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Targeting NSD2-mediated SRC-3 liquid-liquid
phase separation sensitizes bortezomib treatment
in multiple myeloma

Jing Liu® ', Ying Xie!®, Jing Guo!, Xin Li', Jingjing Wang', Hongmei Jiang!, Ziyi Peng!, Jingya Wang',
Sheng Wang', Qian Li%, Linquan Ye3, Yuping Zhong?, Qiguo Zhang®, Xiaozhi Liu®, David M. Lonard’,
Jin Wang® &, Bert W. O'Malley® ’® & Zhigiang Liu@® "2*

Development of chemoresistance is the main reason for failure of clinical management of
multiple myeloma (MM), but the genetic and epigenetic aberrations that interact to confer
such chemoresistance remains unknown. In the present study, we find that high steroid
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ultiple myeloma (MM) is the second-leading adult
M hematologic malignancy and 1is characterized by
uncontrolled expansion of malignant plasma cells pri-
marily in bone marrow!, accounting for approximately 15% of
hematological malignancies and 1.3% of the total cancer occur-
rence worldwide?. As the aging population has increased over
time, the incidence of MM has increased to approximately 86,000
annual cases globally, leading to considerable clinical and eco-
nomic burdens3. Despite considerable progress in the develop-
ment of novel anti-myeloma agents and treatment strategies—
including proteasome inhibitors, immunomodulatory agents,
histone deacetylase inhibitors%, monoclonal antibodies, cellular
therapy (CAR-T), and stem cell transplantation in fit patients>®—
nearly all patients eventually relapse and often develop multidrug
resistance. Therefore, it is critical to further elucidate the
mechanisms underlying acquired drug resistance to clinically
available drugs in order to develop more effective therapies.
Genetic abnormalities and epigenetic aberrations play crucial
roles in MM pathogenesis. Chromosomal abnormalities—such as
copy-number variations, translocations, and mutations—are
crucial primary events for MM initiation”. Additionally, aberrant
epigenetic landscapes such as DNA methylation and histone
modifications further contribute to MM disease progression,
clonal heterogeneity, cellular plasticity, and drug resistance®.
Importantly, genetic and epigenetic aberrations have been shown
to orchestrally regulate genomic instability and transcriptomic
alterations, which contribute to dedifferentiation of malignant
cells to a less mature status that can lead to drug resistance and
poor disease progression®. It has been well elucidated that
abnormal histone methylation also plays an important role in
MM pathogenesis, as high levels of histone methyltransferases
(HMTs) and demethylases (HDMs) have been found in patients
with genetic mutations!?. For example, chromosomal transloca-
tion t(4;14)(p16;q32) is detected in 10-15% of MM patients and
leads to overexpression of fibroblast growth factor receptor 3
(FGFR3) and multiple myeloma SET domain (MMSET)!.
MMSET encodes a histone methyltransferase NSD2 that mainly
catalyzes histone H3 lysine 36 dimethylation (H3K36me2) to
consequently mediate chromatin structure remodeling, activation
of gene transcription, DNA repair, and cellular survivall%13,
Moreover, overexpression of NSD2 has been identified as an
adverse prognostic marker for MM, and recent studies have
revealed that NSD2 enhances drug resistance of MM through
H4K20me3-mediated recruitment of 53BP1 and enhanced repair
of DNA damage!*. As a consequence, the accumulation of
H3K36me?2 triggers an altered transcriptome that favors cellular
survival through redistribution of methyltransferase KMT6A/
EZH2!5, In addition, NSD2 enhances anti-apoptotic effects in
diverse cancers by modulating non-histone oncoproteins, such as
p53 and Aurora A protein, consequentially regulating anti-
apoptotic factors, such as MCL1 and BCL2!617, Despite these
substantial findings on the genetics of MM, the mechanisms of
NSD2-mediated acquisition of drug resistance remain unknown.
Steroid receptor coactivator-3 (SRC-3) belongs to the SRC/p160
coactivator family, which consists of three members: SRC-1/
NCOALI, SRC-2/TTF2/GRIP1/NCOA2, and SRC-3/AIB1/NCOAS3.
SRC-3 is amplified and overexpressed in diverse human cancers.
Moreover, clinical studies and cellular experiments have demon-
strated that SRC-3 promotes numerous aspects of cancer—such as
cancer initiation, progression, and chemoresistance—through the
integration of nuclear hormone receptors (or other transcription
factors) and multiple cancer-growth pathways!®. Recent evidence
has revealed that amplification of the NCOA3 gene is highly asso-
ciated with primary chemoresistance in ovarian cancers, suggesting
that SRC-3 is most likely a driver in chemoresistance!®. Addition-
ally, overexpression of SRC-3 is associated with tamoxifen resistance

and leads to markedly negative clinical outcomes in breast cancer?0,
to platinum resistance of ovarian epithelial cancer!, and resistance
to cytotoxic agents in breast cancer?2. Consistent with this inter-
pretation, suppression of SRC-3 protein levels has been shown to
sensitize anticancer reagents to effectively treat prostate cancer and
leukemia cells?324. Taken together, these findings have elucidated
the importance of SRC-3 in primary and acquired drug resistance in
various cancers. Nevertheless, it remains unclear whether and how
SRC-3 is involved in drug resistance in MM, especially in terms of
its integration with epigenetic regulators, such as NSD2. Achieving a
better understanding of the roles and mechanisms of how SRC-3 is
involved in MM drug resistance, as well as corresponding devel-
opments of novel therapeutic strategies, may help to better treat
MM in the future.

