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Tumor-derived OBP2A promotes prostate cancer
castration resistance
Ji-Hak Jeong1,2*, Shangwei Zhong1,3*, Fuzhuo Li4, Changhao Huang1, Xueyan Chen1, Qingqing Liu3, Shoujiao Peng1, HaJeung Park5,
You Mie Lee2, Jasreman Dhillon6, and Jun-Li Luo1,3

Androgen deprivation therapy (ADT) is a systemic therapy for advanced prostate cancer (PCa); although most patients initially
respond to ADT, almost all cancers eventually develop castration-resistant PCa (CRPC). Currently, most research focuses on
castration-resistant tumors, and the role of tumors in remission is almost completely ignored. Here, we report that odorant-
binding protein (OBP2A) released from tumors in remission during ADT catches survival factors, such as CXCL15/IL8, to
promote PCa cell androgen-independent growth and enhance the infiltration of myeloid-derived suppressor cells (MDSCs) into
tumor microenvironment, leading to the emergence of castration resistance. OBP2A knockdown significantly inhibits CRPC
and metastatic CRPC development and improves therapeutic efficacy of CTLA-4/PD-1 antibodies. Treatment with
OBP2A-binding ligand α-pinene interrupts the function of OBP2A and suppresses CRPC development. Furthermore,
α-pinene–conjugated doxorubicin/docetaxel can be specifically delivered to tumors, resulting in improved anticancer
efficacy. Thus, our studies establish a novel concept for the emergence of PCa castration resistance and provide new
therapeutic strategies for advanced PCa.

Introduction
Prostate cancer (PCa) is the most common malignancy and the
second-leading cause of cancer-related mortality in men in
Western countries (Amaral et al., 2012; Karantanos et al., 2013;
Pernar et al., 2018). Androgen deprivation therapy (ADT) was
first used in 1941 and still remains the principal and backbone
treatment for patients with advanced PCa, as the majority of
patients respond to ADT with a mean remission time of 2 to 3 yr.
However, almost all cancers eventually develop castration re-
sistance (Crawford et al., 2019; Karantanos et al., 2013). Under-
standing the mechanisms that underlie the pathogenesis of
castration resistance is of paramount importance for the de-
velopment of novel therapeutic approaches for this disease.

It has been suggested that the progression of PCa to castration
resistance under ADT is a complex process that involves
outgrowth of preexisting clones of androgen-independent
(AI) cancer stem cells (Amaral et al., 2012; Karantanos et al.,
2013), adaptive activation or suppression of signaling path-
ways that help the cancer cells survive and grow, as well as the
remodeling of tumor microenvironment (TME) under an-
drogen depletion (Ammirante et al., 2010; Jeong et al., 2017; So

et al., 2005). However, current research has mostly focused
on the tumors that have already been castration-resistant
(Alibhai et al., 2006; Amaral et al., 2012; Ammirante et al.,
2010; Jeong et al., 2017; Karantanos et al., 2013; Montironi
et al., 2006); almost no attention has been paid to the role of
the substances released from tumors at the remission stage
during ADT in the emergence of PCa castration resistance.

The odorant-binding protein 2A (OBP2A) is a small extra-
cellular protein belonging to the lipocalin superfamily, which is
thought to transport small, hydrophobic, volatile molecules, or
odorants through the nasal mucus to olfactory receptors and
may also function as a scavenger of highly concentrated or toxic
odors (Tcatchoff et al., 2006). OBP2A has a hydrophobic cavity
within its beta-barrel, which facilitates the reversible binding of
small molecular odorants and the delivering of the odorants to
the olfactory receptors (Briand et al., 2002; Lacazette et al.,
2000; Pelosi, 2001). OBP2A regulates glucose and lipid metab-
olism and has been linked to hepatic steatosis and type 2 diabe-
tes (Cho et al., 2011; Sheng et al., 2011; Zhou and Rui, 2013). The
role of OBP2A in cancer is unclear. The α-pinene, the main
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component of coniferous tree oils, is a naturally occurring
OBP2A-binding ligand (Briand et al., 2002;Whitson andWhitson,
2014), which has been used as an effective bronchodilator for the
treatment of asthma (Salehi et al., 2019). It has also been reported
that α-pinene has antioxidant, antimicrobial, and anticancer ac-
tivities (Aydin et al., 2013; Zhao et al., 2018).

TME constituted of cellular and noncellular components is a
complicated and dynamic system and is an indispensable part of
tumor as a whole (Gabrilovich, 2017; Gabrilovich et al., 2012;
Zhong et al., 2020). One of the major cell components in the
TME is myeloid-derived suppressor cells (MDSCs), which are a
heterogeneous population of myeloid lineage with an immature
phenotype that expand in response to various tumor-derived
cytokines and chemokines (Gabrilovich, 2017; Gabrilovich et al.,
2012; Zhong et al., 2020). MDSCs in TME play important roles in
tumor growth, progression, and metastasis through releasing
various growth factors and affecting the interactions between
cancer cells and immune effectors (Gabrilovich, 2017; Gabrilovich
et al., 2012).

Here, we show that OBP2A is highly expressed in tumors in
remission during ADT. OBP2A secreted from cancer cells of
tumors in remission catches the survival factors, such as
CXCL15/IL8, to promote PCa cell androgen-independent growth
and to attract the infiltration of MDSCs into TME, leading to the
emergence of castration resistance. OBP2A knockdown signifi-
cantly inhibits CRPC and metastatic CRPC (mCRPC) develop-
ment, and improves the efficacy of CTLA-4 and PD-1 antibodies
for the suppression of CRPC. Treatment with α-pinene inter-
rupts the interaction of OBP2A with CXCL15/IL8 and suppresses
CRPC development. Engineered α-pinene–conjugated doxoru-
bicin (DOX) and docetaxel (DTX) are specifically delivered to
and accumulated in tumors, resulting in a much stronger anti-
cancer efficacy.

Results
OBP2A is highly expressed in and secreted from PCa cells of
tumors in remission during ADT
To investigate the mechanisms underlying the emergence of PCa
castration resistance, we employed a PCa allograft mouse model
that mimics human CRPC development (Ammirante et al., 2010;
Jeong et al., 2017; Watson et al., 2005). In this model, an an-
drogen receptor (AR)–positive and androgen-dependent mouse
PCa cell line, Myc-CaP, which was isolated from a c-Myc trans-
genic PCa mouse with PCa (Watson et al., 2005), was employed.
Myc-CaP cells can grow as tumors in immune competent FVB
male mice in an androgen-dependent manner, when host mice
are castrated, and Myc-CaP allografts shrink and later regrow
and become AR-positive CRPC (Ammirante et al., 2010; Jeong
et al., 2017; Watson et al., 2005; Fig. 1 A).

Using RNA sequencing (RNA-seq) analysis (Gene Expression
Omnibus accession no. GSE208321), we compared the gene ex-
pression spectrum among primary PCa (PPC), shrunk PCa
(S-PC), and castration-resistant PCa (CRPC) tissues, and among
purified cancer cells isolated from PPC, S-PC, and CRPC tissues
(Fig. 1 A). We analyzed the RNA-seq data and presented lists of
top 25 down-regulated genes and top 78 up-regulated genes in

S-PC cells as compared with PPC and CRPC cells using a heatmap
(Fig. S1 A). We analyzed the KEGG pathway that up- or down-
regulated in S-PC or CRPC as compared with PPC. We found that
“cytokine–cytokine receptor interaction” was the most down-
regulated in CRPC, while “systemic lupus erythematosus” was
the most up-regulated in CRPC (Fig. S1 B). “Metabolic pathway”
was the most down-regulated in S-PC, while “pathways in
cancer” was the most up-regulated in S-PC (Fig. S1 C).

Based on RNA-seq data, the expression of a group of genes
was very significantly increased in S-PC tumors, in which
OBP2A was one of the most increased gene in S-PC cells. The
expressions of OBP2AmRNA and protein are highly increased in
S-PC tumor tissues (Fig. 1, B and C; and Fig. S1 D) and in purified
tumor cells (Fig. 1, D and E). Similarly, the expression of OBP2A
was significantly increased in S-PC tumors collected from hu-
man PCa LNCaP xenograft mouse models (Fig. S1 E). To further
confirmwhether the expression of OBP2A is highly expressed in
human S-PC tumors, we analyzed the expression of OBP2A in
human PCa patient-derived xenograft (PDX) models. We found
that the expressions of OBP2A were significantly increased in
S-PC tumors in PCa PDX models (Fig. 1 F). Furthermore, we
found that the expression of OBP2A protein in prostate tumors
started to increase 4 d after castration and was undetectable by
Western blot 24 d after castration in Myc-CaP allograft mouse
models (Fig. 1 G). In addition, we compared the expression levels
of OBP2A mRNA in Myc-CaP cells cultured in normal medium
versus charcoal-treated medium at different time points, we
found that the expression level of OBP2A in Myc-CaP cells cul-
tured in charcoal-treated medium was gradually increased,
started at day 2 and peaked at day 8 (Fig. 1 H). Similarly, the
expression of OBP2A mRNA in androgen-sensitive human PCa
LNCaP and VCaP cells was also gradually increased when cul-
tured in charcoal-treated medium (Fig. S1, F and G).

