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Reformation of the chondroitin sulfate
glycocalyx enables progression of
AR-independent prostate cancer

Nader Al-Nakouzi 1,2 , Chris Kedong Wang1,2,9, Htoo Zarni Oo1,2,9,
IrinaNelepcu 1,2, NadaLallous1,2, CharlotteB. Spliid3,4, NastaranKhazamipour1,2,
Joey Lo1,2, Sarah Truong1,2, Colin Collins1,2, Desmond Hui2,
Shaghayegh Esfandnia2, Hans Adomat2, Thomas Mandel Clausen3,4,
Tobias Gustavsson3,5, Swati Choudhary3,5, Robert Dagil 3,5, Eva Corey 6,
YuzhuoWang1,2, Anne Chauchereau7, Ladan Fazli1,2, Jeffrey D. Esko4, Ali Salanti3,
Peter S. Nelson6,8, Martin E. Gleave1,2 & Mads Daugaard 1,2

Lineage plasticity of prostate cancer is associated with resistance to androgen
receptor (AR) pathway inhibition (ARPI) and supported by a reactive tumor
microenvironment. Here we show that changes in chondroitin sulfate (CS), a
major glycosaminoglycan component of the tumor cell glycocalyx and extra-
cellular matrix, is AR-regulated and promotes the adaptive progression of
castration-resistant prostate cancer (CRPC) after ARPI. AR directly represses
transcription of the 4-O-sulfotransferase gene CHST11 under basal androgen
conditions, maintaining steady-state CS in prostate adenocarcinomas. When
AR signaling is inhibited by ARPI or lost during progression to non-AR-driven
CRPC as a consequence of lineage plasticity, CHST11 expression is unleashed,
leading to elevated 4-O-sulfated chondroitin levels. Inhibition of the tumor cell
CS glycocalyx delays CRPC progression, and impairs growth and motility of
prostate cancer after ARPI. Thus, a reactive CS glycocalyx supports adaptive
survival and treatment resistance after ARPI, representing a therapeutic
opportunity in patients with advanced prostate cancer.

Prostate cancer (PC) is a hormone-dependent disease driven by
androgens. Androgen activates a nuclear receptor called the androgen
receptor (AR) that controlsgene expression via binding toAR response
elements (AREs), distributed throughout the genome1. Depending on
themolecular context and the localization of the AREs, AR can act as a
transcriptional enhancer or repressor2,3. AR is essential for prostate

adenocarcinoma cell viability and proliferation and androgen-
deprivation therapy (ADT) is therefore used as a first-line treatment
to control tumor growth4,5. While ADT is usually initially effective,
prostate cancer is characterized by the predictable emergence of
resistance and progression towards castration-resistant prostate can-
cer (CRPC)6. This clinical scenario has prompted development of
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second-line AR signaling inhibitors, such as enzalutamide and abir-
aterone, that have extended overall survival of CRPC patients7–10, and
are now approved in combination with ADT in first-line metastatic
prostate cancer11–14. Many studies indicate that androgen-receptor
pathway inhibition (ARPI) induces a cascade of changes in DNA
structure, gene expression, and selective translation of proteins that
regulate signaling networks to provide survival of sub-populations of
prostate cancer cells15. Certain prostate cancer subtypes with loss of
p53, RB, BRCA, or PTEN are Darwinian fit and better primed to survive,
adapt, and progress after ARPI. Under the selective pressures of ARPI,
genomic alterations are being selected that most commonly support
reactivation ofAR signaling15,16. However, about 20%ofCRPCmanifests
stem and developmental pathways that are activated to support
emergence of alternate lineage phenotypes adapted to progress in
absence of AR activity17. Therefore, identification of survival mechan-
isms facilitating adaptation of prostate cancer to an AR-indifferent
state is an emerging need to prolong responses to ARPI.

The glycocalyx is a pericellular matrix of multifunctional glyco-
proteins and glycosaminoglycans (GAG) coating all living cells. The
tumor cell glycocalyx is often bulkier than that of normal cells and is
thought to facilitate cell–cell biochemical communication and struc-
tural support in the tumor18–24. Alterations in expression and compo-
sition of GAGs and proteoglycans have been sporadically described in
prostate cancer for more than four decades25–36. In this work, we
investigated the role and regulation of the tumor cell glycocalyx in PC

progression. We show that CHST11 is an AR-repressed gene and that
CSA is an essential component of the prostate tumor glycocalyx that
supports progression of AR-indifferent CRPC.

Results
Castration alters expression of glycosaminoglycan enzymes in a
PDX model of prostate cancer progression
The patient-derived xenograft (PDX) trans-differentiation model
(LTL331/LTL331R) is a typical hormone-naïve AR/PSA-positive adeno-
carcinoma that upon castration initially regresses, but eventually
relapses as terminally-differentiated AR-negative neuroendocrine
prostate cancer (NEPC) (LTL331R) (Fig. 1a), adequately reflecting the
clinical scenario in humans following ARPI37,38. We performed tran-
scriptomic analysis on LTL331/LTL331R tumors from different disease
stages pre- and post-castration (Fig. 1a) (https://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE59986), followed by an ingenuity
pathway analysis of glycosylation-associated pathway alterations. The
analysis revealed that GAG-related pathways, in particular those lead-
ing to chondroitin sulfate and heparan sulfate synthesis, were upre-
gulated after murine castration and in the NEPC relapse disease stage
(Fig. 1b). In total, 29 enzymes involved in initiation, elongation, and
sulfation of GAG chains were significantly modified with fold changes
of expression ranging from 2 to 100 (Fig. 1c, d). The top three genes
upregulated after castration as compared to adenocarcinomas were
the heparan sulfate sulfotransferases HS3ST5 and HS6ST2, and the
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Fig. 1 | Castration alters expressionof glycosaminoglycanenzymes in a patient-
derived xenograft model of prostate cancer progression. a Overview of the
LTL331 PDX model and schematic depicting time points at which tumors were
collected. b IPA-ingenuity analysis on RNA-Seq data from LTL331 transdifferentia-
tion PDX model showing the top upregulated metabolic pathways. c Fold change

heatmap of IPA gene expression analysis showing themodified glycosaminoglycan
genes. d Function of genes identified in c in GAGs synthesis pathways. arrows
indicate the site of activity of the listed enzymes. Gray box includes other relevant
sulfotransferases brown box include identified genes with indirect link to GAGs
synthesis pathway. Source data are provided as a Source Data file.
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chondroitin sulfate sulfotransferase CHST11 (Fig. 1c). These data indi-
cate that glycosaminoglycan enzyme is affected by ARPI in prostate
cancer and may be associated with progression from adenocarcino-
mas to CRPC and NEPC disease stages.

