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Abstract

Background
Previous studies have demonstrated that transcription factor SOX9 which was reactivated in prostate
cancer (Pca) and promoted tumor growth was a poor prognostic biomarker for Pca. Nevertheless, the
regulatory mechanism underlying SOX9 upregulation in Pca still remains unclear. Several cytokines
widely distributed in the tumor microenvironment (TME) have been reported to be involved in the
regulation of SOX9, suggesting that cancer-associated �broblasts (CAFs), one of the main sources of
secreted factors in TME, may play a role in regulating SOX9 expression.

Methods
Herein, an in vitro model of paracrine interaction between primary CAFs and Pca cells (both AR-positive
and AR-negative Pca cells), was applied to investigate the molecular mechanism of SOX9 upregulation
during Pca progression. The regulatory axis was validated by in vivo experiments and The Cancer
Genome Atlas (TCGA) data.

Results
Conditional medium from Pca CAFs (CAF-CM) upregulated the expression of SOX9, which was also
proved to be essential for CAF-induced tumor progression. Further analysis showed that it was
hepatocyte growth factor (HGF) secreted by CAFs that was responsible for the SOX9 elevation in Pca
cells via activating c-Met signaling. Mechanistically, HGF/c-Met signaling speci�cally activated MEK1/2-
ERK1/2 pathway which then induced phosphorylated status and protein upregulation of FRA1.
Furthermore, ChIP assay demonstrated that FRA1 transcriptionally upregulated SOX9 expression by
binding to the TPA-responsive element (TRE) sequence in the promoter of SOX9 gene. We also found that
HGF/c-Met-ERK1/2-FRA1-SOX9 axis was relatively conserved in human and mouse species by validating
in mouse Pca cells (RM-1).

Conclusions
Our results revealed a novel insight into the molecular mechanism that SOX9 expression in Pca cells is
promoted by CAFs, through the HGF/cMet-ERK1/2-FRA1 axis. Besides, SOX9 may serve as an alternative
marker for the activated HGF/c-Met signaling to enroll the optimal Pca patients for HGF/c-Met inhibition
treatment, since it is much more stable and easier to detect.

Background
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SOX9 is a transcription factor belonging to the SOX (Sry-related high mobility group box) family, which is
a key regulator involved in embryonic development including sex determination [1], chondrocyte
differentiation [2], neurogenesis-gliogenesis switch [3], cardiogenesis [4], as well as prostate development
[5, 6]. Previous studies showed that SOX9 played an important role in the initial stage of prostate
development. Mice with conditional Sox9 knockout in prostate showed severe defect in the development
of ventral prostate and abnormal differentiation of anterior prostate [5]. It is a common occurrence that
genes or pathways involved in embryogenesis are reactivated in cancer initiation and development.
Several studies have indicated that SOX9 was reactivated in prostate cancer (Pca) and played an
essential role in the initiation and progression of Pca [6–9]. Thomsen et al. observed that Sox9 elevation
in mouse prostate could facilitate Pca initiation in cooperation with Pten loss [8]. Wang et al. found that
upregulation of SOX9 promoted Pca cell proliferation and invasion, as well as angiogenesis, indicating
that SOX9 contributed to Pca progression [7]. Further investigations showed that SOX9/Sox9 was
expressed at higher frequency in recurrent Pca [10] and strikingly upregulated in castration-resistant
tumors of Pten/Trp53 null mice [11]. When SOX9 was knocked down in androgen-independent Pca cells,
it obviously weakened the clonogenicity in castrated culture medium and tumor growth in castrated mice
[12].

Despite the signi�cance of SOX9 in Pca, the key regulatory mechanism underlying SOX9 upregulation still
remains unclear. A previous study revealed that SOX9 expression in Pca was regulated by Wnt/β-catenin
signaling. However, the exact mechanism was not further investigated [10]. Cai et al. found that in
TMPRSS2:ERG fusion-positive Pca cells, such as VCaP, SOX9 expression could be upregulated by ERG
through opening an androgen receptor (AR)-regulated enhancer downstream of the SOX9 gene. However,
this mechanism was strictly restricted in the ERG and AR double-positive Pca cells [9].

There has been increasing evidences implying that cytokines such as FGFs [13, 14], TGFβ1 [15, 16], BMPs
[17, 18], are involved in the regulation of SOX9 expression. It is well known that large amounts of
cytokines distributed in the tumor microenvironment (TME) play important roles in cellular
communications. As one of the most abundant stromal cells in TME, cancer-associated �broblasts
(CAFs) have been demonstrated to promote tumorigenesis and progression of multiple tumors including
Pca [19–24] through paracrine effects. Kinds of cytokines secreted by CAFs have been reported to
contribute to cancer cell stemness through activating self-renewal pathways including Wnt, Notch and
Shh signaling [25–27]. SOX9 is also well known to be involved in maintaining stem cell populations in
normal tissues [10, 13, 28, 29] and cancer cell stemness [12, 30]. In addition, SOX9 ChIP sequencing
analysis and transcriptome pro�ling of Pca cells showed that SOX9 positively activated various Wnt
pathway genes to drive invasiveness of Pca [31]. In light of these �ndings, we hypothesized that SOX9
elevation in Pca cells might be regulated by secreted cytokines from CAFs, and mediate the tumor-
promoting effects of CAFs.

