anno-
tated using ChIPseeker (30) with significant H3K27ac enrichment
defined by absolute FC > 1 and FDR < 0.05, and comparison wasmade
across samples. Significantly H3K27ac-enriched regions were further
analyzed with the differential gene expression data from RNA-seq of
the same RL cell line. Pathways associated with concomitant differ-
entially upregulated genes and significant H3K27ac-enriched regions
were identified using g:Profiler (25, 26).

Statistical analysis
All data points were represented as mean � SD, with exception of

the animal study in which tumor volumes were represented as mean�
SEM. Two-tailed unpaired Student t test was used to compare means

Translational Relevance

Single-agent targeted therapies have suboptimal response rates
in aggressive lymphoma, yet the design of rational combination
strategies is hampered by the sheer number of possible combina-
tions. Herein, through genome-scale CRISPR/Cas9 screening, we
identified an epigenetic cross-talk between EZH2 inhibition and
IKAROS degradation that can be leveraged to enhance antitumor
effects. Our finding has translational relevance as EZH2 inhibitors
have activity in a subset of germinal center-derived B-cell lym-
phomas and are well tolerated, hence ideally suited for exploring
combination therapy strategies in the clinical setting. Moreover,
our observation that combined targeting of EZH2 and IKAROS
leads to an interferon response and transcriptional derepression of
endogenous retroviruses provides additional preclinical support to
ongoing studies exploring epigenetic sensitization to enhance the
effects of immune therapies.
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between two groups, as indicated in the figure legends and in figures.
One-tailed Welch t test was used to compare response ratios to
tazemetostat (in Fig. 1E). P < 0.05 was considered statistically signif-
icant. For transcriptome and epigenomic profiling analyses, genes and
regions with FDR values < 0.05 were considered statistically
significant.

Data availability
RNA-seq and ChIP-seq data have been deposited in the Gene

Expression Omnibus under accession number GSE152069.

Additional methods
Detailed methods for CRISPR/Cas9 screen and analysis, cell culture,

generation of IKZF1 and IKZF3 knockout cell lines, Western blot
analysis, cell counting, drug-treatment synergy matrices assay, in vivo
experiment, BrdU proliferation assay, apoptosis assay, quantitative real-
time polymerase chain reaction (qRT-PCR), RNA-seq, co-immunopre-
cipitation, ChIP-seq, ChIP quantitative PCR (ChIP-qPCR), immunos-
taining and microscopy, and transcriptomic and epigenomic data
analyses are described in the Supplementary Materials and Methods.

Results
IKZF1 knockout sensitizes SU-DHL-4 cells to tazemetostat

To address whether knockout of individual genes might confer
sensitivity to tazemetostat in relatively resistant, but EZH2-mutated
DLBCL cell lines (synthetic lethality), we performed a genome-scale
CRISPR/Cas9 knockout screen in SU-DHL-4 cells. These cells were
transduced with the Toronto KnockOut v1 library (20) and exposed to
either tazemetostat (1 and 5 mmol/L) or vehicle (DMSO) for 14 days in
triplicate (Fig. 1A). The quality of the screen was well suited for
downstream analysis, with a mean number of mapped reads of 16.3M
per sample and a low mean Gini index of 0.096, suggesting even
distribution of read counts (Supplementary Fig. S1A and S1B). Unsu-
pervised clustering showed grouping of samples by treatment condi-
tion, as expected (Supplementary Fig. S1C). Comparing DMSO-
treated cells with cells from day 0 (essentiality screen), we identified
3,432 essential genes (FDR < 0.05), with BCL2 being the top candidate
(FDR ¼ 1.8 � 10–5; Supplementary Fig. S2A). This set of essential
genes significantly overlapped with results from a similar screen
performed in SU-DHL-4 cells by Reddy and colleagues (ref. 31;
hypergeometric P ¼ 2.01 � 10–316; Supplementary Fig. S2B), under-
lining the robustness of our experimental approach to identify gene
dropout. Next, to identify synthetic lethality, we compared tazemeto-
stat-treated cells (5 mmol/L) with cells treated with DMSO (synthetic
lethality screen). Five candidate genes were identified as being neg-
atively selected (FDR< 0.05), with the top one being IKZF1 (RRA score
¼ 2.04 � 10–9, P ¼ 2.87 � 10–7, FDR ¼ 0.005), encoding the Ikaros
family zinc finger 1 (IKAROS), followed by EGLN1, C18orf8, DOT1L,
and EFNB2 (Fig. 1B and C; Supplementary Table S1). The gRNAs
targeting another Ikaros family zinc finger members, IKZF3, encoding
the AIOLOS transcription factor, had a trend toward depletion (RRA
score ¼ 0.003, P ¼ 0.005, FDR ¼ 0.349). Findings were similar when
comparing cells treated with 1 mmol/L tazemetostat to DMSO-treated
cells, with two genes identified (FDR < 0.05), including IKZF1 (RRA¼
1.09� 10–6, P¼ 4.88� 10–6, FDR¼ 0.042). Neither IKZF1 nor IKZF3
were among the top essential genes (ranks 2,346 and 6,844, respec-
tively), suggesting that the negative selective pressure conferred by
their knockout was observed predominantly when EZH2 was inhib-
ited. Individual CRISPR/Cas9-mediated knockout of IKZF1 and
IKZF3 recapitulated decreased fitness when SU-DHL-4 cells were

exposed to tazemetostat, with a response ratio below 1, in keeping
with sensitization (Fig. 1D and E), thus validating the findings from
the genome-scale library screen.