OBP2A promotes CRPC development
To test the role of OBP2A in PCa development, we established
stable OBP2A knockdown (OBP2A-KD) cell lines by infecting
Myc-CaP and LNCaP cells with mouse or human OBP2A shRNA
lentivirus and selected by puromycin treatment (Fig. 2 A and
Fig. S2 A). We compared the proliferation rate between OBP2A
knockdown and control cells by 3-(4,5-dimethylthiazol-2-yl)-
2,5 diphenyl tetrazolium bromide (MTT) assay, we found that
OBP2A knockdown did not affect Myc-CaP and LNCaP cell
proliferation cultured in normal or charcoal-treated medium
(Fig. 2 B and Fig. S2 B, and C). OBP2A knockdown had no effect
on primary Myc-CaP allograft tumor development, while
significantly inhibited Myc-CaP CRPC development in FVB
male mice (Fig. 2 C and Fig. S2 D). Similarly, OBP2A knock-
down significantly inhibited LNCaP xenograft CRPC devel-
opment in Rag1−/− male mice (Fig. 2 D and Fig. S2 E).

Based on the expression pattern of OBP2A in PCa during ADT
(Fig. 1 G), wemanipulated the expression level of OBP2A inMyc-
CaP cells by infecting Myc-CaP cells with adenovirus that was
engineered to express HA-OBP2A (Fig. S2 F). The infected cells
kept the expression of HA-OBP2A for about 10 d. We found that
exogenous expression of OBP2A did not affect the proliferation
rate of Myc-CaP cells cultured in normal or charcoal-treated
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medium (Fig. 2, E and F). Furthermore, 5 × 104 Myc-CaP cells
infected with control or OBP2A expression (OBP2A-OE) adeno-
virus weremixed withmatrigel and inoculated s.c. into the flank
of 6-wk-old castrated FVB male mice. Consistently, we found
that OBP2A overexpression significantly promoted CRPC de-
velopment (Fig. 2 G and Fig. S2 G). Together, these results in-
dicate that OBP2A plays an important role in CRPC development.

OBP2A promotes mCRPC development
To investigate the role of OBP2A in mCRPC development, an
orthotopic metastatic PCa model in immune competent FVB
male mice was employed. Tumor tissues, derived from OBP2A-
KD or control Myc-CaP cells, were harvested from s.c. allograft
tumors in FVB male mice and cut into pieces of about 1 mm3. A
tumor tissue (1 mm3) was grafted into the anterior prostates of

Figure 1. The expression of OBP2A is highly increased in shrunk tumors during ADT. (A) The diagram of different time points for allograft tumor
collection and tumor cell purification in Myc-CaP castrate-resistant PCa mouse model (upper panel), and the RNA-seq or microarray analysis (lower panel) of
PPC, S-PC, and CRPC. (B) Real-time PCR analysis for OBP2AmRNA expression in PPC, S-PC, and CRPC tissues. Error bars represent mean ± SD; n = 3/group and
analyzed by Student’s t test. **, P < 0.01. (C)Western blot analysis for OBP2A protein expression in PPC, S-PC, and CRPC tissues. (D) Real-time PCR analysis
for OBP2A mRNA expression in purified cancer cells of PPC, S-PC, and CRPC. Error bars represent mean ± SD; n = 3/group and analyzed by Student’s t test. **,
P < 0.01. (E)Western blot analysis for OBP2A protein expression in purified cancer cells of PPC, S-PC, and CRPC. (F) The expression of OBP2A is significantly
increased in S-PC tumors of human PCa PDX model. qRT-PCR analysis for the expression of OBP2A in PPC, S-PC, and CRPC of human PCa PDX model. Three
cohorts of tumors from three different human PCa PDX models derived from three cases of human PCa tissues. Error bars represent mean ± SD; n = 3/group
and analyzed by Student’s t test. **, P < 0.01. (G)Western blot analysis for OBP2A protein expression in PCa tissues collected from Myc-CaP allograft mouse
model at different time points after castration. (H) Real-time PCR analysis for OBP2A mRNA expression in Myc-CaP cells collected at different time points after
cultured in charcoal-treated medium. Error bars represent mean ± SD; n = 3/group. Each panel in B–H is representative of at least two independent ex-
periments. See also Fig. S1. Source data are available for this figure: SourceData F1.
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Figure 2. OBP2A promotes CRPC and mCRPC development. (A) Real-time PCR analysis for OBP2A mRNA expression in control and OBP2A stable
knockdown (OBP2A-KD) Myc-CaP cells cultured in charcoal-treated medium. Error bars represent mean ± SD; n = 3/group and analyzed by Student’s t test. **,
P < 0.01. (B)MTT assay for the proliferation rate of control or OBP2A-KDMyc-CaP cells cultured in normal (left) or charcoal-treated (right) medium. Error bars
represent mean ± SD; n = 3/group and analyzed by Student’s t test. (C) Allograft tumor development in FVB male mice inoculated with 1 × 106 control or
OBP2A-KD Myc-CaP cells. Error bars represent mean ± SD; n = 5/group and analyzed by Student’s t test. **, P < 0.01. (D) Xenograft tumor development in
Rag1−/− male mice inoculated with 1 × 107 control or OBP2A-KD LNCaP cells. Error bars represent mean ± SD; n = 5/group and analyzed by Student’s t test. **,
P < 0.01. (E and F)MTT assay for the proliferation rate of Myc-CaP cells infected with control or OBP2A overexpression (OBP2A-OE) adenovirus in normal (E)
or charcoal-treated (F) medium. Error bars represent mean ± SD; n = 3/group and analyzed by Student’s t test. (G) Allograft tumor development in castrated
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6-wk-old FVBmale mice, and at the time of transplantationmice
were castrated. 6 wk after grafting, mice were sacrificed. We
found that control mice had many metastases in lymph nodes,
and OBP2A knockdown significantly reduced PCa metastasis
(Fig. 2 H and Fig. S2 H), suggesting that OBP2A promotes mCRPC
development.

OBP2A interacts with CXCL15/IL8 to promote PCa cell
proliferation and migration
OBP2A knockdown did not affect the proliferation of Myc-CaP
and LNCaP cells cultured in charcoal-treated medium in which
androgen and many other growth factors were stripped or re-
duced, while OBP2A knockdown significantly inhibited CRPC
development in mouse models (Fig. 2 and Fig. S2), suggesting
that OBP2A-induced CRPC development may be related to TME.
To test this hypothesis and based on the data from RNA-seq and
microarray, we screened the expression of cytokines/chemo-
kines and growth factors by real-time PCR in PPC, S-PC, and
CRPC tumor tissues as well as in purified tumor cells (Fig. S3 A).
We found that as compared with PPC tumors, the expression of
chemokine (C-X-C motif) ligand 15 (CXCL15) was very signifi-
cantly increased in S-PC tumor tissues (>200 times), and in-
creased in CRPC tumor tissues (20–40 times; Fig. 3 A and Fig. S3
A). In contrast, the expression levels of CXCL15 mRNA in
purified S-PC and CRPC tumor cells were much lower than in
S-PC and CRPC tumor tissues, although they were increased
in S-PC and CRPC tumor cells as compared with PPC tumor
cells (Fig. 3 B and Fig. S3 B). Consistently, CXCL15 protein was
highly expressed in S-PC tissues (Fig. 3 C). These results indi-
cate that stromal cells in TME rather than cancer cells are the
major source of CXCL15 in S-PC tissues. Supporting this, co-
immunofluorescence staining of CXCL15 with T cells, B cells,
and macrophages showed that macrophages were one of the
CXCL15 sources in S-PC tissues (Fig. S3 C).

Importantly, we found that OBP2A and CXCL15 could be co-
immunoprecipitated by each other in S-PC tissue lysates (Fig. 3 D).
Immunofluorescence (IF) staining showed that the expression and
co-localization of OBP2A and CXCL15 in S-PC tumors collected
fromMyc-CaP allograft mousemodels (Fig. 3 E). CXCL15 is a small
chemokine that belongs to the CXC chemokine family and is in-
creased in response to some physiological and pathological con-
ditions, such as allergic inflammation (Zhao et al., 2005). The
human homolog of CXCL15 is IL8. Three-dimensional structure
simulation and prediction supports the interaction between
OBP2A and CXCL15/IL8 of both mouse and human origin
(Fig. 3 F). Furthermore, we found that treatment with CXCL15/IL8
significantly promoted the proliferation of control cells but not
OBP2A-KDMyc-CaP (Fig. 3 G) and LNCaP (Fig. S3 D) cells cultured
in charcoal-treated medium. Transwell migration assay showed
that OBP2A-KD Myc-CaP and LNCaP cells significantly lost the

attraction in response to CXCL15/IL8 as compared with control
cells (Fig. 3 H and Fig. S3, E and F). Together, these results suggest
that OBP2A secreted from PCa cells under androgen depletion
promotes PCa cell growth and migration through interaction with
CXCL15/IL8.

