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RNF219/a-Catenin/LGALS3 Axis Promotes Hepatocellular
Carcinoma Bone Metastasis and Associated Skeletal
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Shuxia Zhang, Yingru Xu, Chan Xie, Liangliang Ren, Geyan Wu, Meisongzhu Yang,
Xingui Wu, Miaoling Tang, Yameng Hu, Ziwen Li, Ruyuan Yu, Xinyi Liao, Shuang Mo,
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1. Introduction

The incidence of bone metastases in hepatocellular carcinoma (HCC) has

increased prominently over the past decade owing to the prolonged overall
survival of HCC patients. However, the mechanisms underlying HCC
bone-metastasis remain largely unknown. In the current study, HCC-secreted
lectin galactoside-binding soluble 3 (LGALS3) is found to be significantly
upregulated and correlates with shorter bone-metastasis-free survival of HCC
patients. Overexpression of LGALS3 enhances the metastatic capability of
HCC cells to bone and induces skeletal-related events by forming a bone
pre-metastatic niche via promoting osteoclast fusion and podosome
formation. Mechanically, ubiquitin ligaseRNF219-meidated «-catenin
degradation prompts YAP1/f-catenin complex-dependent epigenetic
modifications of LGALS3 promoter, resulting in LGALS3 upregulation and
metastatic bone diseases. Importantly, treatment with verteporfin, a clinical
drug for macular degeneration, decreases LGALS3 expression and effectively
inhibits skeletal complications of HCC. These findings unveil a plausible role
for HCC-secreted LGALS3 in pre-metastatic niche and can suggest a
promising strategy for clinical intervention in HCC bone-metastasis.

With the improvements in diagnostic tech-
niques, multidisciplinary treatments, and
implementation of surveillance programs,
the overall survival of hepatocellular car-
cinoma (HCC) patients has been improv-
ing markedly for the past two decades.
However, the incidence of extrahepatic
metastases has increased prominently. Ap-
proximately 16.1% to 38.5% of HCC pa-
tients display bone metastasis (BM) at first
diagnosis!’ and 11.7% HCC patients that
undergo curative resections develop BM.[?!
The prognosis of HCC with bone metas-
tasis (HCC-BM) is extremely poor, with a
median survival time of only 4.6 months.[*!
Meanwhile, most of patients with HCC-
BM are accompanied with skeletal-related
events (SREs), such as pathological frac-
tures and spinal cord compression.* These
SREs, identified as an independent prog-
nostic factor associated with poor overall
survival,[l cause severe pain and neurologic

Dr. S. Zhang, Dr. Y. Xu, Dr. C. Xie, Dr. L. Ren, Prof. ). Li

Key Laboratory of Liver Disease of Guangdong Province

The Third Affiliated Hospital

Sun Yat-sen University

Guangzhou 510080, China

E-mail: lijun37@mail.sysu.edu.cn

Dr. S. Zhang, Dr. Y. Xu, Dr. C. Xie, Dr. L. Ren, Dr. M. Yang, Dr. X. Wu,
Dr. Y. Hu, Dr. Z. Li, Dr. R. Yu, Dr. X. Liao, Dr. S. Mo, Prof. J. Li
Department of Biochemistry

Zhongshan School of Medicine

Sun Yat-sen University

Guangzhou 510080, China

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/advs.202001961

© 2020 The Authors. Published by Wiley-VCH GmbH. This is an open
access article under the terms of the Creative Commons Attribution
License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited.

DOI: 10.1002/advs.202001961

Adv. Sci. 2021, 8, 2001961

2001961 (1 of 17)

Dr. G. Wu, Dr. M. Tang, Prof. L. Song

State Key Laboratory of Oncology in South China
Collaborative Innovation Center for Cancer Medicine
Sun Yat-sen University Cancer Center

Guangzhou 510080, China

Dr. J. Wu, Prof. M. Li
Department of Microbiology
Zhongshan School of Medicine
Sun Yat-sen University
Guangzhou 510080, China
Prof. E. Song

Department of Breast Oncology
Sun Yat-Sen Memorial Hospital
Sun Yat-Sen University
Guangzhou 510120, China
Prof. Y. Qi

Centenary Institute

University of Sydney

Sydney 2000, Australia

© 2020 The Authors. Published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

deficits that dramatically deteriorate the quality of life of
patients.[>®] However, the potential therapeutic strategy for the
clinical management of HCC-BM have yet to be developed as the
nature and the characteristics of HCC-BM have not been fully
explored.

Bone homeostasis is maintained by the coordinated balance
between bone formation by osteoblasts and bone resorption
by osteoclasts.[”) However, cancer-secreted factors could disrupt
the bone homeostasis and imbalance the activities of osteo-
clasts/osteoblasts in bone compartments, which creates a “bone
pre-metastatic niche” to support cancer BM,®! even determining
metastatic organotropism.l®) Numerous studies have proved that
the tumor-produced cytokines directly or indirectly activated os-
teoclast, termed as osteoclastogenesis.!*”) Subsequently, activated
osteoclasts resorb bone matrix via secretion of hydrochloric acid
and matrix degrading proteases, such as tartrate-resistant acid
phosphatase (TRAP) and MMPs, which forms a “vicious cycle”
involving the release of various bone matrix-bound factors that
facilitate seeding and expansion of metastatic tumor cells in the
bone.[11]

Expression of lectin galactoside-binding soluble 3 (LGALS3),
a member of the galectin family of carbohydrate-binding pro-
teins, is frequently upregulated in various solid and blood ma-
lignancies and plays broad roles in cancer progression through
distinct intracellular and extracellular mechanisms.['?] Recently,
cancer-secreted LGALS3 has emerged as an important regula-
tor in modulation of tumor microenvironment and correlated
with metastasis.'¥] In this study, we found that HCC-secreted
LGALS3 induced HCC bone-metastasis and SREs by facilitating
the formation of a pre-metastatic niche. We further demonstrated
that E3 ligase RNF219-mediated a-catenin degradation, which
induced YAP1/p-catenin-dependent epigenetic modifications on
LGALS3 promoter, eliciting LGALS3 upregulation. Importantly,
the inhibition of YAP1/f-catenin complex formation on LGALS3
promoter by verteporfin reduced LGALS3 expression and effec-
tively inhibited HCC-BM in nude mice. Therefore, our results
represent a potential strategy for clinical treatment of skeletal
complications of HCC.

