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EZH2 serves as a viable therapeutic target for
myeloma-induced osteolytic bone
destruction
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Myelomatous bone disease is a complication characterized by lytic bone
lesions, reduced bone formation, bone pain, and increased fracture risk.
Understanding these underlying mechanisms is crucial for developing effec-
tive therapeutic approaches. Here we show the role of enhancer of zeste
homolog 2 (EZH2) in bone lesions induced by myeloma cells. Our research
reveals that cytokines produced by myeloma-associated adipocytes activate
the expression of EZH2 in myeloma cells. Furthermore, we find that EZH2
forms a transcriptional repression complex with transcription factor AP2a.
This complex promotes trimethylation at lysine 27 of histone H3 (H3K27me3)
in the promoter region of the tumor suppressor gene EMPI, resulting in
transcriptional silencing. EMP1 silencing leads to increased myeloma cell
proliferation and the concomitant secretion of osteolytic cytokines that con-
tribute to bone destruction. Importantly, EZH2 inhibitors effectively treat
myeloma-induced osteolytic lesions. Thus, targeting EZH2 represents a
potential therapeutic strategy for preventing and managing myeloma bone
disease.

M Check for updates

Multiple myeloma is a malignancy arising from malignant plasma cells
in the bone marrow that remains an incurable disease. Osteolytic bone
disease is a prominent feature of myeloma, affecting over 80% of
patients and causing various complications such as pathological frac-
tures, intense bone pain, spinal cord compression, and hypercalcemia.
The detrimental consequences of bone destruction greatly impair the
quality of life of affected individuals and contribute to poor survival
outcomes'.

Bone is a dynamic tissue that continuously remodels itself
through the coordinated actions of osteoclasts, which resorb bone,

and osteoblasts, which form new bone. Osteoclasts originate from
cells of hematopoietic monocytic precursors upon stimulation of two
essential factors, the macrophage colony stimulating factor (M-CSF)
and receptor activation of NF-kB ligand (RANKL)?. M-CSF interacts with
its receptor, colony-stimulating factor 1 receptor (c-Fms), to activate
specific signaling pathways that promote the proliferation and survival
of osteoclast precursors®. RANKL binds to RANK on the surface of
osteoclast precursor cells, triggering the activation of nuclear factor of
activated T-cells, cytoplasmic 1 protein (NFATc1). This activation sub-
sequently upregulates the expression of genes involved in osteoclast
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differentiation, such as tartrate-resistant acid phosphatase (TRAP),
calcitonin receptor (CALCR), and cathepsin K (CTSK)’. The osteoblast,
another crucial player in the bone remodeling cycle, originates from
mesenchymal stem cells (MSCs). The differentiation of osteoblasts is
regulated by the activation of core-binding factor «-1/runt-related
transcription factor 2 (RUNX2) and osterix. This activation induces the
expression of genes associated with osteoblast differentiation,
including bone gamma-carboxyglutamic acid-containing protein
(BGLAP), alkaline phosphatase (ALP), and collagen type I a1 (COL1A1)".
The equilibrium of bone remodeling processes is frequently disturbed
in a variety of malignancies, including myeloma and solid tumors like
breast and lung cancer’. Myeloma cells can exert direct effects on
osteoblasts and osteoclasts via cell-to-cell contact®’, and also impact
them by releasing cytokines, or metabolic byproducts>**°. Moreover,
myeloma cells can indirectly modulate the differentiation of osteo-
blasts and osteoclasts by affecting other cell types'*"2.

EZH2 (Enhancer of zeste homolog 2), a core member of the PcG
(Polycomb group) gene family, plays a crucial role in regulating the
trimethylation of the lysine 27 residue (H3K27me3) on histone H3,
thereby repressing gene transcription”. Under normal physiological
conditions, EZH2 plays crucial regulatory roles in individual develop-
ment, stem cell differentiation, self-renewal®, cell cycle maintenance®,
cellular autophagy and apoptosis'®, DNA damage repair and aging”, as
well as cell fate determination’. Additionally, activation of EZH2
expression is observed in numerous tumors and plays an important
regulatory role in tumorigenesis and tumor progression. For example,
EZH2 promotes the proliferation and invasion of breast cancer cells”.
In lung cancer, EZH2 inhibits E2F transcription factor 1 (E2F1)-regulated
apoptosis, invasion, metastasis, and drug resistance’*”. In melanoma,
EZH2 knockout mouse models exhibit reduced lymph node and
lung metastasis®. In pancreatic cancer models, overexpression
of EZH2 promotes epithelial-mesenchymal transition (EMT) and
angiogenesis™**. In ovarian cancer, EZH2 inhibits the expression of
chemokine CXCL9, thereby regulating the infiltration of CD8" T cells
into the tumor®. In myeloma, EZH2 is closely associated with poor
prognosis in patients®. Additionally, EZH2 promotes myeloma cell
proliferation by regulating the IRF4-Myc signaling axis”. Our pre-
liminary work also revealed that myeloma cells integrin receptor that
binds to marrow adipocytes, promoting the expression of EZH2 in
adipocytes through the PI3K (phosphoinositide 3-kinase)/Akt signaling
and nuclear factor kappa B (NF-kB) signaling. These reprogrammed
adipocytes acquire the ability to induce bone lesions". However, it
remains unclear whether EZH2 contributes to bone lesions formation.

Through a combination of in vitro, in vivo, and patient sample
studies, we have reported that EZH2 has a unique role in myeloma-
induced bone disease. We found that tumor necrosis factor o (TNFa)
and Interleukin-6 (IL6) secreted by myeloma-associated adipocytes
activate EZH2 in myeloma cells. The transcription factor AP2a interacts
directly with EZH2 to form a transcriptional repression complex. This
complex promotes the trimethylation of the lysine 27 residue on his-
tone H3 at the promoter region of the tumor suppressor gene EMP1,
leading to transcriptional silencing. Inhibition of EMP1 results in
increased proliferation of myeloma cells and up-regulation of osteo-
clastogenic cytokines, ultimately promoting osteolytic bone lesions.
Interestingly, in both in vitro and in vivo models, EZH2 inhibitors sig-
nificantly improved myeloma-induced osteolytic bone lesions. Our
findings not only provide insights into the mechanism of cancer-
induced bone destruction but also suggest a potential therapeutic
strategy for tumor patients with osteolytic bone lesions by
targeting EZH2.

Results

EZH2 enhances bone lesions induced by myeloma cells

To understand whether EZH2 may affect myeloma cell-induced bone
lesions, we compared its expression levels in myeloma cells of patients

from a published dataset (GEO: GSE755). EZH2 expression was higher in
the myeloma cells of patients with bone lesions than in those without
(Fig. 1a). Furthermore, we found a strong positive correlation between
EZH2 expression in myeloma cells and the number of bone lesions in
30 patients (Fig. 1b). Representative images of x-ray scanning and
magnetic resonance imaging showed more lytic lesions in the skull
(Fig. 1c) and spine (Fig. 1d) of patient with high bone lesion numbers
(P1) than in patient with low lesion numbers (P2). Bone marrow aspi-
rates immunohistochemistry results further demonstrated that EZH2
and CD138 (myeloma cells surface marker) expression was higher in P1
than in P2 (Fig. 1e, f). These results indicate an association between
EZH2 and myeloma bone disease.