This study was therefore designed to investigate the possible mechanism of SOX9 elevation by CAFs
through an in vitro model of paracrine interaction between primary CAFs and Pca cells. To the best of our
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knowledge, this is the �rst study to illustrate the regulatory mechanism of upregulated SOX9 by CAFs
during the progression of Pca.

Materials And Methods
Cell lines and cell culture

Four human prostate cancer cell lines, LNCaP, 22Rv1, DU145 and PC3, were obtained from the Cell Bank
of Type Culture Collection, Chinese Academy of Science (Shanghai, China), and were authenticated by the
short tandem repeat analysis (CellcookBiotech, Guangzhou, China) according to the American Type
Culture Collect (ATCC) guideline. RWPE-1, derived from a histologically normal adult human prostate, and
RM-1, a mouse prostate cancer cell line, were purchased from ATCC.

Clinical Pca tissues and immunohistochemistry (IHC) analyses

Human Pca specimens for IHC staining, along with corresponding clinicopathologic features, were
collected from Nanjing Drum tower Hospital (Nanjing, China) from January 2011 to January 2014 (n
=108), and the IHC staining was performed as described previously [36]. The scores of SOX9 IHC staining
were performed independently by two well-trained pathologists. The staining intensity was scored as 0
(negative), 1 (weak), 2 (moderate), 3 (strong), and the staining range of tumor cells was scored as 0 (0%),
1 (1%-10%), 2 (11%-50%), 3 (51%-100%). The �nal score was obtained as the multiplication of the
intensity score by the staining proportion, and a score ≤3 was de�ned as low expression or negative,
while >3 as high expression.

In vivo xenograft tumor model

Animal experiments were approved and performed in accordance with Institutional Animal Care and Use
Committee of Nanjing Drum Tower Hospital (Nanjing, China). Six-week-old male BALB/c nude mice which
were purchased from the Animal Core Facility of Nanjing Medical University (Nanjing, China) were housed
in the speci�c pathogen free environment at the Animal Laboratory Center of Nanjing Drum Tower
Hospital. In order to determine whether CAFs and HGF play an important role in regulating tumorigenesis
and tumor development, 2 × 106 DU145 cells alone or mixed with equivalent CAFs were injected
subcutaneously into the right �ank of nude mice. 21 days post inoculation, Vehicle or capmatinib
(INCB28060) (Selleck Chemicals, S2788, USA) (10mg/kg body weight) , were given to the tumor-bearing
mice via orogastric gavage twice a day. Tumor diameters were measured every 3 days and tumor
volumes were calculated as length × width2 × π/6. The tumors were harvested 4 hours after the last
dosing and snap frozen in liquid nitrogen or �xed in paraformaldehyde. For the purpose of assessing the
effects of SOX9 and FRA1 on the proliferation of prostate cancer, 4 × 106 DU145 derived cells were
injected into the right �ank of nude mice subcutaneously, then tumors were measured every 3 days and
collected at the end point for IHC staining.

Statistical analysis



Page 6/27

Continuous normally distributed variables were presented as mean ± standard deviation (SD), and
unpaired Student’s t test was used to evaluate the statistical signi�cance between two groups.
Categorical data were analyzed by chi-square test or Fisher exact test. Pearson correlation test was
applied to analyze the correlation between two continuous normally distributed factors, while Spearman
correlation was used to analyze the relationship between categorical variables. All data analysis was
performed by using IBM SPSS statistics 21.0, and p < 0.05 was considered statistically signi�cant (*p <
0.05; **p < 0.01; ***p < 0.001). 

Other experimental procedures please refer to the Supplementary Materials and Methods for details.

Results
SOX9 elevation in Pca is positively correlated with cancer aggressiveness

In order to verify the clinical signi�cance of SOX9 in human Pca, we �rstly examined SOX9 expression in
specimens of radical prostatectomy from a cohort of 108 consecutive Pca patients by IHC staining. For
pathological analysis, Pca with higher Gleason scores had higher expression of SOX9 (Fig. 1A, B).
Particularly, specimens with Gleason scores no less than 8 showed signi�cantly higher expression of
SOX9 than 3+3, 3+4 and 4+3 tissues (Fig. 1B). Moreover, Pca with advanced tumor stage (III and IV) also
showed higher SOX9 expression (Fig. 1C). Spearman correlation analysis indicated that SOX9 expression
was signi�cantly associated with the percentage of Ki67-positive tumor cells (Spearman r =0.301, p
=0.0017, n =108) (Fig. 1D). In addition, high SOX9 IHC staining in Pca patients was positively associated
with Gleason scores (p =0.004), seminal vesicle invasion (p =0.040) and nerve invasion (p =0.019) (Table
S1). These results validated previous reports [7, 8, 10] that SOX9 levels correlated with Pca progression.

