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Abstract
The bottleneck arising from castration-resistant prostate cancer (CRPC) treatment is its high metastasis
potential and anti-androgen drug resistance, which severely affects survival time of prostate cancer (PCa)
patients. In our previous study, we firstly revealed SPP1 was a potential hub signature for predicting
metastatic CRPC (mCRPC) development. Herein, we integrated multiple databases to explore the
association of SPP1 expression with prognosis, survival, metastatic levels in CRPC progression, and also
investigated SPP1 expression in PCa tissues and cell lines. Next, PCa cell lines with overexpression or
depletion of SPP1 were established to study the effect of SPP1 on enzalutamide sensitivity, and adhesion
and migration of prostate cancer cell lines and further explore the underlying regulatory mechanisms.
Bioinformatics analysis, PCR, immunohistochemical staining and western blot results suggested SPP1
upregulation had strong relationship with the malignant progression of CRPC. SPP1 knockdown
repressed enzalutamide sensitivity, invasion and migration of prostate cancer cells in vitro. Importantly,
upregulating SPP1 promoted, while silencing SPP1 attenuated epithelial-mesenchymal-transition (EMT).
Our results further demonstrate that SPP1 overexpression maintains the activation of PI3K/AKT signaling
and ERK1/2 pathways. Overall, our findings unraveled the functional role and clinical significance of
SPP1 in PCa progression, and help to discover new potential targets against mCRPC.

1. Introduction
Prostate cancer (PCa) is the most common malignancy, which causes the fifth rank of cancer-related
mortality, and is approximated 1,410,000 deaths and accounts for almost 14 % of total cancer diagnosed
in men1,2. A significant feature of PCa is its hormone responsiveness, initially identified by Huggins and
Hodges in 1941, who recognized that castration caused tumor regression in PCa patients3. Androgen
deprivation therapy (ADT) using androgen receptor (AR) blockers to inhibit the androgen pathway is
current standard therapy for PCa3. In spite of the high long-term survival in localized PCa, anti-androgen
treatment resistance can lead to primary castration-resistant prostate cancer (CRPC) or even metastatic
CRPC (mCRPC) 4. PCa is still a critical medical problem for the males affected, with excessive medical
treatment of inherently benign disease and deficient effective treatment for metastatic PCa5. The
underlying mechanisms of metastasis and anti-androgen treatment resistance of PCa are still not
completely cleared.
Secreted phosphoprotein 1 (SPP1), also recognized as osteopontin (OPN), a secreted chemokine-like
glycophosphoprotein and controls cell proliferation, apoptosis, migration and adhesion 6. SPP1 is a
crucial extracellular matrix component, secreted by multiple kinds of cell types including tumor cells,
immune cells, fibroblasts, osteoclasts, smooth muscle, lymphocytes, epithelial cells and so on 7.
Upregulation of SPP1 in tumor tissue and plasma was found to be associated with poor prognosis in
patients in many kinds of cancer8–10. In PCa cells, it was reported that SPP1 could upregulate pglycoprotein expression to induce multidrug resistance11. In a prospective cohort of breast cancer
patients received adjuvant chemotherapy, SPP1 expression level could predict the efficiency of
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neoadjuvant chemotherapy in certain patients 12. In our previous study, we firstly revealed that SPP1 was
a potential hub signature for predicting mCRPC development13, but the association between the
expression of SPP1 and anti-androgen treatment resistance or metastasis need to be further investigated.
Under certain physiological and pathological conditions, epithelial cells differentiate into mesenchyme,
accompanied by changes in cell morphology and related genes14, which is called epithelialmesenchymal-transition (EMT). Emerging evidence demonstrates that EMT process can promote tumor
cells invasion and metastasis by loss of cell-cell connections and cell polarity15. The characteristic
manifestations of EMT are mainly epithelial cell phenotype-specific proteins such as E-cadherin and
claudin-1 decreased, and mesenchymal cell phenotype-specific proteins such as N-cadherin and vimentin
increased. There are also explicit evidences indicating that EMT may be an important driving factor
leading to drug resistance and disease recurrence 15. With anti-androgen agent enzalutamide treatment,
PCa cells undergo EMT changes, referring to the epithelial markers reduced, and the mesenchymal
markers increased16. Despite of some findings about EMT in CRPC, the regulatory mechanism via
extracellular stimulus by which regulates EMT in CRPC progression remains to be elucidated 17,18.
In this study, we firstly integrated multiple databases, including TCGA, GEO, UALCAN and HCMDB, to
demonstrate the relationship of SPP1 expression with prognosis, survival, metastatic levels and CRPC
progression. Next, we examined the regulation of SPP1 on enzalutamide sensitivity, migration and
adhesion of PCa cells, which had been genetically modified to overexpress or deplete SPP1. Moreover, we
further explored the functional role of SPP1 in EMT activation and the underlying regulatory mechanisms.
Overall, this study aimed to identify the clinical significance and biological functions of SPP1 in CRPC
progression, and help to identify novel potential biomarkers and therapeutic strategies.