To determine the functional role of myeloma expressing EZH2 in
lytic bone lesions in vivo, we knocked down its expression in RPMI8226
myeloma cells using small hairpin RNAs (shRNAs) against human EZH2
(shEZH2) and over expressed £EZH2 complementary DNA (EZH2) in
MM.1S myeloma cells (Supplementary Fig. 1). Next, we injected shEZH2
RPMI8226 cells into mouse femurs and observed fewer lytic lesions
and slower tumor growth than control RPMI8226 cells (shCtrl). Con-
versely, EZH2 MM.1S cells showed more femoral lesions and faster
tumor growth than control MM.1S (Vec) cells did (Fig. 2a-c). To assess
the impact of myeloma-expressed EZH2 on osteoclast-mediated bone
resorption in vivo, we quantified the serum levels of procollagen type |
N-terminal propeptide (PINP), which serves as a marker of bone for-
mation, and C-telopeptide of type I collagen (CTX-1), which indicates
bone resorption. Our findings revealed that the shEZH2 and Vec groups
exhibited elevated PINP levels and reduced CTX-1 levels in comparison
to the shCtrl and EZH2 groups (Fig. 2d, e). We also stained myeloma-
bearing mouse femurs for TRAP and Toluidine blue. Percentages of
bone volume/total volume (BV/TV) were assessed by microcomputed
tomography, percentages of bone surface eroded by osteoclasts (ES/
BS) and percentages of bone surface covered with osteoclasts (Oc. S/
BS) were assessed by TRAP staining (Supplementary Fig. 2), percen-
tage of osteoid surface (OS/BS) and bone surface lined with osteo-
blasts (Ob. S/BS) were assessed by Toluidine blue staining. Bone
formation rate was measured by calcein staining. Bone histomorpho-
metric analysis demonstrated lower percentages of BV/TV (Fig. 2f),
higher percentages of ES/BS (Fig. 2g), percentages of Oc. S/BS (Fig. 2h)
and a lower percentage of OS/BS (Fig. 2i), Ob. S/BS (Fig. 2j) and bone-
formation rate (Fig. 2k, 1) in mice injected with myeloma cells expres-
sing high levels of EZH2 (shCtrl or EZH2) than in those injected with
low EZH2 myeloma cells (shEZH2 or Vec). To provide additional
evidence for our findings, we employed a humanized mouse model
of intrahepatic injection of patient-derived CD138" primary myeloma
cells (Fig. 2m). The primary myeloma cells used here are consistent
with P1 and P2 shown in Fig. 1. We extracted serum from mice
and performed ELISA analysis to determine the concentrations of
human A chains, an indicator of myeloma burden. The results revealed
a higher level of human A chains in the mouse serum injected with
high EZH2 expression primary myeloma cells (P1) than low EZH2
expression primary myeloma cells (P2) (Fig. 2n). After the mice wer-
e euthanized, myeloma cells were isolated from the bone marrow of
PDX mice using anti-CD138 antibody-coated magnetic beads. The
expression of EZH2 in myeloma cells of group P1 remains higher
than that in group P2 (Fig. 20). In addition, bone histomorphometry
analysis showed that P1 cells caused more femoral lesions (Fig. 2p,
Supplementary Fig. 3), lower bone BV/TV (Fig. 2q), higher ES/BS%
(Fig. 2r), and lower OS/BS% (Fig. 2s) than low EZH2 expression (P2).
The immunohistochemical analysis of multiple tissues in PDX
mice also pointed out that myeloma cells were found in the bone
marrow and spleen of the mice, but less in the liver (Supplementary
Fig. 3). Collectively, these findings unveil a pivotal role of EZH2
expression in myeloma cells, promoting the development of lytic
bone lesions and tumor progression in both patients and murine
models of myeloma.
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There are two additional questions we are particularly interested
in: first, whether the expression of EZH2 is also activated in other
stromal cells of the bone marrow microenvironment apart from
myeloma cells; second, whether the up-regulation of EZH2 expression
in myeloma cells is associated with bone marrow stromal cells. Based
on data analysis from the GEO database, we examined EZH2 expression
in several types of stromal cells isolated from the normal bone marrow
microenvironment or myeloma microenvironment. The results indi-
cated that there was no significant difference in EZH2 expression
among stromal cells of the myeloma microenvironment, including
fibroblasts (Supplementary Fig. 4a), macrophages (Supplementary
Fig. 4b), and mesenchymal stem cells (Supplementary Fig. 4c). How-
ever, EZH2 expression was activated in adipocytes (Supplementary
Fig. 4d). Our previous studies indicated that myeloma cells activate
EZH2 in bone marrow adipocytes, leading to alterations in the secre-
tion of adipokines by adipocytes, ultimately resulting in bone damage,
and the expression of TNFa and IL6 is activated in this process".
Myeloma cells were treated with conditioned medium from myeloma-
associated adipocytes or normal adipocytes. The results demonstrated
that, in comparison to normal adipocytes, myeloma-associated adi-
pocytes exhibit a significantly enhanced activation of the NF-kB path-
way and up-regulation of EZH2 expression (Supplementary Fig. 5a, b).
Furthermore, inhibition of NF-kB can suppress the up-regulation of
EZH2 (Supplementary Fig. 5c). Further evidence demonstrated that
TNFa and IL6 can activate the expression of EZH2 (Supplementary
Fig. 5d). Additionally, neutralizing antibodies against TNFa or IL6 can
also partially reverse the activation of the NF-kB pathway and the up-
regulation of EZH2 (Supplementary Fig. 5e, f). Similarly, the NF-kB
pathway inhibitor can also block NF-kB pathway activation and reduce
the expression of EZH2 (Supplementary Fig. 5g,h). Our findings indi-
cate that there is a reciprocal interaction between myeloma cells and
adipocytes, leading to the activation of EZH2 gene expression in both
cell types.
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Fig. 1| Association of EZH2 expression and lytic bone lesion in myeloma. aIn a
published GEO dataset (GSE755), EZH2 mRNA levels were compared in primary
myeloma cells from 37 patients without bone lesions (BL = 0) and 136 patients with
bone lesions (BL >1). Data are means + SD. p value was determined by unpaired
two-tailed ¢ test. b Primary myeloma cells were isolated from bone marrow aspi-
rates of 30 newly diagnosed patients, some with and some without bone lesions.
Shown are correlation coefficient of the mRNA levels of EZH2 and numbers of bone
lesion in patients (n=30). The correlation was evaluated using Pearson coefficient
with two-tailed p value. r, correlation coefficient. Representative images of

EZH2 enhances RANKL-induced osteoclastogenesis and inhibits
osteoblastogenesis through osteolytic cytokines in

myeloma cells

Maintenance of bone remodeling is dependent on a delicate equili-
brium between the resorption mediated by osteoclasts and the for-
mation facilitated by osteoblasts? In order to investigate the potential
regulatory role of EZH2 in maintaining this balance, we initially eval-
uated its effect on osteoclast differentiation. In the context of RANKL
stimulation, the interaction between osteoclast precursors (preOCs)
and myeloma cells with high EZH2 expression (shCtrl or EZH2) sig-
nificantly amplified the generation of multinucleated tartrate-resistant
acid phosphatase-positive (TRAP*) cells (Fig. 3a, b), TRAP 5b secretion
(Fig. 3c), and the expression of osteoclast differentiation markers
(Fig. 3d, e) relative to cocultures with myeloma cells expressing low
EZH2 levels (shEZH2 or Vec). Collectively, these observations highlight
the pivotal role of EZH2 in promoting osteoclastogenesis in myeloma
cells. To further explore the impact of EZH2 on osteoblastogenesis, we
conducted coculture experiments using osteoblast progenitors
(MSCs) in osteoblast differentiation medium alongside myeloma cells.
MSCs cultured independently in the same medium were used as
positive controls. Notably, cocultures with myeloma cell lines expres-
sing low EZH2 (Vec or shEZH2) exhibited enhanced osteoblast
maturation (Fig. 3f, g), elevated alkaline phosphatase (ALP) activity
(Fig. 3h), and upregulated expression of osteoblast differentiation-
associated genes (Fig. 3i, j) compared to those with high EZH2
expression (EZH2 or shCtrl). These findings suggest that EZH2 in
myeloma cells functions as a repressor of osteoblastogenesis.

Next, we investigated the mechanism by which EZH2 modify bone
cell differentiation. One of the major mechanisms by which myeloma
cells induce bone damage is through the secretion of osteolytic cyto-
kines, which enhances osteoclast differentiation and inhibits osteo-
blast differentiation’. A published RNA sequencing dataset
(GSE103567) was used to examine the cytokine expression profiles in
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magnetic resonance imaging and x-ray scanning for lytic lesions in the skull (c) and
spine (d) in patient 1 (P1: 25 bone lesions) and patient 2 (P2: 4 bone lesions). Yellow
arrow, bone lesion. Scale bar, 1cm. e, f Representative images of immunohisto-
chemical staining and densitometry analysis show the expression of CD138 and
EZH2 in the biopsy segment of two patients (P1 and P2) (n= 6 areas/patient). e is
representative of three independent experiments. Scale bar, 30 um. p values were
determined by unpaired two-tailed ¢ test. Source data are provided as a Source
data file.
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myeloma cells treated with or without the EZH2 inhibitor GSK343.
Using the criteria of a fold change greater than 2 between the two
groups, we identified four down-regulated genes (CCLS, IL16, CSF1, and
DKK1I) (Fig. 4a). The RNA sequencing results shows knocking down the
expression of EZH2 in myeloma cell lines also found similar results
(Supplementary Fig. 6). Quantitative PCR analysis confirmed the
downregulation of CCL5 (C-C Motif Chemokine Ligand 5), ILI16
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(Interleukin 16), CSF1 (Colony Stimulating Factor 1), and (Dickkopf-
related protein 1) DKK1 in EZH2 knockdown cells (shEZH2) compared
with control cells (shCtrl) (Fig. 4b). Additionally, compared to control
cells (Vec), the expression of these four cytokines was significantly
elevated in EZH2 overexpression cells (EZH2) (Fig. 4c). It is worth
mentioning that the RNA sequencing results demonstrated that
knocking down EZH2 expression in RPMI8226 cells suppressed the
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Fig. 2 | EZH2 in myeloma cells enhances bone resorption and inhibits bone
formation in the mouse model. 6-7 weeks old female NSG mice were intrafe-
morally injected with myeloma cell lines RPMI8226 [nontargeted shRNA (shCtrl),
and EZH2 shRNA (shEZH2)] or MM.1S [control vector (Vec), and EZH2 cDNA (EZH2)].
The mice not receiving myeloma cells (No MM) served as controls. After six weeks
of cells injection, shown are the representative x-ray images of lytic lesions (a) (n=5
mice/group). Yellow arrow, bone lesion. Scale bar, 1 mm. Another batch of NSG
mice were intrafemorally injected with the same combination of myeloma cell lines.
After four weeks of injections, shown are the representative images of biolumi-
nescent signals (b) and microcomputed tomography images (c), concentrations of
PINP (d) or CTX-1 (e) in mouse sera, percentages of BV/TV (f), ES/BS (g), 0c.S/BS (h),
OS/BS (i), and Ob.S/BS (j). Scale bar, 1 mm. k, I Bone formation rate (BFR/BS) was
measured by calcein injection, and the bone sections were imaged and analyzed.