In the current study, we investigated the roles of SRC-3 in
response to treatment with proteasome inhibitors in myeloma
cells. Furthermore, we explored the underlying mechanisms of
SRC-3-mediated chromatin remodeling and transcriptomic
alterations, and evaluated the efficacy of a newly developed SRC-3
inhibitor, SI-2, in overcoming bortezomib (BTZ) resistance in
myeloma cells both in vitro and in vivo.
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pneks. n yet 3¢ . n VM .wts . To determine whether
SRC-3 has clinical significance in patients with MM, we analyzed
the correlation of SRC-3 expression with disease progression in
MM patients. Among our cohort of 133 patients, 82 cases were
newly diagnosed and 51 cases were refractory or relapsed (RR)
MM. RR patients received either at least eight cycles of BTZ-
based regimens for induction, or BTZ-based regimens for
maintenance therapy before samples were collected; therefore,
MM cells had at least one year of exposure to BTZ. All newly
diagnosed patients were treated with BTZ-based regimens and
their outcomes were categorized as complete response (CR) or RR
accordingly?> (Table 1). Clinical evaluation for the establishment
of a CR was reflected partially by bone-lesion restoration
and a strikingly abrogated plasma-cell percentage post-treatment

Table 1 Demographics and characteristics of patients
enrolled in this study.

Characteristics Total (n= NDMM (h = RRMM (n =
133) 82) 51)
Median age (range) 63 (37-87) 59 (37-79) 66 (46-87)
Gender
Male 78 (58.6%) 47 (57.3%) 33 (64.7%)
Female 55 (41.4%) 35 (42.7%) 18 (35.3%)
Chromosomal abnormalities (%)
t (4,14) 22 (16.5%) 9 (10.9%) 13 (25.4)
t (11,14) 19 (14.3%) 10 (12.2%) 9 (10.9%)
t (14;16) 5 (3.75%) 3 (3.65%) 2 (3.92%)
del13q,del17p 50 (37.6%) 32 (39%) 18 (35.3%)
R-ISS stage

| 35 (26.3%)
I 47 (35.3%)
0l 51 (385.3%)
Induction or maintenance regimen

26 (31.7%)
27 (32.9%)
19 (23.2%)

9 (17.6%)
20 (39.2%)
32 (62.7%)

VD 11 (8.3%) 1 (13.4%) 0 (0)
VCD 93 (69.9%) 62 (75.6%) 31 (60.8%)
VTD 29 (21.8%) 9 (11%) 20 (39.2%)

NDMM newly diagnosed MM, rrMM refractory or relapsed MM, BD bortezomib,
dexamethasone, BCD bortezomib, dexamethasone, cyclophosphamide, VTD bortezomib,
thalidomide, dexamethasone

aThe status of 1 patient is unknown
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Fig. 1 SRC-3 level correlates with treatment outcomes of MM patients in clinic. a Histological views of bone disruption, percentage of plasma cells (n =3
biological independent samples), and SRC-3 (NCOA3 as gene nomenclature) expressions (mean = SD, n = 3 biologically independent experiments) in bone
marrow biopsies from patients with CR or RR before (pre-T) and after (post-T) bortezomib (BTZ) based treatments. MRI, magnetic resonance imaging; CT,
computerized tomography. All P values were determined by two-sided Student's t test. b NCOA3 expressions in plasma cells from healthy controls (PC,
n=26), newly diagnosed MM patients (NDMM, n = 35), and refractory or relapse MM patients (RRMM, n = 30). Two-sided P values were determined by
Student's t test; mean + SD. ¢ NCOA3 expression in newly diagnosed MM patients without known mutations (non-M, n = 67), with t(4;,14) (n=43) and
other cytogenetic abnormalities (including t(11,14), t(16;14), and 1g21; n = 22). Two-sided P values were determined by Student's t test; mean £ SD.

d NCOA3 expression in patients with complete response (CR, n =12) and patients with refractory or relapse (RR, n =12) before (pre-T) and after treatment
(post-T), and (e) shows the difference of NCOA3 expression in the two groups. Purple color, t(4;14)*. Two-sided P value was determined by Student's t
test; mean = s.d. from n =3 independent experiments. f The correlation coefficient between the NCOA3 expression and numbers of bone lesion in

MM patients (n = 3 independent experiments from n =19 samples); x2 = 0.5806; P < 0.0001. g Immunohistochemical images of bone marrow biopsies
from two patients with disease progression before (pre-T) and after treatment (post-T). Scale bar, 200 pm. h Correlation of NCOA3 expression with
progression-free survival (PFS) and overall survival (OS) in patients after receiving bortezomib (BTZ)-based treatment regimens in our cohort (n=64).
All P-values were determined by Pearson Coefficient and Log-ranks test. Source data are provided as a Source Data file.