2. Results

2.1. SPP1 as an important signature in malignant CRPC
progression
SPP1 as the important extracellular matrix component was found overexpression in many kinds of
tumors, including PCa, breast cancer, colorectal cancer, lung adenocarcinoma, etc. (Fig. 1a). Tumor
mutational burden (TMB) is generally defined as the total number of somatic mutations in per million
bases (Mb). Recently, it was reported that TMB in the lethal mCRPC clinical state, which was not
controlled by androgen ablation, was significantly increased and also had a good relationship with PCa
patients’ advancing clinical state and Gleason score[18]. In PCa, we found the expression level of SPP1
mostly correlated with TMB level with P-value as 1.4e-06 (Fig. 1b). In addition, disease-free survival (DFS)
was significantly lower in patients who were highly expressed SPP1 (P-value = 0.021,HR = 2.2) (Fig. 1c).
The expression level of SPP1 in PCa was positively associated with clinical stages and lymph node
metastasis (Fig. 1d,e). In GSE32269 dataset, SPP1 expression in mCRPC group was significantly higher
than that in PCa group(Fig. 2a). HCMDB analysis showed that SPP1 expression level in bone metastasis
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was remarkably higher than that in lymph node, and posterior peritoneum metastasis (Fig. 2b,c,d), which
suggested SPP1 was associated with distant metastases. Conformably, IHC staining results also
demonstrated SPP1 was higher expressed in CRPC with bone metastasis group compared with primary
PCa tissues (Fig. 2e,f). Therefore, the expression of SPP1 has strong relationship with the progression of
CRPC.

2.2. Expression of SPP1 in different derived PCa cells
To reveal the differential expression of SPP1 in PCa cells, we detected the RNA and protein expression
level in four groups of cell lines (PC-3, DU-145, LNCaP, 22Rv1) with SPP1 negative and positive expression
cells as control groups. As shown in Fig. 3, these results demonstrated that 22Rv1 as AR-positive and
enzalutamide-resistant PCa cell line has highest RNA expression of SPP1, in contrast, SPP1 is lowest
expressed in LNCaP cell line which is AR-positive and androgen-dependent. Both DU-145 and PC-3 cell
lines are AR-negative and androgen-independent mCRPC cell lines, but SPP1 is higher expressed in DU145 at the RNA and protein level compared with PC-3. Therefore, lentivirus transfected LNCaP and PC-3
and siRNA transfected DU-145 and 22Rv1 were established to study the function of SPP1 in CRPC
development.

2.3. SPP1 knockdown enhanced the sensitivity of CRPC cell
lines to enzalutamide
To clarify the role of SPP1 in the development of enzalutamide resistance in CRPC, 22Rv1 cell line with
SPP1 knockdown was used to the effect of SPP1 on enzalutamide sensitivity. The results showed that
SPP1 knockdown significantly inhibited 22Rv1cell proliferation after enzalutamide treatment (Fig. 4a). In
addition, the rates of LNCaP cell proliferation following enzalutamide treatment were also assessed.
Compared with that of SPP1‑knockdown 22Rv1 cell treatment with enzalutamide, IC50 value has no
significant difference between SPP1‑knockdown 22Rv1 and LNCaP, which was 7.522 and 8.650,
respectively, which indicated SPP1 depleted can enhance enzalutamide sensitivity. In addition, result of
cell apoptosis analysis (Fig. 4b,c) also demonstrated that down-regulated SPP1 by siRNA could
significantly promote apoptosis rates (P < 0.001), more importantly, SPP1 knockdown remarkably
enhanced apoptosis-promoting effect of enzalutamide (P < 0.001). Therefore, knockdown of SPP1 could
induce the re‑sensitization of enzalutamide‑resistant CRPC cell line to enzalutamide.

2.4. The role of PI3K/AKT signaling in SPP1-mediated
enzalutamide resistant
In our previous study, based on single-gene GSEA results of GEO database mining, we found SPP1 could
regulate AR signaling pathway in SPP1 high-expression CRPC group13, which could be responsible for
enzalutamide resistant. PI3K/Akt pathway plays an important role in the regulation of AR expression.
Western blot results (Fig. 5) suggested that in the 22Rv1 cell line, SPP1 siRNA could repress p-PI3K and pAKT expression levels significantly. In contrast, p-PI3K and p-AKT was significantly up-regulated in SPP1
overexpressed LNCaP cell line. The results verified that the PI3K/AKT signal pathway was remarkably
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activated by SPP1. In addition, SPP1 was significantly upregulated AR expression in lentivirus transfected
LNCaP cell line. But the upregulation of AR expression is not obvious in 22Rv1 siRNA transfected group,
which suggested SPP1 knockdown leading to the re‑sensitization of enzalutamide was not due to
downregulation of AR expression.