To explore the possible roles of SOX9 in Pca tumorigenesis and progression, we subsequently assessed
the effects of SOX9 on proliferation, migration, invasion and stemness in Pca cells. DU145 cells
transiently transfected with pcDNA3.1(+)-SOX9 (Fig. S1A, B) showed a remarkably enhanced growth rate
compared with the negative control group (Fig. S1C). Transwell assay revealed that forced expression of
SOX9 notably accelerated cell migration and invasion of DU145 cells (Fig. S1D, E). Spheroid formation
assay indicated that over-expression of SOX9 signi�cantly increased both the size and number of cell
spheres (Fig. S1F, G). Consistently, immunoblotting analysis showed that SOX9 overexpression led to the
increase of MMP1 (metastasis-associated protein) and CD44, CD133, c-Myc, Oct4, ALDH1A1 (tumor
stemness-associated markers) (Fig. S1H, I). Then, another Pca cell line PC3, which had a higher
endogenous expression of SOX9, was knocked down by siRNA (siSOX9-1 and siSOX9-2) (Fig. S2A, B).
Compared with negative control siRNA (siNC), in vitro assays revealed that SOX9 interfering markedly
inhibited cell growth and viability (Fig. S2C, D), as well as cell migration, invasion (Fig. S2E, F) and cancer
stemness (Fig. S2G, H). In addition, decreased protein levels and mRNA expression of CD44, CD133 and
c-Myc were also detected in the SOX9 knockdown cells (Fig. S2I, J).

To investigate whether forced expression of SOX9 promote tumor growth of Pca cells in vivo, DU145 cells
stably overexpressing SOX9 or vector control (Fig. 1E, F) were injected subcutaneously in nude mice.
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Compared with the control group, xenografts of SOX9 over-expressing cells had a greater tumor volume
and growth rate (Fig. 1G, H). Moreover, IHC staining showed that over-expression of SOX9 promoted the
expression of Ki67 and CD44, CD133 in DU145 xenograft tumors (Fig. 1I).

SOX9 in Pca is upregulated by CAFs and essential for CAF-induced tumor-promoting effects

To assess whether SOX9 in Pca cells could be regulated by paracrine factors from CAFs, we isolated
CAFs and corresponding normal �broblasts (NFs) from fresh prostate biopsy specimens (Fig. S3A).
Immuno�uorescence staining showed that in the biopsy tissues of both normal prostate and prostate
cancer, epithelial cells expressed E-cadherin prominently, while stromal cells expressed Fibronectin
markedly (Fig. S3B). As for CAF-speci�c biomarker, α-SMA, was barely detected in the stromal area of
normal tissues, while strongly stained in prostate cancer stromal, nearly co-localized with Fibronectin
(Fig. S3B). Cell immuno�uorescence (Fig. S3C), western blotting and qRT-PCR (Fig. S4A, B) were also
performed to verify the purity of cultured �broblasts. Altogether, the �broblast identity of NFs and CAFs
has been con�rmed, and found to be sustaining after several passages (data not shown).

Then, we veri�ed the tumor-promoting effects of CAFs by using an in vitro model of paracrine interaction
between primary CAFs and Pca cells. Wound healing assay, transwell assay and spheroid formation
assay revealed that treatment with CAF-CM remarkably increased the abilities of cell migration, invasion
and cancer stemness (Fig. S5A-F), in comparison with both control medium and conditional medium
from NFs (NF-CM). Consistently, western blotting results showed that MMP1 and MMP3, and markers of
cancer stemness (CD44, CD133, c-Myc) were elevated in the CAF-CM treated cells (Fig. S5G, H).

To investigate the paracrine effects of CAFs on SOX9 expression in Pca cells, CAF-CM and NF-CM were
added to DU145 and 22Rv1 cells for 12 and 24 h. Western blotting and qRT-PCR revealed that both CAF-
CM and NF-CM increased SOX9 protein expression and mRNA level, but the effect of CAF-CM was more
apparent (Fig. 2A, B). Immunocytochemical staining also demonstrated that since 3 hours after CAF-CM
stimulation, SOX9 expression started increasing (Fig. S8J). These results suggested that paracrine
factors from stromal �broblasts upregulated SOX9 expression in Pca cells.

Since CAFs promoted both the aggressiveness of Pca and the expression of SOX9, we wondered whether
SOX9 played the role as a bridge in the process of CAF-mediated tumor promotion. RNA interference
involving three siRNA targeting different regions was employed to knock down SOX9 expression, then
transwell invasion assay and spheroid formation assay showed that depletion of SOX9 signi�cantly
reduced the capabilities of cell invasion and sphere formation potentiated by CAF-CM (Fig. 2C-F).
Concomitantly, Western blotting analysis further showed that protein expressions of CD44 and CD133
were reduced in SOX9 knockdown groups compared with siNC cells (Fig. 2G). These data implied that
SOX9 played an essential role in the CAF-mediated Pca progression.

HGF is a key paracrine factor secreted by CAFs to mediate SOX9 upregulation in Pca cells
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In order to identify the key paracrine factors secreted by CAFs involved in the activation of SOX9, a home-
made qRT-PCR array consisting of 52 TME-related secretory factors was applied to screen in DU145 cells
and three pairs of NFs and CAFs for the possibly responsible factors. Hierarchical clustering and
heatmap indicated that in the aggregate that genes expressed lower in DU145 cells but highly in
�broblasts, HGF was the most upregulated in CAFs compared with NFs (Fig. 3A). Considering HGF and its
tyrosine kinase receptor c-Met are known involved in promoting Pca progression [32, 33], we focused our
attention on the role of HGF in CAF-mediated SOX9 upregulation and tumor-promoting effects. Firstly,
qRT-PCR results veri�ed that mRNA level of HGF in CAFs was about 13 folds higher than in NFs, while
barely detected in DU145 cells (Fig. 3B). ELISA data showed that no or negligible levels of HGF were
produced by Pca cells (22Rv1, PC3, DU145), while all CAFs secreted more abundant HGF compared with
their paired NFs, suggesting that HGF was preferentially secreted by CAFs in TME (Fig. 3C). Consistently,
western blotting analysis con�rmed the strikingly increase of c-Met phosphorylation (Tyr1234/1235) in
DU145 and 22Rv1 cells following the treatment with CAF-CM compared to NF-CM, while c-Met remained
nearly unphosphorylated in control medium (Fig. 3D), which suggested that tyrosine residues 1234 and
1235 of c-Met in Pca cells would not auto-phosphorylated without stimulation of stromal �broblasts. The
correlation between the expression of HGF and ACTA2 (which encodes α-SMA) was evaluated by Pearson
correlation analysis using mRNA expression pro�les of Pca from TCGA, and it turned out that HGF
expression was signi�cantly correlated with ACTA2 (Pearson r =0.406, p <0.0001, n =499) (Fig. 3E).