Prostate tumors with loss of AR activity display elevated CHST11
and chondroitin sulfate levels
Wenext validated the results from thePDXdiscoverymodel in prostate
cancer patients. We first determined the relationship between the
identified 29 enzyme-coding genes (Fig. 1c) and androgen signaling in a
clinical RNA-Seq dataset of 101 prostate cancer patient tumors at dif-
ferent disease stages (VPC cohort)39. We correlated expression of the
29 genes with an expression of five validated AR-regulated genes KLK3,
NKX3.140, TMPRSS241–43, FKBP544, and TMEFF245 as readouts for AR sig-
naling activity. Of the top-three genes (i.e., HS3ST5, HS6ST2, and
CHST11), only CHST11 showed a consistent negative correlation with all
five AR-regulated genes (Fig. 2a and Supplementary Fig. 1a). The result
was corroborated in a second validation cohort of n > 196 mixed stage
patients (IST cohort) (Supplementary Fig. 1b), supporting an inverse
relationship between CHST11 expression and AR signaling in prostate
cancer. To further validate that idea, we analyzed a third cohort com-
prised of 138 CRPC patients (University of Washington; UW cohort)
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE147250).
Here, CHST11 expression alonewas able to segregate patients based on
loss of AR activity (Fig. 2b). We next analyzed a cohort of prostate

cancer patients pre- and post-treatment with ADT and with respect to
risk and metastatic disease. Here, CHST11 expression was elevated in
patients treated with ADT (Fig. 2c), in high-risk tumors (Fig. 2d), and in
patients with metastatic disease (Fig. 2e).

Some patients that progress with CRPC after ADT have tumors
with proficient AR signaling despite castrate levels of serum andro-
gens, while others progress with tumors that are independent of AR
pathway activity46–49. We next assessed whether CHST11 expression
could be directly linked to AR activity in PDX tumorsmatched and un-
matched pre- and post-castration (Fig. 2f). CHST11 expression levels
were increased in relapsedmatched PDX tumors onlywhen AR activity
was impaired, as indicated by loss of PSA (KLK3) expression (Fig. 2g).
Moreover, in a larger unmatchedPDXcohort of naïve (n = 26) andADT-
relapsed (n = 11) CRPC tumors, CHST11 up-regulation was associated
with decreased levels of the AR-regulated genes (i.e., KLK3, NKX3-1,
TMPRSS2, and FKBP5), while there was no association with expression
of AR (Fig. 2h). Combined, these data show that elevated CHST11
expression inversely correlates with AR signaling activity in prostate
tumors.

CHST11 is an AR repressed gene
The upregulation of CHST11 expression in patient tumors after ARPI
hints that the CHST11 gene might be repressed by AR. To test this, we
first assessed the CHST11 gene signature in an AR chromatin-IP (ChIP)
sequencing dataset of LNCaP cells cultured with or without androgens
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and/or treatment with the clinical-grade AR inhibitor, enzalutamide50.
The analysis identified a strong peak in the first intron of the CHST11
gene located at 12q23.3 (104625195-229) in LNCaP cells treated with
Dihydrotestosterone (DHT)andblockedby enzalutamide (Fig. 3a). The
peak found in LNCaP cells was also observed in androgen-sensitive
VCaP cells cultured in the presence of DHT (Fig. 3a), indicating that AR
directly binds the CHST11 gene. We next confirmed the binding of AR
to the CHST11 gene by ChIP-PCR in LNCaP cells using three non-
overlapping primer sets flanking the 104625195-229 region of 12q23.3.
The threeprimer setswere able to amplify the genetic region inCHST11
under androgen-proficient conditions only, and the amplification
pattern was similar to that of three known AR target genes TMPRSS2,
KLK3, and FKBP5 (Fig. 3b). In the center of the identifiedpeak and in the
ChIP-PCR amplified CHST11 sequences, we identified a putative ARE
with strong consensus to the ARE found in the KLK3 gene (Fig. 3c). To
test whether the putative ARE in CHST11 was functional, we first per-
formed a bio-layer interferometry (BLI) analysis measuring the physi-
cal interaction between recombinant AR protein and wildtype,
mutated, or deleted versions of the putative ARE sequence (Fig. 3c, d).
AR bound the CHST11 ARE with the same kinetics as the PSA ARE, but
failed to bind mutated or partially deleted forms of the CHST11 ARE
(Fig. 3d). Also, electrophoretic mobility shift assay (EMSA) using pur-
ified AR DNA binding domain (DBD) revealed a dose-dependent
interaction between recombinant AR-DBD protein and a labeled
CHST11-ARE sequence similar to that observed with a labeled PSA-ARE
sequence (Supplementary Fig. S2a). Moreover, in a competitive EMSA
setting, the unlabeled version of the CHST11-ARE probe reduced the
binding between the AR-DBD protein and the TMPRSS2-ARE sequence
(Supplementary Fig. S2b), confirming a physical interaction between
theCHST11-ARE andAR.Wenext investigatedwhether theCHST11-ARE

was functional in prostate cancer cells. Upregulation of the CHST11
mRNA transcript was induced by AD in androgen-sensitive LNCaP cells
that could be reverted by methyltrienolone (R1881) addition, a syn-
thetic androgen agonist, and counter-rescued by addition of enzalu-
tamide (Fig. 3e). Moreover, LNCaP-derived AR-low neuroendocrine-
like 42D cells displayed elevated CHST11 levels while AR-positive
LNCaP-derived V16D CRPC cells expressed CHST11 to the same levels
as wild-type LNCaP cells (Supplementary Fig. S2c). We then examined
CHST11 and PSA expression levels after manipulation of AR activity in
androgen-sensitive LNCaP cells. AD conditions increased CHST11 and
decreased PSAprotein levels in LNCaP cellswhichcouldbe reversedby
addition of R1881 (Fig. 3f and Supplementary Fig. S2d). We next
determined CHST11 protein and mRNA levels in AR-negative cell lines
(PC3, DU145, IGR-CaP1) as compared to AR-positive cell lines (LNCaP,
VCaP, 22RV1). The AR-negative cells had consistently higher CHST11
mRNA and protein expression than the AR-positive cells (Fig. 3g and
Supplementary Fig. S2e, f). Finally, we reconstituted AR expression in
AR-negative PC-3 cells and evaluated the impact on CHST11 expres-
sion. AR-reconstituted PC-3 cells had reduced CHST11 expression to
levels that were comparable to AR-positive LNCaP cells (Fig. 3h).
Combined, these data show that CHST11 is an AR-repressed gene in
prostate cancer.