OBP2A promotes the infiltration of MDSCs into S-PC tumors
MDSCs play important roles in the maintenance of the immu-
nosuppressive TME through affecting the interactions between
cancer cells and immune effectors (Gabrilovich, 2017; Gabrilovich
et al., 2012). CD11b, Gr1, and CXCR2 are the markers of MDSCs
(Bronte et al., 2016; Yang et al., 2020). We examined the ex-
pression of CD11b, Gr1, and CXCR2 in OBP2A-KD and control S-PC
tissues, and we found that the expression of CD11b, Gr1, and
CXCR2 was significantly reduced in OBP2A-KD S-PC tissues
(Fig. 4 A). Consistently, IF staining of Gr1 further showed the
significant reduction of MDSCs in OBP2A-KD S-PC tissues (Fig. 4
B). To confirm the suppressive effects of MDSCs on T cells,
MDSCs suppression assay was performed by coculturing T cells
with MDSCs isolated from S-PC tumors. We found that the sup-
pression of MDSCs on T cell proliferation was significant and
dose-dependent (Fig. 4 C). In addition, transwell migration assay
showed that knockdown of OBP2A in LNCaP cells significantly
decreased the capability of LNCaP cells to attract U937 cells when
cultured in charcoal-treated medium (Fig. S4, A and B). These
results suggest that OBP2A from PCa cells promotes the infiltra-
tion of MDSCs into S-PC tumors.

In addition, we examined whether OBP2A causes monocytes
to differentiate into MDSCs. We employed in vitro co-culture
system, in which SC cells established from human peripheral
blood mononuclear cells were co-cultured with control or
OBP2A-oe LNCaP cells in charcoal-treated medium for 7 d (Fig.
S4, C and D). The expression of CD33, which is one of the key
markers of human MDSC (Cassetta et al., 2019; Lechner et al.,
2011), was analyzed. We found that there were no significant
differences of CD33 mRNA expression in SC cells co-cultured
with control or OBP2A-oe LNCaP cells (Fig. S4 E), suggesting
that OBP2A does not cause monocytes to differentiate into
MDSCs. To examine whether OBP2A plays a key role in the
recruitment of MDSCs, SC cells were differentiated into MDSCs
through IL-6 and GM-CSF treatment for 7 d (Fig. S4 F; Lechner
et al., 2010), and then co-cultured with control or OBP2A-oe
LNCaP cells using a transwell migration chamber containing
charcoal-treated medium for 24 h (Fig. S4 G). We found that
OBP2A overexpression in LNCaP cells significantly increased
the migration of MDSCs (Fig. S4 H). We also found that OBP2A
knockdown in LNCaP cells significantly decreased the migra-
tion of MDSCs (Fig. S4, I–K). These results suggest that OBP2A
contributes to the recruitment of MDSCs but not the differ-
entiation of peripheral blood mononuclear cells into MDSCs.

FVBmale mice inoculated with Myc-CaP cells infected with 5 × 104 control or OBP2A overexpression (OBP2A-OE) adenovirus. Error bars represent mean ± SD;
n = 5/group and analyzed by Student’s t test. **, P < 0.01. (H) The comparison of the incidences of lymph node metastasis between control and OBP2A-KD
Myc-CaP tumors in an orthotopic metastatic PCa mouse model. Error bars represent mean ± SD; n = 5/group and analyzed by Student’s t test. Each panel in
A–H is representative of at least two independent experiments. See also Fig. S2.
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OBP2A knockdown enhances the anticancer efficacy of
anti–PD-1 and CTLA-4 antibodies in mouse models
The immune checkpoint inhibitors, such as the CTLA-4 and
PD-1 antibodies, have been successful in treating some types
of cancers with a high tumor mutational burden, however, they
have not worked well in PCa (Boettcher et al., 2019; Zhong

et al., 2020). We examined the expression level of PD-1, PD-L1,
CTLA-4, and CD86 in PPC, S-PC, and CRPC tissues, and found that
all of themwere significantly increased in S-PC tissues as compared
with PPC or CRPC tumors (Fig. 4 D). Importantly, treatment with
anti–PD-1 or CTLA-4 antibody had no or very mild effect on CRPC
development, while knockdown of OBP2A in cancer cells very

Figure 3. OBP2A interacts with CXCL15/IL8 to promote PCa cell proliferation and migration. (A) Real-time PCR analysis for CXCL15 mRNA expression in
PPC, S-PC, and CRPC tissues collected fromMyc-CaP allograft mouse models. Error bars represent mean ± SD; n = 3/group and analyzed by Student’s t test. **,
P < 0.01. (B) Real-time PCR analysis for CXCL15 mRNA expression in purified cells of PPC, S-PC, and CRPC. Error bars represent mean ± SD; n = 3/group and
analyzed by Student’s t test. **, P < 0.01. (C) Western blot analysis for CXCL15 protein expression in PPC, S-PC, and CRPC tissues collected from Myc-CaP
allograft mouse models. (D) Immunoprecipitation assay for the interaction between OBP2A and CXCL15. Cell lysates from S-PC tumor tissues were subjected
to co-immunoprecipitation (Co-IP) using OBP2A antibody, followed by Western blot using CXCL15 antibody (upper panel), or co-immunoprecipitation using
CXCL15 antibody, followed byWestern blot using OBP2A antibody (lower panel). (E) IF staining of OBP2A and CXCL15 in PPC, S-PC, and CRPC tissues. The scale
bars represent 100 μm. (F) 3D structure simulation of the interaction betweenmouse OBP2A and CXCL15 (left), or human OBP2A and IL8 (right). (G)MTT assay
for the proliferation rate of control and OBP2A-KD Myc-CaP cells treated with vehicle or CXCL15 (100 ng/ml) in charcoal-treated medium for 72 h. Error bars
represent mean ± SD; n = 3/group and analyzed by Student’s t test. **, P < 0.01. (H) Representative images of transwell migration assay for control and OBP2A-
KD Myc-CaP cells cultured in 1% charcoal-treated medium, and 100 ng/mLCXCL15 or vehicle was added in the lower chamber. The scale bars represent 100
μm. Each panel in A–E, G, and H is representative of at least two independent experiments. See also Fig. S3. Source data are available for this figure:
SourceData F3.
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Figure 4. OBP2A knockdown decreases the infiltration ofMDSCs in TME and enhances the anti-tumor efficacy of PD-1 and CTLA-4 antibody therapy.
(A) Real-time PCR analysis for the expression of CD11b, CXCR2, and Gr1 mRNA expression in S-PC tissues collected from control and OBP2A-KD Myc-CaP
allograft mouse models. Error bars represent mean ± SD; n = 3/group and analyzed by Student’s t test. **, P < 0.01. (B) IF analysis for the expression of Gr1
protein in S-PC tissues collected from control and OBP2A-KD Myc-CaP allograft mouse models. The scale bars represent 50 μm. (C) The MDSCs suppression
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significantly improved the efficacy of anti–PD-1 and CTLA-4
antibody for the suppression of CRPC development in Myc-CaP
allograft mouse models (Fig. 4, E and F; and Fig. S4, L and M).

The α-pinene interrupts the interaction of OBP2A with
CXCL15/IL8 and inhibits PCa cell proliferation and migration
The α-pinene is a naturally occurring OBP2A-binding ligand found
in the oils of coniferous trees, which is an alkene and contains a
reactive four-membered ring structure (Begum et al., 2013; Briand
et al., 2002; El Beyrouthy et al., 2015; Thang et al., 2014; Whitson
and Whitson, 2014). It has been reported that α-pinene has anti-
oxidant, antimicrobial, and anticancer activities (Aydin et al.,
2013). To investigate the anticancer activity of α-pinene in PCa,
OBP2A-KD, and controlMyc-CaP cells cultured in charcoal-treated
medium were treated with vehicle, CXCL15 (100 ng/ml), and/or
α-pinene (1 μg/ml) for 72 h, and the cell proliferation rate was
examined by MTT assay. We found that treatment with CXCL15
promoted the proliferation of Myc-CaP cells, while the addition of
α-pinene completely blocked CXCL15-induced cell proliferation
although treatment with α-pinene alone had minor effect on cell
viability of Myc-CaP cells (Fig. 5 A). Furthermore, neither CXCL15
nor α-pinene had effects on OBP2A-KD Myc-CaP cells (Fig. 5 A).
Similarly, treatment with IL8 promotes the proliferation of LNCaP
cells, while the addition of α-pinene significantly blocked IL8-
induced cell proliferation, and both IL8 and α-pinene had no ef-
fect on OBP2A-KD LNCaP cells (Fig. 5 B). In addition, transwell
migration assay showed that treatment with α-pinene signifi-
cantly reduced CXCL15-induced migration of Myc-CaP cells (Fig. 5
C and Fig. S5 A). These results indicate that α-pinene inhibits PCa
cell proliferation and migration by interrupting the interaction
between OBP2A and CXCL15/IL8.