Shown are representative images and summarized data of bone formation in
mouse femurs (n =5 mice/group). Scale bar: 20 pm. m Schematic diagram showing
primary patient-derived mouse model generation and analyzes performed. n ELISA
analysis shown the concentrations of human A chains in mouse serum. o After the
mice were euthanized, myeloma cells were isolated from the bone marrow of PDX
mice using anti-CD138 antibody-coated magnetic beads. EZH2 mRNA levels were
compared between P1 and P2 groups (n=5 mice/group). p Shown are the repre-
sentative microcomputed tomography images in PDX mouse model. Scale bar,
0.5 mm. Shown are the percentages of BV/TV (q), ES/BS (r), and OS/BS (s) in PDX
mouse model. The P1 and P2 cells used here are from the same source as those in
Fig. 1b. d-k, q-s: p values were determined using one-way ANOVA with Tukey’s test;
(n, 0): p values were determined by unpaired two-tailed ¢ test. Data are means + SD.
Source data are provided as a Source data file.
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osteogenesis in vitro. Precursors of osteoclasts were co-cultured with myeloma
cell lines RPMI8226 (shCtrl, shEZH2) or MM.1S (Vec, EZH2) in osteoclast medium.
Shown are the numbers (a, b) of multinuclear (>3) TRAP* cells, TRAP 5b levels (c),
and relative expression of the TRAP, CALCR, and CTSK genes in precursors of
osteoclasts (d, e) (n=3 biological replicates). Scale bars, 100 pm. MSCs were
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cocultured with myeloma cell lines RPMI8226 (shCtrl, shEZH2) or MM.1S (Vec, EZH2)
in osteoblast medium. Shown are representative images (f) and summarized data of
Alizarin Red S staining (g), ALP activity (h), and the relative expression of BGLAP,
ALP, and COL1A1 genes in MSCs (i, j) (n =3 biological replicates). Scale bar: 0.4 cm.
Data are means + SD. All p values were determined using one-way ANOVA with
Tukey’s test. Source data are provided as a Source data file.

expression of CCL5, DKK1, and CSF1, but the change in /IL16 expression
was not significant. We believe that this discrepancy may primarily be
attributed to the low signal value of /L16 or potential errors introduced
by the limited sample size. ELISA results also indicated that EZH2
enhanced the expression of these four cytokines (Fig. 4d-g). More-
over, in Fig. 1b, primary myeloma cells were isolated from bone mar-
row aspirates of 30 newly diagnosed patients. Correlation analysis
revealed a strong positive association between EZH2 expression and
the expression of these four cytokines in these patients (Fig. 4h-k).
Previous studies have demonstrated that CCL5”, IL16*°, and CSF1®

promote osteoclast differentiation, while DKK1 inhibits osteoblast
differentiation’. Addition of antibodies against CCL5, IL16 or CSF1 to
preOCs co-incubated with EZH2 overexpressed myeloma cells (EZH2)
reduced the numbers of TRAP” cell (Fig. 41). Likewise, the utilization of
antibodies against CCL5 or DKK1 partially restored the suppression of
osteoblast differentiation induced by EZH2 overexpressed myeloma
cells (EZH2) (Fig. 4m). Similarly, addition of CCLS5, IL16 or CSF1
recombinant protein to preOCs co-incubated with EZH2 knockdown
myeloma cells (shEZH2) increased the numbers of TRAP* cell (Fig. 4n),
and CCL5 or DKK1 recombinant protein enhanced the suppression of
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Fig. 4 | EZH2 increases osteolytic cytokines expression in myeloma cells. a A
published GEO dataset (GSE103567) analysis shows the expression of cytokines in
RPMI8226 cell treated with or without GSK343 (4 uM). b, ¢ The expression of CCLS,
IL16, CSFI and DKK1 in RPMI8226 (shCtrl, shEZH2) or MM.1S (Vec, EZH2) cells (n=3
biological replicates). d-g ELISA analysis shows the secretion of CCLS5, IL16, CSF1
and DKK1 in RPMI8226 (shCtrl, shEZH2) or MM.1S (Vec, EZH2) (n =3 biological
replicates). Correlation coefficient of the levels of CCLS (h), IL16 (i), CSFI (j) or DKK1
(k) and levels of EZH2 (n =30). The cells used here are from the same source as
those in Fig. 1b. The correlation was evaluated using Pearson coefficient with two-
tailed p value. r, correlation coefficient. | The numbers of multinuclear TRAP* cells
among precursors of osteoclasts cultured with MM.1S cells (Vec or EZH2) in the
presence of blocking antibodies against CCLS5, IL16, CSF1 or DKK1 (1 pg/ml) (n=3

biological replicates). m The Alizarin red S staining of MSCs cultured in osteoblast
medium with MM.1S cells (Vec or EZH2) cells in the presence of antibodies against
CCLS, IL16, CSF1 or DKK1 (1 pg/ml) (n =3 biological replicates). n The numbers of
multinuclear TRAP' cells among precursors of osteoclasts cultured with RPMI8226
cells (shCtrl or shEZH2) in the presence of CCL5 (20 ng/ml), IL16 (2 ng/ml), CSF1
(10 ng/ml) or DKK1 (20 ng/ml) (n=3 biological replicates). o The Alizarin red S
staining of MSCs cultured in osteoblast medium with RPMI8226 cells (shCtrl or
shEZH2) cells in the presence of CCLS5 (20 ng/ml), IL16 (2 ng/ml), CSF1 (10 ng/ml) or
DKK1 (20 ng/ml) (n =3 biological replicates). Data are means + SD. b-g: p values
were determined by unpaired two-tailed ¢ test; I-o: p values were determined
using one-way ANOVA with Tukey’s test. Source data are provided as a Source
data file.
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osteoblast differentiation induced by EZH2 knockdown myeloma cells
(shEZH2) (Fig. 40). These experiments demonstrate that these cyto-
kines have biological effects on osteoblast and osteoclast function.
Therefore, EZH2 in myeloma cells regulates the differentiation of
osteoclasts and osteoblasts by modulating the expression of these
cytokines.

