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ABSTRACT

Bone metastases are responsible for some of the most devastating complications
of renal cell carcinoma (RCC). However, pro-metastatic factors leading to the highly
osteolytic characteristics of RCC bone metastasis have barely been explored. We
previously developed novel bone-seeking RCC cell lines by the in vivo selection
strategy and performed a comparative proteome analysis on their total cell lysate.
Here, we focused on STIP1 (stress-induced phosphoprotein 1), the high up-regulated
protein in the bone-seeking cells, and explored its clinical relevance and functions in
RCC bone metastasis. We observed high levels of both intracellular and extracellular
STIP1 protein in bone metastatic tissue samples. Elevated STIP1 mRNA in the primary
RCC tumors remarkably correlated with worse clinical outcomes. Furthermore, both
human recombinant STIP1 protein and anti-STIP1 neutralizing antibody were used
in the functional studies. We found that 1) STIP1 protein on the extracellular surface
of tumor cells promoted the proliferation and migration/invasion of RCC tumor cells
through the autocrine STIP1-ALK2-SMAD1/5 pathway; and 2) STIP1 protein secreted
into the extracellular tumor stromal area, promoted the differentiation of osteoclasts
through the paracrine STIP1-PrPc-ERK1/2 pathway. Increased cathepsin K (CTSK),
the key enzyme secreted by osteoclasts to degrade collagen and other matrix proteins
during bone resorption was further detected in the differentiated osteoclasts. These
results provide evidence of the great potential of STIP1 as a novel biomarker and
therapeutic target in RCC bone metastasis.

INTRODUCTION

RCC is one of the ten most common cancers in
adults, and clear cell RCC represents 85% of these cases
[1]. The number of RCC diagnoses has increased by ~40%
over the past three decades, but the overall 5-year overall
survival rates have improved very little in that time (www.
cancer.gov). Almost one-third of patients with newly
diagnosed RCC have metastases at initial presentation,
and another third will see their disease metastasize within
ten years. The 5-year survival rate for metastatic RCC
is less than 10% [2]. RCC bone metastasis, the second
most common site for RCC following lung [3, 4], is
particularly aggressive and destructive, as it causes more
skeletal-related events (SREs) than bone metastases from

other cancers, especially pathological fracture, spinal
cord and nerve root compression, and hypercalcemia
[5, 6]. Furthermore, while new targeted therapies have
significantly increased patient survival, bone has become
a sanctuary site in RCC [7]. The understanding of bone
metastasis in RCC is, therefore, becoming increasingly
important to facilitate the development of preventive and
therapeutic strategies.

Early onset and highly osteolytic are the two
distinctive characteristics of RCC bone metastasis
compared with common bone metastasis from other
cancers, i.e., breast and prostate cancers [8]. Bone
metastasis from RCC develops even before diagnosis and
is often accompanied with comorbid metastases in other
organs in a relatively short period. This course suggests
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that aggressive pro-metastatic factors intrinsically exist in
the tumor cells to foster metastatic colonization. Studies
on breast and prostate cancer indicate that the mechanisms
for tumor growth in bone are complex involving tumor
stimulation to osteoclasts and osteoblasts as well as their
responses in the bone microenvironment [9]. In particular,
tumor cells have been shown to produce many factors to
stimulate osteoclastic osteolysis, including interleukin
(IL)-6, IL-8, IL-11, parathyroid hormone-related protein
(PTHrP), and receptor activator of nuclear factor-kB ligand
(RANKL). As a consequence of osteoclastic resorption,
growth factors released from the bone matrix further enrich
the local milieu of tumor cells. This vicious cycle between
tumor cell and bone accelerates cancer progression.
However, these molecular insights from the studies on
breast and prostate cancers are obviously not specific to
RCC, and thus, they do not explain the praecox osteolytic
feature of bone metastasis in RCC. Furthermore, bone
metastasis in RCC is much less investigated than those in
breast and prostate cancer, and the tumor pro-metastatic
factors have barely been explored.

It is well-recognized that certain tumor cells
(‘seed’) have specific affinity for the milieu of certain
organs (‘soil’) [10]. Based on this rationale, we used
the previously reported in vivo selection strategy and
developed novel bone-seeking clear cell RCC cell
lines (OS-RC-2-BM5 and ACHN-BMSY) [11, 12]. To
characterize the molecular factors that endow RCC tumor
cells with the ability to survive and cause lytic bone
metastases, we performed a comprehensive proteome
analysis on the bone-seeking RCC cells in comparing with
their corresponding parental cells [12]. We focused on the
protein level analysis rather than mRNA, because 1) we
reasoned that the interplay between tumor cells and bone
cells are largely mediated by secretory proteins, and 2) the
protein analysis is more indicative to reveal corresponding
cellular alterations than changes in mRNA levels.

RESULTS

Elevated expression and secretion of STIP1 in
RCC bone metastasis

In our previous proteome analysis of the total cellular
protein from RCC tumor cells, STIP1 protein was found
to be 4-fold more abundant in the bone-seeking cells than
in the control parental cells [12], and STIP1 was observed
to be translocated to the cell surface and secreted out of
cells [13, 14], which may mediate extracellular tumor-niche
interactions. To further define the subcellular location of
the increased STIP1 protein, and study whether tumor
cells actively secrete STIP1 protein, we conducted two
experiments and found First, After culturing RCC tumor
cells were cultured in serum-free medium for 24 h, we
observed that the culture media clearly contained STIP1
but no intracellular GAPDH protein (Figure 1A). Second,

we isolated cell membrane proteins using the Pierce
Cell Surface Protein Isolation kit and detected STIP1 on
the extracellular surface of the plasma membrane of the
OS-RC-2-BM5 and ACHN-BMS cells (Figure 1B). We
used HSP90 as a marker for possible contamination with
intracellular proteins. There was no trace of HSP90 in the
isolated cell surface proteins (Figure 1B), but HSP90 was
abundant in the total cell lysates (Figure 1C). Furthermore,
both experiments confirmed that the bone-seeking cells
secreted more STIP1 or contained more STIP1 protein on
the outer cell membrane than the parental cells (Figure 1D).