Previous studies have demonstrated that HGF/c-Met played an important role in tumorigenesis and
tumor progression of Pca [32, 33]. Herein, we treated DU145 and 22Rv1 cells with recombinant human
HGF (Peprotech, 100-39H, Rocky Hill, NJ, USA) in vitro, and the abilities of cell migration, invasion and
sphere formation were detected. As shown in Fig. S6, 10 ng/ml HGF was su�cient to signi�cantly
increase the number of cells migrated or invaded to the down surface of transwell membrane (Fig. S6A-
D), and enhance the number and size of formed spheroids (Fig. S6E, F). The key role of HGF in the
paracrine effects of CAFs was further validated by an ATP-competitive c-Met inhibitor, capmatinib. In vitro
assays showed that the inhibition of HGF/c-Met pathway in DU145 and 22Rv1 cells with pre-treatment of
10 nM capmatinib, remarkably abrogated the effects of CAF-CM on the cell migration, invasion and tumor
initiating abilities (Fig. S7A-F).

Since HGF has been identi�ed as a key secretory factor in CAF-CM mediating tumor promotion, and SOX9
was also veri�ed essential for Pca progression induced by CAFs, we wonder whether there was a
connection between HGF and SOX9 expression. Western blotting analysis demonstrated that treatment
with 30 ng/ml recombinant human HGF obviously upregulated SOX9 expression since 1 hour upon
stimulation in both DU145 and 22Rv1 cells (Fig. 3F). 10 ng/ml HGF was already su�cient to induce the
increase of SOX9 expression, as well as 30 ng/ml HGF (Fig. 3G). When capmatinib was combined in the
HGF or CAF-CM treatment, the upregulation of SOX9 caused by HGF or CAF-CM was markedly abrogated
(Fig. 3G, Fig. S8A, B). In addition, in vivo experiments were performed to further investigate the
comprehensive role of HGF/c-Met signaling in the regulation of tumor growth and SOX9 expression.
DU145 cells alone or companied with equivalent CAFs were injected subcutaneously into nude mice, and
three weeks later, vehicle or capmatinib were given to the tumor-bearing mice twice a day. Compared with
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the DU145 alone group, tumors of DU145 with CAFs had a more rapid growth rate and greater tumor size,
while capmatinib treatment signi�cantly abrogated the CAF-mediated acceleration of tumor growth (Fig.
3H, I). IHC staining demonstrated that SOX9 expression in Pca cells was upregulated by CAFs in vivo, and
could be restored by capmatinib which strongly inhibited the phosphorylation of c-Met in Pca cells (Fig.
3J). Correspondingly, Ki67 and CD44 showed a similar pattern to SOX9 (Fig. 3J). Taken together, HGF
plays a central role in upregulating SOX9 in Pca cells and mediating the tumor-promoting effects of
CAFs.

HGF upregulates SOX9 expression via MEK1/2-ERK1/2 pathway

Previous studies have reported that HGF induced dimerization and phosphorylation of c-Met, resulting in
the activation of several downstream oncogenic signaling pathways including RAS/MAPK, PI3K/AKT and
STAT3 [34]. To specify which pathway was involved in the regulation of SOX9 expression by HGF, we
tested the total expression and phosphorylation level of representative proteins of RAS/MAPK, PI3K/AKT
and STAT3 pathways in DU145 cells treated with 30 ng/ml HGF, by western blotting. It turned out that the
phosphorylation of ERK1/2 (Thr202/Tyr204) was most enhanced in cells treated with HGF, while
phosphorylation of JNK (Thr183/Tyr185) was increased slightly and others including p38, Akt, Stat3 and
NF-κB remained unaffected (Fig. 4A). In a time course of HGF treatment, phosphorylation of ERK1/2 in
both DU145 and 22Rv1 cells started rising as early as 10 mins upon stimulation and lasted for at least 2
hours (Fig. 4B). Further analysis revealed that phosphorylation of ERK1/2 by HGF was dose-dependent,
and 30 ng/ml HGF induced a strikingly increased phosphorylation of ERK1/2, which could be abolished
by capmatinib pre-treatment (Fig. 4C). As expected, CAF-CM also caused a remarkable enhancement of
phosphorylation of ERK1/2 compared with the control and NF-CM treatment, which could be abolished by
capmatinib (Fig. S8C,D). Then, MEK1/2 inhibitor U0126 (Selleck Chemicals, S1102, Boston, MA, USA) and
ERK1/2 inhibitor SCH772984 (Selleck Chemicals, S7101) were adopted to block MEK1/2-ERK1/2
pathway, and we found that the upregulation of SOX9 induced by HGF or CAF-CM was obviously
abrogated (Fig. 4D, Fig. S8E). In addition, when MEK1/2-ERK1/2 pathway was inhibited, it repressed the
reinforced abilities of cell invasion and sphere formation induced by HGF (Fig. 4E-H). These results
implied that MEK1/2-ERK1/2 pathway was responsible for the upregulation of SOX9 and the tumor-
promoting effects by HGF secreted from CAFs.