EZH2 restricts EMP1 expression through up-regulation of pro-
moter histone methylation levels in myeloma cells

Our next objective was to elucidate the mechanisms through which
EZH2 promotes the proliferation of myeloma cells and the expression
of these cytokines. There are reports indicated that EZH2 can inhibit
the transcription of numerous tumor suppressor genes”. To identify
the specific tumor suppressor genes regulated by EZH2 in myeloma
cells, we compared the expression levels of several classic tumor
suppressor in myeloma cells treated with or without EZH2 inhibitors
from published datasets (GEO: GSE109673 and GSE155135). The results
revealed that EMPI (Epithelial membrane protein 1) gene in myeloma
cells was significantly activated following the inhibition of EZH2 in
these cells (Fig. 5a, b and Supplementary Fig. 7a, b). EMP1 belongs to
the peripheral myelin protein 22 kDa (PMP22) gene family. EMP1 has
been widely described as a tumor suppressor in various cancers, where
it inhibits cell growth and metastasis, induces apoptosis, and pre-
venting angiogenesis®’. However, their role and regulatory mechan-
isms in myeloma remain unclear. Similarly, through analysis of
published GEO datasets (GEO: GSE2658 and GSE5900), we found that
EMPI expression was much lower in myeloma cells compared with
normal plasma cells (Fig. 5¢). Furthermore, we found a strong negative
correlation between EZH2 and EMPI expression in myeloma cells
(Fig. 5d). Western blot analysis revealed that compared to normal
plasma cells, EZH2 expression was upregulated in primary myeloma
cells, while the expression of EMP1 was suppressed (Fig. 5e). In mye-
loma cell lines, knockdown of EZH2 activates the expression of EMPI,
while conversely, overexpression of EZH2 inhibits the expression of
EMPI (Fig. 5f). EZH2 and SUZ12 are the core subunits of polycomb
repressive complex 2 (PRC2), a transcriptional repressor”. The only
known histone methyltransferase activity of PRC2 targets the regula-
tion of histone H3 lysine 27 trimethylation". To demonstrate the spe-
cificity of this methylation, we treated myeloma cells with
3-deazaneplanocin A (DZNep), a PRC2 inhibitor, and found inhibition
of EZH2 expression and reduced levels of H3K27me3, resulting in the
up-regulation of EMP1 expression (Fig. 5g). Inmunofluorescence ana-
lysis of bone marrow samples from myeloma patients indicated that
high expression of EZH2 in myeloma cells is often accompanied by low
levels of EMP1 (Fig. 5h and Supplementary Fig. 8a-d). We queried
H3K27me3 and EZH2 enrichment with a published genome-wide
chromatin immunoprecipitation sequencing (ChIP-seq) result*>. We
found that EZH2 inhibitors reduced the enrichment of H3K27me3 and
EZH2 in the EMPI promoter of myeloma cells (Fig. 5i). Additionally,
ChIP PCR analysis showed that EZH2 inhibition reduced the enrich-
ment of EZH2 and H3K27me3 in the EMPI promoter (Fig. 5j-1). Fur-
thermore, we found a negative correlation between EMPI expression
and the number of bone lesions in 30 patients (Fig. 5m), and EMP1
expression was lower in the myeloma cells of patients with bone
lesions than in those without (Fig. 5n). These results indicate that EZH2
upregulates histone methylation of EMPI at H3K27me3 and thereby
downregulates EMP1 expression.

Another issue that needs to be proven is whether the up-
regulation of EMP1 expression in myeloma cells can reverse the pro-
liferation of myeloma cells and bone damage caused by EZH2. We first
co-overexpressed EZH2 and EMP1 in myeloma cells (Supplementary
Fig. 9a). The results indicated that overexpression of EMP1 can reverse
the accelerated proliferation of myeloma cells (Supplementary
Fig. 9b), enhanced osteoclast differentiation (Supplementary Fig. 9c),
and inhibited osteoblast differentiation caused by the overexpression

of EZH2 (Supplementary Fig. 9d). Additionally, overexpression of EMP1
can also significantly reverse the up-regulation of osteolytic cytokines
caused by the overexpression of EZH2 (Supplementary Fig. 10a, b).
Correlation analysis showed negative association between EMPI
expression and the expression of these four cytokines in these patients
(Supplementary Fig. 10c-f). On the other hand, overexpressing
EMP1 solely in myeloma cells can also significantly inhibit their pro-
liferation (Supplementary Fig. 11a, b). We examined the profile of
EMP1-mediated signaling pathways and observed down-regulation of
phosphorylated IkBa, but not extracellular signal-regulated kinase 1/2
(ERK1/2), p38 mitogen-activated protein kinase (MAPK), and Akt
(Supplementary Fig. 11c). These results suggest that EMP1 regulates the
growth of myeloma cells and the expression of osteolytic cytokines by
inhibiting the NF-xB pathway in myeloma cells, and further studies are
needed to elucidate the specific regulatory mechanisms.

AP2a bridges the interaction between the EZH2 and EMPI1
promoter

In mammalian cells, PRC2 proteins require a linker to facilitate their
association with specific DNA regions for the regulation of DNA
methylation, as they are unable to bind to DNA directly". To identify
this linker, immunoprecipitates of HA tagged EZH2 protein in
RPMI8226 cells transfected with an HA-EZH2 plasmid using Coomassie
blue staining and mass spectrometry. The analysis identified the
transcription factor AP2a as a specific binding partner of EZH2 (Fig. 6a
and Supplementary Data 1). To investigate the interaction between
AP2a and PRC2, we performed co-immunoprecipitation assays.
HEK293T cells were co-transfected with plasmids expressing AP2a and
EZH2 or SUZ12. Immunoprecipitation was performed, and the immu-
noprecipitates were analyzed for the presence of EZH2, SUZ12, or AP2a
proteins. The results demonstrated that AP2«a specifically interacted
with EZH2, whereas no interaction was observed with SUZ12 (Fig. 6b).
Subsequently, we performed co-immunoprecipitation experiments by
combining lysates from HEK293T cells expressing HA-tagged EZH2
(HA-EZH2) or HA-SUZI2 with Ilysates of AP2a-expressing
HEK293T cells. The immunocomplexes were pulled down using an
anti-HA antibody. Notably, our findings demonstrated a direct binding
interaction between AP2a and EZH2 (Fig. 6¢). To investigate the pre-
sence of endogenous AP2a/PRC2 complex in myeloma cells, we per-
formed immunoprecipitation assays using an anti-EZH2 antibody on
myeloma cell lysates. Finally, we examined the lysates for the presence
of SUZ12 or AP2«a (Fig. 6d). Our results confirmed the presence of
SUZ12 and AP2a proteins in the immunoprecipitates, indicating the
presence of the AP20,/PRC2 complex in myeloma cells. Additionally, by
immunoprecipitation using an anti-AP2« antibody, we detected EZH2
proteins in the immunocomplexes (Fig. 6d), further supporting the
interaction between AP2a and the PRC2 complex (Fig. 6d). Moreover,
immunofluorescence staining provided further evidence of the inter-
action between EZH2 and AP2« in myeloma cells (Fig. 6e). According
to previous studies, the primary sequence of the AP2«a protein contains
three relatively conserved domains responsible for protein-protein
interactions (Fig. 6f), referred to as the activation domain (Act), basic
domain (Bas) and dimerization domain (Dim)*. To determine which
AP2a domain interacts with EZH2, we selectively knocked out these
three domains respectively (AAct, ABas or ADim) (Fig. 6g). Pulldown
assay showed that AP2a interacted with EZH2 through Dimerization
domain (Fig. 6h). The immunofluorescence results from the bone
marrow sections also corroborated the interaction between EZH2 and
AP2q in primary myeloma cells (Fig. 6i).

To determine whether AP2a binds to EMPI promoter, we exam-
ined a 1.3-kilobase region around the EMPI transcriptional start site.
According to the promoter sequence, we predicted one AP2a binding
site (-528 base pairs [bp]) in the EMPI promoter (Fig. 6j). We generated
two truncated forms of the EMPI promoter. Deletion mapping identi-
fied an AP2a binding site between -558 and -458bp in the EMP1
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Fig. 5 | EZH2 restricts EMP1 expression through up-regulation of promoter
histone methylation levels in myeloma cells. GEO dataset (GSE109673) shows
gene expression in RPMI8226 (a) or MM.1S (b) cells treated with or without EZH2
inhibitor OR-S1 (1 uM). ¢ EZH2 mRNA levels in patient-derived myeloma cells (Pt
MM) (n =559) compared to normal plasma cells (n =22) (GSE2658 and GSE5900).
d Correlation of mRNA levels of EZH2 and EMPI in 30 patients. e Western blotting
shows EZH2 and EMP1 expression in normal plasma cells (n=4) and Pt MM (n=4).
f Expression of EMPI in RPMI8226 (shCtrl, shEZH2) or MM.1S (Vec, EZH?2) cells.

g Western blotting shows the expression of EZH2, EMP1 and H3K27me3 in myeloma
cells treated with or without DZNep (1 uM). The samples derive from the same
experiment but different gels for each protein and processed in parallel (e, g).

