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Multiple myeloma (MM) is the second most common hematological malignancy with poor prognosis. Enhancer of zeste homolog 2
(EZH2) is the enzymatic subunit of polycomb repressive complex 2 (PRC2), which catalyzes trimethylation of histone H3 lysine 27
(H3K27me3) for transcriptional repression. EZH2 have been implicated in numerous hematological malignancies, including MM.
However, noncanonical functions of EZH2 in MM tumorigenesis are not well understood. Here, we uncovered a noncanonical
function of EZH2 in MM malignancy. In addition to the PRC2-mediated and H3K27me3-dependent canonical function, EZH2
interacts with cMyc and co-localizes with gene activation-related markers, promoting MM tumorigenesis in a PRC2- and H3K27me3-
independent manner. Both canonical EZH2-PRC2 and noncanonical EZH2-cMyc complexes can be effectively depleted in MM cells
by MS177, an EZH2 degrader we reported previously, leading to profound activation of EZH2-PRC2-associated genes and
simultaneous suppression of EZH2-cMyc oncogenic nodes. The MS177-induced degradation of both canonical EZH2-PRC2 and
noncanonical EZH2-cMyc complexes also reactivated immune response genes in MM cells. Phenotypically, targeting of EZH2’s both
canonical and noncanonical functions by MS177 effectively suppressed the proliferation of MM cells both in vitro and in vivo.
Collectively, this study uncovers a new noncanonical function of EZH2 in MM tumorigenesis and provides a novel therapeutic
strategy, pharmacological degradation of EZH2, for treating EZH2-dependent MM.

Oncogene; https://doi.org/10.1038/s41388-023-02618-5

INTRODUCTION
Multiple myeloma (MM) is a common and aggressive blood
malignancy, characterized by abnormal proliferation and accu-
mulation of monoclonal plasma cells in the bone marrow (BM)
[1, 2]. MM is initiated from a premalignant lesion called
monoclonal gammopathy of undetermined significance (MGUS),
and subsequently progresses through asymptomatic smoldering
multiple myeloma (SMM) to symptomatic MM and highly
aggressive plasma cell leukemia (PCL) [3–5]. The BM microenvir-
onment plays a crucial role in proliferation, migration, survival
and response to drug treatment in MM cells [6]. Therefore,
dysregulation of immune microenvironment is one of the
hallmarks of MM. Targeting the BM immune microenvironment
through immunotherapies, such as monoclonal antibodies
daratumumab and elotuzumab, represent promising new treat-
ment options [7–9]. Beside these monoclonal antibodies, other
FDA approved therapeutic strategies including immunomodula-
tory drugs (IMiDs) [10], proteasome inhibitors (e.g. bortezomib,
carfilzomib and ixazomib) [11–13] and the combination treat-
ments remarkably improve the overall survival rate. Unfortu-
nately, most patients ultimately suffer from the disease relapse,
progression and death, reinforcing the unmet medical need for

developing new therapies with novel mechanism of actions
(MOA) [2, 14].
Enhancer of zeste homolog 2 (EZH2) is the main catalytic

subunit of polycomb repressive complex 2 (PRC2) that silences
tumor suppressive gene transcription at the chromatin level at
least partly through trimethylation of histone H3 lysine 27
(H3K27me3) [15–17]. Besides the PRC2-dependent catalytic
methyltransferase function, EZH2 has diverse noncanonical
functions in cancer pathogenesis. For example, EZH2 can interact
with RelA/RelB to activate NFκB signaling in estrogen receptor-
negative breast cancer [18], bind and methylate transcriptional
factor STAT3 to promote tumorigenicity in glioblastoma [19],
associate with androgen receptor (AR) to mediate transcriptional
activation in castration-resistant prostate cancer (CRPC) [20–22],
and associate with the SWI/SNF complex to activate target genes
[23]. EZH2 has also been identified by us and others as a
coactivator with Myc in driving the development of acute myeloid
leukemia (AML) [24], neuroblastoma and small cell lung carcinoma
[25], and peripheral T cell lymphoma [26]. Overexpression and
aberrant activation of EZH2 have been implicated in a broad
variety of human cancers and correlate with poor prognosis
[23, 27–29]. Therefore, EZH2 has been pursued as a potential
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therapeutic target. A number of su(var)3-9, enhancer-of-zeste and
trithorax (SET) domain-occupying EZH2 inhibitors, including
GSK126 [30], EPZ-6438 [31, 32], CPI-1205 [33], PF-06821497 [34],
DS-3201 [35], and SHR2554 [36], which potently inhibit the
methyltransferase activity of EZH2, have been advanced into
clinical investigation. However, to date, EPZ-6438 (Tazemetostat) is
the only EZH2 inhibitor approved by the FDA, for the treatment of
epithelioid sarcoma and follicular lymphoma.
The aberrant expression and activity of EZH2 are also associated

with MM progression [37, 38]. Blockade of the EZH2 methyl-
transferase activity by catalytic inhibitors has shown some efficacy
in suppressing MM cell proliferation [6, 39, 40]. However, the anti-
tumor effect of EZH2 inhibitors in MM is limited, raising the
possibility that EZH2 may play additional noncanonical PRC2-
independent roles in MM. Proteolysis targeting chimeras (PRO-
TACs), which chemically induce targeted protein degradation
(thus both canonical and noncanonical functions of target
proteins) through hijacking the ubiquitin-proteasome system
(UPS), have emerged as a promising class of therapeutic
modalities [41–43]. Previously, we reported an EZH2 PROTAC
degrader, MS177, and the therapeutic effect of targeting both
canonical and noncanonical functions of EZH2 by MS177 in AML
[24]. However, noncanonical functions of EZH2 in MM tumorigen-
esis are poorly understood, and therapeutic targeting of EZH2’s
both canonical and noncanonical functions in MM was not
explored.
Herein, we report a new noncanonical function of EZH2 in MM,

EZH2 interacting with cMyc, co-localizing with gene activation
marks and promoting MM tumorigenesis in a PRC2- and
H3K27me3-independent manner. We show that both canonical
and noncanonical functions of EZH2 in MM cells can be effectively
targeted by MS177, an EZH2 degrader, resulting in reactivation of
PRC2-repressed genes and immune response genes, and suppres-
sion of EZH2-cMyc-mediated oncogenic nodes. Furthermore,
MS177, which targets both canonical and noncanonical functions
of EZH2, but not C24, an EZH2 catalytic inhibitor that blocks the
methyltransferase activity of EZH2 but not noncanonical functions
of EZH2, effectively suppressed the in vitro proliferation of
multiple MM cell lines. Moreover, MS177, but not C24, effectively
inhibited the tumor growth in vivo and improved survival of the
treated mice in MM cell line xenograft mouse models. While
MS177 was reported previously [24], structure-activity relationship
(SAR) studies that led to the discovery of MS177 was not reported.
In this study, we also report our SAR study on exploring a variety
of linkers, EZH2 binders and E3 ligase binders, which resulted in
the discovery of MS177. Overall, we uncovered a new noncano-
nical function of EZH2 in promoting MM tumorigenesis utilizing an
EZH2 degrader, and present pharmacological degradation of
EZH2, which targets both canonical and noncanonical functions of
EZH2, as a novel therapeutic strategy for the treatment of EZH2-
dependent MM.