Expression of chondroitin sulfate A is controlled by AR via
CHST11
CS chains can carry different sulfations on their sugar residues. If a CS
chain is predominantly sulfated on carbon-4 (C4S) of the GalNAc
residues, it is referred to as CS type A (CSA). If a CS chain is mostly
sulfated on GalNAc carbon-6 (C6S), it is referred to as CS type C (CSC).
While seen less frequently, CS chains can sometimes be C4S/C6S
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independent biological samples; mean ± SD; FBS vs. AD p <0.0001; AD vs. AD +
R1881 [1 nM] p =0.0006; AD vs. AD+R1881 [10 nM] p =0.0002; AD+R1881 [10 nM]
vs. AD +R1881 [10 nM] +Enzalutamide p =0.0314. One-way ANOVA followed by
Tukey correction *p <0.05; ***p <0.001). f Protein levels of PSA, CHST11, and AR in
LNCaP cells in FBS or AD condition ± R1881 (1, 5, 10 nM); representative of three
independent experiments. g Protein levels of CHST11 and CHST13 in AR+ and AR-
PC cell lines. The CHST11 antibody detected additional uncharacterized bands at
~30 kDa (see Source data file); representative of four independent experiments.
h CHST11 and CHST13 protein levels in PC3 after AR ectopic expression for 72 h.
LNCaP lysate was used as reference. Experiment performed in duplicate. Source
data are provided as a Source Data file.
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double-sulfated (CSE), or they can carry a carbon-2 sulfation of
the GlcA residue in combination with a GalNAc C6S (CSD). CHST11 is a
4-O-sulfotransferase that catalyzes C4S sulfations on CS chains
and promotes the synthesis of CSA-type CS52 (Fig. 4a). CHST12,
CHST13, and CHST14 can also mediate C4S sulfations under some
circumstances53,54, however, these enzymes did not respond to cas-
tration in the prostate cancer progression PDXmodel (Supplementary
Fig. S3a). Moreover, expression of CHST13, the closest paralogue to
CHST11, was close to absent in primary patient tumors (Supplementary

Fig. S3b) and unaffected by ARPI in both PDX models and patients
(Supplementary Fig. S3c, d).

To determine the baseline levels of CSA and CSC in prostate
cancer, we analyzed sulfation composition of GlcA-GalNAc dis-
accharides in 16 PDX prostate tumors by LC-MS. The analysis showed
that these tumors had an average CS composition of 5% C0S (unsul-
fated), 16% C6S, and 79% C4S disaccharides (Fig. 4b and Supplemen-
tary Fig. S4a), indicating that the majority of CS chains in prostate
cancer is CSA type.We next investigated if CSA levels were changing in
prostate tumors after ARPI. We analyzed the C4S content of untreated
(n = 8) or ADT-treated (n = 8) tumors from prostate cancer patients by
LC-MS. Neoadjuvant-ADT treated tumors with high CHST11 (Fig. 2c, h)
presented with elevated levels of C4S, and reduced levels of C6S, as
compared to treatment-naïve tumors (Fig. 4c). In agreement, AR-
negative cells (PC3, DU145, IGR-CaP1) had higher average levels of C4S
disaccharides as compared to AR-positive cells (LNCaP, VCaP, 22RV1)
(Fig. 4d). C4S disaccharides were increased in LNCaP cells subjected to
androgen deprivation, which could be reverted by addition of R1881
(Fig. 4e). Similarly, CS56 staining increased after androgen deprivation
and was rescued by R1181 addition (Supplementary Fig. S4b). The
increase in C4S disaccharides after androgen deprivation suggests
that CSA is increased. Indeed, androgen-deprived LNCaP cells
exhibited increased binding to the CSA-specific rVAR2 lectin, which
could be reverted by addition of R1881 (Fig. 4f). The increase of CSA
chains on LNCaP cells after androgen deprivation was confirmed by
immunoblotting of cell-bound rVAR2 (Fig. 4g). In order to rule out
that the observed CSA changes are due to CSPGs core proteins being
AR regulated, we examined the expression levels of major CSPGS in
different PC cell lines from the dataset published in ref. 55. The
analysis showed that while AR expression and activity correlated
positively with TMEFF2 and negatively with CD44, it did not correlate
with the ten remaining CSPGs known to be able to carry CSA mod-
ifications (Supplementary Fig. S4c). This result was further confirmed
on a selected panel of cell lines and CSPGs by qRT-PCR and western
blotting (Supplementary Fig. S4d, e). Together, these data indicate
that CSA regulation by AR is independent of the CSPG core proteins.
We next investigated whether CHST11 indeed was responsible for
CSA synthesis in prostate cancer. Knockdown of CHST11 with siRNAs
induced cell death in both AR-proficient LNCaP (Supplementary
Fig. S5a–d) and AR-negative PC-3 (Supplementary Fig. S5e, f) cells
after 72–96 h, indicating that basal levels of CSA are required for
survival of PC cells independent of AR signaling. However, pre-cell
death assessment of CSA expression at 48 h after CHST11 knockdown
(Fig. 4h), showed a significant reduction of CSA chains in PC-3
cells (Fig. 4i), supporting the idea that CHST11 is driving CSA
expression in prostate cancer. Combined, these data show that CSA
constitutes the majority of CS in prostate cancer and is regulated by
AR via CHST11.

Prostate cancer depends on high chondroitin sulfate levels
after ARPI
We next investigated the functional role of CSA in CRPC. We engi-
neered LNCaP cells to express chondroitinase ABC (LNCaPCHase), which
is an enzyme that degrades CS after it is presented onproteoglycans in
the cell plasma membrane (Fig. 5a and Supplementary Fig. S6a)56,57.
LNCaPCHase cells did not have complete depletion of C4S but displayed
~80% lower C4S levels as compared to wildtype cells (Fig. 5b). We next
assessed morphological and functional consequences of CS reduction
in prostate cancer cells after ARPI. CS is expressed as modifications to
proteoglycans (CSPGs) in cell plasmamembranes as part of the cellular
glycocalyx58–61. While a single GalNAc residue is found in the stem of all
O-glycans, a large portion of GalNAc residues is found in CS, where it
represents ~50% of the GAG chain (Fig. 4a). The GalNAc mimic
N-azidoacetylgalactosamine (Gal-NAz) contains an azide group in the
sugar ring that allows for conjugation of fluorescent probes, providing
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a tool for monitoring the GalNAc-containing glycocalyx in real time62.
As CS contains high levels of GalNAc (Fig. 4a–f), we first testedwhether
incorporation of Gal-NAz could visualize changes in the CS glycocalyx
using LNCaP and LNCaPCHase cells. Indeed, LNCaPCHase cells displayed a
significant reduction in Gal-NAz signal as compared to wildtype cells
(Fig. 5c, Supplementary Fig. S6b, c), reflecting that a large and

adequate portion of GalNAc residues is CS incorporated in prostate
cancer.