h Immunofluorescent staining of patient samples with DAPI and antibodies against
EZH2, CD138 and EMPL. Scale bar, 10 pm. i ChiIP-seq results (GSE214669) for EZH2

and H3K27me3 enrichment in EMPI gene promoter of MM.1S cells treated with or
without EZH2 inhibitors C27 or MS177 (2.5 uM). j-1 ChIP assay showing EZH2 and
H3K27me3 enrichment in EMPI gene promoter of Pt MM cells (n = 5) (j), RPMI8226
(k) or MM.1S (I) cells treated with or without DZNep (1 uM). m Correlation of levels
of EMP1 and numbers of bone lesion in 30 patients. n EMPI levels were compared in
malignant plasma cells without bone lesions (BL =0, n=>5) and with bone lesions
(BL=1, n=25). The cells used in h, m, and n are from the same source as those in
Fig. 1b. e-h, k, I are representative of three independent experiments. Data are
means + SD. The correlation was evaluated using Pearson coefficient. r, correlation
coefficient. ¢, f, n: p values were determined by unpaired two-tailed ¢ test; j-1: p
values were determined using one-way ANOVA with Tukey’s test. Source data are
provided as a Source data file.
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promoter (Fig. 6k). Mutating a putative motif at =528 bp in the EMP1
promoter from GCCN4GG to GATN,TA (Fig. 6j) confirmed these loci as
AP2a binding sites (Fig. 6k). A ChIP assay using an anti-AP2a antibody
confirmed the enrichment of AP2a in the promoter region of EMPI
around -528 bp in myeloma cells (Fig. 61). To further determine whe-
ther EZH2 protein binds to the EMPI promoters via AP2a, we knocked
down AP2a expression in myeloma cells using shAP2«a (Fig. 6m) and

observed decreased enrichment of EZH2, SUZ12 or H3K27me3 in the
EMP1 promoter (Fig. 6n, o) and up-regulation of EMPI expression
(Supplementary Fig.12a). Additionally, knockdown of AP2a expression
can inhibit the proliferation of myeloma cells (Supplementary Fig. 12b)
and the expression of osteolytic cytokines (Supplementary Fig. 12c).
Moreover, knockdown of AP2a expression can weaken the promotion
of osteoclast differentiation and the inhibition of osteoblast
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Fig. 6 | AP2« bridges the interaction between the PRC2 complex and EMP1
promoter. a Coomassie blue staining for HA pulldown of EZH2 complex in
RPMI8226 cells transfected with HA-EZH2 plasmid. The proteins identified are
indicated on the right. b Co-immunoprecipitation of EZH2 or SUZ12 with AP2a in
HEK293T cells. ¢ Pull-down of HA-EZH2 or HA-SUZ12 with AP2a in HEK293T cells.
d Co-immunoprecipitation of EZH2 or AP2« in myeloma cells.

e Immunofluorescent staining of myeloma cells with DAPI and antibodies against
EZH2 and AP2a. Scale bar, 2 um. f Schematic of the truncations including AAct,
ABas, and ADim fragments. g Western blotting shows truncations of AP2«a in
HEK293T cells. h Pull-down of Myc-EZH2 with truncations of HA-AP2a in
HEK293T cells. i Immunofluorescent staining of patient samples with DAPI and
antibodies against CD138, EZH2, or AP2« (n =5). Scale bar, 10 pm. j Schematic of the
EMPI promoter luciferase reporter. Solid boxes: promoter region; red crosses:
mutations site. k The luciferase assay of EMPI promoter. ns, not significant. I ChIP

assay shows AP2a enrichment in EMPI promoter in patient cells (left panel) (n=5)
or cell lines (right panel) (n =5 biological replicates). m Western blotting shows the
expression of AP2a in cells transfected with AP2a shRNAs and non-target control
(shCtrl). The samples derive from the same experiment but different gels for each
protein and processed in parallel (b-d, g, h, m). n, o ChIP assay shows enrichment
of SUZ12, EZH2, and H3K27me3 in EMPI gene promoter in shCtrl or shAP2«a trans-
fected Pt MM (n=5), RPMI8226 or MM.1S cells. p Formation of TRAP* cells and
Alizarin red S staining for osteoblast differentiation, cultured with shCtrl or shAP2a
myeloma cells. q Schematic of the recruitment of PRC2 complex by AP2a to the
EMPI1 promoter. a-e, g, h, k, m, o, p are representative of three independent
experiments. Data are means + SD. k, I: p values were determined by unpaired two-
tailed ¢ test; n—p: p values were determined using one-way ANOVA with Tukey’s test.
Source data are provided as a Source data file.

differentiation induced by myeloma cells (Fig. 6p). To determine the
functional role of AP2« in lytic bone lesions in vivo, we injected AP2a
knockdown myeloma cells into mouse femurs and observed higher
percentages of BV/TV (Supplementary Fig. 12d), lower percentages of
Oc. S/BS (Supplementary Fig. 12e), and higher percentages of Ob. S/BS
(Supplementary Fig. 12f) in mice injected with AP2a knockdown
myeloma cells than in those injected with control myeloma cells. These
results demonstrate that AP2a plays a crucial role in recruiting the
PRC2 complex to the EMPI promoter, thereby promoting myeloma
proliferation and bone damage (Fig. 6q).

EZH2 inhibitors reduce bone lesions and osteoclastogenesis and
enhances osteoblastogenesis in vitro and in vivo

In terms of clinical application, extensive research has been conducted
on various EZH2 inhibitors as potential therapeutic agents for cancer
treatment. These inhibitors are being tested in clinical trials and have
shown promising prospects for use in cancer therapy*. To develop a
therapeutic approach, we asked whether inhibiting EZH2 can prevent
myeloma-induced osteolytic bone lesions. In in vitro experiments, we
pre-treated RPMI8226 cells with or without EZH2 inhibitor (DZNep or
GSK343). Fresh culture medium was replaced after 24 h, and an addi-
tional 48 h later, conditioned medium was collected for co-culture
experiments. The data showed that EZH2 inhibitors suppressed the
enhanced osteoclast differentiation of myeloma cells, while promoting
the inhibited osteoblast differentiation of myeloma cells (Fig. 7a, b). In
in vivo experiments, RPMI8226 cells were intravenously injected into
mice, followed by intraperitoneal administration of EZH2 inhibitors
three times per week for a duration of three weeks, beginning one
week after cell injection. We observed that EZH2 inhibitors sig-
nificantly reduced the tumorigenic potential of RPMI8226 cells in
xenograft models (Fig. 7c). Microcomputed tomography (Fig. 7d) and
bone histomorphometric analysis (Fig. 7e) showed higher percentages
of BV/TV (Fig. 7f), lower percentages of ES/BS and Oc.s/BS (Fig. 7g, h),
higher percentages of OS/BS and Ob.s/BS (Fig. 7i, j), and lower human A
chain levels (Fig. 7k) in mice injected with EZH2 inhibitors. Addition-
ally, EZH2 inhibition can significantly reduce the concentration of
osteolytic cytokines in the serum of myeloma-bearing mice (Fig. 71)
and upregulate the expression of EMP1 in myeloma cells (Fig. 7m).

In order to further expand the clinical relevance of our findings,
we also investigated whether our conclusions are applicable to other
solid tumors that also induce osteolytic bone lesions. By analyzing the
TCGA database, we observed increased EZH2 expression in several
malignancies, such as breast, colon, kidney, and liver cancer (Supple-
mentary Fig. 13a-d). To further confirm our findings, we knocked
down or overexpressed EZH2 in breast cancer cell line MCF7 (Sup-
plementary Fig. 14a), we observed decreased growth in EZH2 knock-
down group compared to control group (Supplementary Fig. 14b), and
increased growth in EZH2 overexpression group compared to control
group (Supplementary Fig. 14b). Similar to myeloma cells, MCF7 cells
expressing high levels of EZH2 (shCtrl or EZH2) induced more TRAP*

cells formation (Supplementary Fig. 14c) than cocultured with low
EZH2 MCF7 cells (shEZH2 or Vec). Cocultured with low EZH2-
expressing MCF7 cells (Vec or shEZH2) had comparatively more
mature osteoblasts (Supplementary Fig. 14d) than those with high
levels of EZH2 (EZH2 or shCtrl). These findings may have broader
implications for understanding the mechanisms underlying the
development of bone lesions caused by these and other types of
tumors.

Discussion

Osteolytic bone lesions are a prominent characteristic of the majority
of patients with myeloma. By disturbing the intricate equilibrium
between bone formation and resorption, myeloma cells contribute to
the development of debilitating osteolytic bone lesions. Although
several studies have focused on how EZH2 promotes myeloma cell
proliferation, its role in the development of myeloma-induced osteo-
lytic bone lesions remains unclear. Our research revealed that cyto-
kines derived from myeloma-associated adipocytes activate EZH2 in
myeloma cells. The transcription factor AP2« facilitates binding of the
EZH2 complex to the promoter region of the tumor suppressor gene
EMPI. This binding induces the trimethylation of lysine 27 residues on
histone H3, leading to the suppression of EMP1 expression. The inhi-
bition of EMP1 consequently triggers myeloma cell proliferation and
the secretion of osteolytic cytokines (Fig. 7n). We also conducted
clinical studies to investigate the potential correlation between the
expression level of EZH2 in myeloma cells and extent of osteolytic
bone lesions in newly diagnosed patients. These studies provided
additional evidence supporting our conclusion. Thus, this study
revealed a mechanism that explains how EZH2 induces tumor pro-
liferation and bone destruction. Our research indicated that EZH2 can
serve as a dual therapeutic target for both myeloma and osteolytic
bone lesions.