To explore the clinical relevance of our findings, we
quantified the expression of STIP1 protein in tissue biopsy
or surgically removed fresh primary RCC samples (n = 7)
and bone metastasis samples (n = 12) by Western blot
analysis. Nineteen protein specimens were electrophoresed
in two gels. Statistically significant differences in STIP1
levels were identified between primary RCC and bone
metastasis (Figure 2A, 2B). Furthermore, we examined
the immunoreactivity of the STIP1 protein in 10 pairs
of matched primary RCC and bone metastasis paraffin-
embedded tissues (Figure 2C, 2D), and found a strong
correlation of the high STIP1 expression in primary tumors
with bone metastatic tumors (the Pearson’s correlation
coefficient is 0.69). Both intracellular and extracellular
STIP1 immuno-reactivities were detected (Figure 2C),
which further confirmed the secretion of STIP1 into the
tumor stromal area.

STIP1 is the gene coding for the STIP1 protein. We
also identified that the high expression of S7/P/ mRNA
remarkably correlated with advanced stages (P = 9.47E-8),
high grades (P = 1.54E-5), and metastasis status (P = 3.18E-4)
in the TCGA Renal dataset (n = 88) (Figure 3). These results
indicate that the elevated transcription of ST/P/ mRNA
directly leads to the high expression of STIP1 protein.
Altogether, these results suggest STIP1 as a clinically
relevant factor in mediating RCC tumor development,
and motivated us to explore its specific functions in bone
metastasis.

STIP1 promotes tumor cell proliferation,
migration, and invasion through the autocrine
STIP1-ALK2-SMAD1/5 pathway

Under the normal monolayer culture condition, both
MTT assay and flow cytometry cell cycle analysis revealed
that the bone-seeking cells proliferated faster than the
parental cells [11, 12]. To test whether STIP1 modulates the
proliferation of tumor cells, we added human recombinant
STIP1 (hrSTIP1) to the culture media. Relative to the
vehicle-treated cells, the hrSTIP1-treated OS-RC-2-BM5
cells showed about 2-fold increase of the proliferation
rate at 72 hours and nearly double of the cells entered S
phase (Figure 4A, 4B). Furthermore, co-treatment with the
anti-STIP1 neutralizing antibody abrogated these effects
(Figure 4A, 4B), indicating the specific pro-proliferation
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role of STIP1 in the tumor cells. shRNAs specific to STIP1
were used to knock down the STIP1 protein expression
in OS-RC-2-BM5 cells (Figure 4C), and reduced cell
proliferation was observed (Figure 4A, 4B).

Ki67 is a nuclear protein that is associated with
cell proliferation. We used immunohistochemistry for
endogenous Ki67 as an indicator to evaluate the in vivo
tumor cell proliferation in the previously mentioned
bone metastasis patient tissue samples. The results
also demonstrated that increased levels of STIP1 were
positively correlated with increased numbers of Ki67-
positive tumor cells (the Pearson’s correlation coefficient
is 0.59, Figure 4D, 4E). Although it is just a correlation
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analysis between STIP1 and Ki67, these results provided
in vivo evidence on STIP1 promoting tumor cell
proliferation.

The Boyden chamber migration and invasion
assay were used to investigate the effects of STIP1 on
the RCC tumor cells. The OS-RC-2-BM5 and ACHN-
BMS5 cells were serum-starved overnight and pre-treated
with hrSTIP1 for 12 h before seeding them in the upper
chamber. Sixteen hours later, we found that significantly
more cells had penetrated to the counter-side of the
upper chamber in the hrSTIP1-treated groups than in
the vehicle-treated groups (Figure 5). Co-treatment with
the anti-STIP1 neutralizing antibody not only abrogated
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Figure 1: STIP1 in RCC tumor cells transported to cell membrane for secretion into culture medium. (A) After 24-h
culture of the RCC tumor cells, secreted STIP1 in the culture medium supernatant was detected, while the intracellular protein GAPDH
was not detected in the culture medium supernatant indicating no leakage of intracellular components into the culture media. (B—C). STIP1
was detected in the purified cell surface protein, while no trace of HSP90 was identified, while HSP90 was detected in the total cell lysates
(C). (D) Quantification of STIP1 protein in the culture medium supernatant as secreted STIP1 (left panel), and in the purified cell surface
protein as outer cell surface STIP1 (right panel). Experiments were triplicated, and mean + SD was presented. *p < 0.05, vs OS-RC-2;
“p < 0.05, vs ACHN. In all panels, western blot images have been cropped to show the protein of interest, and all blots were performed

under the same experimental conditions.
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these effects but also reduced the naive migration/invasion
of the OS-RC-2-BMS5 cells without STIP1 addition
(Figure 5A, 5B). However, when the hrSTIP1 was applied
into the lower chamber, we did not observe any significant
changes in the number of penetrating cells (Figure 5A, +
lower chamber). These results clearly demonstrated that
both endogenous and exogenous STIP1 promoted RCC
tumor cell migration and invasion, and direct interaction
with tumor cells is indispensable to mediate STIP1’s effect.

Although high expression of STIP1 has been
reported in various cancers, STIP1 signal transduction is
much less studied. One report showed that STIP1 induced
ovarian cancer cell proliferation through binding with the