2.5. Knockdown of SPP1 attenuated the adhesion and
migration of CRPC cells
Tumor cell adhesion to extracellular matrix proteins, for example, fibronectin is important to provide a
support for migration and metastasis. We next performed matrigel transwell assay in SPP1 depleted and
control groups (Fig. 6a) for 48 h. DU-145 and 22Rv1cells were used for this assay. Both DU-145 and
22Rv1 with SPP1 knockdown cell lines exhibited a significant decrease in adhesion on the fibronectin
layer. The effects of knocking down SPP1 on migration of 22Rv1 and DU-145 cell lines were examined by
wound closure assay. An obvious decrease in the rate of wound closure was showed in SPP1 siRNA
transfected group (Fig. 6b,c). Therefore, SPP1 knockdown significantly inhibited the migration and
adhesion abilities of DU-145 and 22Rv1 cells.

2.6. SPP1 activated EMT pathway
EMT process plays a crucial role in tumor cells invasion and migration. In addition, after long-term
treatment with enzalutamide, PCa cells undergo EMT changes, the epithelial markers in the tissue are
significantly reduced, and the mesenchymal markers are significantly up-regulated16,17. EMT acts an
important driving factor for enzalutamide treatment resistance and disease recurrence. Based on singlegene GSEA results, SPP1 could significantly regulated EMT pathway in high-expression group with Pvalue of 0.014 (Fig. 7a). To clarify the regulation of SPP1 on EMT process, we assessed the expression of
epithelial cell phenotype-specific proteins and mesenchymal cell phenotype-specific proteins in SPP1knockdown 22Rv1, SPP1- overexpression LNCaP and SPP1 overexpress or depleted PC-3 cell lines. As
showed in Fig. 8, protein expression of both vimentin and N-cadherin was obviously down-regulated in
siRNA-SPP1 22Rv1 (P < 0.01), compared with that in siRNA-NC ones. In contrast, vimentin and N-cadherin
was significantly up-regulated in lentivirus transfected PC-3, compared with that in PC3-NC ones (P <
0.01). Specially, N-cadherin is remarkably down-regulated in siRNA-SPP1 PC-3 (P < 0.01), and significantly
up-regulated in lentivirus transfected LNCaP. Moreover, E-cadherin expression was both obviously upregulated in siRNA-SPP1 22Rv1 (P < 0.01) and PC-3 cell (P < 0.01), compared with that in siRNA-NC ones.
Adversely, E-cadherin expression was both remarkably down-regulated in lentivirus transfected LNCaP (P
< 0.01) and PC-3 (P < 0.01). These results indicated that SPP1 could activate EMT pathway in PCa cells.

2.7. MAPK/ERK1/2 pathway activation associated with
SPP1-mediated EMT
MAPK/ERK pathway plays major roles in regulating tumor cell proliferation and migration. To reveal the
molecular mechanisms in EMT progression, we assessed SPP1-mediated MAPK/ERK pathway
activation. As showed in Fig. 7b, the single-gene GSEA analysis of TCGA showed that SPP1 could
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significantly regulated MAPK pathway with P-value of 0.004, and expression of MAPK1 and MAPK14 was
positively associated with that of SPP1 significantly (Fig. 7c,d). MAPK1 and MAPK14 encodes
extracellular signal-regulated kinase 2 (ERK1/2) and MAPK p38, which play important roles in the
cascades of cellular responses induced by extracellular stimuli leading to transcription factors activation
directly. We found that SPP1 overexpression significantly increased the expression levels of MAPK-p38
and ERK1/2 in the lentivirus transfected LNCaP cell, and in contrast, SPP1 knockdown significantly
decreased MAPK-p38 and ERK1/2 expression (Fig. 8).