Lenalidomide and tazemetostat synergize to reduce cellular
proliferation in DLBCL cell lines

As IKAROS and AIOLOS are selectively degraded by lenalidomide
through a cereblon-dependent mechanism (32, 33), we explored
whether the effect of tazemetostat on cell survival and/or proliferation
could be enhanced by combinationwith lenalidomide. Combined drug
treatment sensitized SU-DHL-4 cells to the effect of tazemetostat,
which was most pronounced after 10–14 days (Fig. 1E). Using dose–
response drug matrices incubated over 6 days, we observed synergy
that was most pronounced in RL cells (mean Bliss score 30.5), SU-
DHL-5 (16.2), SU-DHL-4 (15.0), and HT (8.1; Fig. 2A and B). High
synergy scores were observed in both EZH2-mutant (RL, SU-DHL-4)
and EZH2-wildtype cell lines (HT, SU-DHL-5). As expected, we
confirmed decreased expression of IKAROS protein after treatment
with lenalidomide, and decreased H3K27me3 levels with tazemetostat
(Supplementary Fig. S3A–S3C). These effects were also observed with
combination treatment. As an orthogonal readout of cell growth, we
performed proliferation assays and found that the addition of lena-
lidomide to tazemetostat significantly reduced cell proliferation in RL,
WSU-DLCL-2, SU-DHL-5, and HT (Fig. 2C; Supplementary Fig. S4).
Moreover, the frequency of apoptosis and/or necrosis was significantly
increased in two of these four cell lines (WSU-DLCL-2 and HT;
Supplementary Fig. S5). Furthermore, to test whether combination
treatment has in vivo efficacy, we xenografted RL cells in the right flank
of 40 SCID mice (2.5 million RL cells per mouse) that were then
randomized to DMSO control treatment, single-agent tazemetostat
(250 mg/kg orally twice daily), single-agent lenalidomide (50 mg/kg
orally twice daily), or combination treatment.Mice in the combination
treatment group experienced slower tumor growth (P< 0.001;Fig. 2D)
and had prolonged survival (P ¼ 0.021; Fig. 2E). These observations
confirm that combination treatment with tazemetostat and lenalido-
mide has enhanced in vitro and in vivo antitumor activity, compared
with either single agent alone. This finding was unexpected, given that
EZH2 gain-of-function alterations are predominantly seen in GCB-
DLBCL, whereas lenalidomide is considered to havemost pronounced
activity in activated B-cell–like (ABC)-DLBCL (34).

Gene expression changes associated with combination
treatment

We presumed that the phenotypic effects observed with combina-
tion treatment resulted primarily from the removal of a differentiation
blockade imposed by EZH2 and IKAROS. To examine this hypothesis,
we applied a NanoString assay that provides digital gene expression
counts of ABC and GCB-DLBCL genes to four cell-line models: SU-
DHL-4, RL, and HT cells treated alone, with tazemetostat, with
lenalidomide, or with combination, and SU-DHL-4 cells, with and
without isogenic IKZF1 knockout, treated with tazemetostat. Out of
the eight ABC genes that are part of the Lymph2Cx cell of origin
classifier, two genes (TNFRSF13B and CREB3L2) were upregulated
with combination treatment (Padjusted < 0.001 and 0.013, respectively).
On the other hand, IRF4, encoding a master transcription factor that
establishes plasma cell identity, was not differentially expressed, and
one of the seven GCB genes from the Lymph2Cx assay (MAML3) was
significantly upregulatedwith combination treatment. Taken together,
these results did not definitively support differentiation toward an
ABC phenotype as underlying the phenotypic effects observed with
combination treatment.

Lenalidomide and Tazemetostat Synergistically Curtail DLBCL
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Thus, we performed RNA-seq to gain additional insight into
transcriptional footprints underlying the various treatment condi-
tions. Combination treatment resulted in the highest number of
differentially expressed genes, compared with single-agent treatment
(Fig. 3A). The various treatment conditions resulted in a higher
number of upregulated versus downregulated genes, in keeping with
derepression of gene expression. The number of differentially
expressed genes was higher for the RL cell line, compared with SU-

DHL-4, paralleling the higher degree of synergy in RL compared with
SU-DHL-4. However, all pairwise overlaps of upregulated and down-
regulated genes were significant, suggesting consistent gene expression
changes across cell lines (Fig. 3B; Supplementary Fig. S6). To char-
acterize gene expression changes in light of lymphoid gene signatures,
we performed functional enrichment analysis using a well-
characterized database of gene sets encompassing B- and T-cell
maturation (17). Among the top upregulated gene sets, the most

Figure 1.