2. Results

2.1. RNF219 Overexpression Correlates with HCC
Bone-Metastasis

To investigate the mechanism underlying HCC bone-metastasis,
highly bone-metastatic HCCLM3-BM4 cells were established us-
ing a bone metastatic mouse model after four rounds of in-
tracardial injection (Figure 1A), as previously reported.l'*] As
shown in the schematic in Figure 1A, the HCCLM3-parental
cells, which stably expressed firefly luciferase reporter, were in-
oculated into the left cardiac ventricle of immunodeficient mice,
and the formed bone metastatic tumors were monitored by bio-
luminescence signal (BLI). Then bone metastatic HCCLM3 cells
(named as HCCLM3-BM1) were recovered from BLI-suspected
bone sites, expanded in culture, and re-injected intracardially into
mice for the next round. In the 4th round, the mice intracar-
dially injected with HCCLM3-BM4 cells only displayed a strong
metastatic signal in bone, but not in lung, for less than 3 weeks,
whereas HCCLM 3-parental cells injected-mice showed simulta-
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neous metastasis at bone and other organs over 5 weeks (Ta-
ble S1, Supporting Information). To identify critical factors that
contribute to HCC bone-metastasis, mass spectrometry-based
proteomics was performed in HCCLM3-BM4 and HCCLM3-
parental cells. Protein profiling revealed that a total of 94 dys-
regulated proteins, including 53 upregulated proteins and 41
downregulated proteins, in HCCLM3-BM4 cells compared with
HCCLM3-parental cells (Figure 1B and Table S2, Supporting In-
formation). Among them, ubiquitin ligase RNF219 was found
consistently elevated in high-bone-metastatic HCC cells and tis-
sues compared to low-bone-metastatic HCC cells, non-metastatic
or other organ metastatic HCC tissues, respectively (Figure
S1A,B, Supporting Information and Figure 1B,C). Furthermore,
statistical analysis revealed that patients with high RNF219-
expressed HCC had significantly shorter bone-metastasis-free
survival than those with low RNF219-expressed HCC (p = 0.016
and Figure S1C and Table S3-S5, Supporting Information).
These results suggest that RNF219 overexpression is associated
with progression of bone-metastasis in HCC.

2.2. RNF219 Overexpression Promotes Bone Metastasis and
SREs in HCC

To determine whether RNF219 overexpression induces HCC-
BM, we monitored the progression of BM after the intracar-
diac injection of control- and RNF219-transduced HCC cells,
which stably expressed firefly luciferase reporter. Prominently,
the mice intracardially injected with RNF219-transduced HCC
cells displayed earlier systemic bone metastatic onsets and a
larger bone metastatic tumor-burden (Figure S1D,E, and Table
S6, Supporting Information and Figure 1D). Micro-CT (uCT)
analysis showed that RNF219 also contributed to bone remodel-
ing, as indicated by increased systematic severe osteolytic bone
lesions, a reduced systemic bone mineral density (BMD), and
a higher frequency of SREs, such as pathological fracture (Fig-
ure 1D). Meanwhile, the relative trabecular volume, trabecular
number, and trabecular thickness were significantly increased
while the trabecular separation and trabecular bone pattern factor
were decreased in HCC/RNF219 cells-injected mice compared to
control mice (Figure 1E). Histological analysis revealed a larger
osteolytic area and increased TRAP*-osteoclasts, but no alter-
ation of alkaline phosphatase (ALP)*-osteoblasts, along the bone-
tumor interface in RNF219/mice (Figure 1F). All these results
suggested that RNF219 contributes to HCC-BM and SREs devel-
opment.

Consistently, compared with control mice, the RNF219-
silenced HCC cells-injected mice exhibited delayed bone metas-
tases, reduced BM lesions/osteolytic areas, less BMD reduction,
and fewer SREs frequency (Figure S2A-G and Table S6, Sup-
porting Information). Histological TRAP staining showed that
RNF219-silenced HCC cells suppressed osteoclasts activation
(Figure S2H, Supporting Information). Taken together, our re-
sults implicate RNF219 contributes to skeletal complications of
HCC.

2.3. RNF219-induced LGALS3 Promotes Osteoclastogenesis

Treatment with conditioned media (CM) from HCC/RNF219
cells significantly increased the number of TRAP*-multinuclear

© 2020 The Authors. Published by Wiley-VCH GmbH
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osteoclasts and TRAP enzymatic activity, suggesting that RNF219
upregulation might enhance the capability of HCC cells in cre-
ating a bone tumor microenvironment (Figure 2A). However, it
had no effect on differentiation of pre-osteoblast MC3T3-E1 cells,
as ALP*-osteoblasts and the relative RANKL/OPG ratio were un-
altered (Figure S3A, Supporting Information), suggesting that
RNF219-induced secretome promotes osteoclastogenesis.

Analysis of the protein profiling in CM collected from
HCC/vector and HCC/RNF219 cells and the proteomics data of
mature osteoclast (OC) and osteoclast precursor (OP), [°] indi-
cated that LGALS3 was one of the secreted proteins with the
most pronounced upregulation in HCC/RNF219 cells and OCs
(Figure 2B and Table S7, Supporting Information). Consistent
with elevated mRNA level of LGALS3 in HCCLM3-BM4 and
RNF219-transduced HCC cells (Figure S3B,C, Supporting Infor-
mation), the secreted LGALS3 protein levels were also signifi-
cantly increased in HCCLM3-BM4 and RNF219-overexpressed
cells but decreased in RNF219-silenced cells (Figure 2C and Fig-
ure S3D,E, Supporting Information). Importantly, the LGALS3
protein levels in bone-metastatic HCC tissues were also signif-
icantly higher than that in other organ metastatic HCC tissues
(Figure S3F, Supporting Information), suggesting the potential
role of LGALS3 in HCC-BM.

Stimulation with CM from HCC/RNF219 cells (CM-
HCC/RNF219) or with purified secreted-LGALS3 from HCC
cells dramatically induced TRAP*-multinuclear osteoclasts
formation and TRAP activity (Figure 2D). In contrast, the
osteoclastogenic effect of CM from HCC/RNF219 cells on osteo-
clastogenesis was significantly abolished by LGALS3 silencing
or using LGALS3-neutralizing antibody (Figure 2D). Therefore,
our results demonstrate that LGALS3 plays an essential role in
RNF219-induced osteoclastogenesis.

2.4. RNF219-Induced LGALSS3 is Involved in Differentiation and
Activation of Osteoclasts

Interestingly, we found that HCC-secreted LGALS3 could still in-
duce LGALS3-knockout Raw 264.7 osteoclast progenitor cells to
form multi-nuclear osteoclasts (Figure 2E). Meanwhile, expres-
sion of markers regarding differentiation and activation of os-
teoclasts, including C-fos, Acp5, Ctsk, Nfat-cl, and Dc-stamp,
were significantly increased in CM-HCC/RNF219-treated osteo-
clasts but decreased in response to treatment with the LGALS3-
neutralizing antibody (Figure S3G, Supporting Information). Re-
moval of HCC-secreted LGALS3 from the surface of osteoclasts
via lactose or LGALS3 antagonist GCS-100 drastically impaired

www.advancedscience.com

the CM-HCC/RNF219-induced osteoclastogenesis (Figure 2F),
indicating that HCC secreted-LGALS3 was required for the fu-
sion of mono-nuclear progenitor osteoclasts to multi-nuclear ma-
ture osteoclasts.

Podosome formation in bone-attached multi-nuclear osteo-
clasts to develop an actin-rich sealing zone is crucial for the bone
resorption.I’] TF staining showed that treatment with purified
secreted-LGALS3 or CM-HCC/RNF219 dramatically promoted
podosome formation, as indicated by increased actin ring forma-
tion, in mature osteoclasts (Figure 2G). Therefore, our results
demonstrate that HCC-secreted LGALS3 promotes differentia-
tion and activation of osteoclasts.