Treatment with α-pinene inhibits MDSCs infiltration and CRPC
development
As OBP2A knockdown reduced the infiltration of MDSCs in S-PC
tumors (Fig. 4, A and B; and Fig. S4, A, B, F, and I–K), we asked
whether treatment with α-pinene has the similar effect. As ex-
pected, transwell migration assay showed that treatment with
α-pinene significantly decreased OBP2A-induced migration of
monocytes (Fig. 5 D and Fig. S5 B). Similarly, coculture with
LNCaP cells attracted the migration of U937 cells, treatment with
α-pinene significantly impaired this effect (Fig. S5, C and D).

Importantly, treatment with α-pinene (40 mg/kg, i.v., every
3 d) significantly suppressed CRPC development in Myc-CaP
allograft mouse models (Fig. 5 E and Fig. S5 E). Furthermore,
the expression of CD11b, CXCR2, and Gr1 was significantly de-
creased in S-PC tissues collected from mice treated with
α-pinene (Fig. 5 F). These results suggest that treatment with

α-pinene inhibits the infiltration ofMDSCs and suppresses CRPC
development. It is worth noting that there were no apparent
signs of toxicity in mice treated with α-pinene, as evidenced by
body weight and other life symptom monitoring (Fig. S5 F).

The α-pinene–conjugated DOX (DOX-PIN) accumulates in S-PC
tumors and shows stronger anticancer activity than
unconjugated controls in mouse models
As OBP2A is highly accumulated in S-PC tumors, OBP2A ligand
may function as a vehicle for drug delivery. To test this possi-
bility, we linked α-pinene to DOX to produce DOX-PIN (Fig. 6 A
and Fig. M1 in Data S1). FVB male mice with around 500 mm3

Myc-CaP allograft tumors were castrated; 7 d later, mice were
administrated i.v. with DOX or DOX-PIN (8 mg/kg), or vehicle.
2 h later, mice were sacrificed, and tumor tissue lysis were ex-
amined by ultra-high performance liquid chromatography–
tandem mass spectrometry (UHPLC-MS/MS) for the content of
DOX or DOX-PIN. We found that DOX-PIN in S-PC tissues was
high, while DOX in S-PC tissues was undetectable (Fig. 6 B). As
DOX has autofluorescence (Azarmi et al., 2006; Daga et al.,
2016), tumor frozen sections were examined by fluorescent
microscope for the red autofluorescence of DOX. We found that
tumors collected from mice treated with DOX-PIN had much
stronger red autofluorescence than DOX (Fig. 6 C).

To test the efficacy of DOX-PIN inmousemodels, FVBmalemice
with 500mm3Myc-CaP allograft tumorswere castrated and treated
with DOX or DOX-PIN (2 mg/kg, i.v., every 3 d). We found that
treatment with unconjugated DOX had no clear effect on CRPC
growth,while treatmentwithDOX-PIN significantly inhibitedMyc-
CaP CRPC development (Fig. 6 D and Fig. S5 G). Altogether, these
results suggest that the engineered DOXwith a conjugated α-pinene
is specifically delivered and accumulated in S-PC tumors, resulting
in a much stronger anticancer efficacy than non-conjugated DOX.

The α-pinene–conjugated DTX (DTX-PIN) has stronger
anticancer efficacy than non-conjugated DTX
Currently, DTX, which functions as a microtubule inhibitor, is
one of the major chemotherapies for CRPC and mCRPC, but it
only modestly improves the survival time of PCa patients
(Dayyani et al., 2011; Nader et al., 2018). We linked α-pinene to
DTX to produce DTX-PIN (Fig. 6 E and Fig. M2 in Data S1). DTX
and DTX-PIN showed similar toxicity in cancer cells in vitro. To
test the efficacy of DTX-PIN in mouse models, FVB male mice
with 500 mm3 Myc-CaP allograft tumors were castrated and
treated with DTX or DTX-PIN (10 mg/kg, i.v., every 3 d). We
found that DTX-PIN had stronger inhibitory effect than DTX on
CRPC growth and development (Fig. 6 F and Fig. S5, H and I).
These results suggest that engineered DTX with a conjugated

assay. (i) Representative CD4-gated or CD8-gated histograms of T cell proliferation assay in vitro based on the dilution of CFSE dye when T cells were
stimulated by CD3/CD28 beads and/or cocultured with MDSCs at different ratio. (ii) Percentage suppression of MDSCs derived from S-PC tumor tissues on
T cell proliferation. (D) Real-time PCR analysis for the expression of PD-1, PD-L1, CTLA-4, and CD86mRNA expression in PPC, S-PC, and CRPC tissues collected
fromMyc-CaP allograft mouse models. Error bars represent mean ± SD; n = 3/group and analyzed by Student’s t test. **, P < 0.01. (E) Growth curves of control
and OBP2A-KDMyc-CaP allograft tumors in castrated FVB mice treated with anti–PD-1 monoclonal antibody. Error bars represent mean ± SD; n = 5/group and
analyzed by Student’s t test. **, P < 0.01. (F) Growth curves of control and OBP2A-KDMyc-CaP allograft tumors in castrated FVBmice treated with anti–CTLA-4
monoclonal antibody. Error bars represent mean ± SD; n = 5/group and analyzed by Student’s t test. **, P < 0.01. Each panel in A–F is representative of at least
two independent experiments. See also Fig. S4.
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α-pinene is specifically delivered to S-PC tumors, resulting in a
much stronger anticancer efficacy than non-conjugated DTX.

Altogether, we have demonstrated that OBP2A secreted from
PCa cells of tumors in remission during ADT can catch the
survival factors, such as CXCL15/IL8, in TME to promote PCa
androgen-independent growth and to attract the infiltration of
MDSCs into tumors that results in a highly immunosuppressive
TME, which together drive the emergence of PCa castration
resistance (Fig. 7). To inhibit the emergence or delay the onset
of PCa castration resistance, the naturally occurring OBP2A-
binding ligand α-pinene can be either employed as a thera-
peutic agent that interrupts the interaction of OBP2A with
survival factors, such as CXCL15/IL8, or as a delivery vehicle
to transport conjugated therapeutic agents, such as DTX-PIN
and DOX-PIN, specifically into S-PC tumors.

Discussion
ADT was first used about 80 yr ago and still remains the prin-
cipal systemic treatment for patients with advanced PCa, as the

majority of patients initially respond to ADT with a mean re-
mission time of 2–3 yr. However, almost all cancers will even-
tually develop castration resistance (Crawford et al., 2019;
Karantanos et al., 2013). ADT induces distinctive histologic
changes in PCa cells of tumors in remission, including cyto-
plasmic clearing, nuclear and nucleolar shrinkage, and chro-
matin condensation (Bostwick et al., 2004). PCa cells of tumors
in remission are more vulnerable than CRPC cells and the mo-
lecular life line in these cells may be ideal “preemptive” targets
for the treatment of PCa castration resistance, however, tumors
in remission are under-investigated and the molecular changes
in these tumors are largely unknown. In the present study, we
show that the OBP2A that is produced and released from PCa
cells of tumors in remission during ADT drives the emergence of
PCa castration resistance. Targeting OBP2A significantly delays
the onset or emergence of PCa castration resistance.