P M MMMPMPMM

activin A receptor, type II-like kinase 2 (ALK2) [15]. In
our study, we found that the ALK2 protein was highly
expressed on the cell membrane of OS-RC-2-BM5 and
ACHN-BMS cells (Figure 6A), and the high expression
of ALK2 mRNA correlated with shorter overall survival
in the 88-patient TCGA Renal cohort analysis (P = 0.041,
log-rank test. Figure 6B). Furthermore, downstream to
the ALK2, activation of SMAD1/5 was detected in the
cells upon the hrSTIP1 treatment, and the ALK?2 inhibitor
LDN193189 completely suppressed the hrSTIP1-induced
SMADI1/5 activation (Figure 6C, 6D). To further confirm
the involvement of SMADI1/5 in the STIPIl-induced
proliferation and migration of bone-seeking RCC cells,
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Figure 2: STIP1 protein expression in clinical samples. (A) STIP1 protein was examined in 19 protein specimens from primary
RCC tumors (P, n = 7) and bone metastatic samples (M, n = 12). Proteins were electrophoresed in two 10% SDS-PAGE gels, and were
subsequently transferred to two PVDF membranes (10 and 9 specimens for gels land 2, respectively). (B) The intensity of STIP1 in
each lane was normalized with the intensity of GAPDH. *p < 0.05. Experiments were duplicated, and western blot images shown have
been cropped to show the protein of interest, and all blots were performed under the same experimental conditions. (C) Representative
immunohistochemistry staining of STIP1 in primary RCC and bone metastasis tumors. Both intracellular and extracellular STIP1
immunoreactivity was examined as shown in the inset. Images were taken under 20x objective. Scale bar: 50 um. (D) Correlation between
the H scores of STIP1 in primary RCC and bone metastasis tumors of the 10 pairs of matched samples. R?= 0.6923.
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knockdown of endogenous SMADI and SMADS by
siRNAs was conducted in the OS-RC-2-BMS5 cell line.
The results showed that suppression of SMADI1/5
attenuated hrSTIP1 stimulation of cell proliferation
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Figure 3: Expression of S7T/PI mRNA in TCGA Renal cohort. (A) ST/P] mRNA expressed highly in the advanced stage RCC
tumors. (B) STIPI mRNA expressed highly in the high grades RCC tumors. (C) ST/P/ mRNA expressed highly in the metastatic RCC
tumors (M 1+). Overexpression gene rank and P value were generated by the Oncomine algorithms. Fold change was log 2 based.
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and migration [16]. Although SMADI1/5 knockdown
diminished the proliferation and migration of OS-RC-
2-BM5 cells (~20%), the knockdown cells exhibited
decreased sensitivity to hrSTIP1 addition compared to
the control cells in terms of proliferation (55% vs. 34%)
and migration (2.2-fold vs. 1.58-fold), implicating the
dependence of STIP1 on SAMDI/5 signaling. These
results support that the autocrine STIP1-ALK2-SMAD1/5
in the bone metastatic RCC tumor cells is the dominant
pathway mediating the enhanced cell proliferation and
migration/invasion.
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STIP1 promotes osteoclast differentiation
through the PrPc-ERK1/2 but not
ALK2-SMAD1/5 pathway

ALK2 belongs to the BMP receptor family, which is
involved in the skeletal development and fracture healing
processes. To explore whether STIP1 has paracrine
effects on osteocytes through ALK2 to promote osteolytic
bone metastasis, we first conducted an osteoclast-like
differentiation experiment on the murine preosteoclast
cell line RAW264, treated for three days with recombinant
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Figure 4: STIP1 promotes tumor proliferation. (A) Proliferation of OS-RC-BMS5 cells under indicated treatment. (B) Cell cycle
analysis of OS-RC-BMS5 cells under indicated treatment. (C) shRNA knockdown of STIP1 in OS-RC-BMS cells. (D) Representative
images of Ki67 immunoreactivity in the bone metastasis tumors. Images were taken under 20x objective. Scale bar: 50 um. (E) Correlation
between the H scores of STIP1 and percentage of Ki67-positive cells in the same bone metastasis tumors (n =). R*=0.5868.
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mouse RANKL. The phenotype of RANKL-treated
RAW264.7 cells was osteoclast-like as determined by
tartrate-resistant acid phosphatase (TRAP) activity and
TRAP staining [17]. When hrSTIP1 (500 nM) was co-
administered with 100 ng/ml RANKL to the RAW264.7
cells, significantly more differentiated osteoclasts were
observed after quantitatively analyzing the TRAP+ cells in
the whole well-montage images (Figure 7A). In addition,
immunoblotting for cathepsin K (CTSK), the key enzyme
secreted by osteoclasts to degrade collagen and other
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matrix proteins during bone resorption, revealed a 2-fold
elevation in the hrSTIP1-treated cells, compared with the
RANKL only treated cells (Figure 7B, 7C). Secondly, we
harvested the bone marrow cells from femur of C57BL/6
mice for primary osteoclast differentiation experiment.
Similar to what we observed on the RAW264.7 cell
line, treatment of hrSTIP1 enhanced TRAP+ staining
and CTSK expression in the cells with the presence of
mouse macrophage colony-stimulating factor (M-CSF)
(50 ng/mL) and RANKL (50 ng/mL) for seven days
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Figure 5: STIP1 promotes tumor cell migration/invasion. (A) Representative images of the Transwell membranes with tumor
cells migrated to the counter side of the chamber. Note, cell migration was not affected when hrSTIP1 was added into the lower chamber
(+ lower chamber). (B) Quantification of the migration analysis with three repeats. *p < 0.05, vs vehicle; “p < 0.05, vs hrSTIP1+anti-STIP1.
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Figure 6: Activation of STIP1-ALK2-SMAD1/5 signaling in bone metastatic RCC tumor cells. (A) ALK2 expression was
examined in the cell surface protein of indicated cell lines. (B) The Kaplan-Meier curve for overall survival of the TCGA RCC cohort
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the western blot analysis (C) with three repeats. Expression of p-SMAD1/5 was normalized to the level of total SMAD1/5, and ALK2
expression was normalized to the level of GAPDH. *p < 0.05, vs vehicle; “p < 0.05, vs hrSTIP1. (E) Knockdown of endogenous SMAD1
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(Figure 7A-7C). Furthermore, the anti-STIP1 neutralizing
antibody significantly abrogated the effects of STIP1 on
osteoclast-related CTSK in both cell line and primary cell
settings (Figure 7B, 7C). However, the specific ALK2
inhibitor LDN193189 showed minimal but not significant
interruption to STIP1’s effects (Figure 7B, 7C), which
may suggest the existence of other pathways in mediating
the induction of osteoclast differentiation by STIP1. In
addition, from the Oncomine database analysis, ALK2
expresses at a very low level in normal adult human bone
marrow tissue (Supplementary Figure 1A), further helping
us to exclude the involvement of the ALK2 pathway in
mediating the tumor-osteoclast interactions.