FRA1 is the downstream effector of MEK1/2-ERK1/2 signaling and transcriptionally upregulates SOX9

Previous reports showed that HGF treatment of hepatocellular carcinoma cells resulted in enhancement
of the phosphorylation and total expression levels of AP-1 proteins which then mediated HGF-induced
effects [35-37]. Multiple heterodimers of the FOS and JUN family bind to the TPA-responsive element
(TRE, 5'-TGAG/CTCA-3') sequence and transcriptionally upregulate target genes. Since previous research
has demonstrated that putative AP-1 binding site was found in the promoter region of mouse Sox9 gene
[38], we deduced that AP-1 transcription factors may be the downstream mediator of activated MEK1/2-
ERK1/2 to upregulate SOX9 expression. In order to identify which AP1 proteins were speci�cally activated
by HGF, we analyzed the protein expression of all the members of AP-1 family, including c-Jun, JunB,
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JunD, c-Fos, FosB, Delta FosB, FRA1 and FRA2, in DU145 cells stimulated with 30 ng/ml HGF. The results
revealed an obviously increase of FRA1 protein level, while the other members remained nearly
unaffected (Fig. 5A). Further investigation showed that HGF treatment induced remarkable
phosphorylation (Ser265) and increase of total expression of FRA1, as early as 10 mins in DU145 cells
and 30 mins in 22Rv1 cells after HGF exposure, indicating that the inducement of phosphorylation and
upregulation of FRA1 protein was quite rapid (Fig. 5B). Similar to the patterns of phosphorylation of
ERK1/2, phosphorylation and upregulation of FRA1 by HGF was also in a dose-dependent fashion, and
the markedly phosphorylation and upregulated expression of FRA1 induced by 30 ng/ml HGF could be
restored by capmatinib to that observed in the control treatment (Fig. 5C). Correspondingly, CAF-CM
induced higher upregulation of FRA1 protein expression as well as its phosphorylation level compared to
NF-CM (Fig. S8F). When capmatinib was added along with CAF-CM, the levels of phos-FRA1 and total
FRA1 expression were restored to levels in the control treatment (Fig. S8G). U0126 and SCH772984 were
used to inhibit MEK1/2-ERK1/2 pathway, then both the phosphorylation and upregulation of FRA1
stimulated by HGF or CAF-CM were abolished obviously (Fig. 5D, Fig. S8H). These data suggested that
FRA1 was a downstream transcription factor activated by CAF-secreted HGF through MEK1/2-ERK1/2
pathway.

To evaluate the hypothesis that FRA1 transcriptionally upregulate SOX9 expression, we transiently
overexpressed FRA1 as well as FOS and JUN in DU145 cells (AR negative). Forced expression of FRA1,
FOS and JUN all increased protein level of SOX9, but FRA1 had the most obvious upregulating effect (Fig.
5E, left). qRT-PCR also showed a similar outcome that FRA1 increased SOX9 mRNA level most e�ciently
(Fig. 5E, right). In another two AR positive Pca cell lines, 22Rv1 and LNCaP, and an immortalized prostate
epithelial cell, RWPE-1, the expression of SOX9 also increased upon FRA1 overexpression (Fig. 5F, Fig.
S10A), indicating that upregulation of SOX9 by FRA1 was AR-independent. When FRA1 was depleted by
speci�c siRNA, the upregulation of SOX9 induced by HGF or CAF-CM was obviously abrogated (Fig. 5G,
Fig. S8I). Interestingly, FRA1 knockdown also visibly decreased the phosphorylation level of c-Met
(Tyr1234/1235), suggesting that a positive feedback loop may exist between the HGF/c-Met pathway
and FRA1 expression (Fig. 5G, Fig. S8I). To investigate the transcriptional regulation of SOX9 by FRA1, we
analyzed the sequence of human SOX9 promoter and one TRE sequence (-551 ~ -545) was found (Fig.
5H). ChIP assay was performed using speci�c FRA1 and phos-FRA1 (Ser265) antibodies in DU145 cells
stably overexpressing FRA1, and the precipitated DNA was ampli�ed by two sets of primers across TRE
sequence. The results showed both FRA1 and phos-FRA1 (Ser265) could bind to the target segment more
than normal rabbit IgG (Fig. 5I, J), which indicated FRA1 could transcriptionally upregulate SOX9
expression. Further investigation showed that in DU145 cells treated with HGF (Fig. 5K) or CAF-CM (Fig.
S8J), co-localization of FRA1 and SOX9 within the nuclei was quite apparent. In addition, Pca cells with
FRA1 overexpressed formed larger xenograft tumors in mice, compared with the control group (Fig. S9).
These data collectively indicated that FRA1 was the downstream effector of MEK1/2-ERK1/2 activated
by HGF and transcriptionally mediated SOX9 upregulation.