In contrast to previous investigations, our study delved into the
role of EZH2 in the context of the bone marrow microenvironment,
specifically in relation to the progression of myeloma and bone
destruction. Our analysis revealed that both myeloma cells and bone
marrow adipocytes exhibit heightened activation of EZH2. Moreover,
we observed that myeloma cells were capable of reprogramming adi-
pocytes, resulting in the secretion of increased levels of TNFa and IL6.
These inflammatory cytokines not only contribute to bone damage,
but also upregulate the expression of EZH2 in myeloma cells. More
importantly, the EZH2 inhibitory complex in myeloma cells sup-
pressed the expression of the tumor suppressor gene EMP1 through
trimethylation of the lysine 27 residue on histone H3. Consequently,
the progression of myeloma and development of osteolytic bone
damage were facilitated. The interplay between myeloma cells and
bone marrow adipocytes, with EZH2 serving as a central regulatory
factor, forms a malignant regulatory loop that perpetuates the pro-
gression of myeloma and the occurrence of bone damage. Targeting
EZH2 as a therapeutic strategy provides the potential for a dual impact,
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addressing both myeloma cells and associated bone destruction. By
disrupting this regulatory loop, intervention aimed at EZH2 offers a
promising approach to mitigate the myeloma progression and alle-
viate the burden of osteolytic bone disease.

The mechanism by which the PRC2 complex binds to DNA in
mammalian cells is still not fully understood as it is not capable of
directly binding to chromatin. Additional mediators such as

g » Qrsone Lesions

transcription factors are necessary to facilitate this interaction. One of
these, AP2a binds to the consensus sequence 5-GCCN4GG-3’ in the
promoter region’®. This study demonstrated the function of AP2x as a
bridge between the PRC2 complex and EMPI gene promoter. On one
hand, AP2a can bind to the PRC2 complex, and on the other hand, it
can directly bind to specific sites in the promoter of the EMPI gene.
AP2a is expressed in various mammalian cells. The interaction
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Fig. 7 | EZH2 inhibitors reduce bone lesions and osteoclastogenesis and
enhances osteoblastogenesis in vitro and in vivo. a, b We pre-treated myeloma
cells (RPMI8226 or MM.1S) with DZNep (1 M) or GSK343 (4 uM) and collected
conditional medium. Shown are the formation of TRAP* cells from preOCs and
Alizarin red-S staining for osteoblast differentiation from MSCs, cultured with dif-
ferent myeloma cells conditional medium (30% volume ratio). Addition of PBS or
no addition of conditional medium served as a control (n =4 biological replicates).
6-7 weeks old female NSG mice were intravenously injected with luciferase-labeled
RPMI8226 cells, and intraperitoneal administration of DZNep or GSK343 (100 pg/
kg body weight) three times per week for a duration of two weeks, beginning two
weeks after cell injection. ¢ Representative images and summarized data of biolu-
minescent signals in NSG mice (n=5 mice/group). d Shown are the representative
microcomputed tomography images. NSG mice left femurs were extracted, fixed,

TRAP- or toluidine blue-stained, and analyzed (n =35 mice/group). Scale bar:

0.5 mm. e Representative images of TRAP- or toluidine blue-stained femurs of mice
(n=35 mice/group). Scale bar: 50 pm. Black arrow, osteoblast. Shown are the per-
centages of BV/TV (f), ES/BS (g), Oc.S/BS (h), OS/BS (i), Ob.S/BS (j), and human A
chain levels (k) (n=5 mice/group). I ELISA analysis shown the concentrations of
human CCLS, IL16, CSF1 and DKKI1 in mouse serum (n =5 mice/group). m After
treatment, myeloma cells were also isolated from the right femurs of NSG mice
using anti-CD138 antibody-coated magnetic beads. EMPI mRNA levels were com-
pared in isolated myeloma cells treated with or without EZH2 inhibitors (n =5 mice/
group). n Depiction of EZH2-mediated signaling pathways in myeloma cells and
adipocytes. MM, multiple myeloma. Data are means + SD. All p values were deter-
mined using one-way ANOVA with Tukey’s test. Source data are provided as a
Source data file.

between PRC2 and AP2q, as well as the recruitment of the PRC2/ AP2a
complex to AP2o-targeted genes, may represent a widespread
mechanism of gene silencing in eukaryotic systems.

Despite the significant insights gained from this study, there are
noteworthy limitations that should be acknowledged. First, while our
findings demonstrate the promising efficacy of EZH2 inhibitors in
animal models, it is important to exercise caution regarding their
translation to human diseases. These animal models operate within the
murine bone marrow microenvironment, which may differ in critical
aspects of the human marrow environment. Hence, the effectiveness
of EZH2 inhibitors in the context of the human marrow remains
uncertain and warrants further investigation. Second, there is aneed to
elucidate the molecular mechanisms underlying the inhibitory effect
of EMP1 on myeloma cell proliferation and its regulation of the
expression of key osteolytic cytokines. While our current study pro-
vides evidence for the role of EZH2 in EMPI1 repression and the sub-
sequent promotion of myeloma progression, extensive research is
required to comprehensively understand the intricacies of this reg-
ulatory pathway. Efforts to address these limitations will contribute to
a more thorough understanding of potential therapeutic strategies
targeting EZH2 in myeloma-induced bone disease. Such investigations
will aid in the development of effective treatments that can be trans-
lated into the clinical settings for the benefit of patients.

Currently, few targeted therapies are available for patients with
myeloma bone disease. The most commonly used treatment for
tumor-induced bone damage in clinical practice is bisphosphonate
drugs. While they can inhibit osteoclast activity, they do not restore
osteoblast activity’. Moreover, bisphosphonate drugs only show par-
tial efficacy and are associated with side effects such as gastrointestinal
discomfort, kidney damage, and osteonecrosis of the jaw’. Addition-
ally, the anti-bone resorption drug denosumab (RANKL monoclonal
antibody) has been approved for market use, but its phase IlI clinical
trial results only demonstrated moderate anti-bone resorption activity
and it does not aid in restoring osteoblast activity”’. The antibody-
based drug BHQ880 (DKK1 monoclonal antibody), which targets the
osteolytic cytokine DKK1 derived from myeloma cells, did not show
the ability to promote bone formation in phase I/l clinical trial
results®. We believe that targeting EZH2 is a potential strategy for the
treatment of myeloma-induced bone disease. Moreover, it is worth
noting that other types of malignancies, such as breast and lung can-
cers, frequently metastasize to the bone, resulting in the formation of
osteolytic lesions. Therefore, our findings may have significant impli-
cations beyond myeloma and contribute to a better understanding of
the mechanisms underlying the development of osteolytic lesions in
these cancers as well.

Methods

Ethic approvals

This study was approved by the Ethics Committee of Xiamen Uni-
versity and all protocols conformed to the Ethical Guidelines of the
World Medical Association Declaration of Helsinki. Signed informed

consent was obtained from all participating individuals prior to parti-
cipation in the study. Mouse studies were approved by the Institutional
Animal Care and Use Committee of Xiamen University. All protocols
conformed to the Guidelines for Ethical Conduct in the Care and Use of
Nonhuman Animals in Research.

Cell lines and primary myeloma cells

The myeloma cell lines ARP-1 and CAG were supplied by Dr. Zhigiang
Liu’s laboratory at Shandong First Medical University and Shandong
Academy of Medical Sciences. The MCF7 (#HTB-22), HEK293T (#ACS-
4500), RPMI8226 (CCL-155), and MM.IS (CRL-2974) cell lines were
obtained from the American Type Culture Collection (ATCC). Primary
myeloma cells were extracted from the bone marrow aspirates of
myeloma patients using magnetic beads coated with anti-CD138 anti-
bodies (Miltenyi Biotec). All patient samples were collected from the
First Affiliated Hospital of Xiamen University. In our study, a total of 30
myeloma patient bone marrow samples were collected, including 17
male patients (56.7%) and 13 female patients (43.3%), with an age range
of 49 to 77 years. It is compliant with the Guidance of the Ministry of
Science and Technology (MOST) for the Review and Approval of
Human Genetic Resources. Myeloma cells were cultured in RPMI1640
medium supplemented with 10% fetal bovine serum (FBS), while MCF7
and HEK293T cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) containing 10% FBS.