STIP1 has been identified as a cell surface ligand
for the cellular prion protein PrPc [18]. Several studies
have linked PrPc to human cancers [19]. Although
PrPc mRNA is expressed at a low level in normal adult
human bone marrow in the Oncomine database analysis
(Supplementary Figure 1B), we detected a dose-dependent
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induction of PrPc expression in the RAW264.7 cells by
hrSTIP1 (Figure 8A, 8E), and the anti-PrPc antibody
(10 pg/mL) was able to remarkably block the STIP1-
induced RAW264.7 osteoclast differentiation (Figure 8B).
A combination of anti-STIP1 and anti-PrPc antibodies was
able to inhibit the CTSK expression almost completely
(Figure 8C, 8E). The downstream ERK1/2 activation
induced by hrSTIP1 was also inhibited upon the anti-STIP1
and/or anti-PrPc antibody treatment (Figure 8D, 8E).
In addition, suppressing the activation of endogenous
ERK1/2 signaling by pre-treatment with the specific
MEK inhibitor PD98059 inhibited the hrSTIP1-induced
CTSK protein expression in differentiating RAW264.7
cells (Figure 8F, 8G). Pre-treating the cells with 20 uM
PD98059 for 2 hours didn’t cause obvious cytotoxicity
(data not shown)[20], but the suppression of ERK1/2 led
to a moderate inhibition on osteoclast differentiation of the
RAW?264.7 cells, which is in concordance with previous
reports [21]. With the addition of hrSTIP1 to the culture
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Figure 7: STIP1 promotes osteoclast differentiation. (A) TRAP staining of osteoclasts induced in RAW264.7 cell line and primary
bone marrow cells upon treatment with hrSTIP1 (500 nM). (B) Expressions of CTSK in the total cell lysate from indicated treatment in
both RAW264.7 cell line and primary bone marrow cells. (C) Quantification of the western blot analysis (B) with three repeats. Expression
of CTSK was normalized to the level of B-actin. *p < 0.05, vs vehicle; “p < 0.05, vs hrSTIP1. Western blots images shown are cropped to
show the protein of interest, and all blots were performed under the same experimental conditions.
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system, the PD98059 pretreated cells showed significantly
less response in expressing CTSK than the cells without
pretreatment (1.8-fold vs 2.25-fold) (Figure 8G), implying
the dependence of STIP1’s effect on ERK1/2 activity.

Only partial reduction but not complete abolishment of
the hrSTIP1’s stimulation on osteoclast differentiation
in RAW264.7 cells certainly suggests the existence of a
downstream molecular mechanism other than ERK1/2,
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Figure 8: Activation of STIP1-PrPc-ERK1/2 signaling in osteoclast differentiation. (A) Expression of PrPc and ALK?2 in the
total cell lysate from hrSTIP1 treated-RAW264.7 cells. (B) TRAP staining of osteoclasts induced in RAW264.7 cell line upon treatment
with hrSTIP1 (500 nM) or hrSTIP1+anti-PrPc (10 pg/ml) for 48 hours. (C) Expression of CTSK in the total cell lysate from indicated
treatment in RAW264.7 cells. (D) Expression of p-ERK1/2 and total ERK1/2 in the total cell lysate from indicated treatment in RAW264.7
cells. (E) Quantification of the western blot analysis (A, C, D) with three repeats. Expression of PrPc and CTSK were normalized to the

level of B-actin, and expression of pERK1/2 was normalized to

total ERK1/2. *p < 0.05, vs control; **p < 0.01, vs RANKL+hrATIP1.

(F) Suppression the activation of endogenous ERK1/2 signaling by pre-treatment with 15 pM PD98059 for 2-h inhibited the hrSTIP1-
induced CTSK protein expression in RAW264.7 cells. (G) Quantification of the western blot analysis of CTSK expression with three

repeats. *p < 0.05, vs PD98059 -/hrSTIP1+.
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but these results indicated that the STIP1-PrPc-ERK1/2
pathway was involved in the overexpression of osteolytic
CTSK.

DISCUSSION

To the best of our knowledge, this study is the first
to report the autocrine and paracrine STIP1 signaling in
bone metastasis of RCC. The autocrine STIP1-ALK2-
SMADI1/5 pathway promotes tumor cell survival, and
the paracrine STIP1-PrPc-ERK1/2 pathway aggravates
osteolysis. The interplay between these two pathways
may represent a vicious cycle between tumor cell and bone
niche, contributing to the early osteolytic progression—a
leading feature of RCC bone metastasis.

STIP1 was first identified as a renal carcinoma
antigen NY-REN-11, a tumor antigen recognized by
the humoral immune system [22]. It is also known as
transformation-sensitive protein IEF SSP 3521, a protein
overexpressed in transformed cells, and HSP70/HSP90-
organizing protein (HOP), a protein involved in heat
shock response. In cancers, STIP1 can be translocated to
cell surface or secreted out of the cell by ovarian cancer
[14, 15] and glioblastoma cells [23], and stimulates cancer
cell proliferation in an autocrine manner. In our previous
study, we obtained the enriched bone-seeking RCC cell
line OS-RC-2-BMS5 from in vivo selection [12], and here
we detected a remarkably high expression of STIP1 on
the cell surface membrane which also led to the secretion
of STIP1 protein into the culture medium, indicating a
possible autocrine effect of STIP1 on the bone-seeking
tumor cell itself. In animal models, OS-RC-2-BM5 cells
induced bone metastasis in 50% of injected mice starting
from as early as 3 weeks after injection [12]. Knockdown
of STIP1 by specific shRNAs in the OS-RC-2-BM5 cells
led to a more than 50% inhibition of cell proliferation,
and patients with low STIP1 expression also showed
less Ki67-positive proliferating tumor cells in their bone
metastatic lesions, suggesting the pro-proliferation role of
STIP1 on the bone-seeking cells. The effective blockade
of hrSTIP1-stimulated cell proliferation and migration of
the bone-seeking cells elicited by anti-STIP1 antibody
further corroborated the role of STIP1 on tumor cells.
STIP1 has been reported to be up-regulated in various
types of cancer [23-26]. The STIP1 gene is located at
11q13, and copy number gain of this region has often been
shown in cancers and is linked to poor prognosis [27-30].
STIP1 represents an attractive potential target for cancer
treatment. For example, a compound that blocks HSP90
interaction with STIP1 impairs the HSP90-dependent
folding pathway and is toxic to breast cancer cells [31].
Moreover, an in vitro study by Horibe et al. has reported
that an anti-TPR peptide that blocks the interaction of
HSP90 with the TPR domain of STIP1 is induces cell
death in lung, renal, prostate, pancreatic, and gastric
cancer cell lines [32]. STIP1 is well studied as HOP,

and the heat shock response signaling are extensively
involved in tumor genesis and cancer progression [33].
Although we were more focused on verifying that the cell
membrane ALK2 was the major receptor in transducing
the STIP1 ligand signal in this study, the HSP90-STIP1
mechanism may also contribute to the outgrowth of the
bone metastatic RCC tumor cells, and our study could
not exclude this. Specifically, we observed a significant
increase of the overall expression of STIP1 in the total
cell lysate, including the intracellular STIP1, and this
fraction of STIP1 will most likely interact with HSP90.
Overall, our results suggest that a combination strategy
to inhibit both the extracellular STIP1-ALK2 signaling
and intracellular STIP1-HSP90 signaling would be ideal
to thoroughly block STIP1-induced tumor growth in RCC
bone metastasis.