(post-T) compared with that at the pre-treatment (pre-T) stage in  significantly correlated with a t(4;14) cytogenetic abnormality, but
our study. We found that patients with a CR had concomitantly it was not significantly correlated with any other abnormalities
declined SRC-3 mRNA levels. However, in RR patients—whose such as t(11;14), t(16;14), and 1q21 (Fig. 1c). Among 12 CR
bone lesions were deteriorated and plasma-cell percentages were patients, the percentage of bone marrow plasma cells (BMPC)
augmented after at least eight cycles of BTZ-based regimens—  were all suppressed under 5%, and in12 RR patients, the per-
SRC-3 mRNA levels were significantly increased (Fig. la). centages were not significantly changes (Fig. S1a), we found SRC-
Moreover, this SRC-3 expression pattern was confirmed in 3 expressions were all remarkably decreased in CR patients and
plasma cells from both newly diagnosed MM patients and RR  increased in RR patients after BTZ-based treatments, respectively
patients after BTZ-based regimens compared with those from (Fig. 1d); the difference between CR and RR patients was sig-
healthy donors (Fig. 1b). Interestingly, SRC-3 expression was nificant (Fig. le), and their bone-lesion numbers were positively
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correlated with SRC-3 mRNA levels (Fig. 1f). However, although
SRC-3 expression declined, no significant difference was observed
between patients with partial response (PR) and very good partial
response (VGPR) (Fig. S1b). Correspondingly, the protein level of
SRC-3 was also obviously augmented in biopsies from patient
with disease progression (Fig. 1g), and significantly higher in RR
patients than in newly diagnosed MM patients (Fig. Slc, d). Our
follow-up analysis indicated that SRC-3 expression was negatively
correlated with both progression-free survival (PFS) and overall
survival (OS); for SRC-3-high patients and SRC-3-low patients,
the PFS medians were 15.5 months versus 28 months, respec-
tively, and the OS medians were 64 months versus 91 months,
respectively (Fig. 1h). Using an independent cohort of 542 MM
patients (GSE2658), we also confirmed that high expression of
SRC-3 was associated with significantly worse overall survival
(P=0.0198), although SRC-3 expression was only slightly
increased in the active MM patients compared with normal
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GFP-fusion IDR proteins (Fig. S5e) and an IDR-depleted SRC-3
fusion protein to measure optoDroplet formation. Intriguingly,
we found that only the full length of SRC-3 could format an
aggregation, whereas depletion of the IDR domain resulted in a
diffused formation of SRC-3 (Fig. 5¢). Importantly, the GFP-SRC-3-
IDR fusion protein formed droplets at a minimum concentration of
0.5uM and the droplets were augmented in a dose-dependent
manner in the presence of 10% PEG8000 in vitro (Fig. 5d, e, Fig. S5f);
moreover, this aggregation was abolished by increasing concentra-
tions of NaCl (Fig. 5f). To clarify whether NSD2 is pivotal to SRC-3
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significantly inhibited, whereas it was enhanced when NSD2
was overexpressed in vivo (Fig. 5j). However, when the SET
domain of NSD2 was depleted, it cannot be recruited into SRC-3
droplets, no obvious effect was observed in the recovery of SRC-3
aggregation after bleaching, when compared either to the vector
control or to the full-length NSD2 (Fig. S5i). Moreover, using
parental-paired KMS111t/+ and KMS11t/~ MM cells (with or
without ectopic NSD2 overexpression) (Fig. S6a), we also observed
that SRC-3 foci were significantly attenuated in KMS11H/~ cells
(Fig. S6b, c). When the NSD2 expression was rescued in KMS1 1=
cells (Fig. S6d), the aggregation of SRC-3 was reinstated as well
(Fig. S6e, f). Collectively, these data strongly suggest that SRC-3
possesses the property of LLPS, and it is suggestively correlated with
NSD2 in MM cells.

To validate the role of the LLPS of SRC-3 in MM drug
resistance, we first investigated the abundance of endogenous
SRC-3 protein in WT and BR-MM cells, and found that SRC-3
foci were significantly abundant in BR MM cells (Fig. S6g, h). To

clarify whether SRC-3 abundance or LLPS was correlated with
MM drug resistance, we expressed ectopic SRC-3 full length (FL)
or SRC-3 AIDR in OPM-2 and LP-1 cells with endogenous SRC-3
depletion and found that only the FL SRC-3 rescued the
resistance to BTZ treatment (Fig. 5k, Fig. S6i). Notably,
overexpression of SRC-3 FL completely prevented this rescue,
whereas SRC-3 AIDR vyielded even more cleavage of PARP
compared with that of the control (Fig. S6j). Taken together, these
results suggested that the LLPS of SRC-3 plays a critical role in
MM drug resistance.
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Fig. 4 NSD2 is recruited to and contributes to SRC-3 stabilization. a Silver staining of LP-1 cells infected with lentivirus carrying SRC-3-3 x flag for 72 h
(n =3 biologically independent experiments). b Co-immunoprecipitation (Co-IP) assay shows interactions between CBP, p300, PRMT1, PRMT4, NSD2 and
SRC-3. Input, 2% lysate (n = 3 biologically independent experiments). IP, M2-flag antibody. € Western blotting shows the alteration of SRC-3, NSD2, p300,
PRMT4, H3K36me2 protein levels in the wild type (WT) and bortezomib (BTZ)-resistant (BR) MM.1S and LP-1 cells (n = 3 biologically independent
experiments). d Proximity ligation assay (PLA) shows protein-protein interaction between NSD2 and SRC-3 (n = 30 cells from 3 biologically independent
experiments). e Degradation rate of SRC-3 protein in WT and bortezomib (BTZ)-resistant (BR)-myeloma cells treated with 20 pM cycloheximide (CHX)
for up to 10 h (n = 3 biologically independent experiments). f Degradation rate of SRC-3 protein in MM.1S and LP-1 cells infected with lentivirus carrying
NSD2-HA (NSD2-OE) or vector control (Vector) for 72 h treated with 20 pM CHX for up to 10 h (n =3 biologically independent experiments). g SRC-3-
3 x flag levels in HEK293T cells co-transfected with full-length NSD2 (FL), SET domain depletion NSD2 (ASET), or Y1179A mutation NSD2 (Y1179A) for
48 h (n=3 biologically independent experiments). h Immunoprecipitation assay for full-length SRC-3 (FL) or AD2-domain depletion SRC-3 (AAD2) in
HEK293T cells (n = 3 biologically independent experiments). i Immunoprecipitation assay for full-length NSD2 (FL) or truncations with PWWP domain
depletion (APWWP), HGM domain depletion (AHGM), or PHD domain depletion (APHD) with SRC-3 in HEK293T cells (n = 3 biologically independent

experiments). Input, 2% whole lysate; IP, M2-flag antibody or HA antibody.