Plasmid construction, antibodies, and reagents

Human HA-tagged EZH2, MYC-tagged EZH2, HA-tagged SUZI2, HA-
tagged AP2a, EMP1 and AP2a plasmids were subcloned into a plvx-
AcGFP1-N1 vector (NovoPro, #V012707). The primers used for plasmid
construction and amino acid deletion fragment of AP2a are listed in
Supplementary Table 1. pRRL lentiviral luciferase vectors were pur-
chased from Addgene (#120798). Except where specified, all chemicals
were purchased from Sigma-Aldrich, and all antibodies for western
blot analysis were purchased from Cell Signaling Technology. shRNAs
against FZH2, AP2a and non-target controls were purchased from
Sigma-Aldrich.

Stable cell line construction

Transient transfections of HEK 293T cells were conducted using
polyethyleneimine (PEI) (Polysciences, Warrington) in OPTI-MEM
medium (Life Technologies) at a 1:4 DNA-to-PEI ratio. Viral particles
were then produced in HEK 293T cells co-transfected with 4 pg
pMD2.G (#12259) and 6 pg psPAX2 (#12260) packaging plasmids
(Addgene), and together with 8 g lentiviral expressing vectors
encoding target genes, including human EZH2, EMPI, pLKO.1 vector
encoding shRNAs targeting EZH2 or AP2a. The viral supernatant was
collected 48 h post-transfection and concentrated 100-fold using
Polyethylene glycol 8000 (Sigma-Aldrich). Myeloma cells were infec-
ted by spinfection with the concentrated viral particles in the presence
of polybrene at 800 x g for 30 min at 37 °C. The medium was replaced
12 h post-infection, and the cells were cultured for an additional 48 h
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before further processing. The stable cell lines were selected by adding
puromycin (2 pg/mL) (#540222, Sigma-Aldrich) into the culture med-
ium. MCF-7 cells were infected with lentivirus for 12 h at 37 °C with
5mg/mL polybrene. Cells were selected in DMEM with 10% FBS and
2 pg/mL puromycin for two weeks. To establish myeloma cell lines
RPMI8226 (Vec, EZH2) or MM.1S (Vec, EZH2) with human EMP1 forced
expression, cells were infected twice with lentiviruses expressing
human EMPL. To track cancer cells in mice, myeloma cell lines
RPMI8226 (shCtrl, shEZH2) or MM.1S (Vec, EZH2) were infected twice
with lentiviruses with forced luciferase expression.

Collection of adipocyte-conditioned medium in vitro

Bone marrow mesenchymal stem cells were seeded on the back of the
Transwell insert, induced them to differentiate into mature
adipocytes”, and then seeded myeloma cells in the insert. The pore
size of the insert membrane at 0.4 um was chosen, which allows phy-
sical contact but at the same time the cells can’t penetrate through.
After 3 days of co-culture, the myeloma cells were removed by col-
lagenase digestion, allowing the treated adipocytes to fall to the bot-
tom of the culture well, and then the adipocytes were replated. After
3 days, the supernatant was removed and replaced with fresh medium
for an additional 3-day culture period. The supernatant obtained is the
required adipocyte-conditioned medium.

In vitro osteoblast and osteoclast formation and function assays
MSCs were extracted from bone marrow samples. Subsequently, these
MSCs were differentiated into mature osteoblasts utilizing a specia-
lized osteoblast differentiation medium, following the protocol out-
lined in our prior study® Alizarin Red S staining (Sigma-Aldrich) was
employed to evaluate the osteogenic capacity of the resultant osteo-
blasts. In parallel, human monocytes were carefully isolated from
peripheral blood mononuclear cells and subjected to culture condi-
tions conducive to the development of osteoclast precursors. These
precursors were then exposed to a culture medium supplemented
with M-CSF (25ng/ml) and a low dose of RANKL (10 ng/ml). Addi-
tionally, co-culture experiments were conducted, wherein the pre-
cursors were either cultured alone or in the presence of myeloma cells
for a duration of 7 days. The successful formation of mature osteo-
clasts was subsequently confirmed through TRAP staining, utilizing a
leukocyte acid phosphatase kit (Sigma-Aldrich). For the purpose of
investigating the gene expression profiles associated with the differ-
entiation processes of both osteoclasts and osteoblasts, a co-culture
period of 2 days was established as the standard timeframe.

Western blot analysis

After collection, cells were disrupted using a 1x lysis buffer (#9803,
Cell Signaling Technology). The resulting cell lysates were then pro-
cessed through SDS-PAGE, followed by transfer onto a nitrocellulose
membrane. Subsequently, the membrane was probed with antibodies
against GAPDH (#5174, 1:2000), EZH2 (#5246, 1:1000), SUZ12 (#3737,
1:1000), AP2a (#3215, 1:1000), phospho-lkBa (#2859, 1:1000), IkBa
(#4812, 1:1000), H3K27me3 (#9733, 1:1000), phospho-ERK1/2 (#4370,
1:1000), ERK1/2 (#4695, 1:1000), phospho-p38 (#4511, 1:1000), p38
(#8690, 1:1000), phospho-Akt (#4060, 1:1000), Akt (#9272, 1:1000),
Myc tag (2276, 1:2000) and HA tag (#3724, 1:2000) (Cell Signaling
Technology). EMP1 antibody was purchased from Abcam
(#ab230445, 1:1000).

Real-time quantitative PCR

Total RNA extraction was conducted utilizing the RNeasy kit (QIAGEN).
A quantity of 1 ug of the total RNA was subsequently utilized for reverse
transcription (RT) employing the SuperScript Il RT-PCR kit (Invitro-
gen). Quantitative PCR analysis was carried out with the SYBR Green
Master Mix (Life Technologies), using the QuantStudio 3 Real-Time
PCR System (Life Technologies). The PCR protocol consisted of an

initial denaturation at 95°C for 10 min, succeeded by 40 cycles of
denaturation at 95°C for 15s and annealing/extension at 60 °C for
60s. GAPDH was employed as the endogenous control for normal-
ization. The specific primers utilized in the study are detailed in Sup-
plementary Table 2.

Cell viability and ELISA analysis

For viability assays, cells were plated at 1x10* cells/well in triplicate.
Assays were performed using Cell Counting Kit-8 (CCK-8) (#CK04,
Dojindo). ELISA kits were purchased from R&D system and Immuno-
diagnostic Systems.

Immunohistochemistry

Formalin-fixed, paraffin-embedded sections of bone marrow biopsy
samples obtained from myeloma patients were deparaffinized and
stained. Slides were stained with anti-CD138 (LS-B9360, LifeSpan
BioSciences, 1:100) and EZH2 (#5246, Cell Signaling Technology, 1:50)
antibodies using an EnVision System (#K5361, DAKO) following the
manufacturer’s instructions and counterstained with hematoxylin.

Immunoprecipitation and pull-down assays

Cells were lysed and incubated on ice for 15min. The total protein
lysate was immunoprecipitated with an agarose-immobilized antibody
at 4 °C overnight. After washing 6 times, the beads were resuspended
in 30 pl of 1x SDS buffer. After boiling for 5 min, pull-down samples
were run on SDS-PAGE gel along with a 5% input sample and trans-
ferred to a PVDF membrane for immunoblotting. IgG was used as a
control and total cell lysates were used as input controls. For the pull-
down assay, HEK293T cells were transfected with either HA or Myc-tag
protein plasmid. Lysates of the cells were pulled down with anti-HA
agarose (#26181, Thermo Fisher Scientific) or anti-c-Myc agarose
(#20168, Thermo Fisher Scientific) and further incubated with cell
lysates transfected with full length or truncated AP2a. The immuno-
precipitates and whole cell lysates (WCL) were immunoblotted. Cells
that were not transfected with HA-EZH2, HA-SUZ12 or Myc-EZH2 plas-
mids served as controls.

ChIP assay

Cells were fixed in 4% formaldehyde and sonicated to prepare chro-
matin fragments. Chromatin samples were immunoprecipitated with
antibodies against SUZ12 (#3737, Cell Signaling Technology, 1:100),
EZH2 (#5246, Cell Signaling Technology, 1:100), H3k27me3 (#9733,
Cell Signaling Technology, 1:50), AP2a (#3215, Cell Signaling Tech-
nology, 1:100), and control immunoglobulin G (IgG) at 4 °C for 3 h.
Immunoprecipitates and total chromatin inputs were reverse cross-
linked, DNA was isolated and analyzed using PCR with primers tar-
geting the promoter regions of EMPI. The primer sequences used are
listed in Supplementary Table 3.