Interestingly, we did not observe that HCC-secreted LGALS3
interacted with osteoclast differentiation inhibitor myosin-2A.[7]
However, we found that LGALS3 bound to and stabilized CD98
and integrin av/f3, the key factors in osteoclastogenesis and os-
teoclast activation,'®! in osteoclasts surface (Figure 2E,H and
Figure S3H, Supporting Information). The inducing effect of
CM-HCC/RNF219 on osteoclastogenesis and activation of inte-
grin av/f3-signalling, evidenced by the increased phosphoryla-
tion level of SRC, SYK, and VAV-3 and expression of RAC-GTP,
was profoundly mitigated by CD98- or integrin f3-silencing (Fig-
ure 2I and Figure S3I, Supporting Information). These results
suggest that HCC secreted-LGALS3-induced osteoclastogenesis
through lattices formation and activation of CD98 and integrin
av/p3 complex.

2.5. RNF219-Induced LGALS3 Promotes Osteolytic Destruction
and Bone Metastasis

Bone resorption assay showed that the surface of bone slice was
severely eroded by Raw 264.7 cells treated with purified LGALS3
and CM-HCC/RNF219, as indicated by increased resorption pits
formation (Figure 3A). However, these effects were abolished by
LGALS3-neutralizing antibody treatment (Figure 3A and Figure
S9C, Supporting Information), suggesting that the HCC-secreted
LGALS3 induced a vicious cycle formation.

Furthermore, the bone-metastasis in vivo assay showed that
overexpression of LGALS3 in HCC cells or mice pretreated with
CM from LGALS3-transduced HCC cells significantly enhanced
the bone metastatic capability of HCC cells, as indicated by ear-
lier systemic BM, and also promoted HCC-mediated osteolytic
bone disease, as shown by systemic severe osteolytic bone le-
sions, reduced systemic BMD, and higher frequency of SREs
(Figure 3B,C and Figure S3K,L, Supporting Information). Con-
sistently, a larger osteolytic area and increased TRAP*-osteoclasts

Figure 1. RNF219 overexpression promotes bone metastasis and SREs in HCC. A) Schematic representation of the establishment of a highly bone-
metastasis HCCLM3-BM4 cell line. Tumor cells were isolated from bone lesions in mice injected intracardially with HCCLM3-P/luc cells and cultured, and
re-injected intracardially into mice. This procedure was repeated for four cycles. B) Volcano plot analysis of dysregulated proteins comparing HCCLM3-
BM4 cells with HCCLM3-P cells. C) Representative images (left) and quantification (right) of RNF219 expression in normal liver tissue (n = 23), HCC
tissues without bone-metastasis (n = 437), primary HCC tissues with bone-metastasis (n = 38), and HCC bone-metastasis tissues (n = 6) (left panel).
Scale bar, 50 pm. D) Upper: BLI (left) and pCT images (middle and right) of bone lesions from representative mice. Arrowheads: fractured bone site.
Lower: Kaplan—Meier bone metastasis-free survival curve and quantification of the osteolytic sites, BMD and fracture frequency from representative
mice (n = 8/group). E) pCT images of trabecular section (upper) and quantification (lower) of bone parameters from representative mice (n = 8/group).
BV/TV, bone/tissue volume ratio; BS/TV, bone surface/ tissue volume ratio; Tb. n, trabecular number; Tb. sp., trabecular separation; Tb. th., trabecular
thickness; TBPf, trabecular bone pattern factor. F) pCT and histological (H&E, TRAP and TRAP/ALP) images (upper) and quantification (lower) of
osteolytic area and TRAP*-osteoclasts /ALP*-osteoblasts along the bone-tumor interface of metastases from representative mice (n = 8/group). Scale
bar, 50 pm. Each error bar in panels (C—F) represents the mean + SD of three independent experiments. Significant differences were determined by
one-way ANOVA with Tukey's multiple comparison test (C—F). * p < 0.05, ** p < 0.01, *** p < 0.001.
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were observed along the bone-tumor interface in corresponding
mice (Figure 3C). However, silencing LGALS3 in HCC cells or
treated mice with LGALS3-neutralizing antibodies dramatically
decreased the bone metastatic capability and osteolytic destruc-
tive effect of HCC cells (Figure 3B,C and Figure S3J-L, Support-
ing Information), indicating that LGALS3 was a vital target to in-
hibit HCC-BM.

Prominently, LGALS3 expression was hardly detected in nor-
mal liver tissues and low in non-bone-metastatic HCC tissues
whereas it was markedly higher in primary HCC-BM tissues
and further elevated in HCC bone-metastasis tissue (Figure 3D).
Patients with high LGALS3-expressed HCC exhibited signifi-
cantly shorter bone-metastasis-free survival than those with low
LGALS3-expressed HCC (p < 0.001; Figure 3E). Meanwhile,
the serum level of LGALS3 in HCC-BM patients was signifi-
cantly higher than that in HCC patients without bone-metastasis
(Figure 3F), suggestive of serum LGALS3 level as a potential
biomarker for HCC-BM.

2.6. RNF219-Mediated a-Catenin Degradation Induces LGALS3
Upregulation

To investigate the mechanism underlying RNF219-induced
LGALS3 upregulation, we employed CRISPR affinity purifica-
tion in situ of regulatory elements (CAPTURE) approach follow-
ing the mass spectrometry to identify the trans-regulatory fac-
tors targeting LGALS3 promoter. As shown in Figure 4A and
Table S8, Supporting Information, 25 potential trans-regulatory
factors were enriched on the LGALS3 promoter in HCCLM3
cells. ChIP-qPCR assays identified that expression of a-catenin,
APC and LSD1 on LGALS3 promoter was significantly decreased
in HCCLM3/RNF219 and HCCLM3-BM4 cells but increased in
RNF219-silenced cells (Figure 4B), while overexpressing RNF219
increased while silencing RNF219 reduced levels of YAP1, g-
catenin, DNMT1, CHTOP, PRMT1, TET1, and MLL4 on LGALS3
promoter (Figure 4B). These results suggest that multiple trans-
regulatory factors are involved in LGALS3 regulation.

co-IP assayed showed that among abovementioned regulators,
only a-catenin physically interacted with RNF219 (Figure 4C).
We further characterized that the first vinculin homology (VH)
domain of a-catenin directly bound to RNF219 (Figure 4D-
G). Consistent with the ubiquitin ligase activity of RNF219,/*°]
overexpressing RNF219 decreased while silencing RNF219 in-
creased the expression and half-life of a-catenin protein, and
conversely increased or decreased K48-linked polyubiquitination
of a-catenin protein, but without effect on mRNA expression
(Figure 4H-K, and Figure S4A, Supporting Information). Im-
portantly, restoring a-catenin in RNF219-high expressed HCC
cells evidently reduced, but silencing a-catenin in RNF219-low
expressed HCC cells increased, both mRNA and secreted pro-
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tein levels of LGALS3 (Figure S4C, Supporting Information and
Figure 4L). Therefore, our results indicate that RNF219-mediated
a-catenin degradation induced LGALS3 upregulation.