CRISPR screen identifies that the loss of IKZF1 or IKZF3 sensitizes DLBCL cells to tazemetostat. A, Schematic diagram depicting the workflow of the genome-wide
TKOv1 gRNA library CRISPR/Cas9 screen in the SU-DHL-4 DLBCL cell line stably expressing the SpCas9 nuclease. B, MAGeCK’s RRA score graph showing the
negatively selected candidates, at the gene level. C,Normalized number of sequencing read counts of each gRNA targeting the indicated gene in cells cultured in the
presence of DMSO (control) or 5mmol/L tazemetostat over 14 days.D,Western blot analysis showing depletion of either IKAROS or AIOLOS protein in the respective
SU-DHL-4-Cas9 knockout cell lines. SU-DHL-4-Cas9 cells transducedwith gRNA against the LacZgene served as control. E, IKZF1 or IKZF3gene knockout SU-DHL-4-
Cas9 cells were cultured in the presence of DMSO or 5 mmol/L tazemetostat for 16 days. The rightmost panel shows results for SU-DHL-4 cells treated with
tazemetostat and lenalidomide compared to single-agent drugs. A response ratio below 1 indicates sensitization (see Supplementary Materials and Methods). Data
points show the mean response ratio and error bars show SD (n ¼ 3 technical replicates). P values, one-tailed Welch t test on log2-transformed ratios (NS, not
significant; � , P < 0.05; ��, P < 0.01; ���, P < 0.001).

Tong et al.
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Figure 2.

Lenalidomide-induced degradation of IKAROS synergizeswith the treatment of tazemetostat to reduce cell proliferation of DLBCL cell lines.A,GCB-DLBCL cell lines
with or without EZH2 gain-of-function mutation were cultured for 6 days in a dose–response matrix prepared with lenalidomide–tazemetostat drug pair to assess
effects of the drug combination at increasing dose levels. Cellular ATP level or percent viabilitywas assessedbyCellTiterGlo and luminescent readoutwas normalized
to DMSO vehicle control. Synergy score was obtained by implementing the SynergyFinder R package (v. 2.2.4) and applying the Bliss independence model. Data
shown are mean � SD of 2–3 independent experiments, each containing two technical replicates. All data points are depicted. B, Representative visualization of
the synergy scores of four GCB-DLBCL cell lines with varying synergy scores. Drug concentration and synergy scores for each condition in the matrices were as
shown. C, GCB-DLBCL cell lines were cultured with DMSO, 10 mmol/L lenalidomide (LEN), 5 mmol/L tazemetostat (TAZ), or 5 mmol/L tazemetostat þ 10 mmol/L
lenalidomide (LENþTAZ) for 5 days. Percentage of S-phase (BrdU positive) population for each cell line and treatment condition was then analyzed by BrdU
proliferation flowcytometry assay.Data shownaremean� SD (n¼ 3 technical replicates).P values, two-tailed unpaired Student t test.D,Average tumor volumes for
40 SCID mice inoculated with RL cells in four treatment groups. Mice were treated by oral gavage with vehicle, lenalidomide (50 mg/kg twice daily), tazemetostat
(250 mg/kg twice daily), or combination, and sacrificed when tumors reached a volume endpoint > 1,766 mm3 or on day 28 (whichever occurred first). Data shown
as mean values � SEM, n ≤ 10 per group. E, Overall survival of mice.

Lenalidomide and Tazemetostat Synergistically Curtail DLBCL

AACRJournals.org Clin Cancer Res; 27(19) October 1, 2021 5405

D
ow

nloaded from
 http://aacrjournals.org/clincancerres/article-pdf/27/19/5401/3090998/5401.pdf by guest on 06 N

ovem
ber 2022



consistent signal was observed for interferon (IFN) signatures, an
effect that was mostly observed with combination treatment (Fig. 3C;
Supplementary Table S2). Of interest, a signature of IFN genes that are
repressed by IRF4 (IRF4Dn-3; ref. 34) was enriched in RL cells treated

with lenalidomide, and evenmore so with combination treatment.We
observed only modest enrichment of signatures reflective of NFkB
signaling, further suggesting that terminal differentiation was not the
main driver underlying the phenotypic effects seen with combination

Figure 3.