OBP2A was firstly identified as an odorant carrier protein
and plays a critical role in olfaction. The hydrophobic cavity
within the beta-barrel of OBP2A facilitates OBP2A to catch small
molecular odorants and to deliver them to olfactory receptors

Figure 5. α-pinene suppresses MDSCs infil-
tration and CRPC development through in-
terrupting the interaction between OBP2A
and CXCL15. (A)MTT assay for the proliferation
rate of Myc-CaP cells cultured in charcoal-treated
medium and treated with vehicle, CXCL15 (100 ng/
ml), and/or α-pinene (1 μg/ml) for 72 h. Error
bars represent mean ± SD; n = 3/group and
analyzed by Student’s t test. **, P < 0.01.
(B) MTT assay for the proliferation rate of con-
trol and OBP2A-KD LNCaP cells cultured in
charcoal-treated medium and treated with vehi-
cle, IL8 (100 ng/ml), and/or α-pinene (1 μg/ml)
for 72 h. Error bars represent mean ± SD;
n = 3/group and analyzed by Student’s t test. *,
P < 0.05. (C) Representative images of transwell
migration assay for Myc-CaP cells treated with
α-pinene (1 μg/ml) or vehicle in 1% charcoal-
treated medium in the upper chamber, and
100 ng/ml CXCL15 or vehicle was added in the
lower chamber. The scale bars represent 100 μm.
(D) Representative images of transwell migration
assay for monocyte RAW264.7 cells cultured
in 1% charcoal-treated medium in the upper
chamber, and 100 ng/ml OBP2A plus α-pinene
(1 μg/ml) or vehicle was added in lower cham-
ber. The scale bars represent 100 μm. (E) Growth
curves of Myc-CaP allograft tumors in FVB
mice castrated and started the treatment with
vehicle or α-pinene (PIN, 40 mg/kg, every 3 d,
i.v.) when tumor size reached 500 mm3. Error
bars represent mean ± SD; n = 5/group and ana-
lyzed by Student’s t test. **, P < 0.01. (F) Real-time
PCR analysis for the mRNA expression of CD11b,
CXCR2, and Gr1 in S-PC tissues collected from
Myc-CaP allograft mice treated with vehicle or
α-pinene. Error bars represent mean ± SD;
n = 3/group and analyzed by Student’s t test. *,
P < 0.05; **, P < 0.01. Each panel in A–F is rep-
resentative of at least two independent experi-
ments. See also Fig. S5.
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Figure 6. DOX-PIN or DTX is specifically delivered to tumors, resulting in much strong potency than unconjugated controls. (A) The diagram for the
synthesis of DOX-PIN. (B and C)Myc-CaP allograft tumor-burdenmice were castrated; 7 d later, mice were treated with DOX (8mg/kg), DOX-PIN (8mg/kg), or
vehicle for 2 h, mice were sacrificed and tumor tissue lysis was examined by UHPLC-MS/MS analysis for the content of DOX (i, left) or DOX-PIN (ii, right; B), and
the tumor frozen sections were examined by fluorescent microscope for autofluorescence (red) of DOX (C). The scale bars represent 50 μm. (D) Growth curves
of Myc-CaP allograft tumors in FVB mice castrated and started the treatment with DOX or DOX-PIN (2 mg/kg, i.v., every 3 d) when tumor size reached
500 mm3. Error bars represent mean ± SD; n = 5/group and analyzed by Student’s t test. **, P < 0.01. (E) The diagram for the synthesis of DTX-PIN. (F) Growth
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(Briand et al., 2002; Lacazette et al., 2000; Pelosi, 2001). The role
of OBP2A in cancer is unclear. It has been reported that the
expression of OBP2A is one of the five genes (ANGPTL7, OBP2A,
SLC27A5, RP11-702B10.1, RP11-523H24.3) that can be used as a
clinical multi-dimensional signature for predicting the progno-
sis of esophageal carcinoma (Guo et al., 2016). The fusion of
OBP2A gene with its homologous gene OBP2B (OBP2A–OBP2B
fusion), which is comprised of only three mispaired reads, is
reported in PCa at the RNA level, however, the significance of
this fusion in PCa is unknown as this fusion does not encode a
fusion protein (Teles Alves et al., 2015). Our study demonstrates
that OBP2A released by PCa cells of tumors in remission during
ADT can catch the survival factors, such as CXCL15/IL8 (Araki
et al., 2007; Neveu et al., 2014; Seaton et al., 2008; Zhao et al.,
2005), to promote PCa cell androgen-independent growth and
the infiltration of MDSCs into TME, leading to the emergence of
PCa castration resistance.

OBP2A itself alone does not promote PCa cell proliferation, it
is able to catch growth factors, such as CXCL15/IL8, in TME to
promote the proliferation and mobility of PCa cells. This capa-
bility puts the role of OBP2A as unique and important in S-PC
tumors, as S-PC cells themselves are “unprepared” to produce
many survival factors and they do need OBP2A to catch these
factors released from stromal cells in TME for survival under
androgen-depletion conditions. Once they become castration-
resistant, PCa cells themselves can produce their own survival
factors and they can survive without the assistance of OBP2A.
Indeed, our study shows that the expression of OBP2A is sig-
nificantly decreased in CRPC cells as compared with S-PC cells.

MDSCs play important roles in the maintenance of the im-
munosuppressive TME through affecting the interactions be-
tween cancer cells and immune effectors, and are associated

with tumor progression, metastasis, and poor clinical prognosis
(Gabrilovich, 2017; Gabrilovich et al., 2012). MDSCs can not only
produce various cytokines/chemokines that directly promote
cancer cell proliferation and growth, but also release high levels
of immune inhibitors, such as Arginase-1 that depletes L-arginine
in TME, to suppress the anti-tumor immune function of dendritic
cells and T cells (Zhong et al., 2020). In present study, we dem-
onstrate that OBP2A knockdown decreases the infiltration of
MDSCs into S-PC tumors, and significantly enhances the efficacy
of PD-1 and CTLA-4 antibodies for the suppression of CRPC de-
velopment, suggesting that combined ADT with anti–PD-1 or
anti–CTLA-4 antibody treatment for human advanced PCa could
be improved upon by OBP2A inhibition.

In physiological conditions, CXCL15/IL8 can be produced and
secreted by many cell types, such as monocytes, endothelial
cells, and various epithelial cells. In tumors, various stromal cells
in TME, such as tumor-associated macrophages, tumor-associated
adipocytes, tumor-associated pericytes, and MDSCs, secrete
CXCL15/IL8 (Labani-Motlagh et al., 2020). Tumor cells, espe-
cially those becoming therapy-resistant, produce high level of
CXCL15/IL8; elevated systemic and tumor-associated IL8 is
associated with reduced clinical benefit of immune-checkpoint
blockade (Schalper et al., 2020; Yuen et al., 2020). It has been
reported that IL8 is related to PCa progression and androgen-
independent PCa development. However, most of the reports
focused on the role of IL8 that is expressed and/or secreted by
cancer cells particularly by androgen-independent PCa cells or
CRPC cells (Araki et al., 2007; Neveu et al., 2014; Seaton et al.,
2008). Our study has demonstrated that CXCL15/IL8 expressed
in S-PC tumors is mainly from stromal cells of TME and plays
an important role in the transformation of PCa cells from
androgen-dependent to androgen-independent state. OBP2A

curves of Myc-CaP allograft tumors in FVB mice castrated and started the treatment with DTX or DTX-PIN (10 mg/kg, i.v., every 3 d) when tumor size reached
500 mm3. Error bars represent mean ± SD; n = 5/group and analyzed by Student’s t test. **, P < 0.01. Each panel in B–D and F is representative of at least two
independent experiments. See also Fig. S5.

Figure 7. Schematic representation for the role of OBP2A and its interaction with CXCL15/IL8 in TME in driving the emergence of CRPC and mCRPC.
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released from PCa cells can catch CXCL15/IL8 in TME to attract
the infiltration of MDSCs into tumors that further increases the
sources of CXCL15/IL8 in TME (as MDSCs secrete and release
CXCL15/IL8), leading to PCa cell androgen-independent pro-
liferation and growth and consequently the development of
CRPC. During the evolution process, PCa cells gradually acquire
the capability to produce survival factors, such as CXCL15/IL8,
to adapt the new microenvironment for survival under ADT.
Therefore, once they become castration-resistant, PCa cells them-
selves are able to produce CXCL15/IL8 for survival in the
androgen-depletion environment (Lopez-Bujanda et al., 2021).

It has been reported that α-pinene has antioxidant, antimi-
crobial, and anticancer activities (Aydin et al., 2013). The anti-
cancer activities of α-pinene may be related to its regulation of
cell cycle, the antioxidation, the reduction of inflammation, and
the induction of cell apoptosis (Matsuo et al., 2011; Yousuf Dar
et al., 2012). Recently, high dose of α-pinene has been reported
inhibits PCa growth in a xenograft mouse model (Zhao et al.,
2018). In the present study, we demonstrate that treatment with
α-pinene blocks the function of OBP2A and suppresses CRPC
development in mouse models. Engineered DOX and DTX with a
conjugated α-pinene are specifically delivered to and enriched in
tumors during ADT, resulting in a much stronger anticancer
efficacy than non-conjugated controls. Our study suggests that
α-pinene itself would be a very good therapeutic agent for the
suppression of the emergence of PCa castration resistance, it also
can be used as a drug-delivery vehicle that guides and transports
its conjugated toxic drug to be delivered specifically into S-PC
tumors, which dramatically increases the potency while de-
creases the side effects of the drug.