Bone metastases from RCC are almost always highly
destructive and purely osteolytic. Most in vivo studies
indicate that osteolysis is caused by osteoclast stimulation
[34]. In the OS-RC-2-BM5 xenograft mouse model,
reduced trabeculae and thin bone cortex that are mostly
accompanied with osteolytic destruction were commonly
observed in long bones [12], and TRAP staining-positive
osteoclasts were obviously more examined surrounding the
tumor lesions than the non-tumor areas (Supplementary
Figure 2), indicating a osteoclast resorption activity.
Osteoclasts are derived from precursor mononuclear
phagocytic cells in the bone marrow, and a plethora of
systemic and locally acting factors can impact osteoclast
maturation [34]. In the in vitro mouse preosteoclast cell
line and primary bone marrow cells, our data showed
that the STIP1-PrPc-ERK1/2 pathway was involved in
promoting the osteoclast differentiation and expression of
osteolytic CTSK. A wealth of data have exemplified that
PrPc is expressed at the cell surface of distinct types of
hematopoietic stem cells and regulates their self-renewal
and differentiation potential [35], and STIP1 has been
shown in binding with PrPc to sustain the self-renewal
of neural progenitor/stem cells [36]. Our data is the first
to show that PrPc potentiates osteoclast differentiation.
Although a direct binding assay was not performed
to confirm the interaction between STIP1 and PrPc in
the osteoclast precursor cells, the results from several
functional studies were supportive to our conclusion,
i.e., 1) a dose-dependent induction of PrPc expression by
hrSTIP1; 2) the anti-PrPc antibody impeded the hrSTIP1-
induced osteoclast differentiation; and 3) the combination
of anti-STIP1 and anti-PrPc antibodies inhibited the
CTSK expression significantly. /n vivo, several cancer-
associated conditions, including hypoxia and oxidative
or endoplasmic reticulum stresses can activate PrPc
transcription [37, 38], which also been shown to increase
osteoclast activity [39, 40]. Thus, the STIP1-PrPc
signaling in osteolysis might be augmented and an in vivo
verification in the bone metastasis RCC animal model or
patient specimens would be needed.
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During cancers progression, reciprocal molecular
exchanges between tumor cells and the surrounding
stroma promote malignancy, stimulate tumor growth
and induce stromal remodeling. Our study indicates that
STIP1 is such a molecule in mediating the interplay
between tumor cells and bone niche in bone metastasis
from RCC. The bone-seeking RCC cells have an intrinsic
high expression and secretion of STIP1, which promotes
tumor cell proliferation and osteoclast maturation. It is
well known that bone matrix is a rich source of stored
growth factors such as TGF-B and insulin-like growth
factor (IGF). Once released from degraded bone matrix,
such growth factors may further accelerate tumor growth,
which can expand within the lysed area. Our results also
show that ALK?2 is highly expressed on the surface of
bone-seeking tumor cells. ALK2 is a TGF-B receptor
superfamily member and is able to transduce the TGF-3
signaling in promoting tumor outgrowth [41]. The
growth of tumor cells will further increase the release of
osteolytic mediators, STIP1 and others, such as PTHrP
[34]. The initial release of osteolytic mediators by tumor
cells leads to bone degradation, release of growth factors
from degraded bone, increased tumor cell proliferation,
and finally further release of osteolytic mediators, which
forms a tumor-enhancing feedback cycle. It has been noted
that the physical properties of bone matrix, including low
oxygen content, acidic pH, plus growth factors, create an
environment favorable for tumor growth [42], and also
activate the PrPc transcription to transduce the STIP1
stimulation for osteoclast differentiation [37, 38]. Thus, the
tumor STIP1-ALK2 signaling and osteoclast STIP1-PrPc
signaling aggravate the vicious cycle in osteolytic bone
metastasis from RCC.

Bone metastasis occurs in 35% to 40% of advanced
RCC cases, and causes significant morbidity through
skeletal related events [43]. Until recently, a limited
number of systemic treatments were available for advanced
RCC and few new candidates have emerged, including
compounds targeting the vascular endothelial growth
factor (VEGF) axis or mTOR. However, these drugs’
effects on bone metastases are far less clear. Data suggests
that the third-generation bisphosphonate, zoledronic acid,
benefits patients with bone metastases from advanced
RCC, but the data was gathered prior to the targeted
therapy era; therefore, there is some uncertainty about the
role in patients on modern RCC therapies. If corroborated
by further in vivo studies, our data suggest that STIP1 may
serve as a promising target for a new therapeutic strategy
in bone metastases from advanced RCC.

MATERIALS AND METHODS

Cell lines and osteoclast differentiation

The bone-seeking OS-RC-2-BM5 and ACHN-
BMS cell lines were previously described [11, 12]. Their

parental cell lines, OS-RC-2 and ACHN, as well as the
mouse monocyte-macrophage RAW264.7 cell line, were
purchased from China Center for Type Culture Collection
(CCTCC), Wuhan, China. Cell line characterization or
authentication was performed with short-tandem repeat
profiling and cells were passaged in our laboratory for less
than six months after receipt.