Combination treatment perturbs gene expression and upregulates IFN signaling pathway. A, Three DLBCL model systems of SU-DHL-4 parental cells, SU-DHL-4-
Cas9 IKZF1 knockout cells or LacZ controls, and RL parental cells were treated with 5 mmol/L tazemetostat (TAZ), 10 mmol/L lenalidomide (LEN), or 5 mmol/L
tazemetostatþ 10 mmol/L lenalidomide (LENþTAZ) for 6 days. Bar chart showing the number of differentially upregulated or downregulated genes in drug-treated
cells relative to the gene expression in cells treated with DMSO or the LacZ controls. Data were generated from two technical replicates. B, Venn diagrams showing
the number of differentially upregulated or downregulated genes, described as in A, overlapped or distinct among the three DLBCL model systems. C, Pathway
analysis revealed lymphoid gene signatures with enrichment of IFN gene signature within the upregulated genes across the three model systems. D, Centroblastic
and proliferation gene signatures were enriched within the downregulated genes. E, ChIP-qPCR assay showing enrichment of H3K27me3 within the promoters of
IRF7 andDDX58. Enrichment signal was normalized by input chromatin and expressed relative to a H3K27me3 negative region at the promoter ofGAPDH.HOXA10 is
a H3K27me3 positive control region. Data shown are mean � SD (n ¼ 3 technical replicates).
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treatment. On the other hand, centroblastic and proliferation signa-
tures were significantly enriched within downregulated genes
(Fig. 3D), mirroring findings from the proliferation experiments.
Leveraging Gene Ontology, Reactome, and WikiPathways databases,
we observed similar signals of IFN and cell adhesion pathways
being enriched in upregulated genes, and cell-cycle transition and
protein translation pathways being enriched in downregulated genes
(Supplementary Fig. S7A and S7B; Supplementary Table S3). Using
qRT-PCR, we observed robust upregulation of the interferon pathway
members IRF7 and DDX58 with combination treatment, compared
with either single-agent lenalidomide or tazemetostat, in five of seven
cell lines tested (Supplementary Fig. S8A). While combination treat-
ment did not lead to upregulation of IRF7 andDDX58 in the SU-DHL-
4 cell line, several other inflammatory genes were upregulated in
SU-DHL-4 based on RNA-seq (e.g., IFI44, IFI6, IFIT1, IFIT3;
Supplementary Fig. S8B). In summary, our gene expression analysis
provided support for upregulation of IFN signaling as a major
transcriptional footprint underlying the synergistic activity of taze-
metostat and lenalidomide.

Gene expression changes correlating with H3K27me3 regions
and IKAROS binding sites

While we observed upregulation of IFN response pathways in
combination treatment, the mRNA levels of IFNs (IFNa, IFNb, and
IFNg) were not expressed above baseline in any of the treatment
conditions across our three cell-line models. Thus, we predicted that
upregulation of IFN-stimulated genes did not result from autocrine or
paracrine secretion of cytokines but rather from epigenetic regulation.
To answer this question, we overlaid the transcriptomic footprints that
we had observed with publicly available ChIP-seq datasets, including
H3K27me3 regions defined in EZH2-mutant DLBCL cell lines, and
IKAROS binding sites in K562 and GM12878 cell lines (Supplemen-
tary Materials and Methods). We first evaluated whether there was a
significant overlap between H3K27me3 and IKAROS binding. We
annotated both peak sets and included only those annotated as
promoters and within 2,000 bp of transcription start sites. Significant
overlap was observed where 63% of H3K27me3 and 33% of IKAROS
peaks overlapped (P ¼ 0.001; Supplementary Fig. S9A). Significant
overlap had also been previously observed in B-cell acute lympho-
blastic leukemia (35).We next evaluated how genes annotated to these
peaks related to the differential expression program we observed
following tazemetostat and lenalidomide treatment (Supplementary
Fig. S9B). We saw that significantly upregulated genes were strongly
associated with H3K27me3. In the RL cell line, significantly upregu-
lated genes were also associated with IKAROS binding sites.

As IKAROS and H3K27me3 are partially associated, we further
annotated differentially expressed genes as overlapping both IKAROS
and H3K27me3, IKAROS alone, H3K27me3 alone, or neither. We
observed that the relative overlap of gene promoters with H3K27me3
or H3K27me3/IKAROS was greater for upregulated than for down-
regulated genes (60% vs. 38%, x2 P < 0.001), for both the RL and SU-
DHL-4 cell lines. Furthermore, the number of upregulated genes
overlapping H3K27me3 was higher in tazemetostat-treated cells com-
pared with lenalidomide, as expected (Supplementary Fig. S9C).
Meanwhile, downregulated genes were enriched in regions marked
by IKAROS alone or by neither mark, when compared with upregu-
lated genes. We then explored the association between H3K27me3
regions/IKAROS binding sites and pathway enrichment analysis. The
highest number of pathways was identified as being enriched within
upregulated genes overlapping both H3K27me3 and IKAROS marks
(Supplementary Fig. S9D). IFN-related pathways were most signifi-

cantly upregulated within genes overlapping both H3K27me3 and
IKAROS, as well as within genes overlapping IKAROS alone (Sup-
plementary Fig. S9E). We validated enrichment of H3K27me3 in the
promoter regions of IRF7 and DDX58 using ChIP-qPCR (Fig. 3E).
Meanwhile, proliferation signatures were found to be downregulated
within genes across all H3K27me3/IKAROS combinations, except
for those genes marked by H3K27me3 alone (i.e., without evidence
of IKAROS binding; Supplementary Fig. S9E). Taken together, our
findings illustrate that pathways underlying synergy are intimately
associated with direct epigenetic changes mediated by EZH2 inhi-
bition and IKAROS degradation.