With a tool tomonitor the CS glycocalyx based onGalNAc tracing,
we next assessed the impact of ARPI on the GalNAc-containing gly-
cocalyx in LNCaP cells using real-time Gal-NAz labeling. We cultured
LNCaP cells in AD conditions for 7 days where Gal-NAz was added on
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day 5 and subsequently Cu-click live-conjugated with Alexa Fluor-488-
alkyne to visualize real-time androgen-dependent changes in the
GalNAc-containing glycocalyx. Compared to LNCaP cells cultured in
androgen-ambient conditions, androgen-deprived cells showed ele-
vated levels of GalNAc (Fig. 5d, Supplementary Fig. S7a–d). This was
accompanied by elevated real-time binding of the rVAR2 lectin to
LNCaP cells under AD conditions (Supplementary Fig. S8). Moreover,
the density (thickness) of GalNAc-containing glycocalyx was increased
in LNCaP cells cultured in AD conditions as compared to cells cultured
with androgens (Fig. 5e). We also examined the reorganization of the
GalNAc-containing glycocalyx along transverse slices fromconfocal 3D
image reconstructions at the interaction point between the cell
membrane and the ECM (cell basement). LNCaP cells cultured in AD
conditions reorganized theGalNAc-containing glycocalyx into foci-like
structures at the cell basement (Fig. 5f, Supplementary Fig. 7d).
Combined, these data indicate that CS is a key component of the
GalNAc-containing prostate cancer glycocalyx that undergoes mor-
phological reformation after ARPI.

We next investigated the impact of CS upregulation in
prostate cancer progression after ARPI using wildtype LNCaP and
LNCaPCHase cells. Indeed, LNCaP and LNCaPCHase cells had a
similar cell proliferation profile in vitro under ambient androgen
conditions (Fig. 5g). However, under AD conditions LNCaPCHase
cell proliferation was decreased as compared to wildtype LNCaP
cells (Fig. 5g). We next examined the role of CS in prostate cancer
cell motility and its ability to promote metastasis. We performed
a wound healing assay with wildtype LNCaP and LNCaPCHase
cells cultured under ambient androgen or AD conditions. To
eliminate differences in proliferation as a confounder for the
readout, cells were pretreated for 2 h at time 0 with 2 μg/mL
mitomycin C that inhibits cell cycle progression. While wildtype
LNCaP cells closed the wound efficiently in both ambient and AD
conditions, LNCaPCHase cells failed to close the wound in AD
conditions specifically (Fig. 5h and Supplementary Fig. S9a). We
next investigated the ability of wildtype LNCaP and LNCaPCHase
cells to invade through an artificial ECM mesh ± AD using Incu-
Cyte® ClearView Chemotaxis assay. While wildtype LNCaP and
LNCaPCHase cells showed proficient and similar invasion profiles
under ambient conditions, LNCaPCHase cells failed to invade
specifically under AD (Fig. 5i). As such, CS is required for sus-
tained motility and invasion capacity of prostate cancer cells
in vitro after AD. We next investigated the requirement of CS in a
xenograft castration model of CRPC progression using wildtype
LNCaP and LNCaPCHase cells (Fig. 5j). LNCaPCHase tumors dis-
played a similar growth pattern to wildtype LNCaP tumors under
ambient conditions (Fig. 5k) and were highly positive for CHase
(Supplementary Fig. S9b). However, while LNCaP tumors relapsed
and progressed into CRPC after castration, LNCaPCHase tumors
did not (Fig. 5l). While both castrated LNCaP and LNCaPCHase
tumors at experimental endpoint showed an increase in AR mRNA
levels (Supplementary Fig. S9c), the difference in AR protein
levels was not significant between the different arms (Fig. 5m and
Supplementary Fig. S9d), reflecting the complexity and pheno-
typic diversity of the PC relapsed tumors. However, while there
was no significant difference in PSA levels between LNCaP and
relapsed castrated LNCaP; castrated LNCaPCHase tumors showed
a significant lower level of PSA when compared to uncastrated
LNCaPCHase (Fig. 5n and Supplementary Fig. S9d). This is cor-
roborated by RNAseq of additional LNCaP and LNCaPCHase
tumors ± castration, showing that while AR mRNA levels increase
after castration in both LNCaP and LNCaPCHase tumors, mRNA of
established AR target genes KLK3/PSA, TMPRSS2, FKBP5, is sig-
nificantly decreased only in LNCaPCHase tumors after castration
(Fig. Supplementary Fig. S9e). These data indicate that progres-
sion to CRPC depends on elevated CS expression.

The GalNAc-containing glycocalyx supports cell motility and
metastases in AR-negative CRPC
We next assessed the importance of the GalNAc-containing glycocalyx
for prostate cancer cell motility and metastases in the absence of AR
signaling. For this, we used the glucosamine mimic peracetylated 4-F-
GlcNAc (Fluorosamine; FL), which is a fluorinated analog of GlcNAc
that cannot be converted to GalNAc by the 4-epimerase, resulting in
GalNAc depletion63. We first assessed if FL would decrease CS
expression in prostate cancer cells. As expected, FL treatment reduced
CSA chains and C4S GalNAc residues in prostate cancer cells in vitro as
detected by live-cell binding of rVAR2 (Fig. 6a) and liquid chromato-
graphy (LC)-mass spectrometry (MS) (Fig. 6b).We then established the
50% effective concentration (EC50) of FL in four prostate cancer cell
lines of which two were AR-driven (LNCaP and 22Rv1) and two AR-
independent (PC-3 and NCIH660), using viability as the readout. The
AR-independent cells were two to four timesmore sensitive to FL than
the AR-dependent cells (Fig. 6c), supporting the idea that prostate
cancer cells becomedependent onCS after ARPI.Wenext analyzed the
sensitivity of androgen-dependent LNCaP cells to sub-EC50 con-
centrations of FL ±AD. In ambient hormone conditions, LNCaP cells
treated with 10 and 50 µM FL maintained a similar growth pattern as
untreated cells (Fig. 6d, left). However, when LNCaP cells were cul-
tured in AD conditions, 50 µM FL induced cell death (Fig. 6d, right and
Fig. 6e). Combined, these data maintain that the GalNAc-containing
glycocalyx is important for growth and survival of prostate cancer cells
after ARPI.

We next wanted to assess the importance of the GalNAc-
containing glycocalyx in metastasis formation. To study this, we
used a metastatic CRPC cell line PC3-LUC that does not express AR.
When treated with FL, PC3-LUC cells behaved similar to LNCaPCHase

cells in AD conditions and were unable to migrate (Fig. 6f, g) and
invade through an artificial ECM (Fig. 6h). We next investigated the
colonization capacity of PC3-LUC cells in vivo+/− pre-treatment with
FL. Injection of PC3-LUC cells in the left ventricular compartment of
the mouse heart, gives rise to ample metastasis formation in the jaw/
bone and lungs (Fig. 6i, j). However, pre-treatment of PC3-LUC cells
with FL, delayed the time to humane endpoint, reduced the overall
number of mice developing metastasis (Fig. 6k, l), and improved
metastasis-free survival (Fig. 6m). Taken together, these data suggest
that the GalNAc-containing glycocalyx is functionally important for
prostate cancer cellmotility andmetastasiswhenAR signaling is lost or
inhibited.