For osteoclast-like differentiation experiments,
RAW264.7 cells were cultured in a-MEM supplemented
with 10% (v/v) FBS, 1% (v/v) penicillin-streptomycin
solution, and 10mM HEPES solution and incubated
at 37°C in 5% CO, humidified air. The medium was
changed every 3 days. RAW264.7 cells were seeded
at 4 x 10° cells/cm? in 6- or 12-well culture dishes and
incubated overnight prior to treatment with 100 ng/ml
RANKL (Boster Biotechnology, Wuhan, China) for 3 days
to induce a phenotype similar to osteoclasts [17]. For
bone osteoclast differentiation, bone marrow cells were
harvested from femurs of 8 week-old male C57BL/6 mice
(Experimental Animal Center of Huazhong University of
Science and Technology, Wuhan, China) under aseptic
conditions and pooled. Cells were cultured overnight in
10% FBS then seeded in 24-well plate at 1 x 105 cells/well
and cultured with 50 ng/mL of mouse M-CSF (Boster
Biotechnology, Wuhan, China) for 3 days, and followed
with M-CSF and 50 ng/mL RANKL for 7 days. Media was
changed every 3 days. 500 nM recombinant human STIP1
(hrSTIP1) (Boster Biotechnology, Wuhan, China), 800 nM
anti-STIP1 antibody (Abcam, Cambridge, USA), 10 ng/mL
anti-PrPc antibody (Abcam, Cambridge, USA), and
20 uM PD98059 (Boster Biotechnology, Wuhan, China)
were used to treat the tumor cells for certain assays.

Cell proliferation assay and cell cycle analysis

We used the MTT assay to determine cell proliferation.
Cell cycle analysis was measured by flow cytometry. The
experimental procedures have been previously described
[11, 12]. All assays were repeated three times.

Cell migration and invasion assay

Tumor cells treated with either hrSTIP1 (500 nM)
or the vehicle alone, were serum-starved overnight and
pre-treated with hrSTIP1 for 12 h. Cells were then plated
into the upper chamber of a Transwell (24-well, 8-pum pore
size; Deyi Biological Technology Co., Wuhan, China). The
lower chamber was filled with 800 pL of DMEM/F12 and
0.5 pg/mL of fibronectin (Boster Biotechnology, Wuhan,
China). After a 16 hour incubation, cells that had migrated
through pores and adhered to the lower membrane were
stained with 1% crystal violet in 2% ethanol for 20 min
(Deyi Biological Technology co., Wuhan, China). The
membrane was imaged using an [X61 Olympus microscope
(Olympus Optical, Tokyo, Japan), and the number of
viable cells that had traversed the filter was counted by
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the Slidebook software. 800 nM anti-STIP1 antibody
was added to cancer cells previously exposed to 400 nM
hrSTIP1 for 6 hours before the Transwell assay was
performed. All assays were repeated at least three times.

Stable shRNA knockdown

Knockdown of STIP1 was achieved by a validated
hairpin STIP1 shRNA Lentiviral Particle Gene Silencer
kit (Santa Cruz Biotechnology, Texas, USA). To knock
down the expression of SMAD1/5, two siRNA pools were
combined, 50 nM of Smad1l siRNA and 25 nM of Smad5
siRNA were transfected. Plasmid transfections were
performed using Lipofectamine2000 reagent (Invitrogen)
according to the manufacturer’s protocol.

TRAP staining

TRAP staining kit (Sigma-Aldrich, St. Louis,
MO USA) was used to quantify the number of mature
osteoclasts. Briefly, cells were fixed with 10% buffered
formalin for 2 min. After rinsing in deionized water, cells
were put into TRAP staining solution for 1 h according
to the manufacturer’s protocol. Stained cells were then
imaged on an Olympus IX71 microscope (Olympus
Optical, Tokyo, Japan).

Protein detection in cell culture supernatant and
outer cell surface

RCC cancer cells were cultured overnight in
serum-free Opti-MEM (Invitrogen, Carlsbad, CA USA).
After centrifugation at 1600 rpm for 10 min to remove
cell debris, 45 pul of culture supernatant was analyzed by
Western blot for detecting STIP1. GAPDH was used as
a control to detect whether the intracellular protein had
leaked into the culture supernatant. Pierce Cell Surface
Protein Isolation Kit (Thermo Scientific, Carlsbad, CA
USA) was used to isolate cell membranous proteins for
detecting STIP1. The moderate cytosolic level of HSP90
was used as a marker for measuring intercellular protein
contamination in surface protein isolates.

Western blot

Cell or tissue lysates and immunoblot analysis were
performed as described previously [11, 12]. Densitometric
analysis was conducted using ImageJ software. The
primary antibodies used include: anti-STIP1 (1:200, Boster
Biotechnology, Wuhan, China), anti-ALK2 (1:400, Boster
Biotechnology, Wuhan, China), anti-SMAD1/5 (1:200,
Boster Biotechnology, Wuhan, China), anti-CTSK (1:500,
Boster Biotechnology, Wuhan, China), anti-ERK1/2
(1:500, Boster Biotechnology, Wuhan, China), anti-Hsp90
(1:500, Boster Biotechnology, Wuhan, China), anti-Ki67
(1:500, Boster Biotechnology, Wuhan, China) and anti-
GAPDH (1:500, Boster Biotechnology, Wuhan, China).

Patient specimens and immunohistochemistry

Tissue biopsy or surgically removed fresh primary
RCC samples (n = 7) and bone metastasis samples (n = 12)
were used to quantify the expression of the STIP1 protein
by Western blot analysis. Ten pairs of matched primary
RCC and bone metastasis paraffin-embedded tissues
were used to examine the immunoreactivity of the STIP1
protein. All samples were obtained from Tongji Hospital
between Mar 2001 and Dec 2015; the consent forms and
the studies were approved by the IRB committee at Tongji
Medical College, Huazhong University of Science and
Technology. All the primary RCC tumors were clarified as
clear cell histotype by the pathology department.

The formalin-fixed, paraffin-embedded tissue sections
were stained with a primary mouse anti-human STIP1
monoclonal antibody (1:200, Boster Biotechnology, Wuhan,
China) with the Ventana Basic DAB (3,3-diaminobenzidine)
Detection kit (Boster Biotechnology, Wuhan, China).
Slides were evaluated independently by two pathologists
who were blinded to the clinicopathological data and the
patients’ identities. The overall immunohistochemical
score (histoscore) was calculated as the percentage of
positive tumor cells (0-100%) multiplied by staining
intensity (0 = negative, 1 = weak, 2 = moderate, 3 = strong).
Therefore, the total histoscore ranged from 0 to 300. Anti-
STIP1 antibody specificity was validated by blocking the
antibodies with 500 nM of hrSTIP1 during the incubation
step with anti-STIP1.