RESULTS
Discovery of the EZH2 PROTAC MS177, which effectively
degrades EZH2/PRC2 in MM cells in a cereblon- and
ubiquitination-dependent manner
Previously, we reported that C24 is a highly potent and selective
EZH2 inhibitor, which occupies the SET domain of EZH2 with an
IC50 of 12 ± 2 nM for EZH2 (Fig. 1A) [44]. Using C24 as the EZH2
binding moiety, we previously developed the first EZH2 selective
degrader MS1943 using a hydrophobic tagging approach [45]. To
develop an EZH2 PROTAC degrader, we conjugated the solvent-
exposed piperazinyl group of C24 to pomalidomide (POM), a
ligand of the E3 ligase cereblon (CRBN), through a variety of
linkers (Fig. 1A). To facilitate installing a linker, we replaced the
isopropyl group of C24 with an aminoethyl group (compound 1).
We first designed and synthesized a set of EZH2 putative PROTACs

2–6 with one to five polyethylene glycol (PEG) units. Their EZH2
degradation effect was examined using immunoblotting at 0.5
and 2.5 μM in L-363 cells, a MM cell line (Fig. 1B). Compound 2
bearing the shortest PEG linker (1 PEG unit) exhibited the most
potent EZH2 degradation activity, while compounds 3–6 with
longer PEG linkers (2–5 PEG units) were generally less effective in
inducing EZH2 degradation. Interestingly, reversing the amide
moiety in the linker portion (compound 7 versus compound 2)
drastically decreased the EZH2 degradation effectiveness. Simi-
larly, replacing the oxygen atom in the PEG linker with a
methylene group (compound 8 versus compound 2) also
diminished the EZH2 degradation effectiveness. These results
indicate that the length and composition of the linker moiety play
important roles in inducing the target protein degradation
[46, 47]. Next, we assessed the effect of employing VHL as the
E3 ligase. Compounds 9 and 10 were designed by attaching
precursor 1 to VHL-1 [48, 49], which is a well-known VHL E3 ligase
recruiting ligand, through the PEG and alkyl linkers of compounds
2 and 8, respectively. However, compounds 9 and 10 did not
effectively degrade EZH2. In addition, we also explored different
EZH2 binding moieties, such as GSK126, EPZ-6438, and CPI-1205,
using the same linker and CRBN ligand in compound 2. To our
surprise, compounds 11–13, which are derived from these
additional EZH2 inhibitors, induced negligible EZH2 degradation
(Fig. 1B). We further assessed the anti-proliferative activity of these
compounds in L-363 cells. Consistent to their EZH2 degradation
effect, only compound 2 effectively suppressed the proliferation
of L-363 cells (Supplementary Fig. S1A). Through this SAR study on
exploring linkers, E3 ligase recruiting ligands and EZH2 binding
moieties, we identified compound 2 (MS177) as the most effective
EZH2 degrader in L-363 cells.
Next, we assessed the degradation potency of MS177 in

multiple MM cells. We used three control compounds: parental
EZH2 inhibitor C24, MS177N1, which is a close analog of MS177
with similar EZH2 inhibitory potency as MS177 but diminished
binding to CRBN [24], and MS177N2, another close analog of
MS177 which has similar binding affinity to CRBN as MS177 but
diminished binding to EZH2 [24](structures of MS177N1 and
MS177N2 are shown in Supplementary Fig. S1B). MS177, but not
C24, MS177N1 or MS177N2, induced potent EZH2 degradation in
MM1.S (another MM line) and L-363 cells in a concentration-
dependent manner with half-maximal degradation concentrations
(DC50) of 0.6 ± 0.2 and 1.1 ± 0.3 μM, respectively (Fig. 1C–F). In
addition, MS177 displayed a similar effect on reducing H3K27me3
compared to C24, while MS177N1 displayed a weaker H3K27me3
inhibition effect (Fig. 1C, E). As expected, MS177N2 did not inhibit
H3K27me3, because it contains a modified EZH2 binding moiety
designed to abolish EZH2 binding. MS177 also concentration-
dependently decreased the protein levels of other two PRC2 core
components: suppressor of zeste 12 homolog (SUZ12) and
embryonic ectodomain development (EED), in L-363 and MM1.S
cells (Supplementary Fig. S1C). Similarly, another essential PRC2
cofactor PHF19 [50] was also degraded in a concentration-
dependent manner under the treatment of MS177 (Supplemen-
tary Fig. S1D). In addition, the MS177-induced EZH2 degradation
effect was also observed in other MM cells, such as U266 and NCI-
H929, whereas MS177N1 and C24 did not induce EZH2 reduction
(Supplementary Fig. S1E). Furthermore, MS177 induced EZH2
degradation in a time-dependent manner with significant reduc-
tion at 16 h, indicating the slow kinetics of MS177-induced EZH2
degradation (Fig. 1G). To verify the mechanism of action (MOA) of
MS177-mediated EZH2 degradation, we conducted a series of
rescue experiments. Overexpressing of haemagglutinin (HA)-
tagged EZH2 SET domain, to which MS177 binds, attenuated
the MS177-induced EZH2 and EED depletion in L-363 cells
(Fig. 1H). Moreover, EZH2 degradation was effectively blocked
by the pretreatment with CRBN ligase ligand POM and Neddy8-
activating enzyme (NAE) inhibitor MLN4924 [51], suggesting that
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Fig. 1 Design of EZH2 putative degraders 2-13 and their effect on inducing EZH2 protein degradation in L-363 cells. A Chemical
structures of compounds 1–13. B Immunoblotting showing the EZH2 protein level post-treatment with compounds 2–13 at 0.5 and 2.5 µM for
24 h in L-363 cells. DMSO was used as control. Immunoblotting of the protein levels of EZH2 and H3K27me3 in MM1.S (C) or L-363 (E) cells
post-treatment with MS177, C24, MS177N1 or MS177N2 at indicated concentrations versus DMSO, for 24 h. Determination of DC50 values of
MS177 in MM1.S (D) or L-363 (F) cells, based on immunoblotting quantifications with ImageJ software from two independent experiments
(mean ± S.D.). G Time-dependent EZH2 depletion by MS177 (0.5 or 2.5 μM) in L-363 cells. H Immunoblotting of the indicated proteins in L-363
cells either stably expressing EV or HA tagged EZH2-SET domain post-treatment of 2.5 μM of MS177 for 24 h. DMSO serves as control. EZH2
immunoblots using MM1.S cells pretreated with DMSO (lanes 1 and 3), pomalidomide (I, 2.5 μM, lanes 2 and 4) or MLN4924 (J, 0.4 μM, lanes 2
and 4) for 2 h, and then subjected to an additional 14 h treatment with DMSO (lanes 1 and 2) or MS177 (0.5 μM, lanes 3 and 4).
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the CRL4CRBN ubiquitin ligase complex is essential for the MS177-
induced EZH2 degradation (Fig. 1I–J). Collectively, these results
indicate that MS177 effectively induces EZH2 degradation in MM
cells in a concentration-, time-, CRBN- and ubiquitination-
dependent manner.
We next performed spike-in-controlled Cleavage Under Target

and Release Using Nuclease (CUT&RUN) for EZH2 and H3K27me3
in MM1.S cells after treatment with either MS177 or C24. Compared
to mock (DMSO) treatment, MS177, but not C24, decreased overall
levels of chromatin-bound EZH2, while both compounds sup-
pressed global H3K27me3 (Fig. 2A, B), as exemplified by the
changes observed at canonical EZH2-PRC2 target genes, such as
Hox cluster genes, CDKN1C and UNC5B (Fig. 2C–E). The drastic
reduction in chromatin-bound EZH2 induced by MS177, but not
C24, highlights a potential advantage of EZH2 degraders over
EZH2 enzymatic inhibitors.