alone, however, did not induce apoptosis in myeloma cells, even at
200nM, as no cleaved caspase-3 was observed (Fig. S7b).
Remarkably, SI-2 treatment dramatically reduced SRC-3 levels in
BR-MM cells and also moderately inhibited H3K36me2 levels
(Fig. 6b), but had no obvious effect on other partners, such as
NSD2, P300, PRMT1, PRMT4, or H3K27Ac levels (Fig. S7c). To
explore whether downregulation of SRC-3 is dependent on SRC-3/
NSD2 interactions, we implemented co-immunoprecipitation (Co-
IP) experiments with or without SI-2 for a shorter incubation time
(16 h) to exclude the impact of SRC-3 degradation (Fig. S7d); we
found that the interaction of SRC-3 with NSD2 was almost entirely
eliminated in the presence of SI-2 (Fig. 6¢). In particular, the pro-
tective effect of NSD2 on SRC-3 protein stabilization was attenuated
in the presence of SI-2, as the half-life of SRC-3 was dramatically
shortened (Fig. 6d, Fig. S7e). As a consequence, the SRC-3

Source data are provided as a Source Data file.

aggregation in BR MM cells was significantly diminished (Fig. 6e,
Fig. S7f). To clarify whether SI-2 sensitizes MM cells to BTZ
treatment by hindering SRC-3 LLPS, we treated endogenous SRC-3
KD LP-1 cells that were rescued by ectopic SRC-3 FL or AIDR
overexpression with 25 nM of SI-2 and increasing dosages of BTZ.
We found that SI-2 abolished the recovered resistance in FL-
rescued cells, but it had only a limited effect in AIDR-rescued cells
(Fig. 6f, Fig. S7g). Collectively, these results suggested that SI-2
eliminates the SRC-3 function by disrupting the direct binding of
NSD2 at the IDR domain of SRC-3.

To elucidate transcriptomic features of SRC-3 that may be
responsible for drug resistance, we employed RNA sequencing
(RNA-seq) to define networks of genes in SI-2-treated myeloma
cells. This RNA-seq analysis revealed that an ample number of
genes were significantly upregulated in BR-MM cells, including
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Fig. 5 NSD2 enhances SRC-3 liquitiquid phase separation in BRZ-resistant myeloma cells. &rediction of intrinsically disordered regions (IDRs) (green
frame) of SRC-3 protein using a PONDR algorithrbg-luorescence recovery after photobleaching (FRAP) of a SRC-3-GFP focus (red framed) by 488 nm
laser for 5 bleaching and 30 recovery in MM.1S cells, and the blue framed focus was used as a contrel 8 biologically independent experiments).

¢ Phase separation formation of full-length GFP-SRC-3 (FL) and IDR domain depletion GFP-SRBR3 (n MM.1S and LP-1 cells fn3 biologically
independent experiments). Scale bar, B. d Visualization of turbidity associated with droplet formation. Tubes containing SRC-3-IDR (right pair) or GFP
(left pair) in the presence ) or absence ( ) of PEG-8000 (n= 3 biologically independent experimentsg Representative imagesn(= 3 biologically
independent experiments) of droplet formation of GFP-SRC-3-IDR at different protein concentratidRepresentative imagesn(= 3 biologically
independent experiments) of GFP-SRC-3-IDR at\d protein concentration droplet formation at different salt concentrationg.Representative images

(n= 3 biologically independent experiments) of droplet formation of GFP-vector or GFP-SRC-3-IDR in the presehoe §bsence ( ) of NSD2.

h Representative imagesn(= 3 biologically independent experiments) of droplet formation of GFP-vector or GFP-SRC-3-IDR in the presehoe (
absence () of NSD2 at different salt concentrations. GFP-vector or GFP-SRC-3-IDR was added to droplet formation buffer to achiévprbtein
concentration with a nal NaCl concentration as indicated Phase separation formation of full-length GFP-SRC-3 (FL) in HEK293T cells before and after
treatment with 3% 1,6-hexanediol at different times (upper). Representative micrograpirs 8 biologically independent experiments) of confocal
immuno uorescence for endogenous SRC3 droplet foci in MM.1S cells before and after treatment with 3% 1,6-hexanediol for 5 s (Jd<ime}ic recovery
times of bleached GFP-tagged SRC-3 droplet foci in HEK293T co-transfected with NSD2 shRNA (NSD2 KD) or expressing vector (NSD2 OE) by 488 nm
laser (h= 3 biologically independent experiments). Two-sidétlivalues of the comparisons between thenal extent of recovery after photobleaching

(i.e. 60 s)were performed using one-way ANOVA; mean * sldAlteration of 1G to bortezomib (BTZ) treatment in LP-1 and OPM-2 SRC-3 knockdown
(KD) cell lines in the presence of SRC-3 full length (SRC-3 FL) or IDR region depletion truncation (SROR) (n= 3 biologically independent
experiments). Source data are provided as a Source Da&

anti-apoptotic genes such as ATP-binding cassette transporteasscription start sites (TSS) of some genes that could be
(ABC transporters)BCL2 and CCL4 as well as direct SRC-3-distinguished into three patterns; furthermore, SI-2 exposure
downstream targets, such &BS, TNC, EGRland IGF1R reduced H3K36me2 recruitment on genes governing apoptosis,
(Fig.6g, S Data 2). Chromatin-immunoprecipitation sequencinguch asABCC1 which hinders gene-transcription elongation
(ChlP-seq) revealed that the recruitment of H3K36me2 dhrough RNA polymerase Il (Figgh, S Data 3). Additionally,
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Fig. 6 SRC-3 inhibitor SI-2 abolishes NSD2/SRC-3 interaction and sensitizes BTZ treatment in myeloma cells. a Cleavage of PARP as the marker of
apoptosis in MM cell treated with bortezomib (BTZ) (0-20 nM) in the presence or absence of 25nM SI-2 for 24 h (n = 3 biologically independent
experiments). b Levels of SRC-3, NSD2, H3K36me2 in wild type (WT) and bortezomib (BTZ)-resistant (BR) myeloma cells treated with 25 nM of SI-2 for
24-h (n =3 biologically independent experiments). ¢ Co-IP assay shows interaction between SRC-3 and NSD2 in myeloma cells treated with 25 nM SI-2 for
16 h (n = 3 biologically independent experiments). Input, 2% whole cell lysate. IP, anti-SRC-3 antibody. d Degradation rate of SRC-3 protein in myeloma
cells stably expressing NSD2 treated with 20 pM cycloheximide (CHX) for up to 10 h with or without 25 nM SI-2 (n =3 biologically independent
experiments). e Confocal immunofluorescence for endogenous SRC-3 droplet foci in bortezomib (BTZ)-resistant (BR) myeloma cells treated with 25 nM
SI-2 or vehicle for 24 h (n = 3 biologically independent experiments). Scale bar, 5 pm. f Alteration of ICsq to bortezomib (BTZ) treatment in LP-1 SRC-3-KD
cells treated with 25 nM SI-2 or vehicle for 24 h in the presence of SRC-3 full length (FL) or IDR region depletion truncation (AIDR) (n = 3 biologically
independent experiments). g Heat map for drug resistance responsible genes alteration in 25 nM SI-2 or vehicle-treated bortezomib (BTZ)-resistant (BR)
myeloma cells (n =2 biologically independent experiments). h ChIP-seq profile for 3 clusters of genes enriched by H3K36me2 in bortezomib (BTZ)-
resistant (BR) LP-1 cells treated with DMSO or 25 nM of SI-2 (n =3 biologically independent experiments). Pie chart, percentage of 3 clusters of genes
enriched by H3K36me2 in two groups; Density plots, changes of H3K36me2 density around the transcription start site (TSS) region of genes in 3 clusters.