2.7. a-Catenin Reduction is Vital for RNF219/LGALS3
Axis-Induced BM and SREs

Next, the role of a-catenin reduction in RNF219/LGALS3-
induced HCC skeletal complications was examined. As shown
in Figure 5A, overexpressing a-catenin significantly reduced
the ability of HCC/RNF219 cells to induce TRAP*-multinuclear
osteoclasts formation and TRAP activity, whereas silencing a-
catenin strongly promoted the ability of HCC cells to induce
osteoclastogenesis. However, the osteoclastogenic effect of a-
catenin silencing on HCC cells-mediated osteoclastogenesis was
abrogated by LGALS3 ablation (Figure 5A and Figure S4D,
Supporting Information), strongly indicating a critical role of
RNF219/a-catenin/LGALS3 axis in the regulation of osteoclas-
togenesis in vivo.

In agreement with this, in mice pre-treated with CM the
(a-catenin silenced-HCCLM3 cells)-induced bone microenviron-
ment accelerated HCCLM3 cells BM; as shown by early and
increased systemic bone metastatic onsets and larger bone
metastatic tumor-burden, higher serum LGALS3 level, and se-
vere osteolytic skeletal complications; as indicated by larger
osteolytic area, lower systemic BMD, and increased TRAP*-
osteoclasts (Figure 5B-E). However, recovering a-catenin im-
peded the stimulatory effect of CM (HCCLM3/RNF219 cells) on
bone destruction and the bone metastatic progression of HC-
CLM3 cells (Figure 5B-E). These results provided further evi-
dence that a-catenin reduction is vital for RNF219-induced HCC-
BM.

2.8. RNF219-Mediated a-Catenin Reduction Activates
Whnt/f-Catenin and YAP1 Pathways

a-Catenin plays vital roles in inhibition of multiple oncogenic
signallings, including Wnt/p-catenin signaling and YAP/TEAD
signaling.?%) As silencing f-catenin or YAP1 significantly re-
duced LGALS3 expression in RNF219-overexpressed cells (Fig-
ure S5A, Supporting Information and Figure 6A), we therefore
reasoned that RNF219-mediated a-catenin degradation might
contribute to the activation of f-catenin and YAP1 signallings.
We found that the nuclear expression, phosphorylation level, and
transcriptional activity of f-catenin and YAP1, as well as their
downstream target genes expression of both f-catenin and YAP1,
were significantly increased in RNF219-transduced cells but de-
creased in RNF219-silenced cells (Figure S5B-E, Supporting
Information). Restoring a-catenin abrogated RNF219 induced-
LGALS3 expression and transactivities of both p-catenin and

integrin avp3. Scale bar, 10 ym. F) Quantification of the osteoclast differentiation in the presence of the CM-HCCLM3/Vector, or CM-HCCLM3/RNF219,
or CM-HCCLM3 plus GCS-100, or CM-HCCLM3 plus sucrose, or CM-HCCLM3 plus lactose. G) Left: Phase contrast micrograph of RAW 264.7 cells as
indicated treatments (upper) and IF staining images of phalloidin (F-actin) (middle and lower). Scale Bar, 20 pm (upper), 10 pm (middle) and 2 pm
(lower). Right: Quantification of the number of fused multinuclear cells from the experiment in the left panel. H) Co-IP assays using anti-LGALS3 or
anti-IgG antibodies in CM-HCCLM3/RNF219-treated RAW264.7 cells and WB analysis of expression of CD98, integrin av, integrin 3, and LGALS3. )
WB analysis of phosphorylation level of SRC, SYK, and VAV-3 and expression of RAC-GTP in Raw 264.7 cells as indicated treatments. f-actin served as
the loading control. Each error bar in panels A, C, D, F, and G represents the mean + SD of three independent experiments. Significant differences were
determined by one-way ANOVA with Tukey’s multiple comparison test (A, C, D, F, and G). ** p < 0.01, *** p < 0.001 and N.S.: not significant (p > 0.05).
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YAP1 (Figure SSE,F, Supporting Information). Moreover, IHC
statistical analyses revealed positive correlations of RNF219 level
with the expression of nuclear f-catenin (p < 0.001, r = 0.502),
nuclear YAP1 (p < 0.001, r = 0.270), and LGALS3 (p < 0.05, r
= 0.644) but negative correlation with a-catenin (p < 0.001, r =
0.509) (n = 475 and Figure 6B), which provided clinical evidence
that RNF219-mediated a-catenin reduction activated both Wnt/g-
catenin and YAP1 pathways, consequently resulting in LGALS3
upregulation in HCC.

2.9. a-Catenin Reduction Induces YAP1/S-Catenin Complex
Enriched on LGALS3 Promoter

ChIP assays revealed that levels of both p-catenin and YAP1
were dramatically increased at P2 region (—1500 bp ~ —1000 bp)
on LGALS3 promoter in RNF219-overexpressed or a-catenin-
silenced HCC cells (Figure 6C and Figure S5G, Supporting
Information). CONSITE program analysis showed that multi-
ple TCF4- and TEAD4-binding sites are pretty close together
to each other at P2 region on the LGALS3 promoter (Fig-
ure 6C). Consistently, re-co-IP assays revealed that YAP1/TEAD4
and p-catenin/TCF4 were associated together on LGALS3 pro-
moter (Figure 6D). Interestingly, silencing YAP1 in RNF219-
upregulated cells dramatically reduced p-catenin level, whereas
silencing f-catenin only slightly decreased YAP1 enrichment,
on LGALS3 promoter (Figure 6C and Figure S5H, Supporting
Information), suggesting that YAP1 stabilized f-catenin on the
LGALS3 promoter.

2.10. YAP1/p-Catenin Complex Induces a Succession of
Epigenetic Modifications on LGALS3 Promoter

Our CAPTURE/MS analyses revealed that DNA methyl-
transferase DNMT1, methylcytosine dioxygenase TET1,
CHTOP/arginine  methyltransferase =~ PRMT1-methylosome
complex, and histone methyltransferase complex MLL4/WDRS5
were also enriched at LGALS3 promoter in RNF219-upregulated
HCC cells (Figure 4A). Similar to the effect of YAP1 and p-
catenin on LGALS3 upregulation, silencing DNMT1, TET1,
CHTOP, PRMT1, MLL4 or WDRS5 also reduced LGALS3 mRNA
expression in RNF219-upregulated cells (Figure S6A, Sup-
porting Information), suggesting that these trans-regulatory
factors might likewise be involved in RNF219-induced LGALS3
expression.

Furthermore, re-co-IP assays indicated that RNF219 up-
regulation promoted the binding of DNMT1 to YAP1/p-
catenin complex at LGALS3 promoter (Figure 6D). Although

www.advancedscience.com

DNA methylation is a major epigenetic mechanism for gene
silencing,'! binding of DNMT1 has been reported to increase
nuclear f-catenin level and induced p-catenin/TCF-driven tran-
scription and DNA methylation in colorectal cancer cells.[??]
DNMT1-mediated C5 position of cytosine bases (5mC) in
CpG dinucleotide might also play an important role in tran-
scriptional regulation. For instance, methylcytosine dioxyge-
nases, such as TET family, catalytically convert 5mC into 5-
hydroxymethylcytosine (ShmC) that serves as a recruitment sig-
nal for CHTOP/arginine methyltransferase-methylosome com-
plex to H4R/H3R histone modification.”?) Such modifica-
tions further elicit histone methyltransferase-mediated H3K4
methylation for transcriptional activation.[?*! Consistently, our
reciprocal co-IP showed that YAP1/p-catenin/DNMT1, TET1,
CHTOP/PRMT1, and MLL4/WDRS5 complex were indepen-
dently associated on LGALS3 promoter (Figure 6E). However, si-
lencing YAP1 or f-catenin reduced the expression of DNMT1,
TET1, CHTOP/PRMT1, and MLL4/WDRS at LGALS3 promoter,
downregulation of DNMT1 or TET1 reduced the enrichment of
CHTOP/PRMT1, and MLL4/WDRS5 complex on LGALS3 pro-
moter, with no impacts on YAP1 and #-catenin levels (Figure S6B,
Supporting Information).