EZH2 noncanonically binds cMyc and co-localizes with gene
activation markers in MM cells
We next sought to systematically define genome-wide binding
patterns of EZH2 in MM1.S cells by comparing EZH2 and H3K27me3
binding sites using the CUT&RUN technology. A small portion of the
EZH2 peaks (4,759 or 19.1%) overlapped with H3K27me3, indicating
that these sites are canonical targets of EZH2:PRC2 (Fig. 3A, B;
Supplementary Fig. S2A). These EZH2+/H3K27me3+ sites are
termed EZH2-ensemble sites. The large portion of EZH2-binding
sites (20,100 or 80.9%) lacked H3K27me3 binding (Fig. 3A, B;
Supplementary Fig. S2A). These noncanonical EZH2+/H3K27me3-
sites are termed EZH2-solo sites. Based on the RNA-sequencing (RNA-
seq) data of MM1.S cells [50], the overall expression of the genes
associated with EZH2-solo sites was significantly higher than that
associated with EZH2-ensemble sites (Supplementary Fig. S2B).
Notably, approximately 33% of EZH2-solo sites were localized at gene
promoters compared to 21.3% of EZH2-ensemble sites (Supplemen-
tary Fig. S2C). Reminiscent of what we observed in AML [24], the E
box motif CACGTG, a well-known binding motif for cMyc, was also
significantly enriched at EZH2-solo sites in MM1.S cells (Fig. 3C). We
further verified that EZH2 indeed interacted with cMyc in L-363 cells
using co-immunoprecipitation (co-IP) (Fig. 3D). On the genome-wide
level, we also observed that the EZH2-solo peaks co-localized with
cMyc, Max and a set of gene activation-related markers, including
H3K27ac, H3K4me3 and RNA polymerase II (Pol II) (Fig. 3E, top;
Supplementary Fig. S2D). This pattern is in stark contrast to what we
observed with the EZH2+/H3K27me3+-cobound peaks (Fig. 3E,
bottom). Consistently, a significant portion of the EZH2-solo sites
overlapped with the binding sites of cMyc (Fig. 3F) and H3K27ac
(Supplementary Fig. S2E). These results suggest that EZH2 interacts
with cMyc at the EZH2-solo-binding sites, but not canonical
EZH2:PRC2 sites, potentially for gene activation.

MS177 targets both EZH2:PRC2 and EZH2:cMyc complexes in
MM cells
To dissect the roles of EZH2 at EZH2-solo and EZH2-ensemble
target sites in MM cells, we utilized the EZH2 degrader MS177.
Compared to DMSO control, MS177 treatment significantly
decreased genome-wide binding of EZH2, both at EZH2-
ensemble sites and at EZH2-solo sites in the CUT&RUN experi-
ments (Fig. 3G, left). As expected, MS177 treatment also decreased
the H3K27me3 level at EZH2-emsemble sites (Fig. 3G, right). Next,
we sought to examine the effect of MS177 on the protein level of
the EZH2 binding partner cMyc. We found that MS177 induced
cMyc degradation in a concentration-dependent manner in L-363
and MM1.S cells, while the control compounds, C24, POM,
combination of C24 and POM, MS177N1 and MS177N2, were
not able to downregulate cMyc (Fig. 3H, Supplementary Fig.
S2F–I). Time-course studies revealed that cMyc was significantly
downregulated at 12 h and the maximal degradation was
achieved at 18 h (Supplementary Fig. S2G). Notably, MS177 also

significantly reduced chromatin-bound levels of EZH2, SUZ12, EED
and cMyc, compared to C24 (Supplementary Fig. S2H). Similarly,
MS177, but not C24 or MS177N1, effectively reduced the cMyc
protein level in other two MM cell lines, U266 and NCI-H299
(Supplementary Fig. S2J). In addition, the MS177-induced cMyc
degradation was rescued in L-363 cells with EZH2 knockdown (KD,
shEZH2) and knockout (KO, sgEZH2) [45], demonstrating that the
cMyc degradation induced by MS177 is dependent on EZH2
(Fig. 3I). Reverse transcription followed by quantitative polymerase
chain reaction (RT-qPCR) studies indicated that MS177 treatment
did not affect the mRNA levels of cMyc (Fig. 3J). Co-IP experiments
further verified that MS177, but not C24, induced the interactions
between CRBN and EZH2/cMyc (Fig. 3K). Together, these results
suggest that the EZH2 degrader MS177 targets not only the
canonical EZH2:PRC2 complex, but also the non-canonical
EZH2:cMyc complex for degradation, further supporting that
EZH2 degraders are advantageous over EZH2 enzymatic inhibitors.

MS177 suppresses EZH2 and cMyc oncogenic nodes in MM
cells
We next determined the transcriptome-modulatory effect of
MS177 in MM1.S cells, which were treated with MS177 (with
DMSO, C24 and MS177N1 as controls), using RNA-seq (Supple-
mentary Table S1). Compared to DMSO control, dramatic
transcriptomic changes were observed only after the treatment
with MS177, but not C24 or MS177N1 (Fig. 4A–C). In addition, the
MS177-upregulated differentially expressed genes (DEGs) showed
negligible degrees of reactivation in response to the comparable
treatment of C24 or MS177N1 (Fig. 4D). Therefore, MS177
displayed a superior effect on reactivating PRC2-targeted genes,
compared to EZH2 inhibitors. We further compared the MS177-
upregulated genes with the published RNA-seq data post-KD of
PHF19 [50], an essential PRC2 cofactor. We found a significant
overlap of the upregulated genes between MS177 treatment and
PHF19 KD, demonstrating that the chemically induced PHF19
degradation by MS177 phenocopied PHF19 genetic KD (Supple-
mentary Fig. S1D and Fig. 4E). In addition, MS177, but not C24 or
MS177N1, was able to reactivate PHF19 depressed genes (Fig. 4F).
Gene Set Enrichment Analysis (GSEA) revealed that treatment of
MS177 reactivated known H3K27me3- or PRC2-repressed genes
(Fig. 4G, H). Using RT-qPCR, we confirmed that MS177 significantly
reactivated a set of PRC2 associated targets, such as ATF3, DUSP8,
HOBX7, THBS1, SMAD7, RNF135, ANPEP, and UNC5B in MM1.S cells
(Supplementary Fig. S3A). C24 treatment, however, did not
significantly activate these genes (Supplementary Fig. S3A). We
further confirmed the gene-reactivation effect of MS177 was
CRBN-dependent through a KO study. MS177 did not effectively
reactivate the above PRC2 target genes in CRBN-KO MM1.S cells in
general (Supplementary Fig. S3B).
Based on the GSEA, in addition to reactivation of PRC2 target

genes (Supplementary Fig. S3C), MS177 also downregulated cMyc-
related genes while the control compounds C24 and MS177N1 did
not (Fig. 4H, I and Supplementary Fig. S3D, E). Notably, the cMyc
binding associated genes were significantly downregulated by
MS177, but not C24 or MS177N1 (Fig. 4J). Using RT-qPCR, we further
verified that MS177 caused significant downregulation of cMyc
target genes, such as TRAP1, E2F1, CDC25A and PCNA (Fig. 4K).
Overall, EZH2 degrader MS177, but not EZH2 inhibitor C24 or

MS177N1, is effective at both reactivating PRC2–H3K27me3 target
genes and suppressing cMyc-associated oncogenes.