Materials and methods
Cell culture
Myc-CaP, an androgen-sensitive PCa cell line derived from c-Myc
transgenic mouse, LNCaP, and VCaP, a human prostate carci-
noma cell lines, as well as U937 (ATCC) were cultured in RPMI-
1640 medium supplemented with 1% antibiotic-antimycotic and
10% FBS; RAW 264.7 cells (ATCC) were cultured in DMEM/high
glucose medium with 10% FBS and incubated at 37°C in a hu-
midified atmosphere containing 5% CO2; and SC cells (ATCC)
were cultured in Iscove’s modified Dulbecco’s medium
supplemented with 0.05 mM 2-mercaptoethanol, 0.1 mM
hypoxanthine, and 0.016 mM thymidine with 10% FBS and
incubated at 37°C in a humidified atmosphere containing 5%
CO2. Charcoal-stripped FBS was obtained from Sigma. Phenol
red–free RPMI-1640 medium was purchased from Hyclone.

RNA-seq analysis
Total RNA was prepared with RNeasy Mini kit (QIAGEN) and
quantified using the Qubit 2.0 Fluorometer (Invitrogen) and
evaluated on the Agilent 2100 Bioanalyzer RNA nano chip
(Agilent Technologies). All RNA samples were excellent quality
with RNA Integrity Number >8.0. The DNase-treated Total RNA
(300 ng input) was depleted of ribosomal RNA using probes
provided by the NEBNext rRNA depletion module (#E6310L;
NEB) according to manufacturer recommendations. The library

preparation from the rRNA-depleted RNA was conducted
according to NEBNextUltra II Directional RNA kit (#E7760;
NEB) guidelines. The final libraries were validated on the
bioanalyzer DNA chips, normalized to 2 nM, pooled equally
and loaded onto the NextSeq 500 v2.5 flow cell at 1.8 pM final
concentration and sequenced using 2 × 80 bp paired-end
chemistry. On average, 20–25 million reads pass filter
(base quality score >Q30 suggesting less than one error in
1,000 bp) are generated per sample. The RNA-seq data was
deposited in the Gene Expression Omnibus under accession
no. GSE208321.

RNA isolation and real-time PCR
RNA was prepared with RNase Mini kit (QIAGEN), and cDNA
was synthesized using cDNA Synthesis Kits (Thermo Fisher
Scientific). Quantitative real-time PCR (qRT-PCR) was per-
formed using EvaGreen (Solis BioDyne) in the IQ5 BioRad
thermocycler. The mRNA data were normalized for the amount
of GAPDH using the 2−ΔΔCt method. The data are presented as
relative expression with the control set to 1. The data are pre-
sented as mean ± SD. Oligonucleotides used for qRT-PCR are
shown in Table S1.

Western blot analysis
Cell or tissue lysates were separated by SDS-PAGE and trans-
ferred to polyvinylidene difluoride (PVDF) membranes. Im-
munostaining was done using antibodies specific for OBP2A
(Lipocalin-13; R&D Systems), CXCL15 (WECHE, Santa Cruz
Biotechnology), HA-tag (Cell Signaling Technology), and
β-actin (Santa Cruz Biotechnology). Chemoluminescence de-
tection was performed using the Pierce ECL Western Blotting
Substrate (Thermo Fisher Scientific).

Immunohistochemistry (IHC)
The paraffin-embedded mouse prostate tumor tissue sections
were stained with antibody against OBP2A (Lipocalin-13, R&D
Systems). For the procedure of IHC, briefly, 5-μm-thick paraffin-
embedded tissue sections were treated with an antigen retrieval
solution (Sigma-Aldrich) and stained using VECTASTAIN ABC-
HRP Kit (Vector Laboratories) according to the manufacturer’s
protocol. The tissue sections were incubated with the primary
antibodies (1:1,000 dilution) in 10% blocking serum overnight at
4°C then incubated with biotinylated secondary antibody (1:500
dilution), followed by avidin-biotin peroxidase complex. Finally,
tissue sections were stained with 3,39-diaminobenzidine and
counterstained with hematoxylin.

Transduction
Myc-CaP cells were transduced the lentiviral stocks using
ViraDuctin Lentivirus Transduction Kit (Cell Biolabs) to stably
express control shRNA (Sigma-Aldrich), and OBP2A shRNA
Sigma-Aldrich), cultured in RPMI-1640 media supplemented
with 10% FBS and puromycin (10 µg/ml).

Cell proliferation assay
Cell proliferationwasmeasured using CellTiter 96 Non-Radioactive
Cell Proliferation Assay kit (Promega) according to the
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manufacturer’s instructions. Briefly, after the cells cultured to
different time points, the Dye Solution was added into the 96-
well plates. The plates containing Dye Solution were incubated
at 37°C cell culture incubator for 4 h. The Solubilization Solu-
tion/Stop Mix was added to the culture plates, and the plates
were measured at 570 nm with reference wavelength of 630
nm using a 96-well plate reader.

Adenovirus transduction
Cells were transduced with GFP adenovirus or OBP2A-HA ade-
novirus from Applied Biological Materials Inc. at multiplicities
of infection of 100 for 24 h in Gibco Opti-MEM Optimem media
(Thermo Fisher Scientific), and then the media were replaced
with RPMI-1640 media supplemented with 10% FBS. At 72 h
after transduction, the transduction efficiency was confirmed by
Western blot analysis, and these cells were used as temporary
transduced cells.

Immunofluorescence (IF)
The paraffin-embedded mouse prostate tumor tissue sections
were stained with antibody against OBP2A (Lipocalin-13; R&D
Systems), CXCL15 (WECHE; Santa Cruz Biotechnology), CD3 (BD
Biosciences), CD19 (BD Biosciences), F4/80 (Invitrogen), and Gr1
(Cell Signaling Technology). For the procedure of IF, briefly, 5-
μm-thick paraffin-embedded tissue sections were treated with
an antigen retrieval solution (Sigma-Aldrich). The tissue sec-
tions were incubated with the primary antibodies (1:1,000 di-
lution) in 10% blocking serum overnight at 4°C. Anti-Sheep IgG
H&L (Alexa Fluor 594), Anti-Goat IgG H&L (Alexa Fluor 594),
Anti-Rat IgG H&L (Fluorescein [FITC]) or Anti-Rabbit IgG H&L
(Fluorescein [FITC]) secondary antibodies (Jackson Immuno-
Research Laboratories) were applied for 30 min at 37°C after
washing thrice with PBS. DAPI was applied for 5 min at room
temperature, and images were captured by a fluorescence
microscope.

Immunoprecipitation
Shrunk prostate mouse tumor tissue lysates were incubated
with the anti-OBP2A, anti-CXCL15, or control IgG antibodies
followed by the addition of Protein A/G PLUS-Agarose beads
(Santa Cruz Biotechnology) overnight at 4°C. Beads werewashed
three times with stringent buffer, and subsequently subjected to
SDS-PAGE and transferred to PVDF membranes. Immunoblot-
ting was performed with the indicated antibodies.

Transwell migration assay
Transwell inserts (#10464995 Greiner Bio-One ThinCert CellCoat;
Thermo Fisher Scientific) coated with growth factor–reduced
(GFR) Matrigel (BD Biosciences) were used for measurement of
cell migration. Cells (1 × 103) were grown in phenol red–free
RPMI-1640 media supplemented with 1% charcoal-stripped FBS
in the upper side of the insert. The lower well was filled with
phenol red–free RPMI-1640 media supplemented with 1%
charcoal-stripped FBS and CXCL15 or IL8 (100 ng/ml; Huang
et al., 2020). In addition, OBP2A overexpressed or knocked-
down LNCaP cells were seeded in the lower chamber filled
with phenol red–free RPMI-1640 medium supplemented with

1% charcoal-stripped FBS. Cells were incubated at 37°C in a
humidified atmosphere containing 5% CO2 for 48 h. Cells and
Matrigel remnants located on the upper-insert membrane
were removed, and invading cells from the lower side were
fixed, stained, and analyzed according to the manufacturer’s
instructions.

In vitro suppression assays
MDSCs cells were isolated from S-PC tumor tissues of Myc-CaP
allograft mouse models using EasySep Mouse MDSC Isolation
Kit (StemCell Technologies) according to the manufacturer’s
instructions. Splenocytes containing CD8+ or CD4+ T cells de-
rived from FVB mice were stained with 2.5 µM CFSE (AbMole)
and seeded on a 24-well plate at 8 × 105 cells/well. MDSCs at
different ratio were co-cultured with CFSE-labeled and CD3/
CD28 beads activated T cells. 5 d later, the proliferation of T cell
(CD8+CFSE+ or CD4+CFSE+) was measured by flow cytometry
based on the dilution of CFSE.