Consistent with the biological function of each trans-
regulatory complex, the relative 5hmc/5mc ratio and levels
of H4R3me2a and H3K4me3 on LGALS3 promoter were in-
creased in RNF219-upregulated and a-catenin-silenced HCC
cells but decreased in RNF219-silenced and a-catenin-transduced
cells (Figure 6F,G). Silencing TET1, or CHTOP/PRMTI, or
MLL4/WDRS5 respectively reduced the relative Shmc/5mc ratio
and decreased H4R3me2a and H3K4me3 levels on LGALS3 pro-
moter in RNF219-upregulated cells (Figure S6C-E, Supporting
Information). These results further demonstrate that YAP1/g-
catenin complex induces continuous epigenetic modifications-
mediated LGALS3 upregulation.

2.11. Disrupting YAP1/TEAD Interaction via Verteporfin
Represses LGALS3 Expression

Our results showed that YAP1 could stabilize p-catenin on
LGALS3 promoter (Figure 6C,D and Figure S5G,H, Support-
ing Information), indicating the key role of YAP1/TEAD in-
teraction in LGALS3 regulation. We then examined the effect
of verteporfin, a small-molecule antagonist of the YAP-TEAD
interaction®! on LGALS3 expression. Strikingly, verteporfin-
treated RNF219-upregulated cells not only showed signifi-
cant reduction of LGALS3 at both mRNA and secreted pro-
tein levels, but also displayed decreased the formation of

Figure 3. LGALS3 promotes osteolytic bone metastasis of HCC. A) Bone resorption assays of RAW 264.7 cells cultured onto the bone slices for indicated
treatments. Then bone slice was fixed for scanning electron microscopy (SEM) (left) and quantification of the number of resorption pit per bone slice
(right). B) Normalized BLI signals of bone metastases and Kaplan—Meier bone metastasis-free survival curve of mice from the indicated experimental
group (n = 8/group). C) Upper left: BLI, uCT (longitudinal and trabecular section), and histological (H&E and TRAP staining) images of bone lesions
from representative mice. Scale bar, 50 pm. Upper right and lower: Quantification of the uCT osteolytic lesion area and TRAP* osteoclasts along the
bone-tumor interface of metastases (upper right) and bone parameters (lower) from the experiment in the upper left panel. D) Representative images
(left) and quantification (right) of LGALS3 expression in normal liver tissue (n = 23), HCC tissues without bone metastasis (n = 437), primary HCC
tissues with bone metastasis (n = 38), and HCC tissues in bone metastatic site (n = 6) (left panel). Scale bar, 50 pm. E) Kaplan—Meier analysis of bone
metastasis-free survival curves in HCC-BM with low versus high expression of LGALS3 (n = 38; p < 0.001, log-rank test). F) ELISA analysis of serum
LGALS3 expression from healthy donors (n = 21), HCC patients without bone metastasis (n-BM, n = 35), HCC patients with bone metastasis (BM, n
= 26). Each error bar in panels (A-D) and (F) represents the mean =+ SD of three independent experiments. Significant differences were determined by
one-way ANOVA with Tukey's multiple comparison test (A-D, F). ** p < 0.01, *** p < 0.001.
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TEAD4/YAP1/p-catenin/DNMT1 complex, reduced enrichment
levels of CHTOP/PRMT1 and MLL4/WDRS5 complex and less
relative Shmc/5mc ratio and H4R3me2a and H3K4me3 lev-
els on LGALS3 promoter (Figure 7A-D and Figure S7A, Sup-
porting Information). These results demonstrate that disrupting
YAP1/TEAD interaction using verteporfin represses LGALS3 ex-
pression.

2.12. Verteporfin Treatment Suppresses
RNF219/LGALS3-Induced Osteoclastogenesis

As shown in Figure 7E, the effect of RNF219-induced osteoclasto-
genesis was profoundly inhibited by verteporfin treatment, as in-
dicated by decreased TRAP*-multinuclear osteoclasts and TRAP
activity, but reversed by addition of purified-LGALS3 from HCC
cells. Meanwhile, podosome formation and bone resorption as-
says indicated that verteporfin treatment dramatically reduced
the capability of CM/RNF219-upregulated HCC cells-induced fu-
sion, actin ring formation, and resorption activity of osteoclasts
(Figure 7F), indicating that verteporfin treatment inhibited os-
teoclastogenesis. Moreover, the HCC-induced vicious cycle was
also inhibited by verteporfin, as evidenced by reduction in bone
matrix-released TGF-f# and decreased growth rates of HCC cells
(Figure 7G).

2.13. Verteporfin Treatment Blocks Initiation and Progression of
HCC-BM In Vivo

Finally, the in vivo effects of verteporfin on HCC-BM and
SREs were examined. To this end, the high-bone-metastatic HC-
CLM3/RNF219 and HCCLM3-BM4 cells were intracardially in-
jected into nude mice accompanied with verteporfin treatment.
Strikingly, BL imaging and uCT analyses did not detect the BM
lesions/osteolytic areas, BMD reduction, and pathologic fracture
in verteporfin-treated mice (Figure 8A,B, and Figure S7B-E, Sup-
porting Information). The number of TRAP*-osteoclasts in bone
surface area in verteporfin-treated mice were drastically less than
that in vehicle-treated control mice (Figure 8B). These results
suggest that verteporfin treatment prevents the initiation of HCC
bone-metastasis and SREs. However, genetically engineered to
overexpress LGALS3 in HCC cells abrogated the inhibitory ef-
fect of verteporfin on skeletal complications of HCC (Figure 8A,B
and Figure S7B-F, Supporting Information), which further sup-
ported the essential role of LGALS3 in HCC-BM.

www.advancedscience.com

We further examined the effect of verteporfin on progres-
sion of HCC bone-metastasis using a preclinical model of HCC
bone-metastasis, in which verteporfin treatment started after
bone-metastatic tumors formed. As shown in Figure 8C, more
bone metastases and a larger bone-metastatic tumor burden
were further developed in vehicle-treated mice, accompanied
by increased osteolytic areas and higher numbers of TRAP*-
osteoclasts along the bone-tumor interface. However, verteporfin-
treated mice displayed decreased bone-metastases, reduced tu-
mor burden, and fewer TRAP*-osteoclasts along the bone-tumor
interface, consequently resulting in the longer survival of bone-
metastatic mice (Figure 8C). Therefore, these results further sup-
port our hypothesis that RNF219-mediated a-catenin degradation
prompted LGALS3 upregulation via YAP1/p-catenin-dependent
epigenetic modifications, which results in metastatic bone dis-
eases, and verteporfin treatment might be a new therapeutic ap-
proach against HCC-BM (Figure 8D).