i gPCR shows the selected gene expressions in bortezomib (BTZ)-resistant (BR) myeloma cells treated with 25 nM SI-2 for 24 h. (n =3 biologically
independent experiments). Two-sided P-values were determined by Student's t test; mean £ s.d. Source data are provided as a Source Data file.

abolishment of increased H3K36me2 modifications on the TSS
of SRC-3 target genes was confirmed by ChIP-PCR using
H3K36me2 or NSD2 antibodies (Fig. S7h) and quantitative
PCR (qPCR) (Fig. 6i). Together, these findings revealed that
pharmacologically targeting SRC-3 through SI-2, at least in part,
abrogates transcriptional alterations in myeloma cells responsible
for drug resistance.

d

S -2 V'.r': s l-isgancb‘and rst rs & rma :pd e
bnsls.ns nyy . To evaluate the effects of §1—2 on remission
of myeloma tumor growth and lytic bone lesions following BTZ

in vivo, we established WT-MM-originated or BR-MM-originated
xenografts or bone-lesion models, respectively, in NOD-scid
IL2Rg"!! mice26, We used SRC-3-low MM.1S cells and SRC-3-
high LP-1 cells to evaluate whether anti-MM effects are mediated
by targeting the SRC-3 protein. SI-2 administration alone had no
obvious effects on tumor growth in WT-MM-derived models, nor
did BTZ administration alone in BR-MM-derived models. We
found significantly beneficial antitumor effects, however, using a
combination of BTZ and SI-2 in both MM-derived xenografts,
with an even more obvious efficacy in LP-1 cells than in MM.1S
cells (Fig. S8a). Notably, we did not observe any significant toxic
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Fig. 7 SI-2 abolishes BTZ drug resistance and rehabilitates bone disruption in vivo. a Tumor growth of bortezomib (BTZ)-resistant (BR) MM.1S or LP-1
cells (3 x 106 cells/mouse) in NSG mice combined treatment with SI-2 and BTZ (n = 12 mice per group). Two-sided P-values were determined by two-way
ANOVA test; mean = s.d.; red P for LP-1 and blue P for MM.1S. b Survival rate of mice at the time point of tumor size = 15 mm3 (n =12 mice per group).
Two-sided P-values were analyzed using log-rank test; red P for LP-1 and blue P for MM.1S. ¢ Representative micrographs (n =12 biologically independent
samples) of immunohistochemistry staining in tissues from xenograft of mice treated with bortezomib (BTZ) or BTZ plus SI-2 to detect SRC-3 level and
apoptosis using TUNEL kit. Scale bar, 50 pm. d Representative microCT reconstructions of mouse femurs bearing bortezomib (BTZ)-resistant (BR) MM.1S
and LP-1 cells (5 x105/mouse) and treated with BTZ (0.5 mg/kg) or BTZ + SI-2 (2 mg/kg SI-2) (n =8 mice per group). e 3D reconstructions of bone
trabecula in metaphyseal regions (n = 8 mice per group). f Masson staining shows the histological disruption of mice femur (n = 8 biologically independent
samples). Measurement of (g) the percentage of bone volume to total volume (BV/TV), (h) trabecular number, (i) trabecular thickness, and (j) trabecular
separation in the metaphyseal regions of the mice femurs in the bortezomib (BTZ) and BTZ + SI-2 groups were analyzed (n =8 mice per group). Two-

sided P values were determined by Student's t-test; mean * s.d. Source data are provided as a Source Data file.

effects in mice from these manipulations, as there were no
detected changes in body weight or bone metabolism (Fig. S8b, c).
Interestingly, when tumors were derived from BR-MM cells, the
combined treatment with SI-2 and BTZ remarkably suppressed or
even halted tumor growth in most cases (Fig. 7a) and, moreover,
significantly improved mouse survival (Fig. 7b). We also found
significantly inhibited SRC-3 level, increased apoptotic cells, and
halted cellular proliferation in the SI-2-treated groups (Fig. 7c,
Fig. S8d); additionally, SI-2 treatment abrogated the elevated genes
responsible for drug resistance in MM (Fig. S8e).