3. Discussion
PCa is cumulatively becoming a major health threat in men world widely. Due to lack of reliable
biomarkers for predicting the malignant progression of PCa cells, there is a bottleneck in its accurate
diagnosis, prognosis and estimate of the existing therapy effectiveness. In addition, bone metastasis and
anti-androgen drug resistance are the key problems for PCa treatment, and the main cause of PCa
mortality. Therefore, it is of great importance to assess the prognostic potential of novel signatures
involved in the malignant progression of PCa and identify the metastasis and drug resistance related
biomarkers or targets. SPP1, known as a multifunctional protein, is a well-characterized ligand for the
alphavbeta3 integrin7. Integrin receptors belongs to heterodimeric transmembrane glycoproteins, which
binds to SPP1 in an RGD-dependent way regulating tumor cells adhesion, migration, proliferation and
survival19. Our computational results and previous studies suggested that SPP1 was highly expressed in
numerous cancers and its expression level correlates with the metastatic level of several tumors. But the
clinical significance and biological roles of SPP1 in tumor metastasis are still incompletely understood.
In previous study, we identified SPP1 as one of the most abundantly EMC genes in mCRPC, which was
further confirmed that SPP1 was overexpressed both at the computational and IHC levels. Computational
comparisons of different prostate samples suggested an increased expression of SPP1 in association
with the progression and prognosis of CRPC, indicating its potential value as a biomarker for CRPC
progression. IHC analysis was applied to discover the origin of SPP1 expression in primary PCa and
CRPC with bone metastasis samples. Our findings were in agreement with previous data which
suggested that SPP1 were mainly released from tumor cells, and was highest expressed in bone
metastatic site. Although SPP1 was expressed in all four PCa cell lines, SPP1 expression level is mostly
weak in LNCaP cell line. The progressively malignant CRPC cell lines of 22Rv1, DU-145 and PC-3 have a
high expression of SPP1, and especially, both RNA and protein level of SPP1 were expressed highly in
22Rv1 and DU-145 cell lines. Therefore, in the CRPC cell lines and tissues examined, SPP1 protein
appeared to be closely associated with the malignant potential, and participate in malignant
transformation leading to the pathogenesis of CRPC.
Although enzalutamide improves the overall efficacy in treating CRPC, the eventual development of
resistance is mostly inevitable20. In the cell proliferation and apoptosis, SPP1 knockdown has been
observed to inhibit proliferation of 22Rv1 and enhance apoptosis-promoting effect of enzalutamide,
which suggested SPP1 knockdown could induce the re‑sensitization of enzalutamide‑resistant CRPC cell
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line to enzalutamide. AR signaling pathway play an important role in the variability in response to
enzalutamide and anti-androgen drug resistance21. Numerous experiments indicated that the PI3K/AKT
signal pathway could regulate AR expression 22,23. In our study, p-PI3K and p-AKT expression levels
declined after SPP1 knockdown, so SPP1 siRNA could inhibit the PI3K/Akt signal pathway in PCa cells. In
addition, SPP1 overexpression could promote AR expression in LNCaP cell line, which might promote
anti-androgen drug resistance.
In our study, we also found knockdown of SPP1 could promote attenuated the adhesion and migration of
CRPC cells, down-regulate Vimentin and N-cadherin and up-regulate E-cadherin in CRPC cell lines, which
suggested that SPP1 promote metastasis in by activating EMT pathway in CRPC. In addition, SPP1
overexpression could promote EMT activation. EMT as an imperative phenotypic conversion primarily
occurs at the onset of invasion by reducing intercellular adhesion and enhancing motility. In addition,
emerging evidence revealed that abnormal activation of EMT was involved in CRPC bone metastasis24,25.
In this study, we confirmed that SPP1 promoted CRPC metastasis by activation of EMT. Several signaling
pathways, such as Erk1/2, TGF-beta, and Akt trigger EMT responses15. Emerging evidence indicates that
ERK is involved in TGF-β-mediated EMT. In addtion, ERK pathway activation induced by RAS or RAF also
engages in EMT, and ERK1/2 blockade inhibits EMT in lung cancer cells, which suggests that ERK1/2
functions as an EMT inducer26. In this study, we found SPP1 could trigger ERK1/2 signaling pathway,
which might demonstrate potential molecular mechanism of SPP1-mediated EMT progression.

4. Materials And Methods

4.1. Bioinformatics analysis of the clinical significance of
SPP1
FPKM gene expression data, somatic mutation, survival data of Pan-cancer analyzed in The Cancer
Genome Atlas (TCGA) project were downloaded from University of California Santa Cruz (UCSC) Xena
website (https://xenabrowser.net/datapages/) 27. Tumor mutational burden (TMB) was computed
according to total number of mutations referring to all non-synonymous mutations in the coding region
and mutations at splice sites28. The R package survivalROC was utilized to study the time-dependent
prognostic value of SPP1. A two‐sided log‐rank P < 0.05 was considered significance for survival
analysis. The relationship of SPP1 expression level with individual cancer stages and lymph node
metastasis status was analyzed by UALCAN database (http://ualcan.path.uab.edu/) 29, which is a portal
for the relationship among gene expression, tumor subgroup and survival analyses. SPP1 expression in
different metastatic sites was analyzed in Human Cancer Metastasis Database (HCMDB, http://hcmdb.isanger.com/)30, which is an integrated database of Gene Expression Omnibus (GEO) and TCGA designed
to reserve and process large scale expression data in tumor metastasis. GSE32269 from GEO database
totally including hormone sensitive prostate cancer and CRPC samples, were processed using the DESeq
package in R.
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4.2. Cell culture and transfections
PC-3, DU-145, LNCaP and 22Rv1 were obtained from Cell Bank of Peking Union Medical College Culture
Collection (Beijing, China). LNCaP and 22Rv1cell lines were cultured in RPMI-1640 medium with 10% fetal
bovine serum and 100 mg/mL penicillin, 100 mg/mL streptomycin were used to culture the cells. PC-3
and DU-145 cell line was cultured in F-12K Medium and Eagle's Minimum Essential Medium, respectively.
Cell culture was at 37℃ with 5% CO2-humidified atmosphere. RNA interference was applied to
knockdown SPP1 in cell lines. In our study, three different SPP1siRNAs and lentiviral vector were
synthesized by JTS scientific (Wuhan, China). All these siRNAs were transfected into PCa cell lines by
Lipofectamine 8000 based on the product manual (Invitrogen). The following siRNA sequences were
finally used: SPP1(H)-508 (Sense oligo: 5’-GAGUUGAAUGGUGCAUA-CATT-3’, Antisense oligo: 3’UGUAUGCAC CAUUCAACUCTT-5’ ). SPP1(Target sequence, NP_001035149.1) were cloned into the
lentiviral vector JLVO-CAG-GFP-Apuro. Lentiviral vector was transfected into PC-3 and LNCaP cell lines
with Polybrene, and cell lines with stable SPP1 expression were selected and amplified.