Discussion
The new generation of potent AR pathway inhibitors is currently
first-line therapy for men with AR-active metastatic CRPC. How-
ever, in about 20% of prostate cancers, these treatments may
trigger differentiation of adeno-CRPC towards aggressive ana-
plastic and neuroendocrine tumors that are associated with loss
of canonical AR activity. At this stage, patients have limited
therapeutic options and the median overall survival is less than 1
year from the time of diagnosis64,65. Therefore, a deeper under-
standing of how CRPC is able to progress in the absence of AR
activity is essential for the development of new therapies. Most
studies on AR-independent CRPC have focused on identification
of genetic drivers affecting intrinsic cell survival mechanisms
such as FGF, BRN2, PEG10, and others37,46,47,66. Furthermore, stu-
dies on signaling events involving the cellular tumor micro-
environment (e.g., endothelial cells, immune cells, and
fibroblasts) have added to our understanding of CRPC
progression67–74. Another but less studied component of the CRPC
tumor microenvironment is the ECM and glycocalyx that consist
of cellular and extracellular glycoproteins, glycosaminoglycans,
and rigid structural macromolecules such as collagen18–24. CS is
one of the most abundant glycosaminoglycans in prostate tumors

Article https://doi.org/10.1038/s41467-022-32530-7

Nature Communications |         (2022) 13:4760 7



and the amount of chondroitin sulfate is increased in cancerous
as compared to benign prostate28. In tumors, the majority of CS is
highly 4-O-sulfated, resembling the type of CS found in the
human placenta52,75. Accordingly, highly 4-O-S-sulfated oncofetal
CS is currently being developed as a receptor and biomarker for
therapeutic and diagnostic applications26,52,75,76. Despite decades
of observations implicating CS in cancer, the function of CS in
tumor progression and therapeutic resistance is not well under-
stood. Here we describe an essential role for CS in growth and
survival of aggressive AR-indifferent CRPC and devise a targeting

strategy for CRPC based on synthetic GalNAc sugar mimics and
enzymatic degradation of CS.

In this work, we report that C4S is upregulated in prostate tumors
after the loss of AR signaling and that this event supports survival,
proliferation, and metastases formation in AR-indifferent CRPC. Spe-
cifically, androgen deprivation led to a profound reformation of the
GalNAc glycocalyx that was required for prostate cancer cell survival
in vitro and for tumor growth in vivo after ARPI. Forced degradation of
CS in androgen-dependent LNCaP tumors by CHase expression, pre-
vented tumor relapse after castration. Moreover, inhibition of GalNAc
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Fig. 6 | Chondroitin sulfate enables cell motility and metastases in castration-
resistant prostate cancer. a CSA measurements in LNCaP cells after 72 h of
Fluorosamine (FL) treatment using rVAR2 binding on flow cytometry; linear
regression followed by Ancova test; p <0.0001, F = 18.59, DFn= 3, DFd = 12. b LC-
MS quantification of C4S in LNCaP cells in AD condition after 72 h of FL treatment
(50μM). Data are shown as mean ± SEM; n = 4 biological replicates; p =0.0041 by
two-tailed t test. c FL EC50 values in AR+ and AR- PC cell lines. Data are shown as
EC50plus upper and lower limits;n = 8biological replicates.dGrowth (IncuCyte)of
LNCaP cells in FBS or AD conditions ± FL treatments. Data are shown as mean±
SEM,n = 4 biologically independent cell cultures; after 100h p <0.0001by two-way
ANOVA followed by Tukey’s test. e Cell death measurement of LNCaP cells treated
as in d using propidium iodide (red staining; Incucyte) (Left panel). Data are shown
asmean ± SEM, n = 4 independent samples; after 100h p <0.05 by two-way ANOVA
followed by Tukey’s test. Representative image of Incucyte at endpoint (Right
panel) f Representative images of wound healing closure in PC3 exposed to FL

treatments, yellow show original scratch wound limits. Blue shows closed wound
margins. g Scratch width measurements of f in μm. Data are shown as mean ± SD,
n = 9 biologically independent replicates; after 6 h p <0.001 by two-way ANOVA
followed by Tukey’s test. h Invasion capacity (IncuCyte; Chemotaxis assay) of PC3
in presence and absence of FL treatment. Results are expressed as phase object
count normalized to initial top value and shown as mean ± SD, n = 3 biologically
independent replicates; after 26 h p <0.05, after 46 h p <0.0001 by two-way
ANOVA followed by Tukey’s test. i Protocol schematic of PC3 metastatic seeding
capacity in mice. j Representative H&E and HOXB13 staining of PC3 bone and lung
metastases. Scale bar represents 100μm k IVIS imaging of mice for metastases
detection at humane or experimental endpoint. D is the day of termination.
l Number of mice with jaw/bone or lung metastases in PBS or FL treated group.
m Kaplan–Meier estimates of metastasis-free survival of mice injected with PC3
cells pretreated with FL 25μMorMock; Log-rank test. ns: not significant; **p <0.01;
****p <0.0001. Source data are provided as a Source Data file.
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synthesis by the sugar mimic fluorosamine, was able to reduce CS
content and inhibit cell motility and metastasis formation of AR-
negative metastatic CRPC cells in vivo.

The enzymes able to catalyze C4S-sulfation of CS chains are
CHST11, CHST12, CHST13, and in some contexts CHST1477. To identify
the enzymes responsible for C4S upregulation in AR-indifferent CRPC,
we interrogated RNA-Seq data obtained from the LTN331/LTN331R
PDX trans-differentiation model during progression from adeno-
carcinoma to AR-independent NEPC. Here we identified CHST11 as
>100-fold upregulated on mRNA levels after murine castration. This
upregulation of CHST11 after AR inhibition or loss was confirmed in
three independent human prostate tumor cohorts (VPC, IST, and UW
cohorts) of 435 patients combined. Mechanistically we found that AR
interacted with a conserved ARE in the first intron of the CHST11 gene
with a similar avidity as to the ARE in the PSA gene KLK3. Under
ambient androgen conditions, AR was able to keep CHST11 expression
in check, but upon androgen deprivation, or after castration of mice
in vivo,CHST11 expressionwas de-repressed, resulting in an increaseof
C4S GalNAc residues. As CHST11 and CSA upregulation has been
observed in multiple cancers not associated with AR signaling,
including breast, lung, colorectal, and ovarian cancer patients52,78,
there are likely other mechanisms of CHST11 and CSA regulation
remaining to be elucidated. It is noteworthy tomention that functional
splice variants of CHST11 may exist but these potential variants remain
uncharacterized.

In summary, ourwork establishes CS as anessential component of
the GalNAc-containing prostate tumor glycocalyx that supports pro-
gression of AR-indifferent CRPC. Our work augments that inhibition of
tumor-associated CS would be beneficial to CRPC patients that pro-
gress on ARPI and for whom no long-term effective treatments are
currently available.

Methods
Cell culture
All human cell lines excluding IGR-CaP1 cells were purchased from
ATCC. IGR‐CaP1 (RRID: CVCL_A018) cells were provided by ref. 79. All
cell lines were confirmed to be free ofmycoplasma contamination and
were maintained at 37 °C with 5% CO2.