MS177 treatment reactivates immune response genes
It has been reported that EZH2 is involved in the modulation of
innate immune system and regulates MHC-I or MHC- II antigen
processing and presentation pathway [52, 53]. Gene ontology
(GO) and GSEA analyses revealed that treatment with MS177, but
not C24 or MS177N1, was associated with activation of
inflammatory and immune response related pathways, especially
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Fig. 2 MS177 decreases genomic binding of both EZH2 and H3K27me3 in MM1.S cells. Average intensities (top panel) and heatmaps
(bottom panel) for CUT&RUN signals (normalized against spike-in controls and sequencing depth) of EZH2 and H3K27me3 ± 5 kb around the
centers of EZH2 (A) and H3K27me3 (B) peaks in MM1.S cells post-treatment with DMSO or 2.5 µM of MS177 for 24 h. IGV views of EZH2 and
H3K27me3 binding (spike-in control and depth normalized) at HOXB clusters (C) CDKN1C (D) or UNC5B (E) post-treatment of MM1.S cells with
DMSO or 2.5 µM of MS177.
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the genes that are involved in interferon-gamma (IFN-γ) response,
interferon-α (IFNα) response and MHC antigen processing and
presentation in MM1.S cells (Fig. 5A–C, and Supplementary Fig.
S4A, B). Moreover, RT-qPCR studies confirmed that MS177, but not
C24, significantly activated immune related genes, such as JAK2,
TLR4, IRF1, IRF7, IRF8, IRF9, OAS1 and OAS3 (Fig. 5D, and

Supplementary Fig. S4C). Notably, the activation of these immune
related genes was through EZH2 direct regulation. For example,
EZH2 and H3K27me3 directly bind CIITA and HLA-DPB promoters
and the binding was significantly decreased with MS177 treat-
ment (Fig. 5E). These data indicate that MS177 is able to reactivate
immune response genes in MM cells.
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MS177 effectively inhibits cell proliferation in multiple MM
cell lines
We first examined the anti-proliferation effect of EZH2 genetic
downregulation. EZH2 KD by shRNA (#sh52 and #sh53) signifi-
cantly inhibited the proliferation of L-363 cells (Supplementary Fig.
S5A, B). In addition, EZH2 KD also effectively suppressed the cell
proliferation in MM1.S and NCI-H929 cells, respectively (Supple-
mentary Fig. S5C, D). Next, we assessed the anti-proliferative effect
of EZH2 degrader MS177, inhibitor C24 and negative control
MS177N1 in a panel of MM cell lines, including MM1.S, L-363,
U266, NCI-H929, OPM2, KMS-11 and RPMI-8226 (Fig. 6A, B and
Supplementary Fig. S6). MS177 potently inhibited the growth of
these MM cell lines with GI50 values ranging from 0.02 μM to
0.44 μM, which phenocopies the effect of EZH2 KD in L-363,
MM1.S and NCI-H929 cells. In contrast, C24 and MS177N1, which
inhibit the EZH2 methyltransferase activity and do not induce
EZH2 or cMyc degradation, lacked appreciable effects in inhibiting
the growth of these MM cell lines (Fig. 6A and Supplementary Figs.
S6 and S7A). Notably, CRBN KO remarkably diminished the anti-
proliferative activity of MS177 in MM1.S cells, indicating that the
MS177-induced anti-proliferative effect is CRBN-dependent
(Fig. 6C). Because MS177 is a CRBN-recruiting PROTAC, and Ikaros
(IKZF1) and Aiolos (IKZF3) are well known neo-substrates of CRBN
[54], we evaluated the effect of MS177 on degrading IKZF1 and
IKZF3 in L-363 cells (Fig. 6D). MS177 effectively induced
degradation of both IKZF1 and IKZF3. MS177N1, which binds
EZH2 but not CRBN, had no effect on degrading IKZF1/3. On the
other hand, MS177N2, which binds CRBN but not EZH2, also
effectively induced IKZF1/3 degradation. As expected, the EZH2
inhibitor C24 had no effect, but the CRBN ligand pomalidomide
(Pom) effectively induced IKZF1/3 degradation. In addition, we
assessed the effect of these compounds on inhibiting the L-363
cell proliferation (Fig. 6E). Only MS177 profoundly inhibited the
cell growth, while Pom, the combination of Pom with C24 or
MS177N2 exhibited mild cell growth inhibition effect. These
results suggest that the observed L-363 cell growth inhibition
effect is mainly due to MS177-induced degradation of EZH2/
cofactors and not IKZF1/3. Moreover, treatment with MS177, but
not C24 or MS177N1, effectively inhibited the colony formation of
MM1.S (Fig. 6F) and L-363 (Supplementary Fig. S7B) cells. Using
fluorescence-activated cell sorting (FACS), we found that MS177,
but not C24 or MS177N1, induced cell apoptosis in a
concentration-dependent manner (Fig. 6G, H). Induction of
apoptosis by MS177, but not C24 or MS177N1, was also confirmed
by the significant increase in cleaved-PARP and activation of
caspase-3 and -7 induced by MS177 in MM1.S and L-363 (Fig. 6I
and Supplementary Fig. S7C). Taken together, these results
indicate that EZH2 degrader MS177, but not EZH2 inhibitor C24

or MS177N1, potently suppressed the growth of multiple MM cell
lines.

MS177 effectively suppresses the tumor growth in MM
xenograft mouse models
Given the profound in vitro anti-proliferative activity of MS177 in
multiple MM cell lines, we next assessed the effect of MS177 on
inhibiting in vivo tumor growth in a subcutaneous MM1.S
xenograft mouse model. Compared to vehicle control, treatment
with MS177 at two dosing regimens (100 mg/kg, i.p. BID for
6 days per week; and 200 mg/kg, i.p. BID for 3 days per week)
significantly suppressed the tumor growth and prolonged the
survival of the treated mice (Fig. 7A, B). In contrast, treatment with
C24 at 30 mg/kg, i.p. BID for 6 days per week, a dose which leads
to comparable exposure to MS177 based on mouse PK data of
C24 [24], showed a much weaker effect on tumor growth
inhibition and did not significantly prolong survival (Fig. 7A, B).
Furthermore, MS177 also exerted anti-tumor effects (e.g., tumor
growth inhibition, survival improvement) in a disseminated
MM1.S mouse model (Fig. 7C–E). Lastly, in these in vivo efficacy
studies, no obvious body weight changes were observed (Fig. 7F,
G), indicating that MS177 was well-tolerated at the tested doses.
Overall, these results suggest that EZH2 degraders such as MS177
can inhibit MM tumor growth in vivo without significant toxicity.