4.3. RNA isolation and qRT-PCR
Easy pure RNA Kits (TransGen Biotech, BJ, China) was applied for total RNA extraction. TransScript FirstStrand cDNA Synthesis SuperMix (TransGen Biotech, BJ, China) was used for reverse transcription
according to the manufacturer’s protocol. The mRNA expression level was acquired through cyclic
threshold method. SPP1 primers were used: SPP1 (forward: 5′-CGAGGTGATAGTGTGGTTTATGG-3′,
reverse: 3′-GCACCATTCAACTCCTCGCTTTC − 5′). PCR reactions were performed in triplicates with
following context: After an initial hot start at 95°C for 5 min, PCR amplification was conducted for 40
cycles of 95°C/10s and 60°C/30s, denaturation at 95°C/15 s, and annealing and extension at 60°C for
60s. The relative level of gene expression was detected via the cyclic threshold method.

4.4. Western blot
The protein expression levels of SPP1, Vimentin, E-cadherin, N-cadherin, MAPK p38, ERK1/2, PI3K p110α,
PI3K p85, AKT, pAKT, AR and β-actin were evaluated by Western blot. 2.5x105 cells were plated in 6-well
plates at 37˚C with 5% CO2 for 24 h, and were washed thrice in ice‑cold PBS, harvested and cell pellets
were resuspended in NP-40 lysis buffer (Beyotime, P0013F) containing protease inhibitors and subjected
to sonication. Protein concentrations were assessed using a Pierce bicinchoninic acid protein assay kit
(Beyotime, P0006.). Equal amounts of proteins (20 µg per sample) were separated by SDS‑PAGE and
transferred onto PVDF membranes. After blocked with with 5% milk in TBST, the membrane was
incubated at 4˚C overnight with the primary antibody (1:1,000). The following primary antibodies were
used: anti-SPP1 (Abcam, Cambridge, UK), anti-Vimentin (Cell Signal Tech, Danvers, USA), anti E-cadherin
(Cell Signal Tech, Danvers, USA), anti-N-cadherin (Cell Signal Tech, Danvers, USA), anti-MAPK p38(Cell
Signal Tech, Danvers, USA), anti-ERK1/2(Cell Signal Tech, Danvers, USA), anti-PI3K p110α(Cell Signal
Tech, Danvers, USA), anti-PI3K p85(Cell Signal Tech, Danvers, USA), anti-AKT(Cell Signal Tech, Danvers,
USA), phopho-AKT(Ser 473)( Cell Signal Tech, Danvers, USA), anti-AR(Cell Signal Tech, Danvers, USA) and
anti-β-actin (Proteintech, Chicago, USA). Subsequently, the membranes were washed thrice with PBS and
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incubated with horseradish peroxidase‑conjugated secondary antibodies (anti‑rabbit or anti‑mouse IgG;
1:5,000; Cell Signaling Technology, Inc.). Bands were visualized with BeyoECL Plus (Beyotime, P0018S).

4.5. Immunohistochemical staining
Immunohistochemical (IHC) staining was performed to determine the expression of SPP1 in primary PCa
and bone metastasis CRPC. The details of IHC staining procedure are similar to those described in our
previous study13. The slices were immersed in methanol with 3% hydrogen peroxide, after dewaxing in
xylene and rehydrating in ethanol, then washed in tap water, and then immersed in distilled water. The
slides were incubated with anti-SPP1 antibody (Abcam, Cambridge, UK) in PBS at a dilution of 1:400 at
4°C overnight, and then incubated with the secondary antibody.

4.6. Cell proliferation assay
Through the manufacturer’s protocol, cell proliferation test was performed by using the Celltiter-Glo assay
(Promega P/N G7570). In this assay, the luminescence value is directly proportional to the amount of ATP,
and ATP is positively related to the number of living cells, so cell viability can be obtained by detecting the
ATP content. The cell lines were transfected with siRNA SPP1 or siRNA negative control (NC), and
disposed by enzalutamide. Every 24 h, viable cells counts were detected, and both SPP1 siRNA and
siRNA-NC groups were conducted independently in triplicate.