LNCaP (ATCC Cat# CRL-1740, RRID:CVCL_1379) and its deri-
vatives, 22Rv1 (ATCC Cat# CRL-2505, RRID:CVCL_1045), and IGR-
CaP1 cells were maintained in RPMI 1640 medium containing 10%
fetal bovine serum (FBS) (Gibco Cat# 11875119 & Gibco Cat#
A3160401). PC3 (ATCC Cat# CRL-1435, RRID:CVCL_0035), VCaP
(ATCC Cat# CRL-2876, RRID:CVCL_2235), and DU145 (ATCC Cat#
HTB-81, RRID:CVCL_0105) cells were maintained in Dulbecco’s
Modified Eagle Medium (DMEM) containing 10% FBS (GE Health-
care Cat# SH30243.01). NCI-H660 (ATCC Cat# CRL-5813,
RRID:CVCL_1576) cells were maintained in RPMI 1640 medium
containing 5% FBS, 1X Insulin-Transferrin-Selenium (Gibco Cat#
41400045), 10 nM Hydrocortisone, 10 nM beta-estradiol, and
4mM L-glutamine (add 2mM extra to the media) (Gibco Cat#
35050061). HEK293T (ATCC Cat# CRL-11268) cells were main-
tained in BalanCD HEK293 medium (Irvine Scientific cat# 91165)
supplemented with 8m ML-glutamine (ATCC 30-2214) and 10 µL/
mL of ITS (Corning cat# 25-800-CR). Cell line authentication of
LNCaP and its derivative cell line LNCaP-chABC was done by
Genetica DNA Laboratories.

LNCaPCHase cell line generation
A plasmid containing an optimized chondroitinase ABC (CHase)
sequence was generously provided by Dr. Elizabeth M. Muir80. Pipe
cloning was used to insert the CHase sequence into the pLenti-C-Myc-
DDK-p2a-puro lentiviral gene expression vector (Origene Cat#
PS100092) as previously described81.

CHase lentivirus for transduction was produced by trans-
fecting 4 × 106 HEK293T cells with 6 µg pLenti-C-Myc-DDK-p2a-
puro-chABC using X-tremeGENE HP DNA transfection reagent
(Millipore Sigma Cat# 6366236001) as per manufacturer’s pro-
tocols. 48 h post transfection, viral supernatant was collected,
centrifuged at 200 g for 10min and filtered through a 0.45 µm
Steriflip (Millipore Sigma Cat# SE1M003M00) to remove cellular
debris. 5 × 106 LNCaP cells were plated in six well plate and 18 h
later, cells were transduced by replacing culture media with
1.5 mL of viral particle and 1.5 mL serum-free RPMI media, fol-
lowed by Polybrene Infection/Transfection Reagent (Millipore
Sigma Cat# TR-1003-G) to a final concentration of 8 µg/mL. Cells
were re-transduced 24 h and 48 h after and CHase cells were
selected with 5 µg/mL puromycin (Thermo Fisher Cat# A1113802).

Western blotting analysis
Western blotting assays were performed as previously described82.
All antibodies used in the present study, their catalog numbers,
applications, and used dilution can be found in Supplementary
Table 1. Anti-rabbit and anti-mouse IgG secondary antibodies were
purchased from LI-COR. Membranes were scanned using the LI-COR
Odyssey®Gel Imaging system.W.B intensities were determined using
ImageJ software.

Quantitative real-time PCR
RNA was extracted from cells and tumor tissues using TRIzol™
Reagent (Invitrogen Cat# 15596018) according to the manu-
facturer’s protocol. Purified RNA was quantified using Themo-
Fisher’s NanoDrop Spectrophotometer and 2 µg of RNA was
reverse-transcribed into cDNA using M-MLV Reverse Tran-
scriptase (Invitrogen Cat# 28025021) as per manufacturer’s pro-
tocol. The resulting cDNA was amplified with SYBR Select Master
Mix (Applied Biosystems Cat# 4472920) and gene-specific for-
ward and reverse primers (3 µM) for 50 cycles in the ABI ViiA™ 7
Real-Time PCR system (Thermo Fisher). Gene expression levels
were normalized to GAPDH and RPL32 expression. A list of all
primers used in the study can be found in Supplementary Table 2.

Proliferation assay
Cells were plated on a 96-well plate (5000 cells per well) in RPMI 1640
medium containing 10% FBS or in phenol-free RPMI medium contain-
ing 10%CSS (GibcoCat# 11835030&GEHealthcareCat# SH30068.03).
Cell growth was monitored using the IncuCyte Live-Cell Analysis Sys-
tem (Sartorius). Propidium iodide (500nM)was added to themedia to
follow cell death.

Ec50 values were calculated using a weighted five-parameters
logistic regression and statistical analyses were performed using
GraphPad Prism 8 (GraphPad Software Inc.).

Ectopic expression of AR
Ectopic expression of AR was achieved by transient transfection of PC-
3,withoverexpression vectorswherewild-typeARunder the control of
the CMV promoter in the pcDNA3.1 vector (Invitrogen). Empty
pcDNA3.1 vector served as a negative control. PC3 cells were seeded in
six-well plates (50,000 cells/well) in RPMI 1640 medium with 5% CSS
for 24 h, followed by transfection with 0.5 µg or 2 µg using transfection
reagent (TT20, Mirus) for 72 h.

Wound-healing assay
20,000 cells were plated on a poly-L-lysine coated 96-well Ima-
geLock plate (Essen BioScience Cat# 4379). At 80% confluence,
cells were treated with 2 µg/ml of Mitomycin C for 2 h. The 96-pin
IncuCyte Wound Maker Tool was then used to make a uniform
scratch in all the wells of the plate (Essen BioScience Cat# 4563).
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The media containing Mitomycin C and detached cells was
removed and replaced with fresh media containing the appro-
priate treatment. Cell migration was monitored using the Incu-
Cyte Live-Cell Analysis System (Sartorius).

Chemotaxis assay
Chemotaxis assays were conducted using the IncuCyte ClearView
96-well cell migration plate (Sartorius Cat# 4582) according to
the manufacturer’s instructions (Essen Bioscience Ltd., Hertford-
shire, UK). Briefly, 5000 cells plus the treatment in a total volume
of 60 μl 1% FBS or CSS medium were added into the ClearView 96-
well insert. Each cell plate was then left to settle at the room
temperature for 15 min followed by incubation for a further
30min at 37 °C. 200 μl of medium containing 10% FBS or 10% CSS
(chemoattractant) was added to each well of the reservoir plate.
The 96-well insert was carefully transferred to the reservoir plate.
The ClearView plate was then placed onto the IncuCyte S3®
instrument and left for 15 min at 37 °C to settle. After careful
removal of any condensation on the lid and bottom of the
reservoir, each plate was scanned on the IncuCyte S3 instrument
with a 10× objective using the IncuCyte™ chemotaxis system.
Chamber wells were analyzed every 3 h using the IncuCyte che-
motaxis software.