DISCUSSION
Canonically, EZH2 and other core components of the PRC2
complex function as an epigenetic silencer of tumor suppressor
genes through H3K27me3, the product of PRC2’s methyltransfer-
ase activity [55, 56]. In addition to this canonical gene silencing
function, noncanonical functions of EZH2 have been reported in
breast cancer [18], glioblastoma [19], prostate cancer [20–22],
acute myeloid leukemia [24], neuroblastoma and small cell lung
carcinoma [25], and peripheral T cell lymphoma [26]. However,
noncanonical functions of EZH2 in MM have not been reported. In
this study, we uncovered that EZH2 binds chromatin at both
canonical H3K27me3+ sites (19%) and noncanonical H3K27me3-
sites (81%) in MM cells using the CUT&RUN technology.
Importantly, EZH2 interacts with cMyc and co-localizes gene
activation markers, such as H3K27ac, H3K4me3 and Pol II, at these
noncanonical H3K27me3- sites. Notably, both canonical
EZH2:PRC2 tumor suppressor gene repression and noncanonical
EZH2:cMyc oncogene activation functions are critical contributors
to MM development and progression.
EZH2 has been pursued as a promising therapeutic target for

treating various cancers [57]. A number of EZH2 small-molecule
inhibitors that potently and selectively inhibit the methyltransferase

Fig. 3 EZH2 noncanonically interacts with cMyc and co-localizes with gene activation markers in MM cells. A Heatmaps showing the
K-means clustered EZH2 and H3K27me3 CUT&RUN signal intensities ±5 kb around peak centers in MM1.S cells. EZH2-‘solo’ and EZH2-
‘ensemble’ refer to non-canonical EZH2+/H3K27me3− peaks (cluster 3) and canonical EZH2+/H3K27me3+ ones (clusters 1-2), respectively.
B Averaged EZH2 and H3K27me3 CUT&RUN signals around ±5 kb from the centers of the cluster 1–3 in MM1.S cells. C Motif search analysis
showing E-box motif enriched in the EZH2-‘solo’-binding peaks in MM1.S cells. D Co-IP for interactions between endogenous cMyc and EZH2
in L-363 cells. E Heatmaps for EZH2, cMyc, MAX, H3K27me3, H3K27ac, H3K4me3 and Pol II ± 5 kb from the center of non-canonical
EZH2+H3K27me3– peaks (that is, EZH2-‘solo’; top) or canonical EZH2+H3K27me3+ peaks (that is, EZH2-‘ensemble’; bottom) in MM1.S cells.
With the exception of EZH2 and H3K27me3, which was mapped using CUT&RUN, all the others were mapped using ChIP-seq. F Venn diagram
showing the overlap of EZH2-‘solo’ sites with cMyc sites in MM1.S cells. G Log2-transformed RPGC counts for CUT&RUN signals of EZH2 (left)
and H3K27me3 (right) at those EZH2-‘solo’ or EZH2-‘ensemble’ sites identified in MM1.S cells, treated for 24 h with DMSO or 2.5 µM of MS177.
The boundaries of box plots indicate the 25th and 75th percentiles, the center line indicates the median, and the whiskers (dashed) indicate
1.5× the interquartile range. Unpaired two-sided t-test. H Immunoblotting of cMyc in L-363 (left panel) and MM1.S (right panel) cells after
treatment with the indicated concentration of MS177, versus DMSO, for 24 h. I EZH2 protein levels (left panel) following EZH2 knockdown (KD;
shEZH2) and EZH2 knockout (KO, sgEZH2), relative to empty vector (Con) controls, in L-363 cells. Immunoblotting of cMyc (right panel) in
L-363 cells with shEZH2 or sgEZH2 after treatment with the indicated concentration of MS177, or DMSO for 16 h. GAPDH was used as the
loading control. J RT-qPCR for cMyc gene expression level in L-363 cells, treated with 0.5 and 2.5 µM of MS177 versus DMSO for 16 h. The
y-axis shows averaged signals after normalization to GAPDH and to mock-treated samples (n= 3; mean ± SD). K Co-IP for interactions between
CRBN and cMyc and EZH2, respectively, in L-363 cells treated with DMSO, C24 (0.5 µM) and MS177 (0.5 µM) for 12 h by using anti-CRBN
antibody for IP. IgG serves as a negative control.
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activity of EZH2/PRC2 have been developed [57]. However, EZH2
catalytic inhibitors do not target noncanonical oncogenic functions
of EZH2. To target both canonical and noncanonical functions of
EZH2, several EZH2 small-molecule degraders have been devel-
oped, including MS1943, a hydrophobic tag-based EZH2 degrader

[45], MS8815 and YM-281, both of which are VHL-recruiting EZH2
PROTAC degrader [58, 59], and E7, MS177 and U3i, all of which are
CRBN-recruiting EZH2 PROTAC degraders [24, 60, 61]. While we
reported MS177 previously [24], the detailed SAR study that led to
the discovery of MS177 was not reported. In this study, we
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described our SAR results from investigating the effect of various
linkers, E3 ligase binders and EZH2 ligands on degrading EZH2 in
MM cells. This detailed SAR study culminated in the discovery
of MS177.
Importantly, we demonstrated that both canonical and non-

canonical oncogenic functions of EZH2 in MM cells can be
effectively targeted by EZH2 degraders such as MS177 in this study.
In particular, MS177 effectively degraded both EZH2:PRC2 and
EZH2:cMyc complexes in a concentration-, time-, CRBN-, EZH2- and
ubiquitination-dependent manner, leading to reactivation of
PRC2-repressed genes and suppression of EZH2-cMyc-mediated
oncogenic nodes in MM cells. Moreover, MS177, but not EZH2
catalytic inhibitors, reactivated immune response genes in MM cells,
which raised the possibility that EZH2 degraders could elicit more
profound antitumor effects in immunocompetent models. Further-
more, MS177, but not the parent EZH2 catalytic inhibitor C24 or its
negative control MS177N1, effectively suppressed the proliferation
of multiple MM cell lines. Lastly, MS177, but not C24, significantly
inhibited the tumor growth in vivo and improved survival without
apparent toxicity in MM xenograft mouse models. A limitation of
these in vivo efficacy studies is that immunodeficient mice were
used in the studies. Therefore, the potential antitumor effects
mediated through MS177’s ability in reactivating immune response
genes were not assessed in these models. Future studies using
syngeneic mouse models are warranted. Collectively, our results
suggest that pharmacological degradation of EZH2, which effec-
tively targets both canonical and non-canonical functions of EZH2,
as a novel therapeutic strategy is superior to pharmacological
inhibition of EZH2 for the treatment of MM.

METHODS
Compound synthesis and chemical characterization
MS177 (2), C24, MS177N1 and MS177N2 were synthesized and used as
reported previously [24]. The synthesis and characterization of compounds
3–13 are described in Supplementary Materials.

Cell lines
293 T cells were obtained from American Tissue Culture Collection (ATCC,
CRL-3216). Human hematological cancer cell lines used in the study
include a panel of multiple myeloma cell lines MM1.S (ATCC, CRL-2974),
L-363 (DSMZ, ACC49), NCI-H929 (ATCC, CRL-9068), OPM2 (DSMZ, ACC50),
U266 (ATCC, TIB-196), RPMI-R8226 (ATCC, CRM-CCL-155), and KMS-11 (a
gift of KC Anderson). These lines were cultured according to vendor’s
specifications. MM1.S-T11, a MM1.S derivative line with knockout (KO) of
the E3 ligase CRBN, was a kind gift of Drs. J Brander and W Kaelin (DFCI). To
generate luciferase-labeled cell line, cells were spin-infected with Mscv-
luciferase-IRES-neo retrovirus and selected with 1 mg/mL Geneticin

(Gibco). Luciferase expression was validated with Luciferase Assay System
(Promega).