4.7. Cell apoptosis assay
22Rv1 and its siRNA SPP1 transfected cell lines were plated in 6-well plates at 3×105/well. Four groups
were involved in this experiment: the control group disposed with DMSO, enzalutamide treatment group,
siRNA SPP1 transfected group, and SPP1 knockdown with enzalutamide treatment group. All the groups
were stained with Annexin V and PI (BD Biosciences, CA, US). Afterwards, the stained cells were examined
by flow cytometer (BD Biosciences) and data were processed by Cell Quest software. All the experiments
were carried out in triplicates.

4.8. Migration and adhesion assay
Migration ability of cells with or without SPP1 transfected was evaluated by wound healing assays.
Monolayers of PCa cell lines and their transfected cells were cultured in 24-well plates. Cell layer was
scratched with 200 µL pipette’s tip and washed several times using medium to wash dislodged cells. DU145, 22Rv1 and their transfected cell lines migrated into wound area were photographed at the 48h and
72h, respectively.
After being transfected with SPP1 siRNA or siRNA NC, the cell lines were cultured with 1% fetal bovine
serum and plated into the top chamber, cell invasion abilities was evaluated by matrigel transwell assays.
5×104 cells were added into the top chamber of a polycarbonate transwell filter chamber covered with
matrigel. After 48h, the cells in the upper of membrane were wiped off, and fixed with 4%
paraformaldehyde and stained with 0.5% crystal violet for counting the number of cell. All experiments
were carried out in triplicates.
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4.9. Statistical analysis
GraphPad Prism 8.0 (GraphPad Software, Inc., CA, USA) was applied for statistical analysis. Data are
showed as the mean ± S.E.M. Two groups were compared using Student’s t-test. P value < 0.05 was
defined as significant.

5. Conclusions
SPP1 was overexpressed in CRPC progression and it could promote PCa cells metastasis by activating
EMT, and we firstly reported that SPP1 could be as a possible target against enzalutamide resistance and
EMT in CRPC treatment, which could be regulated via the MAPK/ERK1/2 and PI3K/AKT pathways. The
exploration of the function of SPP1 siRNAs in CRPC anti-androgen resistance via particular pathways has
great significance. This study could provide crucial mechanism of CRPC metastasis and drug resistance.

Declarations

Author Contributions Statement:
X.P., and J.Z. developed ideas and drafted the manuscript. Y.Z. and Y.C. obtained funding and supported
the experiment design. X.P., J.Z. and X.H. conducted the experiments. W.Y., X.S., and T.L. collected the
clinical samples and conducted IHC experiments. X.Z., and Z.Z. acquired the data and drafted the
manuscript and revised the manuscript. All the authors participated in revise the manuscript and
approved the final version. X.P. and J.Z. contributed equally to this work.

Funding:
This research was funded by the National Key R&D Program of China, grant number (No.
2020YFC2008304); National Natural Science Foundation of PR China, grant number (No. 81973320 and
No. 81903714); Beijing Municipal Natural Science Foundation, grant number (No. 7171012 and No.
7204317); Scientific research fund of Peking University First Hospital, grant number (No.2019SF05, and
No.2019CR19).

Institutional Review Board Statement:
Not applicable.

Informed Consent Statement:
Not applicable.
Page 11/21

Data Availability Statement:
The available public datasets from GEO database (https://www.ncbi.nlm.nih.gov/gds) and TCGA project
from University of California Santa Cruz (UCSC) Xena website (https://xenabrowser.net/datapages/) were
downloaded and analyzed in this study. Gene Set Enrichment Analysis (GSEA) was performed using
GSEA 2.2.1 (http://www.broadinstitute.org/ gsea). UALCAN database (http://ualcan.path.uab.edu/) and
Human Cancer Metastasis Database (HCMDB, http://hcmdb.i-sanger.com/) were applied to investigate
the clinical significance of SPP1.

Conflicts of Interest:
The authors declare no conflict of interest. The funders had no role in the design of the study; in the
collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish
the results.

References
1. Siegel, R. L., Miller, K. D., Fuchs, H. E. & Jemal, A. Cancer Statistics, 2021. CA: A Cancer Journal for
Clinicians 71, 7-33, doi:10.3322/caac.21654 (2021).
2. Parker, C. et al. Prostate cancer: ESMO Clinical Practice Guidelines for diagnosis, treatment and
follow-up. Annals of Oncology 31, 1119-1134, doi:10.1016/j.annonc.2020.06.011 (2020).
3. Davies, A., Conteduca, V., Zoubeidi, A. & Beltran, H. Biological Evolution of Castration-resistant
Prostate Cancer. European Urology Focus 5, 147-154, doi:10.1016/j.euf.2019.01.016 (2019).
4. Tombal, B. Non-metastatic CRPC and asymptomatic metastatic CRPC: which treatment for which
patient? Annals of Oncology 23, x251-x258, doi:10.1093/annonc/mds325 (2012).
5. Wang, G., Zhao, D., Spring, D. J. & DePinho, R. A. Genetics and biology of prostate cancer. Genes Dev
32, 1105-1140, doi:10.1101/gad.315739.118 (2018).
6. Thalmann, G. N. et al. Osteopontin: possible role in prostate cancer progression. Clin Cancer Res 5,
2271-2277 (1999).
7. Pang, X. et al. Osteopontin as a multifaceted driver of bone metastasis and drug resistance.
Pharmacological Research 144, 235-244, doi:10.1016/j.phrs.2019.04.030 (2019).
8. Anborgh, P. H., Mutrie, J. C., Tuck, A. B. & Chambers, A. F. Role of the metastasis-promoting protein
osteopontin in the tumour microenvironment. J Cell Mol Med 14, 2037-2044, doi:10.1111/j.15824934.2010.01115.x (2010).
9. Cao, D.-X. et al. Osteopontin as potential biomarker and therapeutic target in gastric and liver
cancers. World J Gastroenterol 18, 3923-3930, doi:10.3748/wjg.v18.i30.3923 (2012).
10. Mirza, M. et al. Osteopontin-c is a selective marker of breast cancer. International Journal of Cancer
122, 889-897, doi:10.1002/ijc.23204 (2008).
Page 12/21