IKAROS and histone deacetylation
As IKAROS is not known to directly modify histones, we sought to

explore its interactions with protein partners that remodel chromatin.
Physical interactions between IKAROS and the nucleosome remodel-
ing deacetylase (NuRD) complex, underlying histone deacetylation via
histone deacetylases 1 and 2 (HDAC1 and HDAC2), have been well
characterized, especially in the context of normal T-cell development
and acute lymphoblastic leukemia (35, 36). Overall, such interactions
are less established in themature B-cell context, although one study has
found evidence of an interaction between AIOLOS/IKAROS and
HDAC1 and HDAC2 using protein ligation studies (37). In keeping
with a potential role for theNuRD complex in the synergistic effects we
observed, we found that two members of this complex had signal
toward depletion from tazemetostat-treated SU-DHL-4 cells in our
CRISPR-Cas9 knockout screen: MBD2 (encoding methyl-CpG bind-
ing domain protein 2;P¼ 5.90� 10–4, FDR¼ 0.186) andHDAC1 (P¼
1.13 � 10–3, FDR ¼ 0.202). Interestingly, gRNAs against HDAC3
(encoding HDAC3 that associates with the SMRT/NCOR complex)
were not depleted in the library screen, and were significantly enriched
(P¼ 3.49� 10–10, FDR¼ 2.87� 10–7), similarly to NCOR1 (P¼ 2.82
� 10–10, FDR ¼ 2.87 � 10–7; Fig. 4A). We could confirm an
antagonistic effect between EZH2 and HDAC3 inhibition in SU-
DHL-4 cells using small molecule inhibitors of EZH2 (5 mmol/L
tazemetostat) and HDAC3 (1 mmol/L RGFP966; Fig. 4B). However,
this effect was exclusively observed in SU-DHL-4 cells, when com-
pared with three other cell lines (RL, OCI-Ly1, and DOHH2). More-
over, annotating H3K27me3 peaks with an exhaustive dataset of
transcriptional regulators (ReMap 2020), we found evidence for
enrichment of HDAC1, HDAC2, and IKAROS, in addition to EZH2
and BCL6 (positive controls), whereas HDAC3 was negatively asso-
ciatedwithH3K27me3 (Fig. 4C). Co-immunoprecipitation confirmed
a physical interaction between IKAROS and HDAC1 (Fig. 4D), as
expected from the prior literature (38). Altogether, these observations
suggest distinct interactions for various histone deacetylase enzymes
and point toward a possible role of histone acetylation, mediated by
decreased activity of the NuRD complex, underlying the gene expres-
sion changes observed with synergy.

Coordinated gene expression and chromatin acetylation
changes underlying synergy

Thus, we sought to examine changes in H3K27 acetylation
(H3K27ac), motivated also by the consideration that we observed a
larger number of upregulated, compared with downregulated genes in
combination treatment. Indeed, this mark has been associated with
active enhancers in general (39), as well as with chromatin remodeling
underlying IFN-induced expression of inflammatory genes specifical-
ly (40). We performed ChIP-seq for H3K27ac in the RL cell line and
compared the distribution of significantly acetylated peaks between
each treatment group and DMSO control (Fig. 5A; Supplementary
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Fig. S10). The highest number of differentially acetylated peaks was
found in combination treatment (13,463 increased and 10,276
decreased peaks). In the comparison of differential peaks between
treatment groups, the largest overlap was observed between combi-
nation and tazemetostat treatment. Next, we assessed the strength of
the acetylation signals by comparing FCs between treatment groups,
and across both promoters and enhancers. We observed the highest
median FCs in combination treatment, and this effect was most
pronounced for enhancers (Fig. 5B). Importantly, FCs of upregulated
peaks were significantly higher than those of deacetylated peaks
(Wilcoxon test, P < 0.05), suggesting that acetylation signals were
stronger than deacetylation signals.

The integration of acetylation with gene expression data revealed
coordinated increases in H3K27ac and gene expression in all three
treatment groups, when comparedwithDMSO, an effect thatwasmost
pronounced in combination treatment (Fig. 5C andD; Supplementary
Fig. S11A). Increased acetylation at promoters accounted for 27%,
27%, and 29% of genes upregulated in lenalidomide-, tazemetostat-,
and combination-treated cells, respectively. Genes involved in the
upregulated pathways defined by both increased promoter H3K27
acetylation and gene expression includedNLRC5, IRF7, DDX58, IRF1,
and STAT1, which encode for effector proteins involved in antiviral

immunity and cytokine response (Supplementary Fig. S11B). We
further confirmed that the upregulated genes with increased acetyla-
tion were enriched in the pathways observed in Fig. 3C, including
defense response to virus and IFN signaling (Fig. 5E; Supplementary
Table S4). Conversely, the significantly downregulated genes in com-
bination treatment with depleted H3K27ac peaks were enriched in the
“sister chromatid segregation” and “mitotic spindle checkpoint” gene
sets (Fig. 5F). This trend was not observed in lenalidomide or
tazemetostat treatment alone, in keeping with a synergistic effect. The
increase of H3K27ac deposition at the promoters of IRF7, DDX58, and
NLRC5 (Fig. 5G; Supplementary Fig. S12) was further validated by
ChIP-qPCR assay (Fig. 5H). Thus, the differentially expressed genes
observed in combination treatment are associated with complemen-
tary changes in H3K27ac.