Antibodies
Antibodies used in the work include mouse anti-EZH2 (BD, Cat # 612666),
Sheep anti-EED (R&D, Cat # AF5827), rabbit anti-H3 (Abcam, Cat # ab1791),
rabbit anti-EZH2 (Cell Signaling Technology (CST), Cat # 5246), rabbit anti-
cMyc (CST, Cat # 5605), rabbit anti-H3K27me3 (CST, Cat # 9733), rabbit
anti-HA tag (CST, Cat # 3724), rabbit anti-GAPDH (CST, Cat # 5174), rabbit
anti-SUZ12 (Abcam, Cat # ab12073), rabbit anti-PHF19 (CST, Cat # 77271),
rabbit anti-IKZF1 (CST, Cat # 9034), rabbit anti-IKZF3 (CST, Cat # 15103),
rabbit anti-CRBN (CST, Cat # 71810), rabbit anti-PARP (CST, Cat # 9532),
rabbit anti-Cleaved Caspase-3 (CST, Cat # 9661), rabbit anti-Cleaved
Caspase-7 (CST, Cat # 8438). Normal Rabbit IgG (CST, Cat # 2729). HRP-
linked secondary antibodies, either anti-mouse IgG (Cat # 7076) or anti-
rabbit IgG (Cat # 7074), were obtained from Cell Signaling Technology.
Sheep IgG HRP-conjugated Antibody (R&D, Cat # HAF016) were used as
secondary antibody.

Cleavage Under Targets & Release Using Nuclease (CUT&RUN)
CUT&RUN was performed as previously described [24]. Briefly, 0.5 million
of cells were first collected, washed in the CUT&RUN wash buffer, and
then bound to the activated ConA beads (Bangs Laboratories, #BP531).
Next, the cell:bead sample was incubated with antibodies against the
protein target (1:100 dilution) and then permeabilized in the digitonin-
containing buffer, which was then followed by washing in the digitonin
buffer, incubation with pAG-MNase, and another washing in the digitonin
buffer to remove the unbound pAG-MNase. After the final wash, cells
were subjected to digestion following the pAG-MNase activation by
addition of the pAG-MNase digestion buffer, followed by incubation on
rotator for 2 h at 4 °C. Solubilized chromatin was then released using the
CUT&RUN stop buffer, in which equal amount of Drosophila spike-in
chromatin (0.5 ng/sample) was added for spike-in normalization, and
DNA purification was carried out with the PCR cleanup kit. About 1–5 ng
of the purified CUT&RUN DNA was used for preparation of multiplexed
libraries with the NEB Ultra II DNA Library Prep Kit per manufacturer’s
instruction. Sequencing was conducted using an Illumina NextSeq 500
Sequencing System.

ChIP-seq and CUT&RUN data analysis
ChIP-seq data downloaded from GEO were re-analyzed as previously
described [24]. For CUT&RUN, raw reads were mapped to the reference
genome (hg19) using bowtie v2.3.5. The non-primary alignment, PCR
duplicates, or blacklist regions were removed from aligned data by
Samtools (v1.9), Picard ‘MarkDuplicates’ function (v2.20.4), and bedtools
(v2.28.0), respectively. Peak calling was performed using MACS2 (macs2
callpeak -f BAMPE -g hs/mm –keep-dup 1). Deeptools (v3.3.0) was used to
generate bigwig files. Genomic binding profiles were generated using the
deepTools ‘bam-Compare’ functions. Profiles of CUT&RUN or ChIP-seq read
densities were displayed in Integrative Genomics Viewer (IGV, Broad

Fig. 4 MS177 represses both PRC2 and cMyc-related oncogenic nodes. Volcano plots showing transcriptomic alterations in MM1.S cells
following treatment with 0.5 µM of MS177 (A), C24 (B) or MS177N1 (C), compared to DMSO, for 24 h. DEGs with significant expression changes
were highlighted. D Box plots showing the log2 ratios for DEGs upregulated in MM1.S cells after treatment with MS177 versus DMSO.
Comparison was indicated on x-axis, including MS177 vs. DMSO, C24 vs. DMSO, and MS177N1 vs. DMSO. E Venn diagram using DEGs
upregulated (up) in MM1.S cells after treatment of MS177 and those after PHF19 knock-down (KD) relative to DMSO. F Boxplot showing the
mean vst normalized expression of the PHF19-repressed transcripts in MM1.S cells, after treatment with 0.5 μM of DMSO, MS177, C24 or
MS177N1 for 24 h (n= 2). EZH2-repressed genes are defined in E after PHF19 KD versus DMSO. The boundaries of box plots indicate the 25th
and 75th percentiles, the center line indicates the median, and the whiskers (dashed) indicate 1.5× the interquartile range. Paired two-sided t-
test was used. P value were adjusted for multiple testing using the bonferroni correction. G Heatmap of GSEA normalized enrichment score
(NES) values revealing that MS177 treatment is highly correlated with de-repression of the PRC2- or H3K27me3-repressed genes. H The
volcano plot shows the enrichment of MSigDB gene sets for the downregulated DEGs by MS177 treatment in MM1.S cells. Each point
represents a single gene set; the x-axis measures the odds ratio (0, inf ) calculated for the gene set, while the y-axis indicates the -log (p value)
of the gene set. Larger blue points represent significant terms (p value < 0.05); smaller gray points represent non-significant terms. I Summary
of GSEA results showing the correlation of the indicated Myc-related gene sets with MS177 treatment relative to mock. Yellow and blue in the
heatmap indicate positive and negative correlations, respectively. J Box plots showing the log2 ratios for DEGs bound by cMyc in MM1.S cells.
Comparison was indicated on x-axis, including MS177 vs. DMSO, C24 vs. DMSO, and MS177N1 vs. DMSO. The boundaries of box plots indicate
the 25th and 75th percentiles, the center line indicates the median, and the whiskers (dashed) indicate 1.5× the interquartile range. Unpaired
two-sided t-test was used. K RT-qPCR of cMyc-mediated upregulated targets in MM1.S cells after treatment with indicated concentrations of
MS177 for 24 h. The y axis shows signals after normalization to DMSO-treated cells (n= 3; mean ± S.D.; unpaired two-tailed t-test). *, **, and ***
denote P < 0.05, 0.01 and 0.005, respectively. NS denotes not significant.
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Fig. 5 MS177 treatment reactivates immune response genes. A The volcano plot showing Gene Ontology (GO) analysis of the up-regulated
DEGs by MS177 treatment in MM1.S cells. Each point represents a single gene set; the x-axis measures the odds ratio (0, inf ) calculated for the
gene set, while the y-axis gives the -log(p-value) of the gene set. Larger blue points represent significant terms (p value < 0.05); smaller gray
points represent non-significant terms. Immune related pathways are indicated. B GSEA showing that, relative to controls, MS177 treatment in
MM1.S cells are positively correlated with upregulation of the MHC class II presenting-related gene sets. C Heatmap showing immune related
gene expression changes in MM1.S cells after MS177, C24, or MS177N1 treatment compared to DMSO. D RT-qPCR for immune response genes
in MM1.S cells after the treatment of 0.5 mM of C24 and MS177, respectively, for 24 h. Y-axis shows signals after normalization to DMSO-
treated cells (n= 3; mean ± SD; unpaired two-tailed Student’s t test). *, **, and *** denote P < 0.05, 0.01 and 0.005, respectively. ns denotes not
significant. E IGV views of H3K27me3 and EZH2 binding (spike-in control and depth normalized) at CIITA or HLA-DPB post-treatment with
DMSO or 2.5 µM of MS177 for 24 h in MM1.S cells.
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Institute). Heatmaps for ChIP-seq signals were generated using the
deepTools “computeMatrix” and “plotHeatmap” functions. The enrichment
of motifs was identified by the software HOMER [62] with default
parameters.