In terms of our bone-lesion models, for mice femurs bearing WT-
MM cells, the combination of SI-2 with BTZ significantly alleviated
bone disruption compared with that of BTZ alone, whereas SI-2
alone had no beneficial effect (Fig. S8f, g). In the femurs of mice
bearing BR-MM cells, remission of bone disruption in the SI-2/BTZ

combination group was observed by the shrinkage of the osteolytic
lesion area and less cortical perforations upon treatment (Fig. 7d).
Three-dimensional reconstruction of bone-trabecula measurements
illustrated a well-preserved trabecular network at metaphyseal and
diaphyseal regions of mouse femurs in the SI-2/BTZ combination
group (Fig. 7e). Histologically, an attenuated disruption of bone
trabecula was also visualized in the SI-2/BTZ combination group
(Fig. 7f, Fig. S8h). Quantitative analysis of bone structure revealed a
significant recuperation of trabecula disruption in the SI-2/BTZ
combination group, with higher percentages of BV/TV (Fig. 7g),
trabecula numbers (Fig. 7h), and cortical thickness (Fig. 71), as well as
a smaller size of trabecula separation at the metaphysis and diaphysis
(Fig. 7j). Taken together, these in vivo phenotypes and biological data
revealed that pharmacological targeting of SRC-3 abrogates BTZ-
induced drug resistance and stimulates bone-lesion recovery in mice.
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Discussion

In the present study, we elucidated an important role of SRC-3 in
proteasome-inhibitor-induced drug resistance in MM patients
and immortalized cell lines. We found that SRC-3 mechanistically
exerted this role through interactions with the histone methyl-
transferase NSD2 to stabilize SRC-3 and form liquid-liquid phase
separation, consequentially remodeling chromatin and producing
an adaptive transcriptome favoring myeloma-cell survival and
disease progression. Notably, our findings also revealed sig-
nificant anti-MM effects of a newly developed SRC-3 inhibitor,
SI-2, with BTZ, and shed light on developing strategies using SI-2
to overcome drug resistance in MM patients.

Previous findings revealed that oncogenic SRC-3 is dominantly
expressed in human CD19~ B cells, B lymphoblasts, and den-
dritic cells?2. CD19~ B cells mainly consist of plasma cells (with
only a few numbers of pro-B cells), from which MM originates33.
Functional roles of SRC-1 and SRC-2 are mostly reported in
tumor migration and metastasis, but SRC-3 also plays more
important roles in tumor initiation, progression, and chemore-
sistance®*. We found that SRC-3 expression was elevated more in
RR patients than in newly diagnosed MM patients, as well as in
patients with disease progression; moreover, correlational analysis
showed a significant negative correlation of SRC-3 with clinical
outcomes, confirming the role of SRC-3 in tumor progression
that previously has been reported by other groups. Our SILAC
assay showed that SRC-3 is one of the DEP proteins in BTZ-
resistant MM cells, and that the other down- or upregulated
proteins likely also have close relationships with SRC-3. Another
contribution of our present study in regard to elucidation of SRC-
3 in MM chemoresistance is that elevated SRC-3 in MM may be
induced specifically by proteasome inhibitors, because RR
patients in our study were treated with several rounds of BTZ-
based regimens. Furthermore, our in vitro studies also verified
that depletion of SRC-3 either by RNA interference (RNAi) or
small-molecule inhibitors sensitized the anti-MM efficacy of BTZ.
Thus, a variety of assays in our present study collectively revealed
an important role of SRC-3 in acquired drug resistance in MM.

SRC-3 has been reported to be modified by SUMOylation for
degradation3®, and BTZ is a type of proteasome inhibitor that
disturbs the proteasome-dependent protein degradation system.
Therefore, modification of SRC-3 protein levels, or interactions
with other protein complexes, may play important roles in SRC-
3-mediated proteasome-inhibitor-induced drug resistance in
MM. SRC-3 has been found to promote hormone-dependent
cancers by coactivating nuclear receptors as well as transcription
factors!8, Four conserved structural domains constitute a plat-
form for these coregulators to bind and execute chromatin
remodeling and transcriptional regulation. Specifically, AD2 is
the domain in which the histone methyltransferases, CARM1 and
PRMT1, are reported to bind and promote histone methylation
that subsequently facilitates chromatin remodeling3¢. In our
present study, we discovered that NSD2 levels—but not p300,
CARMI, or PRMT1 levels—were upregulated under BTZ treat-
ment. A recent study has reported that NSD2 interacts with and
methylates the non-histone protein, aurora kinase A, and pro-
motes solid tumor cell proliferation!”. Our present study also
suggested that methyltransferase activity of NDS2 is essential for
SRC-3 stability, because either depletion of the SET domain with
methyltransferase activity or mutation of the key amino acid in
the SET domain of NSD2 extinguished the NDS2-mediated
protective effects on SRC-3. However, whether NSD2 regulates
SRC-3 expression at the transcriptional level was not investigated
in the current study.

One consequence of protein—protein interactions and mod-
ifications is to form LLPS, often through intrinsically disordered
protein sequences3’. We identified that SRC-3, but not NSD2, had

the capacity to form LLPS, and it is closely correlated with the
NSD2 in MM cells. The functional consequences of phase-
separated condensates are involved in various biological activities,
including modulating chromatin structure, gene expression, pro-
tein degradation, and signaling transduction.’®3° These functional
consequences are particularly interesting when they occur in the
nucleus, because the nuclear phase is reported to be critical for
direct interaction and regulation of the transcriptome3840,
Importantly, altered LLPS usually leads to dysregulation of nuclear
events or epigenetics, and consequentially causes tumorigenesis or
progression, because condensation of proteins can exert augmented
biological functions compared with those during a diffused sta-
tus*!. Besides, the destruction of SRC-3 LLPS also causes diffusion

of SRC-3 and alters its 13.89999961(s8(c)14.69999961(1i19999610810099999
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SI-2, for MM patients with t(4;14) translocations or induced RR
from proteasome-inhibitor therapy.