ERV expression changes correlate with synergy and IFN
response

Given that derepression of endogenous retroviruses (ERV) has
previously been associated with viral response and interferon pathways
in the context of epigenetic modulation (41–43), we investigated
whether combination treatment influenced ERV expression in our
RNA-seq dataset. We used Telescope (44) to annotate the expression

Figure 4.

Opposing effects of IKAROS andHDAC3 knockout/inhibition in response to EZH2 inhibition in the SU-DHL-4 cell line andassociation betweenH3K27me3 regions and
HDAC1/2 deacetylases. A, MAGeCK’s RRA score graph showing the positively selected candidates, at the gene level, from the genome-wide TKOv1 gRNA library
CRISPR/Cas9 screen in the SU-DHL-4 DLBCL cell line treated with 5 mmol/L tazemetostat. B, Antagonistic effect between EZH2 and HDAC3 inhibition in SU-DHL-4
cell line, but not other DLBCL cell lines tested. Cells were incubated in the presence of DMSO, 5 mmol/L tazemetostat, 1 mmol/L RGFP966, or combination of both
drugs. C, Enrichment of curated transcription factor peaks from ReMap 2020 within H3K27me3 regions defined in Donaldson-Collier and colleagues (61).
Transcription factors of interest (HDAC1, HDAC2, HDAC3, IKZF1) and positive controls (EZH2, BCL6) are indicated in color. D, Co-immunoprecipitation (IP) of
HDAC1 after IKAROS pull-down in RL cells. Immunoprecipitated complexes were resolved by SDS-PAGE followed by immunoblot analysis using specified
antibodies. Isotype-matched IgGwas used as a negative control for non-specific immunoprecipitation. Control input samples represent 1%, 2%, and4%of total lysates
prior to co-immunoprecipitation.
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Figure 5.

Coordinated alteration in gene expression and chromatin acetylation underlies the synergy of drug combination. A, The overlap of H3K27ac peaks detected upon
tazemetostat (TAZ), lenalidomide (LEN), or combination (LENþTAZ) treatment for enriched and depleted regions.B, FCs summarized for H3K27ac peaks identified
tobe significant in at least one treatment.MedianFCvalues are shown for enriched anddepletedpeaks across each treatment for peaks annotated aspromoters (top)
and enhancers (bottom).C, Summary of significant H3K27ac peaks across each treatment comparing the RNA-seq log FC for genes predicted to be associatedwith a
given peak (x-axis) versus that peak’s FC obtained from DiffBind (y-axis). D, Summary of the number of H3K27ac peak–gene pairs obtained in each of the four
quadrants across the three treatments pertaining toC.E,Summary of the toppathways enrichedby geneswith significantly increased gene expression and increased
levels of H3K27ac across each treatment. Numbers in tiles represent the number of genes found to be enriched in a given pathway. F, Summary of the top pathways
enriched by genes with significantly decreased gene expression and reduced levels of H3K27ac across each treatment. G, Genomic view of a region spanning the
NLRC5 promoter region (hg19) on chromosome 16. H3K27ac signal representsMACS2 score obtained for each treatment along theMACS2 defined peaks. H3K27me3
represents publicly available peak data from EZH2-mutant DLBCL cell lines. ERVs represent ERV elements annotated by RepeatMasker. IKAROS binding sites are
shown based on data from ENCODE. Regions amplified by ChIP quantitative PCR from NLRC5 are as shown. H, ChIP quantitative PCR of H3K27 acetylation
enrichment at promoter regions of DDX58, IRF7, and NLRC5 genes in RL cells treated with DMSO, 5 mmol/L tazemetostat (TAZ), 10 mmol/L lenalidomide (LEN), or 5
mmol/L tazemetostat þ 10 mmol/L lenalidomide (LENþTAZ) for 3 days. H3K27 acetylation enrichment was expressed relative to a negative control region at the 30

region of the ZFN333 gene. Data shown are mean � SD (n ¼ 3 technical replicates). P values, two-tailed unpaired Student t test.
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Figure 6.