Bio-layer interferometry assay
The direct interaction between biotinylated DNA binding domain of
the androgen receptor (AR) (residues 556-629) and CHST11 DNA
sequences containing various androgen response elements (ARE) was
quantified with biolayer interferometry (BLI) technique using
OctetRED (ForteBio). AR-DBD was biotinylated in situ using an Avi-
Tag™ sequence (GLNDIFEAQKIEWHE) (Avidity, LLC, Aurora, CO, USA)
incorporated at the N-terminus of the protein. Escherichia coli BL21
containing both biotin ligase and AR-DBD vectors were induced with
0.5mM isopropyl-β-D-1-thiogalactopyranoside and the protein was
expressed for 4 h at 20 °C in the presence of 125 µM biotin. Cells were
collected and then lysed by sonication, and the resulting lysate was
purified by immobilized metal ion affinity chromatography with
nickel–nitrilotriacetic acid resin followed by size exclusion chroma-
tography (superdex s75, GE Healthcare). The purified AR-DBD at
0.1mg/mLwas immobilized on the streptavidin sensors (SA) overnight
at 4 °C. The sensors were then blocked, washed, and moved into wells
containing 10 µM of the studied DNA sequences in reaction buffer
(20mM Tris, pH 8, 150mM NaCl, 5% glycerol, 2mM DTT, 0.1mM
PMSF). PSA-ARE (5′-TTAGCTAGCACTTGCTGT TCTGCAAGT-3′) was
used as a positive control and MYC Ebox (5′-TGA AGC AGA CCA CGT
GGT CGT CTT CA-3′) was used as a negative control. The sequences of
tested CHST11 sequences are: CHST11-ARE (5′-CTT TTC TAG AAC ACT
GGG GCA TCT CCA-3′), CHST11-ARE-mutated (5′-CTT TTC TAT AAT
ACTGGTGTA TCTCCA-3′) and CHST11-ARE-deletion (5′-TAT TTGCTT
TTC TCT GGG GCA TCT CCA-3′).

Chromatin immunoprecipitation (ChIP)
LNCaP cells were plated in their respective growth media. Once they
reached 40–50% confluency, cells werewashed with PBS and placed in
RPMI 1640 medium (phenol red-free) containing 10% Charcoal Strip-
ped Serum (CSS) (Gibco Cat# 11835055 & GE Healthcare Cat#
SH30068.03) for 72 h and then half the cells were treated with 10 nM
R1881 for 24 h. Cellswerefixed in 1%PFAand0.125Mglycine for 10min
and scraped off the plate in cold PBS containing protease inhibitors.
Cells pellets were collected and flash frozen in nitrogen. Samples
underwent all steps as described in the Magna ChIP A protocol (Milli-
pore Sigma Cat# 17610). Pull-downs were performed using AR anti-
body (D6F11) (Cell Signaling Cat# 5153S) or IgG antibody (Diagenode
Cat# C15410206) followed by qPCR in the ABI ViiA™ 7 Real-Time PCR

system (Thermo Fisher). All ChIP primers used in the study can be
found in Source Data Table 2.

Immunofluorescence microscopy
Cells were plated on glass coverslips and treated as reported. Cells
were fixed with 4% PFA for 20min, washed in PBS, and permeabilized
in 0.1% saponin with 3% BSA in PBS for 1 h. Fixed cells were incubated
with primary antibodies at 4 °C, washed three times with PBS, and
incubated in Alexa Fluor 488 conjugated secondary antibodies
(Thermo Fisher) for 1 h at room temperature in the dark. After PBS
washing cells slides were mounted using DAPI Vecta-shield mounting
media (Vector Laboratory Cat# H120010). Images were acquired at
60× magnification on the Olympus FV3000RS or Zeiss LSM 780 con-
focal microscopes. Carl Zeiss (zen) software was used for confocal
microscopy analysis.

Glycocalyx imaging
Cells were seeded on glass coverslips and treated with 40 µM of
GlcNAz (ThermoFisherCat#PI88905) for 48 h.After threewasheswith
cold DPBS (Gibco Cat# A1285801), cells were Cu-click conjugated with
AlexaFluor-488-alkyne (Click Chemistry Tools Cat# 12771) and fixed as
previously reported (83). Cells were mounted onto glass slides with
ProLong glass mounting reagent (Thermo Fisher Cat# P36980). Ima-
ges were acquired at 60× magnification on the Olympus FV3000RS
confocal microscope.

The glycocalyx quantification was determined by defining a
region of interest around individual cells and then measuring the
intensity of the staining in each region using ImageJ software. Intensity
plot of the cell membrane was generated and the width at half max-
imum intensity was considered as glycocalyx thickness.

In vivo mouse models
Male Nu/Nu mice were purchased from ENVIGO and housed in the
animal care facility at theVancouver ProstateCentre. All animal studies
were performed in accordance with protocols approved by the Animal
Care Committee at the University of British Columbia (A19–0324).
Mice were maintained in ventilated cages (4 mice per cage), with
constant humidity (25–47%) and temperature (21–22 °C), under a
12 h:12 h light:dark cycle, andhadad libitumaccess to rodent chowdiet
and drinking water.

LNCaP or LNCaPchABC cells (2 × 106 cells) suspended in PBS and
Matrigel® Matrix solution (1:1) (Corning Cat# 356234) were injected
subcutaneously into the right flank of 6-week-old Nu/Nu male. Once
tumors reached 100–150mm3 in volume, mice were paired together
based on similar tumor size and onemouse in each pair was castrated.
Tumor growth was monitored weekly using a caliper-measuring tool.
The tumor volume was calculated using ellipsoid volume formula;
V = (4/3)π(L/2)*(W/2)*(D/2) and mice were euthanized before reaching
the maximal tumor size of 1000mm3.

PC3-LUC cells were pre-treated with 25 µM of Fluorosamine
(Synthesized by Life Chemicals as previously described84) for 72 h and
collected using CellStripper dissociation reagent. 1 × 106 PC3-LUC cells
suspended in 100 µl of PBS were injected into the left ventricle of 6-
week-old Nu/Nu male mice under ultrasound guidance using a 30-
gauge needle. Metastases formation was monitored using IVIS spec-
trum CT scanner (Perkin Elmer) and analyzed using IVIS Living Image
Software. Metastasis sites were collected and fixed in formalin for
pathology studies at humane or experimental endpoint.

Extraction and isolation of GAGs for mass spectrometry
Paraffin-embedded (FFPE) tissues were obtained from Vancouver
Prostate Centre Tissue Bank. The study protocol was approved by
University of British Columbia Clinical Research Ethics Board and
Vancouver Coastal Health Research Institute Research Ethics Board.
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Tissue cores were extracted from paraffin blocks, deparaffinized
using xylene, and rehydrated overnight in PBS at 4 °C. Samples were
weighed and lysedwith beads in lysis buffer and protein concentration
was determined using BCA assay.