Patient microarray and Oncomine gene
expression data analysis

TCGA Renal cohort (n = 88) in which microarray
and clinical data are publicly available were used for the
correlation analysis between STIP1 or ALK2 and clinical
outcomes. Relative levels of ALK2 mRNA expression
in normal human tissues were obtained by Oncomine
database analysis (http://www.oncomine.com). The data
was log 2-transformed, with the media set to zero and s.d.
set to one.

Statistical analysis

Data are expressed as means + SEM. To compare
groups, we used the Student’s two-tailed ¢ test or the
Mann-Whitney rank sum test. To assess correlations, we
calculated the Spearman’s rank correlation coefficient. To
compare survival, we used log-rank test. P < 0.05 was
regarded as statistically significant. We performed all
calculations with SigmaPlot statistical software (version
11.2; Systat Software Inc. Chicago, IL).

CONFLICTS OF INTEREST

No potential conflicts of interest were disclosed.

www.impactjournals.com/oncotarget

17024

Oncotarget



FUNDING

This work was funded by The Huazhong University
of Science and Technology (Grant No. 2013QN200)
and The Health Department of Hubei China (Grant No.
2010JX5B03).

Authors’ contributions

Study conception and design: Jiang Wang, Ye Ren
and Hao Cheng, Acquisition of data: Jiang Wang, Jun Qi,
Caihong Yang, Analysis and interpretation of data: Jiang
Wang and Hongbo You Drafting of manuscript: Jiang
Wang Critical revision: Ye Ren.

REFERENCES

1. Murai M, Oya M. Renal cell carcinoma: etiology, incidence
and epidemiology. Curr Opin Urol. 2004; 14:229-233.

2. Schrader AJ, Varga Z, Hegele A, Pfoertner S, Olbert P,
Hofmann R. Second-line strategies for metastatic renal cell
carcinoma: classics and novel approaches. Journal of cancer
research and clinical oncology. 2006; 132:137-149.

3. Motzer RJ, Bander NH, Nanus DM. Renal-cell carcinoma.
The New England journal of medicine. 1996; 335:865-875.

4. Han KR, Pantuck AJ, Bui MH, Shvarts O, Freitas DG,
Zisman A, Leibovich BC, Dorey FJ, Gitlitz BJ, Figlin RA,
Belldegrun AS. Number of metastatic sites rather than
location dictates overall survival of patients with node-
negative metastatic renal cell carcinoma. Urology. 2003;
61:314-319.

5. Woodward E, Jagdev S, McParland L, Clark K, Gregory W,
Newsham A, Rogerson S, Hayward K, Selby P, Brown J.
Skeletal complications and survival in renal cancer patients
with bone metastases. Bone. 2011; 48:160—166.

6. Lipton A, Cook R, Saad F, Major P, Garnero P, Terpos E,
Brown JE, Coleman RE. Normalization of bone markers
is associated with improved survival in patients with bone
metastases from solid tumors and elevated bone resorption
receiving zoledronic acid. Cancer. 2008; 113:193-201.

7. Bex A, Powles T, Karam JA. Role of targeted therapy in
combination with surgery in renal cell carcinoma. Int J
Urol. 2016; 23:5-12.

8. Lipton A, Colombo-Berra A, Bukowski RM, Rosen L,
Zheng M, Urbanowitz G. Skeletal complications in
patients with bone metastases from renal cell carcinoma
and therapeutic benefits of zoledronic acid. Clinical cancer
research. 2004; 10:6397S-6403S.

9. Guise TA, Mohammad KS, Clines G, Stebbins EG,
Wong DH, Higgins LS, Vessella R, Corey E, Padalecki S,
Suva L, Chirgwin JM. Basic mechanisms responsible for
osteolytic and osteoblastic bone metastases. Clinical cancer
research. 2006; 12:6213s-6216s.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Fidler 1J. The pathogenesis of cancer metastasis: the ‘seed
and soil” hypothesis revisited. Nature reviews Cancer. 2003;
3:453-458.

Wang J, Chen A, Yang C, Zeng H, Qi J, Guo FJ. A bone-
seeking clone exhibits different biological properties from
the ACHN parental human renal cell carcinoma in vivo and
in vitro. Oncol Rep. 2012; 27:1104-1110.

Wang J, Zhao X, Qi J, Yang C, Cheng H, Ren Y, Huang L.
Eight proteins play critical roles in RCC with bone
metastasis via mitochondrial dysfunction. Clin Exp
Metastasis. 2015; 32:605-622.

Eustace BK, Jay DG. Extracellular roles for the molecular
chaperone, hsp90. Cell Cycle. 2004; 3:1098-1100.

Wang TH, Chao A, Tsai CL, Chang CL, Chen SH, Lee YS,
Chen JK, Lin YJ, Chang PY, Wang CJ, Chao AS, Chang SD,
Chang TC, et al. Stress-induced phosphoprotein 1 as a
secreted biomarker for human ovarian cancer promotes
cancer cell proliferation. Mol Cell Proteomics. 2010;
9:1873-1884.

Tsai CL, Tsai CN, Lin CY, Chen HW, Lee YS, Chao A,
Wang TH, Wang HS, Lai CH. Secreted stress-induced
phosphoprotein 1 activates the ALK2-SMAD signaling
pathways and promotes cell proliferation of ovarian cancer
cells. Cell Rep. 2012; 2:283-293.

Massague J, Seoane J, Wotton D. Smad transcription
factors. Genes & development. 2005; 19:2783-2810.
Boyle WIJ, Simonet WS, Lacey DL. Osteoclast
differentiation and activation. Nature. 2003; 423:337-342.
Zanata SM, Lopes MH, Mercadante AF, Hajj GN,
Chiarini LB, Nomizo R, Freitas AR, Cabral AL, Lee KS,
Juliano MA, de Oliveira E, Jachieri SG, Burlingame A,
et al. Stress-inducible protein 1 is a cell surface ligand for
cellular prion that triggers neuroprotection. EMBO J. 2002;
21:3307-3316.

Mehrpour M, Codogno P. Prion protein: From physiology
to cancer biology. Cancer letters. 2010; 290:1-23.

Reiners JJ, Jr., Lee JY, Clift RE, Dudley DT,
Myrand SP. PD98059 is an equipotent antagonist of the
aryl hydrocarbon receptor and inhibitor of mitogen-
activated protein kinase kinase. Mol Pharmacol. 1998;
53:438-445.