RNA-seq and data analysis
RNA-seq was performed as described [24, 63]. Total RNA was first purified
using RNeasy Plus Mini Kit (Qiagen, #74136) and then treated with Turbo
DNA-free kit (Thermo, #AM1907) to remove genomic DNA. Multiplexed
RNA-seq libraries were subjected for deep sequencing. Reads were
mapped to the reference genome followed by analysis of differentially
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expressed genes (DEG) as before [63, 64]. Fastq files were aligned to the
GRCh37 (hg19) human genome using STAR v2.4.2 [65] with parameters:
--outSAMtype BAM Unsorted --quantMode TranscriptomeSAM. Transcript
abundance was estimated with salmon v0.1.19 [66] to quantify the
transcriptome defined by Gencode v22. Gene level counts were summed
across isoforms and genes with low counts (maximum expression <10) were
filtered for the downstream analyses. Raw read counts were used for
differential gene expression analysis by DESeq2 v1.38.2 [67] where size
normalization factor was estimated based on median-of-ratios. GSEA [68] was
performed as described [24]. Expression heatmaps were generated using
mean-centered log2 converted TPM (Transcripts Per Million) sorted in
descending order based on expression values in R’s package “gplots” v3.0.3
with either no clustering or column hierarchical clustering by average linkage.
Volcano plots visualizing DEGs were produced using R’s package “Enhan-
cedVolcano” v3.11. Annotation of DEGs was conducted using Metascape [69].

Plasmid construction and transfection
The SET domain (aa612-738) of EZH2 was cloned from GST-EZH2 (Gift of
Dr. Haojie Huang), fused with a HA tag, and then cloned into a lentivirus
vector pCDH-EF1a-MCS-IRES-puro (System Biosciences). 293 T cells were
seeded in 100mm dish and transfected on the next day with PEI (sigma)
following manufacturer’s instructions. Cells were harvested 48 h after
transfection for analysis such as co-IP or blotting.

Gene knockdown (KD) and knockout (KO)
The pLKO.1 lentiviral shRNA plasmid for knockdown of EZH2 were
obtained from Sigma. Teton-inducible EZH2 KD was used as before [22].
CRISPR-V2 based EZH2 KO was used as previously described [45]. All
plasmids used are verified by sequencing. Target sequences for
EZH2 shRNAs were as follows:
EZH2 shRNA (sh52): TATGATGGTTAACGGTGATCA.
EZH2 shRNA (sh53): GAAACAGCTGCCTTAGCTTCA.

Viral production and stable cell line generation
Lentiviruses were prepared with the packaging system in 293 T cells. In
brief, 293 T cells were co-transfected with lentiviral vector and the
packaging plasmids (psPAX2 and pMD 2.5 G) and the supernatant
containing viruses were harvested at 48- and 72-h post-transfection. After
filtration with 0.45-μm filters, viruses were used to infect target cells in the
presence of 8 μg/mL polybrene. 48 h post-infection, cells were selected
with either 1 µg/mL of puromycin (Gibco) or 1 mg/mL of Geneticin (Gibco)
for 7 days to establish stable expression cell lines.

Cell fractionation
1 million cells were harvested, washed with cold PBS, and resuspended in
200 µL of CSK buffer (10 mM Pipes pH 7.0, 300mM sucrose, 100mM NaCl,
3 mM MgCl2, 0.1% Triton X-100, freshly supplemented with protease/
phosphatase inhibitor cocktail), followed by incubation on ice for 30min,
as described [24]. Then, the sample was subject to centrifugation at
1300 × g for 5 mins at 4 °C to collect supernatant (which contains soluble
proteins) and pellet fractions (which contains the chromatin-associated
proteins). Cell pellets were dissolved in 1.5× SDS loading buffer. Same
amounts of protein sample were used for immunoblotting.

Immunoblotting (IB)
Cells were collected and lysed in EBC buffer (50mM Tris pH 8.0, 120mM
NaCl, 0.5% NP40, 0.1 mM EDTA, and 10% glycerol) freshly supplemented
with a complete protease inhibitor cocktail (Roche) and phosphatase
inhibitor (Roche). Protein concentration of cell lysates was measured by
Bradford assay (BioRad). Equal amounts of protein lysates were separated
by SDS-PAGE and transferred to PVDF membranes (Millipore). Quantifica-
tion of the intensity of protein bands by normalizing to GAPDH was
performed by ImageJ software.

Co-immunoprecipitation (co-IP)
IP was performed as described previously [24, 70]. Cell pellets were lysed in
EBC buffer (freshly supplemented with protease/phosphatase inhibitors)
on ice for 30min. After sonication, debris was removed by centrifugation at
12,000 × g for 15 min at 4 °C. 1 mg of proteins from whole cell lysate was
incubated with antibodies against target proteins overnight at 4 °C,
followed by addition of 10 μL of protein A or G magnetic beads (BioRad)
and rotation for an additional 3 h at 4 °C. Bound complexes were
centrifuged, washed with EBC buffer for three times, and subjected to
SDS-PAGE and immunoblotting.

Reverse transcription followed by quantitative polymerase
chain reaction (RT-qPCR)
RNA was isolated using the RNeasy PLUS Mini Kit (Qiagen). RT was
performed with 1 ug of total RNA using cDNA Reverse Transcription kit
according to the manufacturer’s protocols (Invitrogen), followed by qPCR
using SYBR Green Master Mix (BioRad) on a QuantStudio 6 Flex Real-Time
PCR System (Thermo). The relative abundance of gene expression was
calculated using the comparative CT method which compares the Ct
value of target gene to that of GAPDH. Primers for RT-qPCR are listed as
follows: JAK2-RT-F (AGAATGTCTTGGGATGGCAG); JAK2-RT-R (TGATAG
TCTTGGATCTTTGCTCG); OAS1-RT-F (CATCTGTGGGTTCCTGAAGG); OAS1-
RT-R (GAGAGGACTGAGGAAGACAAC); OAS3-RT-F (TCTGAGTAGAGACGGG
ACATC); OAS3-RT-R (TGGGCTGGAGAAATTCACTG); TLR4-RT-F (AGTTGATCT
ACCAAGCCTTGAGT); TLR4-RT-R (GCTGGTTGTCCCAAAATCACTTT); IRF1-RT-
F (AGTGATCTGTACAACTTCCAGG); IRF1-RT-R (CCTTCCTCATCCTCATCTGT
TG); IRF7-RT-F (TCCCCACGCTATACCATCTAC); IRF7-RT-R (GAAGACACACCC
TCACGC); IRF8-RT-F (AAGTTACAGAGATGGAGTGCG); IRF8-RT-R (CATCCCC
ATGTAATCGTCCAC); IRF9-RT-F (CTTGGTCAGGTACTTTCAGGG); IRF9-RT-R
(AGCAAGTATCGGGCAAAGG). Other primers used for RT-qPCR are used as
before [24].