11. Hsieh, I. S. et al. Upregulation of Drug Transporter Expression by Osteopontin in Prostate Cancer
Cells. Molecular Pharmacology 83, 968-977, doi:10.1124/mol.112.082339 (2013).
12. Insua-Rodríguez, J. et al. Stress signaling in breast cancer cells induces matrix components that
promote chemoresistant metastasis. EMBO Mol Med 10, e9003, doi:10.15252/emmm.201809003
(2018).
13. Pang, X. et al. Identification of SPP1 as an Extracellular Matrix Signature for Metastatic CastrationResistant Prostate Cancer. Front Oncol 9, 924-924, doi:10.3389/fonc.2019.00924 (2019).
14. Brabletz, T., Kalluri, R., Nieto, M. A. & Weinberg, R. A. EMT in cancer. Nature Reviews Cancer 18, 128134, doi:10.1038/nrc.2017.118 (2018).
15. Dudas, J., Ladanyi, A., Ingruber, J., Steinbichler, T. B. & Riechelmann, H. Epithelial to Mesenchymal
Transition: A Mechanism that Fuels Cancer Radio/Chemoresistance. Cells 9, 428,
doi:10.3390/cells9020428 (2020).
16. Liu, Q. et al. Metformin Inhibits Prostate Cancer Progression by Targeting Tumor-Associated
Inflammatory Infiltration. Clinical Cancer Research 24, 5622-5634, doi:10.1158/1078-0432.ccr-180420 (2018).
17. Song, B. et al. Targeting FOXA1-mediated repression of TGF-β signaling suppresses castrationresistant prostate cancer progression. J Clin Invest 129, 569-582, doi:10.1172/JCI122367 (2019).
18. Zhang, Q. et al. Interleukin-17 promotes prostate cancer via MMP7-induced epithelial-tomesenchymal transition. Oncogene 36, 687-699, doi:10.1038/onc.2016.240 (2017).
19. Tanabe, N. et al. Osteopontin signals through calcium and nuclear factor of activated T cells (NFAT)
in osteoclasts: a novel RGD-dependent pathway promoting cell survival. J Biol Chem 286, 3987139881, doi:10.1074/jbc.M111.295048 (2011).
20. Scott, L. J. Enzalutamide: A Review in Castration-Resistant Prostate Cancer. Drugs 78, 1913-1924,
doi:10.1007/s40265-018-1029-9 (2018).
21. Antonarakis, E. S. et al. AR-V7 and resistance to enzalutamide and abiraterone in prostate cancer. N

Engl J Med 371, 1028-1038, doi:10.1056/NEJMoa1315815 (2014).
22. Mao, N. et al. Aberrant Expression of ERG Promotes Resistance to Combined PI3K and AR Pathway
Inhibition through Maintenance of AR Target Genes. Mol Cancer Ther 18, 1577-1586,
doi:10.1158/1535-7163.MCT-18-1386 (2019).
23. Lim, S. C. et al. Unique targeting of androgen-dependent and -independent AR signaling in prostate
cancer to overcome androgen resistance. Faseb j 34, 11511-11528, doi:10.1096/fj.201903167R
(2020).
24. Nakazawa, M. & Kyprianou, N. Epithelial-mesenchymal-transition regulators in prostate cancer:
Androgens and beyond. The Journal of Steroid Biochemistry and Molecular Biology 166, 84-90,
doi:10.1016/j.jsbmb.2016.05.007 (2017).
25. Haider, M. et al. Epithelial mesenchymal-like transition occurs in a subset of cells in castration
resistant prostate cancer bone metastases. Clin Exp Metastasis 33, 239-248, doi:10.1007/s10585015-9773-7 (2016).
Page 13/21

26. Liu, Y. et al. miR-134 functions as a tumor suppressor in cell proliferation and epithelial-tomesenchymal Transition by targeting KRAS in renal cell carcinoma cells. DNA Cell Biol 34, 429-436,
doi:10.1089/dna.2014.2629 (2015).
27. The Genotype-Tissue Expression (GTEx) project. Nat Genet 45, 580-585, doi:10.1038/ng.2653
(2013).
28. Budczies, J. et al. Optimizing panel-based tumor mutational burden (TMB) measurement. Annals of