Methods

Patient and ethics approvals. Diagnosis of newly diagnosed or relapsed/refrac-
tory MM patients by the International Myeloma Working Group (IMWG) cri-
teria*$, management regimens and response evaluation?’, the Revised International
Staging System (R-ISS) for MM#°, and the key exclusion criteria%®, were adopted
accordingly. Briefly, patients of standard risk were induced with BTZ-based regi-
men (=8 cycles) before maintenance, and patients of high risk were maintained
with BTZ-based regimens; response to treatment regimens were evaluated after
receiving 2 cycles of treatment, and both the primary and secondary refractory as
well as relapsed patients were included; the bone disruptions were evaluated one
year after the treatment. Bone marrow biopsies were taken without washout period.
Preparation of CD138% cells from MM patients and healthy controls have been
described in a previous study?®. This study was approved by the Ethics Committee
of Tianjin Medical University, and all protocols conformed to the Ethical Guide-
lines of the World Medical Association Declaration of Helsinki. Signed informed
consent was obtained from each participating individual prior to participation in
the study.

MM cell lines. Myeloma-cell lines MM.1R and U266 were purchased from ATCC
(American Type Culture Collection, Manassas, VA, USA), RPMI-8226 and MM.1S
from the National Infrastructure of Cell Line Resource (Beijing, China), NCI-H929
from Chinese Academy of Sciences Cell Bank (Shanghai, China), respectively;
ANBL-6, ARP-1, CAG, OPM-2 were kind gifts from Dr. Robert Z. Orlowski at the
Department of Lymphoma and Myeloma, UT MD Anderson Cancer Center. MM
cells were cultured in RPMI-1640 media supplemented with 15% of fetal bovine
serum, 100 U/ml of penicillin, 100 mg/ml of streptomycin, and 2 mM L-glutamine
(Gibco, Life Technologies, Carlsbad, CA, USA). The HEK293T cells were cultured
in DMEM-high glucose media with 10% fetal bovine serum, 100 U/ml of penicillin,
100 mg/ml of streptomycin, and 2 mM L-glutamine. These cells were all cultured at
37°C in a humidified incubator with 5% CO, (Gibco, Life Technologies, Carlsbad,
CA, USA). All cells were STR authenticated (Biowing Biotech, Shanghai, China)
and mycoplasma-free confirmed with the Universal Mycoplasma Detection Kit
(ATCC, Manassas, VA, USA).

Stable isotope labeling using amino acids in cell culture (SILAC) assay. The
cells were labeled with either “heavy isotopic amino acids” (L-13C4-Lysine/L-
13C41°N,-Arginine) or “light isotopic amino acids” (L-Lysine/L-Arginine) using a
SILAC Protein Quantitation Kit (Pierce, ThermoFisher, Carlsbad, CA, USA)
according to the manufacturer’s instructions. The cell line was grown for more
than six generations before being harvested, to achieve more than 97% labeling
efficiency. After that, the cells were further expanded in SILAC media to desired the
cell number. Finally, the cells were washed with cold PBS two times and stored at
—80 °C for further LC-MS/MS and bioinformatics analysis (PTM biolabs, Hang-
zhou, China).

Transfection, virus package, and infection. Transient transfections to
HEK293T cells were performed using polyethyleneimine (PEI) (Polysciences,
Warrington, PA, USA) in the OPTI-MEM medium (Life Technologies, Carlsbad,
CA, USA) with a ratio of 1:4 to 1:6 of DNA:PEL Transient transfections to MM
cells were performed using the Neon electroporation Transfection System (Invi-
trogen of Life Technologies, Carlsbad, CA, USA) according to the manufacturer’s
instructions as previously reported?’. Viral particles were produced by

HEK293T cells in a 10 cm dish transfected with 4 ug PMD2G and 6 ug PSPAX2
packaging plasmids (Addgene, Watertown, MA, USA), together with 8 ug lentiviral
expressing vectors encoding target genes listed in the S Table 1. Supernatant car-
rying the viral particles was harvested after transfection and concentrated to
1/100 volume by Poly (ethylene glycol) 8,000 (Sigma-Aldrich, St. Louis, MS, USA).
For viral infection, 1 x 10® myeloma cells were seeded and then added 50 L viral
concentration and 8 pg/mL polybrene, and cells were spun at 200 x g for 45 min at
20°C. 12 h after infection, the medium was changed and cells were cultured for
another 48 h until further management.

Cell proliferation assay. Myeloma cells (5 x 10%) were treated as designed in
96-well plates for an appropriate time and then added 20 pL of CellTiter 96
AQueous One Solution Reagent (Promega, Fitchburg, WN, USA) into 100 pL of
culture media, after incubation for 1-4 hr at 37 °C the plates were read at 490 nm
with a Microplate Reader 550 (Bio-Rad Laboratories, Richmond, CA, USA). The
following formula was used to calculate cell viability (%) = OD value of treatment
group/OD value of control group x100.

Real-time PCR and RNA-seq experiment. Total RNA was isolated using Trizol
(Life Technologies, South San Francisco, CA USA) according to the manufacturer’s
instructions. Total RNA (2 pg) was reverse transcribed using the 5x All-In-One
reverse transcription MasterMix (abm, Vancouver, Canada). Quantitative real-time
PCR was performed by mixing cDNA, gene-specific primers, and EvaGreen 2x

qPCR MasterMix (abm, Vancouver, Canada) in the QuantStudio 3 Real-Time PCR
System (Applied Biosystems). Primer sequences are provided in the S Table 1. For
RNA-sequencing assays, the quality of the purified RNA was tested on Agilent
2100 Bio analyzer (Agilent RNA 6000 Nano Kit) (BGI, Shenzhen, China). Libraries
for cluster generation and DNA sequencing were prepared following an adapted
method from the BGISEQ-500 platform. The low quality reads (more than 20% of
the bases qualities are lower than 10) were filtered to get the clean reads. Then
those clean reads were assembled into Unigenes, followed with Unigene functional
annotation, SSR detection and calculation of the Unigene expression levels and
SNPs of each sample. Finally, DEGs (differential expressed genes) were identified
between samples and from clustering analysis and functional annotations.