3. Discussion

Before the 20th century, the survival of HCC patients was too
short to regard extrahepatic metastases as a clinical challenge.
The improvements in both diagnostic modalities and therapeu-
tic procedures have markedly prolonged the survival of HCC pa-
tients over the past two decades, but also led to a concurrent wors-
ening of the tumor progression within the extrahepatic organs
and formation of metastatic foci at distant sites.[*?°] For instance,
the incidence of bone metastases in HCC is becoming more com-
mon, occurring in 25.5% to 38.5% of patients with extrahep-
atic disease.['?] Meanwhile, the concomitantly developed SREs
in HCC-BM patients are morbid events that diminish the quality
of life and increase the healthcare utilization costs.>® However,
no practical guideline for treatment of HCC-BM have been devel-
oped yet, as mechanisms underlying HCC-BM remain elusive.
Herein, we reported that HCC-secreted LGALS3 plays a vital role
in bone metastases and SREs via modulation of bone remodel-
ing. Importantly, verteporfin, the antagonist of the YAP/TEAD in-
teraction, decreased LGALS3 expression and effectively blocked
the initiation and progression of HCC metastatic bone diseases.
Therefore, these findings uncover a plausible mechanism for
HCC-BM and might provide a new strategy for clinical interven-
tion in HCC-related bone diseases.

Our results showed that HCC-secreted LGALS3 could directly
induce osteoclastogenesis, which was consistent with the ef-
fect of breast cancer-secreted LGALS3 on promoting osteoclast

Figure 4. RNF219-mediated a-catenin proteasomal degradation induced LGALS3 upregulation. A) Schematic of dCas9-mediated capture of LGALS3
promoter using five sequence-specific sgRNAs (Left) and mass spectrometry (MS) analysis of trans-regulatory factors targeting LGALS3 promoter
(right). B) ChIP analyses of enrichment of the indicated trans-regulatory factors on the LGALS3 promoter. C) Co-IP analysis of interaction of RNF219
with the indicated trans-regulatory factors in HCCLM3 cells. D) Co-IP/IB analysis of expression of RNF219 and immunoprecipitated flag-a-catenin
(left) and IB analysis of expression of a-catenin and immunoprecipitated myc-RNF219 (right) in the indicated cells. E) Co-IP/IB analyses of expression of
RNF219 and a-catenin using indicated antibodies. F) Far-western blotting analysis was performed using anti-Myc antibody-immunoprecipitated proteins
and detected using anti-a-catenin antibody and then reblotted with anti-RNF219 antibody. Recombinant a-catenin served as the control. G) Schematic
illustration of the wild-type and truncated a-catenin protein (upper) and co-IP assays were performed using anti-RNF219 antibody in the indicated cells
(lower). H) IB analysis of a-catenin expression and I) K48-linked polyubiquitin levels of a-catenin in the indicated cells. a-tubulin served as a loading
control. J) IB analysis of the half-life of a-catenin protein in the indicated cells treated with cycloheximide. f-actin served as a loading control. K) IB
analysis of a-catenin and myc-RNF219 expression in the 0, 0.5, 1.5, and 5.0 pg of myc-RNF219-tranfected cells treated without or with MG132 (20 pm,
upper) or in the myc-RNF219-tranfected cells treated with the vehicle or each inhibitor (20 pm MG132, 20 pm cLL, 10 mm 3-MA, or 100 pm leupeptin
and 20 mm NH4Cl) (lower). f-actin served as a loading control. L) Real-time PCR analysis and ELISA analysis of mRNA and serum LGALS3 expression
in the indicated cells. GAPDH served as a loading control. Each error bar in panels B, L represents the mean + SD of three independent experiments.
Significant differences were determined by Student’s t-test (B) and one-way ANOVA with Tukey’s multiple comparison test (L). *** p < 0.001.
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Figure 5. a-catenin reduction is vital for RNF219/LGALS3-induced bone metastasis and SREs. A) Quantification of the osteoclast differentiation in the
presence of CM collected from the indicated cells. B) Left: BLI, uCT (longitudinal and trabecular section), and histological (H&E and TRAP staining)
images of bone lesions from representative mice. Scale bar, 50 pm. Right upper: Normalized BLI signals of bone metastases, Kaplan—Meier bone
metastasis-free survival curve of mice from indicated experimental mice and ELISA analysis of serum LGALS3 expression in the indicated mice (n =
8/group). Right lower: quantification of the TRAP* osteoclasts along the bone-tumor interface of metastases and ;CT osteolytic lesion sites and area from
experiment in left panel. C) Quantification of the bone parameters analyzed by uCT assay, and D) BMD, and E) fracture frequency in the indicated mice
from the experiment in Figure 5B. Each error bar in panels (A-D) represents the mean + SD of three independent experiments. Significant differences
were determined by one-way ANOVA with Tukey’s multiple comparison test (A-D). * p < 0.05, ** p < 0.01, *** p < 0.001.
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differentiation.l’”] Interestingly, it has been also reported that
prostate cancer-secreted LGALS3 inhibits osteoblast, but not os-
teoclast, differentiation.[?’] Hence, secreted-LGALS3 from differ-
ent cancer types may have distinct biological activities in modula-
tion of bone microenvironment via diverse mechanisms. Indeed,
breast cancer-secreted LGALS3 nullified the suppressive effect
of myosin-2A on osteoclast differentiation and prostate cancer-
secreted cleaved LGALS3 activated Notch signaling to induce os-
teoblast differentiation.!'”) We demonstrated that HCC-secreted
LGALS3 localized on the outer membrane surface of osteoclast
progenitor cells and formed lattices with and activated CD98- and
integrin av/B3 complex-mediated fusion and podosome forma-
tion of osteoclasts, leading to osteolytic bone remodeling. Thus,
our results unveil a plausible role of HCC-secreted LGALS3 in
HCC-related bone diseases, placing LGALS3 at the focal position
for the treatment of skeletal complications of HCC. Considering
the crucial role of LGALS3 in modulation of the bone tumor mi-
croenvironment and that bone metastases are a common clinical
outcome of various solid cancers, the activities and mechanisms
of other cancer-derived LGALS3 underlying bone metastases are
worthy of being further investigated.