Oncology 30, 1496-1506, doi:10.1093/annonc/mdz205 (2019).
29. Chandrashekar, D. S. et al. UALCAN: A Portal for Facilitating Tumor Subgroup Gene Expression and
Survival Analyses. Neoplasia 19, 649-658, doi:10.1016/j.neo.2017.05.002 (2017).
30. Zheng, G. et al. HCMDB: the human cancer metastasis database. Nucleic Acids Res 46, D950-D955,
doi:10.1093/nar/gkx1008 (2018).

Figures

Figure 1
High expression of SPP1 in prostate cancer and its relationship with survival, Gleason score, metastatic
levels.(a) SPP1 expression was analyzed in pan-cancer, and was found overexpressed in multiple
cancers, including PCa, breast cancer, colorectal cancer, lung adenocarcinoma, etc. (b)Tumor mutational
burden (TMB) analysis in pan-cancer. The expression level of SPP1 was mostly correlated with TMB level
with P-value as 1.4e-06 in PCa. (c) Disease-free survival (DFS) was significantly lower in patients who
Page 14/21

were high expression of SPP1. (d) SPP1 expression in PCa was positively associated with clinical stages.
(e) SPP1 expression in PCa had a good relationship with lymph node metastasis. N0: No regional lymph
node metastasis; N1: Metastases in 1 to 3 axillary lymph nodes.

Figure 2
High expression of SPP1 in CRPC with bone metastasis.(a) Comparison of SPP1 expression in mCRPC
group and PCa group in GSE32269 dataset. (b), (c) and (d) HCMDB analysis of SPP1 expression level in
bone metastasis compared in lymph nodem, and posterior peritoneum metastasis. Immunohistochemical
(IHC) staining performed to determine the expression of SPP1 in primary PCa (e) and bone metastasis
CRPC(f).
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Figure 3
Expression of SPP1 in different derived PCa cells. A. RNA expression level in four groups of cell lines (PC3, DU-145, LNCaP, 22Rv1) with SPP1 negative and positive expression cells as control groups. B. Protein
expression level in PC-3, DU-145, LNCaP, 22Rv1 with SPP1 negative (-) and positive (+) expression cells as
control groups.
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Figure 4
The effect of SPP1 knockdown on the sensitivity of CRPC cell lines to enzalutamide. (a) SPP1
knockdown significantly inhibited 22Rv1cell proliferation after enzalutamide treatment and enhanced the
enzalutamide sensitivity from IC50=14.59 to 7.522. (b) and (c) Cell apoptosis analysis demonstrated that
SPP1 knockdown could significantly promote apoptosis rates, and enhances apoptosis-promoting effect
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of enzalutamide. ( P values were computed by two-tailed unpaired Student’s t-tests, *p < 0.05, **p < 0.01,
and ***p < 0.001.)

Figure 5
PI3K/AKT signaling activated by SPP1 in PCa cell lines. In SPP1 siRNA transfected 22Rv1cell lines, pPI3K and p-AKT expression levels were decreased significantly. In contrast, p-PI3K and p-AKT was
significantly up-regulated in SPP1 overexpressed LNCaP cell line. And SPP1 overexpression was
significantly upregulated AR expression in LNCaP cell line. (P values were computed by two-tailed
unpaired Student’s t-tests, *p < 0.05, **p < 0.01, and ***p < 0.001.)
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Figure 6
The effect of SPP1 knockdown on adhesion and migration of CRPC cells. (a) matrigel transwell assay in
SPP1 depleted and control groups. DU-145 and 22Rv1 adhesion was significantly decreased in SPP1
knockdown cell lines. (b) and (c) Wound closure assay in SPP1 depleted and control groups. An obvious
decrease in the rate of wound closure was showed in SPP1 siRNA transfected group. (P values were
computed by two-tailed unpaired Student’s t-tests, *p < 0.05, **p < 0.01, and ***p < 0.001.)
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Figure 7
The single-gene GSEA of SPP1 and gene correlation analysis based on TCGA datamining. (a) and (b)
SPP1 could significantly regulated EMT and MAPK pathway in high-expression group. (c) and (d)
Expression of MAPK1 and MAPK 14 was positively associated with that of SPP1 significantly.
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Figure 8
SPP1-mediated EMT pathway and ERK1/2 pathway activation. Upregulating SPP1 promoted, while
silencing SPP1 attenuated EMT. SPP1 overexpression significantly improved the expression levels of
MAPK-p38 and ERK1/2 in the lentivirus transfected LNCaP cell, and SPP1 knockdown significantly
attenuated MAPK-p38 and ERK1/2 expression. ( P values were computed by two-tailed unpaired Student’s
t-tests, *p < 0.05, **p < 0.01, and ***p < 0.001.)
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