HGF/c-Met-FRA1-SOX9 axis is validated in mouse Pca cells and TCGA database
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On the one hand, mouse Hgf shares remarkable homology with human HGF at both mRNA (percent
identity: about 88%) and protein (percent identity: higher than 90%) levels, and human and murine
HGF/Hgf are cross-reactive. On the other hand, TRE sequences were found in the promoter region of both
human and mouse SOX9/Sox9 gene (Fig. 5H, Fig. 6E). In addition, binding site B (-600 bp ~ --593 bp) in
the mouse Sox9 promoter was found conserved with that found in the human SOX9 promoter (-551 ~
-545). Therefore, we assumed that Hgf/c-Met-Erk1/2-Fra1 signaling was also responsible for the
upregulation of Sox9 in mouse. Western blotting was carried out in a mouse Pca cell line, RM-1, and the
results showed that recombinant murine Hgf (Peprotech, 315-23) also promoted Sox9 expression through
c-Met-Erk1/2-Fra1 axis (Fig. 6A-D). ChIP assay with antibody against phos-Fra1 (Ser265) was performed
in RM-1 cells treated with 30 ng/ml Hgf for 6 hours, and it turned out that the activated Fra1 could bind to
all the three TRE sequence located in the promoter of Sox9 gene (Fig. 6E-G). We also exploited TCGA
database and found that Pearson correlation analysis showed signi�cant positive correlation between
MET and SOX9 (Pearson r =0.268, p <0.0001, n =499, Fig.6H), MET and FRA1 (Pearson r =0.268, p
<0.0001, n =499, Fig.6I), FRA1 and SOX9 (Pearson r =0.312, p <0.0001, n =499, Fig.6J). These results
strongly suggested that SOX9 expression regulated by HGF/c-Met-ERK1/2-FRA1 signaling was a
relatively common mechanism in Pca cells.

Discussion
The transcription factor SOX9 is a critical regulator involved in prostate development, and reactivated in
Pca initiation and progression [5–9]. In the current study, we validated the relation between SOX9 and Pca
aggressiveness. SOX9 is positively corrected with Gleason scores and tumor staging of Pca. In addition, it
promotes tumor growth, migration, invasion and cancer cell stemness both in vitro and in vivo. Since Pca
with higher SOX9 is more aggressive with worse prognosis, it’s urgently needed to uncover the key
mechanism underlying SOX9 upregulation in Pca progression. Although previous study has revealed that
in AR-positive Pca cells with TMPRSS2:ERG gene fusions, SOX9 expression could be upregulated by
cooperation of ERG and AR [9], how SOX9 is elevated in AR-negative or TMPRSS2:ERG fusion-negative
Pca cells still remains elusive.

CAFs is the main type of stromal cells in TME, providing a supportive microenvironment to induce and
maintain more aggressive biological behaviors of cancer cells [39]. Increasing evidences support that
CAFs promote tumorigenesis and progression of various cancers including Pca via the secretion of
multiple paracrine factors including TGFβ1, IL6, HGF, EGF, VEGF, and FGF families [39, 40]. Meanwhile,
previous studies showed that several kinds of cytokines such as FGFs, TGFβ1, and BMPs, induced the
upregulation of SOX9 [13–18]. On the basis of these results, we hypothesized that the paracrine effects
of CAFs might be involved in upregulating SOX9 in Pca cells. In fact, in vitro model of paracrine
interaction between CAFs and Pca cells and in vivo experiments in our study demonstrated that SOX9
expression in Pca cells could indeed be upregulated by the paracrine effects of CAFs, both in AR-positive
and AR-negative Pca cells (22Rv1 and DU145, respectively), suggesting an undiscovered mechanism
underlying SOX9 elevation in Pca cells regardless of AR status.
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HGF is well known as a growth factor which possesses broad biological signi�cance. Emerging
evidences have demonstrated that HGF/c-Met plays a crucial role in tumorigenesis and cancer
progression [41]. In our study, we identi�ed that HGF was the most highly secreted factors by CAFs in
TME compared with NFs and Pca cells. Furthermore, HGF was proved to be the key contributor for the
upregulation of SOX9 in Pca cells and the tumor progression promoted by CAFs. Since the clinical
signi�cance of HGF/c-Met in Pca has been recognized, several agents targeting HGF/c-Met signaling
including cabozantinib, foretinib, crizotinib, and rilotumumab underwent clinical trials [42]. In spite of the
strong anti-tumor effects in pre-clinical studies, therapeutic agents targeting HGF/c-Met did not provide
signi�cant survival bene�ts for Pca patients in clinical trials [43]. One possible explanation for this
seemingly inconsistent result is that enrolled patients in most clinical trials were not highly-selected.
Patients without activated HGF/c-Met may get very limited bene�ts from HGF/c-Met inhibition agents.
Rhee et al. found that the half-life of phosphorylated c-Met (Tyr1234/1235) is so short as less than
10 min that no reliable detection of the phosphorylation status of c-Met could be performed in human
specimens [37]. Since the main challenge facing the e�cacy of HGF/c-Met inhibition for Pca treatment is
optimal patients enrollment, while capturing the activation status of HGF/c-Met signaling via detecting
phos-c-Met by IHC staining in Pca tissues is quite unpractical, effective markers substituted for activation
of HGF/c-Met signaling are urgently needed. Our work revealed that the growth of xenograft tumor with
high SOX9 expression upregulated by CAFs could be effectively inhibited by capmatinib (Fig. 3H-J), and
in vitro experiments indicated that HGF induced relatively continuous upregulation of SOX9 in Pca cells
(Fig. 3F). Overall, SOX9 may serve as an alternative marker for the activated HGF/c-Met signaling to
enroll the optimal Pca patients for HGF/c-Met inhibition treatment. Most importantly, SOX9 is much
easier to detect, making it an ideal biomarker to predict treatment response of HGF/c-Met inhibition.