He Y, Staser K, Rhodes SD, Liu Y, Wu X, Park SJ, Yuan J,
Yang X, Li X, Jiang L, Chen S, Yang FC. Erk1 positively
regulates osteoclast differentiation and bone resorptive
activity. PloS one. 2011; 6:¢24780.

Scanlan MJ, Gordan JD, Williamson B, Stockert E,
Bander NH, Jongeneel V, Gure AO, Jager D, Jager E,
Knuth A, Chen YT, Old LJ. Antigens recognized by
autologous antibody in patients with renal-cell carcinoma.
International journal of cancer. 1999; 83:456-464.

Erlich RB, Kahn SA, Lima FR, Muras AG, Martins RA,
Linden R, Chiarini LB, Martins VR, Moura Neto V. STI1
promotes glioma proliferation through MAPK and PI3K
pathways. Glia. 2007; 55:1690-1698.

www.impactjournals.com/oncotarget

17025

Oncotarget



24.

25.

26.

27.

28.

29.

30.

31.

32.

Carta F, Demuro PP, Zanini C, Santona A, Castiglia D,
D’Atri S, Ascierto PA, Napolitano M, Cossu A, Tadolini B,
Turrini F, Manca A, Sini MC, et al. Analysis of candidate
genes through a proteomics-based approach in primary
cell lines from malignant melanomas and their metastases.
Melanoma research. 2005; 15:235-244.

Sun W, Xing B, Sun Y, Du X, Lu M, Hao C, Lu Z, Mi W,
Wu S, Wei H, Gao X, Zhu Y, Jiang Y, et al. Proteome
analysis of hepatocellular carcinoma by two-dimensional
difference gel electrophoresis: novel protein markers in
hepatocellular carcinoma tissues. Molecular & cellular
proteomics. 2007; 6:1798—-1808.

Walsh N, O’Donovan N, Kennedy S, Henry M, Meleady P,
Clynes M, Dowling P. Identification of pancreatic cancer
invasion-related proteins by proteomic analysis. Proteome
science. 2009; 7:3.

Shadeo A, Lam WL. Comprehensive copy number profiles
of breast cancer cell model genomes. Breast cancer research.
2006; 8:R9.

Gerami P, Jewell SS, Pouryazdanparast P, Wayne JD,
Haghighat Z, Busam KJ, Rademaker A, Morrison L. Copy
number gains in 11q13 and 8q24 [corrected] are highly
linked to prognosis in cutaneous malignant melanoma. The
Journal of molecular diagnostics. 2011; 13:352-358.

van Kempen PM, Noorlag R, Braunius WW, Moelans CB,
Rifi W, Savola S, Koole R, Grolman W, van Es RIJ,
Willems SM. Clinical relevance of copy number profiling
in oral and oropharyngeal squamous cell carcinoma. Cancer
medicine. 2015; 4:1525-1535.

Sapkota Y, Ghosh S, Lai R, Coe BP, Cass CE, Yasui Y,
Mackey JR, Damaraju S. Germline DNA copy number
aberrations identified as potential prognostic factors for
breast cancer recurrence. PloS one. 2013; 8:e53850.
Pimienta G, Herbert KM, Regan L. A compound that
inhibits the HOP-Hsp90 complex formation and has
unique killing effects in breast cancer cell lines. Molecular
pharmaceutics. 2011; 8:2252-2261.

Horibe T, Kohno M, Haramoto M, Ohara K, Kawakami K.
Designed hybrid TPR peptide targeting Hsp90 as a novel
anticancer agent. Journal of translational medicine. 2011; 9:8.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Nahleh Z, Tfayli A, Najm A, El Sayed A, Nahle Z. Heat
shock proteins in cancer: targeting the ‘chaperones’. Future
medicinal chemistry. 2012; 4:927-935.

Yin JJ, Pollock CB, Kelly K. Mechanisms of cancer
metastasis to the bone. Cell research. 2005; 15:57-62.

Martin-Lanneree S, Hirsch TZ, Hernandez-Rapp J,
Halliez S, Vilotte JL, Launay JM, Mouillet-Richard S.
PrP(C) from stem cells to cancer. Frontiers in cell and
developmental biology. 2014; 2:55.

Santos TG, Silva IR, Costa-Silva B, Lepique AP, Martins VR,
Lopes MH. Enhanced neural progenitor/stem cells self-
renewal via the interaction of stress-inducible protein 1 with
the prion protein. Stem cells. 2011; 29:1126-1136.

Liang J, Bai F, Luo G, Wang J, Liu J, Ge F, Pan Y, Yao L,
DuR, Li X, Fan R, Zhang H, Guo X, et al. Hypoxia induced
overexpression of PrP(C) in gastric cancer cell lines. Cancer
biology & therapy. 2007; 6:769—774.

Dery MA, Jodoin J, Ursini-Siegel J, Aleynikova O,
Ferrario C, Hassan S, Basik M, LeBlanc AC. Endoplasmic
reticulum stress induces PRNP prion protein gene expression
in breast cancer. Breast cancer research. 2013; 15:R22.
Dalle Carbonare L, Matte A, Valenti MT, Siciliano A,
Mori A, Schweiger V, Zampieri G, Perbellini L, De
Franceschi L. Hypoxia-reperfusion affects osteogenic
lineage and promotes sickle cell bone disease. Blood. 2015;
126:2320-2328.

Kanzaki H, Shinohara F, Kanako I, Yamaguchi Y, Fukaya S,
Miyamoto Y, Wada S, Nakamura Y. Molecular regulatory
mechanisms of osteoclastogenesis through cytoprotective
enzymes. Redox biology. 2016; 8:186—191.

Bierie B, Moses HL. Tumour microenvironment: TGFbeta:
the molecular Jekyll and Hyde of cancer. Nature reviews
Cancer. 2006; 6:506-520.

Kingsley LA, Fournier PG, Chirgwin JM, Guise TA.
Molecular biology of bone metastasis. Molecular cancer
therapeutics. 2007; 6:2609-2617.

Salapura V, Zupan I, Seruga B, Gasljevic G, Kavcic P.
Osteoblastic bone metastases from renal cell carcinoma.
Radiology and oncology. 2014; 48:243-246.

www.impactjournals.com/oncotarget

17026

Oncotarget