In line with the elevated RNF219 expression in high-bone-
metastatic HCC cells and tissues, we found that RNF219-
mediated LGALS3 upregulation induced HCC-BM and SREs by
facilitating pre-metastatic niche formation. These results sug-
gested that RNF219 might be a potential driver in promoting
HCC-BM. Although the mRNA level of RNF219 was also signif-
icantly increased in HCCLM3-BM4 cells compared to HCCLM3-
P cells (Figure S8A, Supporting Information), genomic DNA
and TCGA dataset analyses showed that the genomic locus of
RNF219 was not amplified in bone-metastatic HCC cells and tis-
sues, which indicated that RNF219 upregulation was not asso-
ciated with genomic gain. Interestingly, the MethPrimer bioin-
formatics tool revealed that the RNF219 promoter region con-
tains a high frequency of CpG sites (Figure S8B, Supporting
Information), suggesting that methylation of RNF219 promoter
might be involved in RNF219 expression. Consistent with this hy-
pothesis, the 5-methylcytosine (5mc) level in RNF219 promoter
in high bone-metastatic HCCLM3-BM4 cells and HCC-BM tis-
sues was significantly less than that in HCCLM3-P cells and
non-BM HCC tissues (Figure S8C,D, Supporting Information).
Importantly, treated with 5-Aza-2’-deoxycytidine (5-Aza-dC), a
DNA methyltransferase inhibitor, robustly increased the tran-
script level of RNF219 in HCCLM3-P cells but has a slight ef-
fect on HCCLM3-BM4 cells (Figure S8E, Supporting Informa-
tion). Moreover, ChIP assays revealed that the enrichment of
5mc and DNMT1 and DNMT3B, but not DNMT3A, were signif-
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icantly higher in HCCLM3-P cells than those in HCCLM3-BM4
cells (Figure S8F,G, Supporting Information). The precise mech-
anism underlying promoter hypomethylation-mediated RNF219
upregulation needs to be further investigated.

HCC-BM is thought to be a terminal stage disease, cura-
tive tumor resection/ablation is generally not recommended.
The current treatment strategies, such as adjuvant radiofre-
quency ablation and transcatheter arterial chemoembolization,
are mainly directed at the palliation of pain for relief from bone
metastases.l®] With respect to the controlling of the bone tumor
microenvironment, bisphosphonates (BPs), a class of pyrophos-
phate analogues with a high affinity for bone minerals,!?!] and
denosumab, a humanized monoclonal antibody against RANKL,
have been FDA-approved to reduce this cancer-mediated bone
destruction.[? Nevertheless, the severe side effects of these
drugs have brought long-term safety concerns. Herein, we found
that targeting RNF219/a-catenin/LGALS3 axis, such as LGALS3
neutralizing antibody or YAP inhibitor verteporfin, could effec-
tively inhibit HCC-BM in nude mice. Since currently there is
no neutralizing anti-LGALS3 antibody that has been used for
clinical treatment and even tested in clinical trial. Therefore,
it would take a long time to develop an anti-LGALS3 antibody
that could be used clinically for treatment. However, verteporfin
has been approved as a clinical drug for treatment of macular
degeneration.l*! Using mouse model showed a prominent ther-
apeutic efficacy of verteporfin against metastatic bone lesions and
metastasizing osteosarcoma.l3!l Meanwhile, more than 10 clini-
cal trials are currently in progress to test the therapeutic effects of
verteporfin in a variety of cancers, including advanced pancreatic
carcinoma, metastatic breast cancer, recurrent prostate cancer,
and Stage III or Stage IV melanoma (https://www.clinicaltrials.
gov). Thus, YAP inhibitor verteporfin might be the most promis-
ing medicine for future clinical testing.

Multiple signaling pathways, such as TGF-f, NF-xB, and
Wnt/f-catenin, have been well documented to be participated in
BM of multiple cancer types.[*”) Among these, TGF-f signaling
has been reported to be a crucial contributor for cancer BM via
induction of local invasion and angiogenesis, promotion of pre-
metastatic niche and initiation of osteolytic vicious cycle.[*?) Inter-
estingly, we found that the expression and phosphorylation level
of SMAD2 and SMAD3, as well as the secreted TGF-f level, were
nearly the same between HCCLM3-BM4 and -P cells, and HC-
CLM3/Vector and /RNF219 cells treated with or without TGF-
p (Figure S9A, Supporting Information), suggesting that TGF-f
signaling may not contribute to local invasion and pre-metastatic
niche formation during metastasis of HCCLM3-BM4 and HC-
CLM3/RNF219 cells to bone. However, treatment with TGF-g

Figure 6. RNF219 induced spatial epigenetic modifications of the LGALS3 promoter. A) Real-time PCR analysis of mRNA level of LGALS3 in the indicated
cells. GAPDH serve as a loading control. B) RNF219 levels were negatively associated with a-catenin and positively related to nuclear f-catenin, YAP1, or
LGALS3 expression in 475 human HCC specimens. Left: Two representative specimens are shown. Scale bars, 20 pm. Right: Percentages of specimens
showing low or high RNF219 expression relative to the levels of a-catenin, nuclear g-catenin, nuclear YAP1, or LGALS3. C) Left: ChIP assay analyses of en-
richment of f-catenin and YAP1 on the LGALS3 promoter in the indicated cells. Right: Schematic illustration of TCF4 and TEAD4 binding site at LGALS3
promoter. D) Re-co-IP assay, using CAPTURE-approached proteins, analyses of interaction of f-catenin or YAP1 with the indicated trans-regulatory fac-
tors, identified in experiment in Figure 4A, in vector- or RNF219-transduced HCCLM3 cells. E) Re-co-IP assay, using CAPTURE-approached proteins,
analyses of interaction of TET1 (left upper), or CHTOP 9 (left lower), or MLL4 (right upper) with the indicated trans-regulatory factors on the LGALS3
promoter in the vector- or RNF219-transduced HCCLM3 cells. F) Relative Shmc/5mc ratio was examined in the indicated cells. G) Heatmap repre-
sented by pseudocolors was generated using the ChIP-qPCR values that represented the enrichment of H4R3me2a, H4R3me1, H2AR11me1, H3R2mel,
H3R2me2s, H3R8me2s, and H3K4me3 on the LGALS3 promoter in the indicated cells. Each error bar in panels (A,C,F) represents the mean & SD
of three independent experiments. Significant differences were determined by one-way ANOVA with Tukey’s multiple comparison test (A,C,F). *** p
< 0.001.
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Figure 7. Verteporfin treatment represses LGALS3 expression and inhibits osteoclastogenesis. A) ELISA analysis of secreted LGALS3 protein expression
in the indicated cells. B) ChIP assays analyses of enrichment of YAP1, f-catenin, DNMT1, CHTOP, PRMT1, TET1, and MLL4 on the LGALS3 promoter in
the vehicle- or verteporfin (10 pm)-treated cells. C) Re-co-IP assay, using CAPTURE-approached proteins, analyses of the interaction of TEAD4 with the
indicated trans-regulatory factors in the vehicle- or verteporfin (10 pm)-treated cells. D) Heatmap represented by pseudocolors was generated using the
ChIP-qPCR values that represented the relative Shmc/5mc ratio and enrichment of H4R3me2a and H3K4me3 on the LGALS3 promoter in the vehicle- or
verteporfin (10 pm)-treated cells. E) Left: Osteoclast differentiation assays by TRAP staining (left) in the presence of CM from the indicated cells treated
with vehicle or verteporfin (10 pm). Right: Quantification of the number of TRAP* multinuclear cells and TRAP activity from the experiment in the left
panel. F) Left: Phase contrast and IF (staining of F-actin) images of RAW 264.7 cells and SEM images of bone slice in the presence of CM from vehicle-
or verteporfin (10 pm)-treated cells. Right: Quantification of the number of fused multinuclear cells and resorption fit per bone slice TRAP activity from
the experiment in the left panel. G) Upper: Schematic illustration of verteporfin inhibited “vicious cycle” between cancer cells and osteoclasts. Lower
left: ELISA analysis of TGF-$1 levels in CM from RAW 264.7 cells cultured onto the bone slice in the presence of CM form vehicle- or verteporfin (10
pm)-treated cells. Lower right: MTT analysis of growth curves of HCC cells from the experiment in the upper panel. Each error bar in panels (A,B,E-G)
represents the mean + SD of three independent experiments. Significant differences were determined by Student’s t-test (A,B,E-G). *** p < 0.001.
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Figure 8. verteporfin treatment inhibits osteolytic bone metastasis of HCC. A) BLI and uCT (longitudinal, cross and trabecular section) images of
bone lesions from vehicle- or verteporfin (20 mg kg™")-treated mice (n = 8/group) intracardially injected with HCCLM3 /vector, or HCCLM3/RNF219, or
HCCLM3/RNF219/LGALS3 cells (left) and quantification of the osteolytic sites (n = 8/group) (right) from the experiment in the left panel. B) Histological
(H&E and TRAP) images of bone lesions (left and middle) and quantification of the osteolytic lesion area and TRAP* osteoclasts along the bone-tumor
interface of metastases (right) from representative mice from experiment in (A). Scale bar, 50 pm. C) Left: BLI, uCT (longitudinal, cross, and trabecular
section) and histological (H&E and TRAP) images of HCCLM3-BM4-injected mice (n = 8/group) treated with verteporfin (20 mg kg™ at indicated time.
Right: quantification of the osteolytic sites and TRAP* osteoclasts along the bone-tumor interface of metastases from the representative mice from
the experiment in the left panel. D) Model: ubiquitin ligase RNF219-mediated a-catenin degradation prompted YAP1/p-catenin-dependent epigenetic
modifications of LGALS3 promoter, resulting in LGALS3 upregulation and metastatic bone diseases, and verteporfin therapy might serve as a promising
approach to inhibit HCC bone-metastasis. Each error bar in panels (A-C) represents the mean + SD of three independent experiments. Significant
differences were determined by Student’s t-test (A-C). * p < 0.05, *** p < 0.001.
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factor could significantly promote the proliferation of these two
HCC cells (Figure S9B, Supporting Information). We further
found that accompanied by severe erosion in the bone slice by
Raw 264.7 cells, treated with CM-HCC/RNF219 (Figure 3A), the
bone matrix-released TGF-g was also significantly elevated that
further promoted the proliferation of HCCLM3-BM4 cells (Fig-
ure S9C, Supporting Information). Therefore, our results sug-
gested that TGF-f signaling was involved in HCC-BM by induc-
ing osteolytic vicious cycle.