Animal models
FVB mice were obtained from The Jackson Laboratory and main-
tained under specific pathogen–free conditionswith phytoestrogen-
free food and water ad libitum. Myc-CaP cells (1 × 106) in 50 μl
sterile PBS were mixed with 50 μl GFR Matrigel (BD Bio-
sciences), and the mixture was inoculated s.c. in the flanks of
FVB mice. FVB male mice (6-wk-old) were used for castration
model as described previously (Jeong et al., 2017). To obtain PPC
cells, mice were euthanized when tumors reached a volume of
500 mm3. Tumors were collected and tumor cells were isolated
and purified using ACCUMAX (Innovative Cell Technologies)
according to the manufacturer’s instructions. To obtain S-PC
cells, male mice with primary prostate tumor size of about
500 mm3 were anesthetized and castrated as described previ-
ously (Jeong et al., 2017). After 7–10 d of castration, the mice
were euthanized. Tumors were collected and tumor cells were
isolated and purified using the same experimental procedure as
for PPC cells. To obtain castration-resistant PCa cells (CRPC
cells), male mice with primary prostate tumor size of about
500 mm3 were anesthetized and castrated as described previ-
ously (Jeong et al., 2017). When tumors recurred and reached a
volume of 500 mm3 after castration, the mice were euthanized.
Tumors were collected and tumor cells were isolated and pu-
rified using the same experimental procedure as for PPC cells.
An orthotopic prostate tumor mouse model was used to de-
termine intraprostate tumorigenicity. Subcutaneous tumors
were harvested when they reached a volume of 500 mm3 and
were cut into pieces under aseptic conditions. After washing
with PBS, the tumors were cut into cubes 1 mm3 in size. One
piece was then implanted on prostate tissue, between seminal
vesicles, of each mouse. We monitored the living conditions of
the mice daily. After 6 wk, the mice were euthanized and ob-
served metastatic nodules in several tissues including liver,
kidney, and lymph nodes. To evaluate the metastases, the lymph
nodes and other distant organs, including liver, lung, stomach, in-
testine, kidney, and spleen, was examined under dissecting micro-
scope. The distant organswere collected and fixedwith 10% formalin.
The fixed samples were then embedded in paraffin, and five non-
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sequential serial sections were obtained per sample. The sections
were stainedwithH&E and examined for the presence ofmetastases.

The castration-resistant PCa model was employed to assess
the anti-cancer effect of newly synthesized compounds includ-
ing DOX-PIN or DTX-PIN. Briefly, Myc-CaP cells (1 × 106) in
50 μl sterile PBS were mixed with 50 μl GFR Matrigel (BD Bi-
osciences), and the mixture was inoculated s.c. in the flanks of
FVB male mice (6-wk-old). The mice were castrated when tu-
mors reached a volume of 500 mm3. Before injection, DOX or
DOX-PIN was diluted into 0.2 mg/ml with sterile H2O. Then
DOX or DOX-PIN were administered i.v. (2 mg/kg, 200 μl/
mouse) by tail injection with syringe (EXELINT) every 3 d.
Control mice were administered i.v. with same volume of ve-
hicle. The treatment of PIN, DTX, or DTX-PINwas similar to that
of DOX. Vehicle, anti–PD-1 mAb (10 mg/kg), or anti–CTLA-4
(10 mg/kg) was administered i.p. every 4 d, four times. Tumor
volumewas estimated by the formula volume = (l × w2)/2, where
l stands for length and w stands for width.

For human PCa xenegraft mouse model, control and OBP2A
knockdown (OBP2A-KD) LNCaP were inoculated into male
Rag1−/− mice with subcutaneous slow-release 5-α-dihydrotes-
tosterone pellet to generate androgen-dependent primary tu-
mor. The mice were castrated and the testosterone pellet was
removed when the tumor size was about 500 mm3, then the
tumor shrank to generate shrinking PCa and further regrew into
castration-resistant tumors.

The PCa PDX models were established by implantation of the
biopsy tissues of human PCa (AR-positive) into the sub-renal
capsule of NOD-SCID male mice supplemented with testoster-
one. The tumor fragments from the first generation (F0) PDX
tumors were transplanted s.c. into NOD-SCID male mice supple-
mented with testosterone to generate F1 PDX tumors. To examine
whether OBP2A is increased in S-PC tumors in PDX models, a
tumor tissue (2 mm3) from F1 PDX tumors was grafted s.c. into
right flank of 6-wk-old male NOD-SCID mice supplemented with
testosterone (pellet, 10 mg/mouse). PDXs generated from three
different human advanced PCa were used in the experiments.

The mouse experimental protocols were approved by the
Scripps Florida Institutional Animal Care and Use Committee
and followed the guidelines of the National Institute of Health.

UHPLC-MS/MS analysis
AnAgilent 1260 HPLC system coupled with a 6230 time-of-flight
liquid chromatography/mass spectrometry (LC/MS; Agilent
Technologies) was used to analyze DOX or DOX-PIN. HPLC
separation was performed with an Agilent Poroshell 120 EC-C18
column (50 × 4.6 mm I.D., 2.7 μm particle size; Agilent Tech-
nologies). Myc-CaP cells were inoculated s.c. in the flanks of 6-
wk-old FVB mice, and the mice were castrated when tumors
reached a volume of 500 mm3. 7 d later, mice were i.v. treated
with vehicle, DOX (8 mg/kg), or DOX-PIN (8 mg/kg) for 2 h,
mice were sacrificed, and tumor tissues were collected. Tissue
extracts were prepared by adding Tris-HCl buffer 50mMpH 7.3,
then were homogenized and sonicated in an ice bath for 10 min.
To precipitate proteins, the mixture was added one volume of
methanol, and then was centrifugated at 13,000 rpm at 4°C. The
supernatant was used for UHPLC-MS/MS analysis. For DOX or

DOX-PIN analysis, an optimized gradient elution for HPLC
separation was used: 0–18 min, 5.0% B–100% B; 18–25 min, 100%
B; where solvent A and solvent B were an aqueous solution of
0.1% HCOOH and 100% ACN, respectively. The flow rate was
0.4 ml/min. A negative ion mode and multiple reaction moni-
toring mode were adopted: m/z 542 for DOX and m/z 689 for
DOX-PIN. The injection volume was 10 μl for each sample. The
analysis of each sample was repeated at least three times.

Synthesis of compounds
Unless otherwise noted, all chemicals and reagents for chemical
reactions were purchased at the highest commercial quality and
used without further purification. Reactions were monitored by
thin layer chromatography and LC/MS. Thin layer chromatogra-
phy was performedwith 0.25 mmE.Merck silica plates (60F-254)
using short-wave UV light as the visualizing agent, KMnO4, ce-
rium ammoniummolybdate, or phosphomolybdic acid and heat as
developing agents. LC/MS was performed with Agilent 1260 In-
finity System equipped with Poroshell 120 EC-C18 column (3.0 ×
50 mm, 2.7 μm). Nuclear magnetic resonance (NMR) spectrums
were recorded on a Bruker AVANCEAV400 (400 and 101MHz) or
Bruker AVANCE AV600 (600 and 151 MHz). Optical rotations
were measured on Autopol IV polarimeter (Rudolph Research
Analytical). The detail of the synthesis can be found in Data S1.

Quantification and statistical analysis
Differences between groups were examined for statistical sig-
nificance using Student’s t test. All P values are two-tailed, and
P < 0.05 was considered statistically significant (*, P < 0.05; **,
P < 0.01).