ERV expression changes correlatewith synergy and interferon response.A, Summary of significantly differentially expressed ERVs (FDR <0.05) across the three cell
line contexts and three treatments. B, Summary of log FCs of significantly differentially expressed ERVs associated with combination treatment across the three cell
lines. Median FC is shown for upregulated and downregulated ERVs. C, RL or HT cells were treated with either vehicle or drugs for 6 days. Cells were then deposited
onto slides and immunostained with dsRNA J2 antibody for detecting global dsRNA (golden yellow). DAPI, nuclear counterstain (blue). D, Quantification of
immunofluorescence of dsRNA for RL (top) and HT (bottom) cells. Cells (n¼ 30) from two independent experiments of each treatment groupwere randomly picked
and the fluorescent signal was quantified by ImageJ. The corrected total cell fluorescence was calculated as described in the Supplementary Materials and Methods.
Data are shown as median with interquartile range of CTCF in the box plots. Comparison between treatment groups were analyzed by Kruskal–Wallis test. DMSO,
vehicle control; LEN, 10mmol/L lenalidomide; TAZ, 5mmol/L tazemetostat; LENþTAZ, combination treatment.E, Induction ofMAVS into functional aggregates on the
mitochondrial membrane. Crude mitochondrial extracts prepared from RL cells treated with vehicle or drugs for 4 dayswere analyzed by SDD-AGE and SDS-PAGE.
Data shown are representative of three independent experiments. VDAC (voltage-dependent anion channel), mitochondrial loading control. F, Evaluating
enrichment of upregulated ERVs near upregulated protein-coding genes in RL combination treatment. The red curve shows the results for ERVs (n¼ 970) while the
blue curve shows the average results for the detectedERVs thatwere not significantly upregulated. The y-axis represents the number of ERVs associatedwith at least
one protein-coding gene at a given distance. For example, 121 of 970 ERVs were found to be near at least one upregulated gene (within 5 kb) while for randomly
selected ERVs, this number was six.
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ofERVs across the three cell-linemodels and treatments.We focusedon
ERV families including ERVL, ERV1, ERVK, LTR, and ERVL-MaLR.
We observed that the number of differentially expressed ERVs was
highest in the comparison between combination treatment and DMSO
(Fig. 6A), and this effect was most pronounced in the RL cell line. The
median FC of upregulated ERVs was higher than the median FC of
downregulated genes, and the overall signal was stronger in RL cells
treatedwith lenalidomide and tazemetostat, comparedwith SU-DHL-4
(Fig. 6B).As anorthogonal validationof increasedERVexpressionwith
combination treatment, we applied immunofluorescence using an
antibody against double-stranded RNA (dsRNA). Using an anti-
dsRNA J2 antibody and confocal microscopy, we documented
enhanced ERV expression in the HT and RL cell lines, when comparing
combination treatment with single-agent treatment or DMSO control
(Fig. 6C andD).Moreover,we isolated themitochondrial fraction inRL
cells and could detect the formation of Mitochondrial Antiviral Sig-
naling Protein (MAVS) aggregates in semi-denaturing conditions
(Fig. 6E), suggesting activation of cytoplasmic pattern recognition
receptors in response to ERV derepression.

Next, we focused on the combination-treated cells and interrogated
the distribution of ERVs across the genome in the RL cell line. We
found that this distribution was nonrandom and strongly skewed
toward upregulated ERVs being located in close vicinity to upregulated
protein-coding genes (Fig. 6F). On the other hand, for randomly
selected ERVs, the enrichment near the transcription start sites of
upregulated protein-coding geneswasminimal.We could confirm this
observation using theGREAT tool (45), withmore than 99%of the 970
upregulated ERVs associated with protein-coding genes (Supplemen-
tary Fig. S13A, left). There were a total of 1,781 ERV-gene associations
spanning 873 unique protein-coding genes and the most common
absolute distance to the transcription start site was between 5 and 50 kb
(Supplementary Fig. S13A, middle and right). Of these protein-coding
genes, 253 (29%) were also significantly upregulated. These genes
includedOAS2, DDX58, andHLA-B, and others enriched in pathways
such as negative regulation of viral life cycle, IFN signaling, and
defense response to virus (Supplementary Fig. S13B; Supplementary
Table S5). Annotations of IRF1 were also enriched, which has previ-
ously been associated with inducing ERV expression (46). Thus, the
observed upregulation of interferon pathways in cells treated with
lenalidomide and tazemetostat was associated with increased expres-
sion of neighboring ERVs.We explored potential mechanisms leading
to markedly increased ERV expression. We observed a significant
overlap between upregulated ERVs in combination-treated cells and
regions with increased H3K27ac (P ¼ 0.001 shown in Supplementary
Fig. S14, left). Furthermore, there was also a significant overlap
between these ERVs and H3K27me3 regions in untreated lymphoma
cell lines (P ¼ 0.001 shown in Supplementary Fig. S14, right). These
regions reflect baseline H3K27me3 marks and are expected to be
demethylated in cells treated with tazemetostat or combination treat-
ment. Thus, our findings showed that combination treatment led to
co-expression of ERVs and neighboring genes that have an inflam-
matory function.