In summary, our study provides substantial evidence to ad-
dress that HCC-secreted LGALS3 is clinically and functionally
relevant to the HCC-related bone diseases, including BM and
SREs. The current findings not only improve the understand-
ing of the mechanism driving the bone pre-metastatic niche for-
mation but also provide invaluable insights and new therapeutic
strategies for the prevention and treatment of bone-metastasis
and skeletal complications of HCC.

4. Experimental Section

CAPTURE System: CAPTURE system was carried out according to a
previous report.[33] Briefly, the three components in the CAPTURE system,
including a FB-dCas9 and a biotin ligase BirA (purchased from Addgene,
Watertown, MA, USA; 100 547 and 100 548), and target-specific sgRNAs
(targeting the promoter of LGALS3, listed in Table S9, Supporting Informa-
tion), were transfected into HCC cells and the genomic locus-associated
proteins were isolated using streptavidin purification and further analyzed
using mass spectrometry.

Patient Information: This study, which complied with all relevant ethi-
cal regulations for work with human participants, was conducted on a total
of 23 tumor-adjacent normal liver tissues and 475 paraffin-embedded HCC
samples that were histopathologically and clinically diagnosed at the Third
Affiliated Hospital and Sun Yat-sen University Cancer Center from 2005 to
2018. Among HCC samples, 279 primary HCC tissues without metasta-
sis and 196 extrahepatic metastatic HCC samples (21 primary HCC biop-
sies from HCC patients with extrahepatic metastasis at diagnosis and 175
primary HCC tissues from patients that underwent hepatic surgery but
developed extrahepatic metastasis within 3 years). Among the extrahep-
atic metastatic HCC samples, 38 primary HCC samples were with bone-
metastasis and 6 HCC biopsies were at bone site, while 158 primary HCC
samples were with other organ metastasis. The detailed clinical informa-
tion was summarized in Table S3-5, Supporting Information. The study
protocols were approved by the Institutional Research Ethics Committee
of Sun Yat-sen University for the use of these clinical materials for research
purposes. All Patients’ samples were obtained according to the Declara-
tion of Helsinki and each patient signed a written informed consent for all
the procedures.

Immunohistochemistry (IHC): IHC analysis was performed to deter-
mine altered protein expression in paraffin-embedded normal liver tis-
sues, HCCtissues and BM tissues with anti-RNF219 (abcam224493), anti-
LGALS3 (abcam2785), anti-f-catenin (CST#8480), anti-a-catenin (Sigma
C2081), and anti-YAP1(CST#14 074) antibodies overnight at 4 °C. The
degree of immunostaining of formalin-fixed, paraffin-embedded sections
were reviewed and scored separately by two independent pathologists
blinded to the histopathological features and patient data of the samples.
The scores were determined by combining the proportion of positively-
stained tumor cells and the intensity of staining. The scores given by the
two independent pathologists were combined into a mean score for fur-
ther comparative evaluation. Tumor cell proportions were scored as fol-
lows: 0, no positive tumor cells; 1, <10% positive tumor cells; 2, 10-35%
positive tumor cells; 3, 35-75% positive tumor cells; 4, >75% positive tu-
mor cells. The staining intensity was graded according to the following
standard: 1, no staining; 2, weak staining (light yellow); 3, moderate stain-
ing (yellow brown); 4, strong staining (brown). The staining index (SI) was
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calculated as the product of the staining intensity score and the proportion
of positive tumor cells. Using this method of assessment, we evaluated
protein expression in normal liver tissues, HCC tissues and BM tissues by
determining the SI, with possible scores of 0, 2, 3, 4, 6, 8, 9, 12, and 16.
Samples with an S| > 8 were determined as high expression and samples
with an S| < 8 were determined as low expression. Cutoff values were de-
termined on the basis of a measure of heterogeneity using the log-rank
test with respect to overall survival.

Statistical Analysis: ~ All data were presented as the mean + standard
deviation (SD). n represents the number of independent experiments per-
formed on different mice or different batches of cells or different clinical
tissues. Statistical analysis was performed using the Student’s two-tailed
t-test and one-way analysis of variance (ANOVA). Bivariate correlations be-
tween study variables were calculated by Spearman’s rank correlation co-
efficients. Survival curves were plotted by the Kaplan—Meier method and
compared by the log-rank test. The significance of various variables for sur-
vival was analyzed by univariate and multivariate Cox regression analyses.
p-values of 0.05 or less were considered statistically significant. Statistical
analysis was performed using the GraphPad Prism 7 and SPSS 19.0 statis-
tical software. Representation of the p-values was *p < 0.05, **p < 0.01,
**%p < 0.001, and N.S.: not significant (p > 0.05).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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