Cell growth inhibition assay
Cell growth inhibition assay was performed as described previously
[24, 71]. In brief, cells were seeded in each well of 24-well plates in
triplicates, subjected to treatment of compounds added in various final
concentrations. Fresh medium containing compounds were changed every
two days. All flowing cell cultures were periodically diluted to keep a cell
density of less than 1 × 106/mL at all times. Cell numbers were counted by
an automated TC10 cell counter (BioRad) every two days. EC50 (The
effective control to 50% growth inhibition) values were calculated using a
nonlinear regression analysis of the mean ± S.D. from at least triplicated
datasets for each biological assay.

Fig. 6 MS177 effectively inhibits the growth of MM cells. A EC50 values of MS177, C24 and MS177N1 in a panel of MM cell lines after 4 days
of treatment (n= 3). B Plots showing the growth inhibitory effects of MS177 at indicated concentrations (x-axis; in the log10 converted values)
in the indicated MM cells after 2-day treatment. Y-axis shows relative growth after normalization to DMSO-treated cells (n= 3; mean ± S.D.).
C Plots showing the growth inhibitory effects of MS177 at indicated concentrations (x-axis; in the log10 converted values) in either wild-type
(WT) or CRBN-/- MM1.S cells after 2-day or 4-day treatment. Y-axis shows relative growth after normalization to DMSO-treated cells (n= 3;
mean ± S.D.). D Immunoblotting of the protein levels of EZH2, IKZF1 and IKZF3 in L-363 cells post-treatment with MS177N1, MS177N2, MS177,
C24, pomalidomide (Pom) or the combination of C24 and Pom at 2.5 mM versus DMSO, for 24 h. E Growth inhibitory effect of DMSO,
MS177N1, MS177N2, MS177, C24, Pom and the combination of C24 and Pom (x-axis) at 2.5 mM in the L-363 cells after 2-day treatment. Y-axis
shows relative growth after normalization to DMSO-treated cells (n= 3; mean ± SD; unpaired two-tailed Student’s t test). *, **, and *** denote
P < 0.05, 0.01 and 0.005, respectively. NS denotes not significant. F Representative views of soft agar-based assay (left panel) and
quantifications of colony formation (right panel; colony numbers counted by ImageJ and presented in average ± S.D. of two independent
experiments) of MM1.S cells post-treatment with DMSO, 2.5 µM of MS177N1 or C24, or three indicated concentrations (0.5, 1, or 2.5 µM) of
MS177. *, **, and *** denote P < 0.05, 0.01 and 0.005, respectively. ns denotes not significant. Unpaired two-tailed Student’s t test.
G, H Apoptosis analysis after a 24-h treatment with the indicated compounds in MM1.S cells. I Immunoblotting for the indicated apoptotic
markers in MM1.S cells, treated with either 2.5 µM of MS177N1 or C24 or indicated concentrations (0.5, 1, or 2.5 µM) of MS177, compared to
DMSO, for 24 h.
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Fig. 7 MS177 suppresses MM tumor growth in vivo. Averaged tumor volume (A) and Kaplan–Meier curve (B) of MM1.S subcutaneous (s.c.)
xenograft mouse models after treatment with vehicle, MS177 or C24 at indicated dosage (n= 5 per group; mean ± S.D.). Statistical significance
was determined by two-way ANOVA (A), log-rank (Mantel–Cox, B) test. Bioluminescent images (C), signal levels (D) and Kaplan–Meier curves
(E) of NSG mice transplanted intravenously (i.v.) with the luciferase-labeled MM1.S cells after treatment with vehicle or the indicated MS177
dosage (n= 5 per group; mean ± S.D.). Statistical significance was determined by two-way analysis of variance (ANOVA; D) or log-rank
(Mantel–Cox, E) test. Body weight change of NSG mice bearing the MM1.S tumors, xenografted either subcutaneously (s.c.; F) or intravenously
(i.v.; G), as measured from the starting time point of treatment with the indicated dose of vehicle or MS177 over a course of 21 or 25 days
(mean ± S.D.).
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Annexin V apoptosis assay
For measurement of apoptosis, cells were collected after treatment,
washed with cold PBS and stained with Annexin V-FITC Apoptosis
Detection Kit (BD) following the manufacturer’s instructions. Apoptosis
was detected with a CyAnADP flow cytometer, and then analyzed by
FlowJo Software (BD).

Soft agar colony formation assay
Soft agar-based colony formation assay was performed as described
previously. Briefly, cells were plated at a density of 12,000 cells/mL for
L-363 cells and 24,000 cells/mL for MM1.S cells in complete medium
supplemented with 0.4% of agarose onto the bottom layers composed of
medium with 1% of agarose. Every four days, 0.5 mL of fresh complete
media containing compound was added onto the plate. After 3-4 weeks’
incubation, cell culture plates were stained with 100 µg/mL of iodonitrote-
trazoliuim chloride solution (sigma), and after incubation overnight,
numbers of cell colonies were counted.

Subcutaneous human tumor models
All animal experiments were approved by and conducted in accord with
guidelines of Institutional Animal Care and Use Committee at UNC. NOD/
SCID/IL2Rgammanull (NSG) mice were acquired from the Jackson
Laboratory. Mice were housed in a germ-free environment with food
and tap water ad libitum. Room temperature and relative humidity were
held at 22 ± 2 °C and 30–70%, respectively. Automatic light control
guaranteed a 12-h light/dark cycle (7:00 to 19:00/19:00 to 7:00). MS177
was dissolved for in vivo use as previously described [24]. 5 million MM1.S
cells were suspended in 100 µL of DPBS with 50% Matrigel (Corning) and
then injected subcutaneous (s.c.) in the bilateral flank of NSG mice. Tumor
volume (mm3)= (length × width2)/2 and was measured using electronic
calipers three times per week. Once tumors reached an average of
approximately 50–100mm3, animals were randomized into groups (n= 5
per group) such that the average tumor volume at the beginning of
treatment administration was uniform across treatment groups. Animals
were then i.p. dosed with MS177 at 100mg/kg two times a day (BID) for
6 days/week, 200mg/kg BID for 3 days/week or C24 at 30mg/kg BID for
6 days/week. Clinical signs were monitored every day. Mice body-weight
changes and tumor volume were measured 3×/week until study
termination.

Orthotopic human tumor models
The luciferase labeled MM1.S were injected intravenously (i.v.) into the tail
vein of NSG mice. In vivo MM growth was monitored via weekly
chemiluminescence imaging of mice following intraperitoneal injection
with D-luciferin. Once tumors reached an average Bioluminescence
imaging (BLI) of 1 × 105 photons/second, animals were randomized into
groups (n= 5 per group) such that the average BLI signals at the
beginning of treatment administration was uniform across treatment
groups. Animals were then i.p. administered MS177 at 100mg/kg two
times a day (BID) for 6 days/week or 200mg/kg BID for 3 days/week.
Clinical signs, body-weight changes, and tumor BLI were measured 2 times
per week until study termination.

Statistics and reproducibility
Statistical analyses were performed using GraphPad Prism (version 9).
Unpaired two-tailed Student’s t test was used for experiments comparing
two sets of data with assumed normal distribution. Data are presented as
mean ± S.D. from at least three independent experiments. *, **, and ***
denote the P value of <0.05, 0.01 and 0.005, respectively. P < 0.05 was
considered to be statistically significant. NS denotes not significant. No
statistical methods were used to predetermine sample size. All data from
representative experiments (such as imaging and micrographs) were
repeated at least two times independently with similar results.

DATA AVAILABILITY
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