The homogenized tissue was treated with 0.4mg/mL Pronase
(Sigma from Streptomyces griseus) and 0.1% Triton X-100 at 37 °C,
shaking, overnight. For GAG isolation, a 0.5mL bed volume DEAE
Sephacel (GE-Healthcare) column was prepared. The column was
equilibrated in equilibration buffer (50mM NaOAc, 0.2M NaCl, 0.1%
Triton X-100, pH 6.0) and the sample supernatant was added, after
centrifuging themat 20,000 g for 10min. The columnswerewashed in
20mL wash buffer (50mM NaOAc, 0.2M NaCl, pH 6.0) and samples
were eluded in 2mL 2M NaCl. After elution, the samples were pre-
cipitated in ethanol saturated with NaOAc (1:3, V:V) at 20,000 g, 4 °C,
for 20min. Leftover ethanol was evaporated in a centrifugal eva-
porator and the remaining GAGs were reconstituted in 100 µL DNase
buffer (50mM Tris, 50mM NaCl, 2.5mM MgCl2, 0.5mM CaCl2, pH
8.0). The samples were digested with 20 kU/mL DNaseI (SigmaD-4263
from Bovine Pancreas) for 2 h at 37 °C, shaking, and then β-eliminated
at a concentration of 0.4M NaOH overnight, 4 °C. The samples were
neutralized with acetic acid, and the GAGs were purified on a DEAE
column and ethanol precipitated as described previously.

Glycans extraction from cell pellets: After 2× PBS washes, cells
were detached using CellStripper Dissociation Reagent (Fisher Scien-
tific Cat# MT20256CI), counted and pellets of 3 million cells were
collected. Pellets were treated with 0.25U of chABC enzyme (Sigma
Cat# C2905) in 50 µl of chABC buffer for 2 h at 37 °C on a rotor. After
chABC treatment, protein concentration of cell pelletswasdetermined
for normalization when appropriate. When comparing different cell
lines, cell numbers were used for normalization.

LC-MS analysis
Samples were digested with 20mU Chondroitinase ABC (Sigma
C3667) for 2 h at 37 °C and dried in a centrifugal evaporator. The
digested polysaccharides were subjected to reductive amination using
17 µL [12C6] aniline (Sigma Aldrich 242284) and 17 uL reducing reagent
containing 1MNaCNBH3 (Sigma) in dimethyl sulfoxide acetic acid (7:3,
V/V). The [12C6] aniline tagged samplesweremixedwith 20 ρmole [13C6]
aniline-labeled standards and analyzed by GRIL-LC MS/MS. The sam-
ples were separated on a C-18 reverse phase column (TARGA C18,
150mm× 1.0mm, 5 µm, Higgins Analytical, Inc.) with 5mM of the ion
pairing agent dibutyl amine (Sigma). The ions were monitored in
negative mode using the same gradient, capillary temperature, and
spray voltage as described previously85. The analysis was done on an
LTQ Orbitrap Discovery electrospray ionization mass spectrometer
(Thermo Scientific) equipped with an Ultimate 3000 quaternary HPLC
pump (Dionex).

Flow cytometry
Cells were grown to 70–80% confluency in appropriate growth media
and harvested in CellStripper. Cells were incubatedwith rVAR2 protein
(200–25 nM) in PBS containing 2% FBS for 30min at 4 °C and binding
was acquired in a FACS Calibur (BD Biosciences) after a secondary
incubationwith an anti-V5-FITC antibody. Single cells were gated using
FSC-H/FSC-A parameters. FlowJo (v9) and Cyflogic (1.2.1) softwares
were used for FACS analysis Gating strategy example in Source
Data file

Immunohistochemistry (IHC)
HOXB13 and chABC expression was assessed in xenograft tissue using
Ventana DISCOVERY Ultra autostainer (Ventana Medical Systems,
Tucson, Arizona). After baking and deparaffinization, tissue sections
were incubated in Tris-based buffer (CC1, Ventana) at 95 °C for 64min
to retrieve antigen, followed by primary antibody incubation at room
temperature: HOXB13 (1:500, #90944, Cell Signaling Technologies,

rabbit, monoclonal (D7N80), incubation: 1 h); chABC (1:100, NBP1-
96141H, Novus Biologicalmouse, monoclonal (1E10), incubation: 12 h).
Primary antibodies bound to HOXB13 were visualized with UltraMap
DAB anti-Rb Detection Kit (Ventana), while primary antibodies against
ChABC were incubated with unconjugated rabbit anti-rat IgG (H + L)
(312-005-045, Jackson ImmunoResearch Laboratories) and detected
with DISCOVERY HQ-HRP detection (Ventana). Stained xenograft
sections were digitized with Leica SCN400 scanner (Leica Micro-
systems; Concord, Ontario, Canada) at magnification equiva-
lent to 20×.

Electrophoretic mobility shift assay
20 µMF and R oligos were annealed at 95 °C for 10min in a heat block
then allowed to cool slowly in the heat block overnight to room tem-
perature. CHST11-ARE primers: F: /AG ATG CCC CAG TGT TCT AG; R:
/CT AGA ACA CTG GGG CAT CT. TMPRSS2-ARE primers: F: /CTAGT-
TATGAGTACCTGCCGTACCCTTTC; R: /TCGAGAAAGGGTACGGCAGG
TACTCATAA. PSA-ARE primers: F: /5IRD700/TACAAATAGGTTCTTG
GAGTACTTTACTAGGCATGGACAATG; R: /CATTGTCCATGCCTAGTAA
AGTACTCCAAGAACCTATTTGTA.

100 fmol of infrared labeled PSA-ARE and CHST11-ARE
annealed oligos were incubated with an increasing amount of AR-
DBD recombinant protein in 10mM Tris /50mM KCl/1 mM DTT (pH
7.5), 1 µg Poly(dI•dC) in 0.5 mM Tris/50 µM EDTA (pH 7.5), and
2.5mMDTT/0.25% Tween 20 for 20min at room temperature in the
dark. 10× orange loading dye (LICOR) was added to 1× and EMSA
reactions were run in the dark on a 6% native acrylamide gel for
30min at 100 V in 0.5× TBE. The gel was removed from gel plates
and immediately scanned using a LICOR Odyssey Infrared Imaging
System. For competitive EMSA, 500 ng AR-DBD recombinant pro-
tein were incubated with 20 nmol unlabeled competitor DNA oligos
for 5min at RT in 10mM Tris /50mM KCl/1 mM DTT (pH 7.5), 1 µg
Poly(dI•dC) in 0.5mM Tris/50 µM EDTA (pH 7.5), and 2.5mM DTT/
0.25% Tween 20. 100 fmol of IR700-labeled TMPRSS2-ARE DNA
oligos were added and incubated for an additional 20min at RT in
the dark.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
Previously published RNA-seq data that were re-analyzed here are
available under accession code https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE147250; https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE59986. The Chip-SEQ data reanalyzed here
were obtained from Cistrome.com; WashU Epigenome Browser using
data from refs. 50; Chng et al. (2012). Source Data are provided in this
paper. All other data supporting the findings of this study are available
in the Source Data file. All unique biological materials are available by
request from the corresponding author. Source data are providedwith
this paper.
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