Discussion
Here, we performed an unbiased CRISPR/Cas9 screen to identify

genetic determinants of sensitivity to EZH2 inhibition, and uncovered
synergy between tazemetostat and lenalidomide that was unexpected
in a GCB-DLBCL context. Indeed, lenalidomide has previously been
found to be activemostly in ABC-DLBCL (34). Our study supports the
use of unbiased screens to identify rational drug combinations, as

opposed to clinical development of treatment strategies that is based
on inefficient “trial and error” (47). Tazemetostat, in particular, is well
suited for combination studies as it is well tolerated and has demon-
strated activity in both follicular lymphoma and DLBCL (14, 15).
Several preclinical studies have reported promising results combining
tazemetostat with glucocorticoid receptor agonists (48), inhibitors of
B-cell receptor signaling (19), and HDAC inhibitors (49). Recently,
another EZH2 inhibitor (GSK126) was reported to synergize with
pomalidomide in EZH2-mutant but not wildtype cell lines, an effect
that was perceived to be independent of IKAROS transcription factors,
in contrast to our findings (50). In our study, we provide insight into
the molecular basis underlying synergy between tazemetostat and
lenalidomide, showing that combination treatment leads to upregula-
tion of IFN response pathways and ERVs, correlating with concom-
itant epigenetic changes underlying gene expression. Moreover, our
results provide preclinical rationale for a current phase Ib/III trial that
randomizes patients into either rituximab and lenalidomide (R2) or R2
combined with tazemetostat (NCT04224493).

IFN responses have previously been linked to immunomodu-
latory drugs. For example, in ABC-DLBCL, lenalidomide leads
to IFNb production which has an antiproliferative effect (34).
Avadomide (CC-122), a more recent cereblon modulator, triggers
transcription of IFN-stimulated genes that is independent of cell
of origin (51). In parallel, PRC2 has been shown to repress
cytokine pathways, including IFN-stimulated genes, in a broad
range of solid cancer cell lines (52). Moreover, PRC2 leads to
immune evasion through silencing of MHC class I antigen pre-
sentation (53), and in DLBCL, EZH2 inhibition allows the res-
toration of MHC expression (54). Nonetheless, and to the best of
our knowledge, our study is the first to describe synergy between
tazemetostat and IKAROS inhibition in DLBCL, and to link
upregulation of interferon response genes to synergy between
these two drugs.

In our study, we report that combination treatment leads to
derepression of endogenous retroelements, which has previously been
described with demethylating agents in various solid cancers and is
often referred to as “viral mimicry” (41–43). Resulting transcripts
form dsRNAs that can be detected by RIG-I-like receptors such as
DDX58 or MDA5, which in turn can activate the MAVS and sub-
sequently generate an antiviral response (55). The upregulated
ERVs induced by combination treatment were not randomly distri-
buted across the genome, but rather enriched in regions marked
with H3K27ac and H3K27me3 as well as near genes involved in
immune signaling. Of interest, ERVs have previously been described
to facilitate expression of neighboring IFN-stimulated genes (56), but,
inversely, exogenous IFNg has also been reported to lead to ERV
expression (57). Hence, while ERV derepression is generally consid-
ered to secondarily lead to IFN pathway activation, the relationship
between these two events may be more nuanced. Our findings support
the possibility that the interferon response can be triggered by direct
epigenetic mechanisms, resulting from the combined effects of taze-
metostat and lenalidomide.

We observed coordinated increases in H3K27ac and differential
gene expression that was most significant in combination treatment,
followed by single-agent tazemetostat and single-agent lenalidomide.
These results suggest that the observed synergy may result from a
combined effect on histone acetylation. The increase in H3K27ac with
tazemetostat is not unexpected, given that trimethylation and acety-
lation of H3K27 are inversely correlated at promoters of polycomb
group target genes (58). On the other hand, epigenetic effects of
lenalidomide are less well described. While the primary mechanism
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of action of lenalidomide results from cereblon-dependent degrada-
tion of IKAROS proteins (32, 33), both IKAROS and AIOLOS can
associate with the NuRD complex (36), and more specifically the
histone deacetylases HDAC1 and HDAC2 that are NuRD compo-
nents (35, 59). Our own ChIP-seq data are consistent with an indirect
epigenetic effect of lenalidomide, through degradation of IKAROS
proteins and decreased histone deacetylase activity. As our study
primarily describes gene expression and epigenetic changes underlying
the synergy between EZH2 inhibition and IKAROS degradation,
additional studies are warranted to decipher the precise molecular
and cellular mechanisms associated with synergy.

In summary, we found unexpected synergy between lenali-
domide and tazemetostat in a range of GCB-DLBCL cell lines and
in vivo, which appeared to be independent of EZH2 mutation
status. Efficacy in immunocompetent hosts can potentially be
further enhanced through immune modulation, which could be
mediated both by lenalidomide and EZH2 inhibition (54, 60).
While an ongoing clinical trial is testing whether the combination
therapy is effective in patients with follicular lymphoma, when
given with rituximab, our data support clinical studies also in
patients with DLBCL.
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