Flow cytometry analysis. MM cells were incubated in 12-well plates and admi-
nistered with bortezomib with or without SRC-3 inhibitors. After incubation at 37 °
C for the indicated time, apoptosis assay was then carried out using the Annexin V-
FITC Apoptosis Detection Kit (Sigma-Aldrich, St. Louis, MO, USA) according to
the manufacturer’s instructions. A total of 5 x 10° cells were stained with 5 uL
Annexin V-FITC and 1 pL of PI in the dark to ensure the population abundance.
The cells were analyzed by a FACS Calibur instrument. The data of flow cytometry
were analyzed with CellQuest 3.0 software (BD Biosciences, New Jersey, USA).
Forward and side scatter gating strategy was used in flow cytometry analysis to
identify the cells of interest based on the relative size and to remove debris and
other events that are not of interest.

Immunofluorescence staining (IF) and PLA. For IF assays, myeloma cells were
fixed in 4% formaldehyde, then samples were permeabilized and blocked. After
incubation with anti-SRC-3 antibody (1:500) (Cell Signaling Technology, #2126,
Danvers, MA, USA) and anti-NSD2 antibody (1:250) (Abcam, ab75359, Cam-
bridge, UK) overnight at 4 °C, samples were incubated with FITC-conjugated goat
anti-rabbit IgG (1:2000) for 60 min at room temperature and nuclei were coun-
terstained with DAPIL PLA assay was performed using Duolink In Situ (Sigma-
Aldrich, St. Louis, MO, USA) according to the manufacturer’s instructions. Briefly,
MM cells were deposited on glass slides and pre-treated with respect to fixation,
retrieval, and/or permeabilization. After blocking, and sequentially incubating with
a mouse anti-NSD2 antibody (1:250) (Abcam, ab75359, Cambridge, UK) and a
monoclonal rabbit anti-SRC-3 antibody (1:500) (Cell Signaling Technology, #2126,
Danvers, MA, USA) overnight at 4 °C. Species-specific secondary antibodies linked
to specific oligonucleotides were added, and the sample was incubated for an
additional 60 min at 37 °C. Ligation of PLA probes was done by adding a solution
containing ligase to the sample at 37 °C for 30 min. Finally, signal amplification
took place by rolling circle amplification of ligated PLA probes at 37 °C for 100
min. Samples were stained with DAPI to visualize cell nuclei. The addition of
isotype control immunoglobulins instead of primary antibodies was used as a
negative control. Signal detection was carried out by fluorescence imaging per-
formed using an Olympus FV1000 IX81-SIM Confocal Microscope (Olympus,
Tokyo, Japan).

Tunnel assay. Tunnel assay was performed using the DeadEnd™ Fluorometric
TUNEL System (Promaga, Tokyo, Japan) according to the manufacturer’s
instructions. Briefly, the deparaffinized and rehydrated tissue sections were incu-
bated with proteinase K (20 pug/mL) for 8-10 min. Then they were washed and
incubated with Equilibration Buffer for 5-10 min. The tissue sections were fixed
with 4% methanol-free formaldehyde solution for 5 min. Then they were washed
and incubated with rTdT incubation buffer at 37 °C for 60 min in the dark. The
reactions were terminated by incubation with 2x SSC for 15 min at room tem-
perature. The samples were washed and stained by propidium (1 ug/mL) in PBS for
15 min at room temperature in the dark. Then the samples were washed three
times and analyzed by the Olympus FV1000 IX81-SIM Confocal Microscope
(Olympus, Tokyo, Japan).

Fluorescence recovery after photobleaching (FRAP). MM cells were subjected
to FRAP experiments with an Olympus FV1000 IX81-SIM Confocal Microscope
(Olympus, Tokyo, Japan). Photobleaching was performed using tornado mode with
the 488 nm laser at 100% laser power for 1-5s. EGFP fluorescence recovery was
monitored with 488 nm laser using the free-run mode at ~5 s intervals. Fluores-

cence of unbleached site in the same view was also monitored as the control. Signal
was presented as the ratio relative to the fluorescence signal before photobleaching.

In vitro droplet assay. For protein purification, plasmids containing the GFP-
fused protein were transformed into BL21 cells, and a fresh bacterial colony with
ODg of 0.8-0.9 was induced by 1 mM IPTG at 16 °C overnight. Pallets were
resuspended in GST lysis buffer (50 mM Tris-HCI pH 7.5, 100 mM NaCl) con-
taining 1 mM dithiothreitol, 0.2 mM phenylmethylsulfonyl fluoride, 1% Triton-
X100, complete protease inhibitor and sonicated (4 cycle of 30 s on, 30's off). The
lysate was cleared by centrifugation at 12,000 xg for 20 min at 4 °C and added with
NaCl to 500 mM. Then the supernatants were added to 500 pL glutathione agarose
(Thermo Fisher, 16100) (prewashed in lysis buffer). Tubes containing this agarose lysate
slurry were rotated at 4 °C overnight. Then the packed agarose washed twice with GST
lysis buffer containing 500 mM NaCl and twice with GST lysis buffer. Protein was
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obtained by cleavage of Pierce™ HRV 3 C protease and judged by coomassie stained
gel. For droplet assay, protein was added to solutions at varying concentrations with
indicated final salt and molecular crowder concentrations in Buffer A (50 mM Tris-HCI
pH 7.5, 10% glycerol, 1 mM DTT). The protein solution was immediately loaded onto a
homemade chamber comprising a glass slide with a coverslip attached by two parallel
strips of double-sided tape. Imaging was obtained by the Olympus FV1000 IX81-SIM
Confocal Microscope (Olympus, Tokyo, Japan).

Western blotting and co-immunoprecipitation (Co-IP). Protein lysates were
prepared in RIPA-buffer supplemented with complete protease inhibitors (Roche,
Indianapolis, IN, USA). Cell lysate (50 pg) was separated by electrophoresis on
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