Immunofluorescent staining

Myeloma cells were fixed with 4% formaldehyde and permeabilized
with 0.3% Triton X-100, then cells were blocked with 2% goat serum.
After stained with anti-EZH2 (#5246, Cell Signaling Technology, 1:200)
and AP2a (#sc-12726, Santa cruz, 1:25) antibodies overnight at 4 °C,
cells were incubated with FITC-conjugated Goat anti-Mouse IgG (H +L)
(#AS001, Abclonal, 1:200) and Cy3-conjugated Goat anti-Rabbit IgG
(H+L) (#AS007, Abclonal, 1:200) for 60 min at room temperature and
nucleus counterstaining with DAPI. Formalin-fixed, paraffin-embedded
sections of bone marrow biopsy samples obtained from myeloma
patients were deparaffinized and stained. Slides were stained with anti-
CD138 (#AF2780, R&D system, 1:100), EZH2 (#MA5-18108, Thermo
Fisher Scientific, 1:25), AP2« (#3215, Cell Signaling Technology, 1:100)
or EMP1 (#ab230445, Abcam, 1:50) overnight at 4 °C. After incubation,
samples were stained with FITC-conjugated Goat anti-Mouse IgG
(H +L) (#AS001, Abclonal, 1:200), Cy3-conjugated Goat anti-Rabbit IgG
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(H+L) (#AS007, Abclonal, 1:200) and Cy5-conjugated Mouse Anti-
Goat IgG (#K0038M-Cy5, Solarbio, 1:200) for 60 min at room tem-
perature and nucleus counterstaining with DAPI. Immunofluorescence
images were acquired with an IX71 confocal microscope system
(Olympus). Mean fluorescence intensity (MFI) was quantified using
Image) software (v 2.1.0/1.53c). The mean fluorescence intensity of
each region per individual was obtained by initially computing the
ratio of the total fluorescence intensity of all visual fields to the total
area of the corresponding fields in the indicated region. The mean
fluorescence intensity for each respective signal was determined per
slide in at least six areas per tumour.

Whole-transcriptome sequencing

RNAs were isolated from RPMI8226 (shCtrl, shEZH2) and then purified
with the VAHTSTM DNA Clean Beads (Vazyme). RNA-seq libraries were
synthesized with VAHTS Universal V6 RNA-seq Library Prep Kit
(Vazyme). Pooled libraries were quantified using Qubit TM dsDNA HS
Assay Kit (ThermoFisher), examined for size distribution using the
Fragment Analyzer (Advanced Analytical), and sequenced in MGI Tech
DNBSEQ-T7 Sequencer.

Mass spectrometry

Lysates of the HA-EZH2 transfected RPMI8226 cells were pulled down
with anti-HA agarose and subjected to SDS-PAGE gel. Gel bands stained
with Coomassie blue were excised separately, alkylated, and digested
with trypsin. The tryptic peptides were then analyzed using a nano-LC/
MS/MS (Thermo Fisher Scientific) coupled with an 1100 HPLC system
(Agilent Technologies). The MS/MS spectra were searched using the
SEQUEST software program with the BioWorks Browser (version 3.3.1;
Thermo Fisher Scientific) against the NCBI database. RPMI8226 cells
transfected with an empty vector were used as controls.

Luciferase assay in vitro

The construct covers the full-length (Luc-EMPI: —-1.258 kb to 62 bp),
two truncated forms (Luc-EMPI-Al: =558 bp to 62 bp; Luc-EMPI-A2:
-458 bp to 62 bp), and a mutated form (Luc-EMPI-mut: GCCN,GG to
GATN,4TA) made around -528 bp upstream of the starting codon in the
promoter of the EMPI gene were subcloned into the pGL2 vector, and
their transcriptional activities in HEK293T cells were examined using a
Dual-Luciferase Reporter Assay System (#E1910, Promega) according
to the manufacturer’s instructions. The luciferase activity of Luc-EMPI
constructs was set to 1. The primers used in the subcloning are listed in
Supplementary Table 4.

In vivo mouse experiments, measurement of tumor burden,
radiography and bone histomorphometry

Mouse studies were approved by the Institutional Animal Care and Use
Committee of Xiamen University. 6-7 weeks old female NSG mice pur-
chased from the Shanghai Model Organisms Center, Shanghai, China,
were maintained in Xiamen University Animal Care-accredited facilities.
All mice were housed in the specific pathogen-free (SPF) room under
controlled temperature (20-26 °C) and humidity (40-70%) conditions
with 12 h light/dark cycle. NSG mice were assigned randomly to groups
and intravenously or intrafemorally injected with luciferase-expressing
myeloma cells (RPMI8226 or MM.1S) (5 x 10° cells/mouse). For the pri-
mary patient-derived xenograft mouse model, newborn (1-3 days) NSG
mice were assigned randomly to groups and intrahepatically injected
with primary myeloma cells (1 x 10 cells/mouse) isolated from myeloma
patients. Tumor progression was monitored by levels of mouse serum
human A chains. Human A chains ELISA Kits were purchased from Bethyl
Laboratories (#E88-116). The tumor burden of all tumor-bearing mice
involved in this study were controlled within 20 pg/ml, which is in
accordance with the permission from the ethics committee of Xiamen
University. The maximal tumor burden was not exceeded. For the bio-
luminescent signal assay, mice were imaged using an IVIS Spectrum

in vivo imaging system from PerkinElmer, following the manufacturer’s
recommendations. The end of the experiments was decided based on
our and other previous studies”>'®***°, In brief, x-ray analysis was per-
formed 6 weeks after injection of tumor cells to facilitate the observation
of cortical bone surface damage. Additionally, the human A chain levels
in mice serum were required to be below 20 pg/ml. For the other mye-
loma cell line mouse model, micro-CT analysis, bioluminescent analysis,
and bone histomorphometry analysis were conducted 4 weeks after
myeloma cell injection, with serum human A chain levels maintained
below 10 pg/ml. At this time point, the damage to the trabecular bone in
mice can be conveniently observed. For the primary patient-derived
xenograft mouse model, due to the slower growth rate of primary
patient myeloma cells, micro-CT analysis and bone histomorphometry
analysis were performed 18 weeks after myeloma cell injection, with
serum human A chain levels below 10 pg/ml. To examine lytic bone
lesions, radiographs were scanned with a Bruker In-Vivo Xtreme imaging
system. p-CT was conducted with the Scanco pCT-40 system (55-peak
kilovoltage and 145-pA x-ray source). Mouse femurs were scanned at 16-
pm resolution, and further analyzed with Microview (Parallax Innova-
tions) software. To assess dynamic histomorphometric indices, mice
were administered two injections of 20 mg/kg calcein (Sigma Aldrich) at
6 and 3 days before dissection. Bone tissues were fixed in 10% neutral-
buffered formalin and decalcified, and sections of them were stained
with toluidine blue or TRAP following standard protocols. Both analyzes
were performed using the BIOQUANT OSTEO (v18.2.6) software pro-
gram (BIOQUANT Image Analysis Corporation).

Statistics & Reproducibility

Statistical significance was analyzed using the Graphpad (Version 9.0)
program with two tailed unpaired Student’s ¢-tests for comparison of
two groups, and one-way ANOVA with Tukey’s multiple comparisons
test for comparison of more than two groups. p values less than 0.05
were considered statistically significant. All results were reproduced in
at least three independent experiments. The determination of sample
size, replication structure, and the chosen intermediate endpoint was
informed by prior experience*™. Initially, we calculated the sample size
through a power analysis leveraging our existing insights into bone
histomorphometry. We decided to include five mice in each group to
maintain an 80% power for detecting variations in bone measurements
across the groups, with the two-tailed type I error rate set at 0.05.
Bone lesions in the study participants were characterized by
radiologists who were blinded to our study. The investigators who
performed the bench studies were blinded to the bone lesion status of
the patients.

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

Data availability

All data associated with this study can be found in the paper or the
supporting documents. Source data are provided with this paper.
Uncropped scans of immunoblots and gels are provided in the Source
data. The RNA-seq data generated in this study is available at NCBI
Sequence Read Archive under accession code PRJNA1165696. The mass
spectrometry proteomics data have been deposited to the Proteo-
meXchange Consortium via the PRIDE partner repository with the
dataset identifier PXD056039. The processed mass spectrometry data
are available at Supplementary Data 1. The raw and processed RNA-seq
and ChlIP-seq data accessed from other studies have been deposited in
the NCBI GEO database (https://www.ncbi.nlm.nih.gov/gds/) with
accession numbers GSE755, GSE24990, GSE143025, GSE176463,
GSE196297, GSE113736, GSE113295, GSE155135, GSE103567, GSE109673,
GSE2658, GSE5900, and GSE214669, respectively. Source data are pro-
vided with this paper.
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