The binding of HGF to its receptor c-Met, triggers the activation of multiple downstream pathways
including RAS/MAPK, PI3K/AKT, and STAT3 signals, then contributes to proliferation, metastasis, intrinsic
or acquired drug resistance and tumor-initiating properties of cancer cells [34]. In this study, we identi�ed
MEK1/2-ERK1/2 was the bridge pathway activated by HGF/c-Met signaling, then took responsible for the
activation of FRA1 and SOX9 elevation, suggesting that targeting MEK1/2-ERK1/2 pathway in
combination with HGF/c-Met targeted therapy may be a more potential therapeutic strategy.

FRA1 is a member of the FOS family which binds to the TRE sequence and transcriptionally upregulate
target genes. In our study, HGF treatment of Pca cells speci�cally upregulated FRA1 expression instead of
other AP-1 family members (Fig. 5A). Further analysis showed that FRA1 was the crucial downstream
effector of HGF/c-Met-ERK1/2-mediated SOX9 upregulation by directly binding to the TRE sequence in
the promoter of SOX9 gene (Fig. 5H-J, Fig. 6E-G). Intriguingly, FRA1 interfering by siRNA also caused
decrease of c-Met phosphorylation level (Fig. 5G, Fig. S8I), suggesting a positive regulatory circuit existed
between HGF/c-Met signaling and FRA1 expression. In addition, SOX9 depletion by siRNA also
signi�cantly reduced the mRNA expression of FRA1, FRA2 and JUN (Fig. S10B), also indicating an
interplay between SOX9 and AP-1 complex, which remains to be further elucidated.
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Conclusions
In conclusion, SOX9 is upregulated by CAF-secreted HGF through HGF/c-Met-ERK1/2-FRA1 axis both in
AR-positive and AR-negative Pca cells, and mediates the tumor-promoting effects of CAFs (Fig. 6K).
Better understanding of the molecular background of SOX9 in Pca provides a practical guide for the
therapeutic applications involving HGF/c-Met targeted therapy.
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Figure 1

SOX9 elevation in Pca is positively correlated with cancer aggressiveness. (A) Representative images of
SOX9 IHC staining in normal prostate tissues and Pca specimens with different Gleason Scores (n =108).
Scale bars represent 100 μm (upper panel) and 50 μm (lower panel). (B, C) IHC scores of SOX9
expression in Pca tissues with Gleason Scores 3+3, 3+4, 4+3 and ≥8 (B), and with stages I+II and III+IV
(C). (D) Spearman correlation between the percentage of Ki67-positive tumor cells and SOX9 expression
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in Pca tissues. (E, F) The e�ciency of SOX9 overexpression in lentiviral infected DU145 cells was
validated by qRT-PCR (E) and western blotting (F). (G) The growth rate of subcutaneous tumors formed of
control or SOX9-overexpressing DU145 cells. (H) Photograph of dissected tumors in control or SOX9-
overexpressing groups. (I) Representative pictures of HE staining and IHC staining of SOX9, Ki67, CD44
and CD133 in the xenografts. Scale bars represent 50 μm. *p < 0.05; **p < 0.01; ***p < 0.001.

Figure 2

SOX9 in Pca is upregulated by paracrine factors from CAFs and essential for CAF-mediated tumor
progression. (A, B) The protein level (A) and mRNA expression (B) of SOX9 in DU145 and 22Rv1 cells
after treatment of control medium or NF-CM and CAF-CM for 12 and 24 hours. (C, D) RNA interfering of
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SOX9 abolished CAF-induced cell invasion of DU145 and 22Rv1 cells. (E, F) Knockdown of SOX9
obviously decreased the sphere size and number increased by CAF-CM. (G) Western blotting showed
SOX9 depletion abrogated the enhanced expression of stemness markers (CD44, CD133) induced by
CAF-CM. Each in vitro assay involving CAF-CM and NF-CM treatment was conducted by using at least
three pairs of CAFs and NFs, and a representative result was presented in the �gure. *p < 0.05; **p < 0.01;
***p < 0.001.

Figure 3
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HGF secreted by CAFs upregulates SOX9 expression in Pca cells. (A) Hierarchical clustering and heatmap
showed the differential expression patterns of 52 TME-related paracrine factors in DU145 cells and three
pairs of NFs and CAFs, by a small scale qRT-PCR screening. A three-colored scale was used with red,
black, and green indicating high, intermediate and low expression, respectively. (B) qRT-PCR validation of
HGF mRNA expression in DU145 cells and isolated �broblasts. (C) HGF concentration in conditional
media of three Pca cell lines (22Rv1, PC3, DU145) and four pairs of NFs and CAFs was quanti�ed by
ELISA assay. (D) The phosphorylated c-Met (Tyr1234/1235) expression in DU145 and 22Rv1 cells treated
with control medium, NF-CM and CAF-CM was measured by western blotting. (E) Pearson correlation
between mRNA expression of ACTA2 and HGF in Pca data from TCGA. (F, G) Western blotting showed
that recombinant human HGF induced continuous SOX9 elevation in Pca cells (F) and upregulation of
SOX9 by HGF was in a dose-dependent fashion (G). (H) The growth rate of subcutaneous xenografts
formed of DU145 cells alone with vehicle treatment, and DU145 cells accompanied by equivalent CAFs
with vehicle or capmatinib treatment (capmatinib, oral, 10mg/kg body weight, 2 doses/day). (I) Dissected
tumors collected in the end point from the three groups. (J) Representative images of IHC staining of
phos-c-Met (Tyr1234/1235), SOX9, Ki67 and CD44 in the xenografts. Scale bars represent 50 μm. Each in
vitro assay involving CAF-CM and NF-CM treatment was conducted by using at least three pairs of CAFs
and NFs, and a representative result was presented in the �gure. *p < 0.05; **p < 0.01; ***p < 0.001.
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Figure 4