Online supplemental material
Fig. S1 shows the highly increased expression of OBP2A in S-PC
during ADT. Fig. S2 shows the promotive role of OBP2A in the
emergence of CRPC. Fig. S3 shows that OBP2A catches CXCL15/
IL8 in TME to promote PCa cell androgen-independent growth
and migration. Fig. S4 shows that OBP2A knockdown in PCa
cells impairs the attraction to monocytes. Fig. S5 shows that the
treatment with α-pinene impairs the attraction of cancer cells to
monocytes. Table S1 contains the oligonucleotides used for qRT-
PCR analysis. Data S1 shows synthesis details.
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Figure S1. The expression of OBP2A is highly increased in S-PC. Related to Fig. 1. (A) Heatmap of differentially expressed genes in S-PC cells as compared
with PPC and CRPC cells. Arrow indicates OBP2A gene. (B and C) KEGG pathway analysis of genes with differentially expressed in PPC vs. CRPC (B) and PPC vs.
S-PC (C). The x axis displays the percentage of differentially expressed genes; the y axis indicates name of the pathway in the KEGG database. (D) IHC analysis
for OBP2A protein expression in paraffin-embedded tissue sections of PPC, S-PC, and CRPC collected from Myc-CaP allograft mouse (FVB) models. The scale
bars represent 50 μm. (E) Western blot analysis of OBP2A protein expression in PPC, S-PC, and CRPC tissues collected from human PCa LNCaP xenograft
mouse (Rag1−/−) models. (F and G) Real-time PCR analysis for OBP2A mRNA expression in LNCaP (F) and VCaP (G) cells cultured in charcoal-treated medium at
different time points. Error bars represent mean ± SD; n = 3/group. Each panel in D–G is representative of at least two independent experiments. Source data
are available for this figure: SourceData FS1.
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Figure S2. OBP2A promotes the emergence of CRPC. Related to Fig. 2. (A) Real-time PCR analysis for OBP2A mRNA expression in control and OBP2A-KD
LNCaP cells cultured in charcoal-treated medium. Error bars represent mean ± SD; n = 3/group. (B and C) MTT assay for the proliferation rate of control or
OBP2A-KD LNCaP cells cultured in normal (B) or charcoal-treated (C) medium. Error bars represent mean ± SD; n = 3/group and analyzed by Student’s t test.
(D) Related to Fig. 2 C. The graphs containing all individual tumors of allograft tumor development in FVB male mice inoculated with control (left), OBP2A-KD
#1 (middle), and OBP2A-KD #2 (right) Myc-CaP cells. n = 5/group. (E) Related to Fig. 2 D. The graphs containing all individual tumors of xenograft tumor
development in Rag1−/−male mice inoculated with control (left) and OBP2A-KD (right) LNCaP cells. n = 5/group. (F)Western blot analysis for the expression of
exogenous HA-OBP2A in OBP2A-OE Myc-CaP cells. (G) Related to Fig. 2 G. The graphs containing all individual tumors of allograft tumor development in
castrated FVB mice inoculated with control (left) and OBP2A-OE (right) Myc-CaP cells. n = 5/group. (H) A representative anatomical picture showing lymph
node metastases in Myc-CaP orthotopic metastatic PCa model. The scale bars represent 0.5 cm. Each panel in A–H is representative of at least two inde-
pendent experiments. Source data are available for this figure: SourceData FS2.
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Figure S3. OBP2A catches CXCL15/IL8 in TME to promote cancer cell proliferation and migration. Related to Fig. 3. (A) Real-time PCR analysis for the
mRNA expression of indicated genes in PPC, S-PC, and CRPC tissues. (B) The comparison of CXCL15 mRNA expression in purified PCa cells and PCa tissues
collected fromMyc-CaP allograft mouse models. Error bars represent mean ± SD; n = 3/group and analyzed by Student’s t test. **, P < 0.01. (C) Representative
images of IF staining of CXCL15, CD3, CD19, and F4/80 in paraffin-embedded tissue sections of S-PC collected fromMyc-CaP allograft mouse models. The scale
bars represent 50 μm. (D)MTT assay for the proliferation rate of control and OBP2A-KD LNCaP cells cultured in charcoal-treated medium and treated with IL8
(100 ng/ml) or vehicle for 72 h. Error bars represent mean ± SD; n = 3/group and analyzed by Student’s t test. *, P < 0.05. (E) Schematic illustration of transwell
migration analysis for control and OBP2A-KD Myc-CaP or LNCaP cells in response to CXCl15/IL8 (100 ng/ml) added in the lower chamber. (F) Representative
images of transwell migration assay for control and OBP2A-KD LNCaP cells cultured in 1% charcoal-treated medium, and IL8 (100 ng/ml) or vehicle was added
in the lower chamber. The scale bars represent 100 μm. Each panel in B–F is representative of at least two independent experiments.
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Figure S4. OBP2A knockdown in cancer cells impairs the attraction to monocytes. Related to Fig. 4. (A) Schematic illustration of transwell migration
analysis for U937 cells in response to control and OBP2A-KD LNCaP cells cultured in the lower chamber containing 1% charcoal-treated FBS. (B) Representative
images of transwell migration assay for U937 cells in response to control and OBP2A-KD LNCaP cells cultured in the lower chamber containing 1% charcoal-
treated FBS. The scale bars represent 100 μm. (C) Western blot analysis for OBP2A expression in LNCaP cells transfected with control vector (control) or
OBP2A expression (OBP2A-oe) plasmid for 48 h. (D) Schematic illustration of co-culture system for SC cells in response to control or OBP2A-oe LNCaP cells
cultured in the upper chamber containing 10% charcoal-treated FBS. (E) qRT-PCR analysis for the expression of CD33 in SC cells from D. Error bars represent
mean ± SD; n = 3/group and analyzed by Student’s t test. (F) qRT-PCR analysis for the expression of CD33 in SC cells cultured with IL6 (10 ng/ml) and GM-CSF
(10 ng/ml) for 7 d. Error bars represent mean ± SD; n = 3/group and analyzed by Student’s t test. **, P < 0.01. (G) Schematic illustration of transwell migration
analysis for MDSCs in response to control or OBP2A-oe LNCaP cells cultured in the lower chamber containing 1% charcoal-treated FBS. (H) Representative
images (left) and migrated cells analysis (right) of transwell migration assay for MDSCs from G. The scale bars represent 100 μm. Error bars represent mean ±
SD; n = 3/group and analyzed by Student’s t test. **, P < 0.01. (I) qRT-PCR analysis for the expression of OBP2A in LNCaP cells transfected with scrambled
(Con-si) or OBP2A siRNA (OBP2A-si) for 48 h. Error bars represent mean ± SD; n = 3/group and analyzed by Student’s t test. **, P < 0.01. (J) Schematic
illustration of transwell migration analysis for MDSCs in response to scrambled (Con-si) or OBP2A siRNA (OBP2A-si) LNCaP cells cultured in the lower chamber
containing 1% charcoal-treated FBS. (K) Representative images (left) and migrated cells analysis (right) of transwell migration assay for MDSCs from J. The
scale bars represent 100 μm. Error bars represent mean ± SD; n = 3/group and analyzed by Student’s t test. **, P < 0.01. (L) Related to Fig. 4 E. The graphs
containing all individual tumors of allograft tumor development. Control Myc-CaP allograft tumors in castrated FVB mice treated with cIg (first panel, from the
left), control Myc-CaP allograft tumors in castrated FVBmice treated with anti–PD-1 monoclonal antibody (second panel), OBP2A-KDMyc-caP allograft tumors
in castrated FVB mice treated with cIg (third panel), and OBP2A-KD Myc-caP allograft tumors in castrated FVB mice treated with anti–PD-1 monoclonal
antibody (fourth panel). n = 5/group. (M) Related to Fig. 4 F. The graphs containing all individual tumors of allograft tumor development. Control Myc-CaP
allograft tumors in castrated FVB mice treated with cIg (first panel, from the left), control Myc-CaP allograft tumors in castrated FVB mice treated with
anti–CTLA-4 monoclonal antibody (second panel), OBP2A-KD Myc-caP allograft tumors in castrated FVB mice treated with cIg (third panel), and OBP2A-KD
Myc-caP allograft tumors in castrated FVB mice treated with anti–CTLA-4 monoclonal antibody (fourth panel). n = 5/group. Each panel in A–M is repre-
sentative of at least two independent experiments. Source data are available for this figure: SourceData FS4.
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Provided online are Data S1 and Table S1. Data S1 shows the compound synthesis details. Table S1 lists oligonucleotides used for
qRT-PCR analysis used in the study.

Figure S5. Treatment with α-pinene impairs the attraction of cancer cells to monocytes. Related to Figs. 5 and 6. (A) Schematic illustration of transwell
migration analysis for Myc-CaP cells, treated with α-pinene (1 μg/ml) or vehicle in 1% charcoal-treated medium in the upper chamber, in response to 100 ng/ml
CXCL15 or vehicle added in the lower chamber. (B) Schematic illustration of transwell migration analysis for monocyte RAW264.7 cells in response to OBP2A
plus α-pinene or vehicle added in the lower chamber. (C) Schematic illustration of transwell migration analysis for U937 cells in response to LNCaP cells
cultured in the lower chamber containing 1% charcoal-treated FBS plus 1 μg/ml α-pinene or vehicle. (D) Representative images of transwell migration assay for
U937 cells in response to LNCaP cells cultured in the lower chamber containing 1% charcoal-treated FBS plus 1 μg/ml α-pinene or vehicle. The scale bars
represent 100 μm. (E) Related to Fig. 5 E. The graphs containing all individual tumors of Myc-CaP allograft tumor development in castrated FVB mice treated
with vehicle (left) or α-pinene (right). n = 5/group. (F) The body weight (BW) curve of mice treated with α-pinene or vehicle, related to Fig. 5 E. n = 5/group.
(G) Related to Fig. 6 D. The graphs containing all individual tumors of Myc-CaP allograft tumor development in castrated FVBmice treated with vehicle (left),
Dox (middle), or DOX-PIN (right). n = 5/group. (H) Myc-CaP cells were inoculated in the right flank of FVB male mice; when tumor size reached 500 mm3,
mice were castrated and treated with vehicle or α-pinene (PIN, 0.54 mg/kg), i.v., every 3 d. Tumor development in mice was monitored and measured every
3 d. n = 5/group. (I) Related to Fig. 6 F. The graphs containing all individual tumors of Myc-CaP allograft tumor development in castrated FVB mice treated
with vehicle (left), DTX (middle), or DTX-PIN (right). n = 5/group. Each panel in A–I is representative of at least two independent experiments.
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