HGF upregulates SOX9 through activating MEK1/2-ERK1/2 pathway. (A) The activated and total
expression of representative proteins of RAS/MAPK, PI3K/AKT and STAT3 pathways in DU145 cells
treated with 30 ng/ml HGF were determined by western blotting. (B) Western blotting showed that
phosphorylated ERK1/2 (Thr202/Tyr204) level in Pca cells started rising in 10 mins upon HGF
stimulation and lasted for at least 2 hours. (C) Phosphorylated status of ERK1/2 induced by HGF was
concentration-dependent, which could be abolished by capmatinib pretreatment. (D) Western blotting
showed that combination of MEK1/2 inhibitor U0126 or ERK1/2 inhibitor SCH772984 with HGF
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observably restored the upregulation of SOX9 induced following HGF treatment. (E-H) Inhibition of
MEK1/2-ERK1/2 pathway prominently abolished HGF-induced cell invasion (E, F) and the ability of
sphere formation (G, H). *p < 0.05; **p < 0.01; ***p < 0.001.

Figure 5

FRA1 is the downstream effector of HGF/c-Met-ERK1/2 signaling to transcriptionally upregulate SOX9.
(A) The total protein levels of all the members of AP-1 family, including c-Jun, JunB, JunD, c-Fos, FosB,
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Delta FosB, FRA1 and FRA2, were detected by western blotting in DU145 cells treated with 30 ng/ml HGF.
(B, C) Phosphorylated status (Ser265) and total expression of FRA1 were analyzed by western blotting in
Pca cells with HGF treatment in a time course (B) or dose-escalating manner (C). (D) U0126 and
SCH772984 signally abolished the increase of phos-FRA1 and FRA1 levels caused by HGF stimulation.
(E) Protein expression (left) and relative mRNA expression (right) of SOX9 in DU145 cells transiently
transfected with vector or FOS, FRA1, JUN plasmids. (F) Protein expression (left) and relative mRNA
expression (right) of SOX9 in 22Rv1 cells transiently transfected with vector or FRA1 plasmids. (G)
Knockdown of FRA1 obviously abrogated the upregulation of SOX9 induced by HGF. (H) Schematic
diagram showed the location of TRE sequence in the promoter region of SOX9 gene, and two sets of ChIP
Primers were used to amplify the precipitated DNA(I, J) ChIP-qRT-PCR (I) and ChIP-PCR (J) showed both
FRA1 and phos-FRA1 (Ser265) could bind to the segment around TRE sequence. Normal rabbit IgG was
used as a negative control. (K) Confocal images of co-localization of FRA1 and SOX9 in DU145 cells
treated with HGF. Scale bars represent 50 μm (left panel) and 20 μm (right panel), respectively. *p < 0.05;
**p < 0.01; ***p < 0.001; ns, not signi�cant.
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Figure 6

Validation of HGF/c-Met-FRA1-SOX9 axis in mouse Pca cells and Pca mRNA pro�les from TCGA. (A)
Western blotting showed that recombinant murine Hgf induced upregulation of Sox9 expression in a
time-dependent fashion, as well as the expression levels of phos-Erk1/2 (Thr202/Tyr204), phos-Fra1
(Ser265) and Fra1, in the mouse Pca cell line, RM-1. (B) Increased expression of Sox9 following the
treatment of 30 ng/ml Hgf could be abrogated by c-Met targeted antagonist, capmatinib. Expression
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levels of phos-Erk1/2 (Thr202/Tyr204), phos-Fra1 (Ser265) and Fra1 presented a similar pattern to Sox9.
(C) Inhibition of Mek1/2-Erk1/2 signaling by U0126 and SCH772984 decreased the Hgf-induced
upregulation of Sox9, as well as phos-Fra1 (Ser265) and Fra1. (D) Protein expression of Sox9 in RM-1
cells transiently transfected with siRNA targeting Fra1. (E) Three TRE sequences were found in the
promoter of Sox9 gene, and binding site B (-600 bp ~ --593 bp) was conserved among human and
mouse. (F, G) ChIP assay indicated that phos-FRA1 (Ser265) could bind to all the three segments around
TRE sequence. Results were normalized to the input. (H-J) Pearson correlation analysis between MET and
SOX9 (H), MET and FRA1 (I), FRA1 and SOX9 (J) in Pca data from TCGA. (K) Schematic illustration of the
regulatory mechanism underlying SOX9 upregulation in Pca cells by HGF derived from CAFs via HGF/c-
Met-ERK1/2-FRA1 axis. *p < 0.05; **p < 0.01; ***p < 0.001.
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