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High intratumoral dihydrotestosterone is
associated with antiandrogen resistance in VCaP
prostate cancer xenografts in castrated mice

Riikka Huhtaniemi,1 Petra Sipilä,1 Arttu Junnila,1 Riikka Oksala,2 Matias Knuuttila,1 Arfa Mehmood,3 Eija Aho,2

Teemu D. Laajala,1,4,5 Tero Aittokallio,4,5 Asta Laiho,3 Laura Elo,3,1 Claes Ohlsson,6,7 Malin Hagberg Thulin,6

Pekka Kallio,2 Sari Mäkelä,1,8 Mika V.J. Mustonen,2 and Matti Poutanen1,6,9,*

SUMMARY

Antiandrogen treatment resistance is a major clinical concern in castration-resis-
tant prostate cancer (CRPC) treatment. Using xenografts of VCaP cells we
showed that growth of antiandrogen resistant CRPC tumors were characterized
by a higher intratumor dihydrotestosterone (DHT) concentration than that of
treatment responsive tumors. Furthermore, the slow tumor growth after adre-
nalectomywas associatedwith a low intratumor DHT concentration. Reactivation
of androgen signaling in enzalutamide-resistant tumors was further shown by the
expression of several androgen-dependent genes. The data indicate that intratu-
mor DHT concentration and expression of several androgen-dependent genes in
CRPC lesions is an indication of enzalutamide treatment resistance and an indica-
tion of the need for further androgen blockade. The presence of an androgen syn-
thesis, independent of CYP17A1 activity, has been shown to exist in prostate can-
cer cells, and thus, novel androgen synthesis inhibitors are needed for the
treatment of enzalutamide-resistant CRPC tumors that do not respond to abira-
terone.

INTRODUCTION

Prostate cancer (PCa) remains the second most frequent cancer and the fifth leading cause of cancer death

in men. It was recently estimated that there were almost 1.3 million new cases of PCa and over 350,000 PCa-

associated deaths worldwide in 2018 (Bray et al., 2018). Androgens and androgen receptors (AR) are pri-

mary regulators of normal prostate development, growth, and function. Furthermore, most PCa cases

are hormone dependent, and the androgen-signaling axis has a central role in disease initiation and pro-

gression (Dehm and Tindall, 2006; Yuan et al., 2014).

Most patients with metastatic PCa are treated with androgen-deprivation therapy (ADT) using LHRH ago-

nists, antagonists or orchiectomy as a first-line hormonal therapy (Horwich et al., 2013; Parker et al., 2015).

ADT can be combined with antiandrogens that block binding of any potential remaining androgens to the

androgen receptor (AR). The ADT treatment response is usually effective, but during treatment, most tu-

mors stop responding and progress to castration-resistant PCa (CRPC) (Antonarakis et al., 2007). Despite

androgen ablation, CRPC still expresses AR and is androgen dependent (Gregory et al., 2001; Visakorpi

et al., 1995). Therefore, along with cytotoxic agents (e.g., docetaxel), AR-targeting therapeutics confer

treatment response even during the late stage of the disease.

CRPC is defined as a rising serum prostate-specific antigen (PSA) concentration, despite a low level of

serum testosterone (T) (Cornford et al., 2017). It is known that therapies leading to suppression of androgen

action may lead to the development of novel AR-related resistance mechanisms. These mechanisms

include 1) overexpression of AR (Chen et al., 2004; Koivisto et al., 1997; Linja et al., 2001), causing sensiti-

zation of cancer cells to low levels of androgens (Waltering et al., 2009), 2) somatic point mutations in the AR

that reduce the steroid specificity of the receptor (Bohl et al., 2005; Korpal et al., 2013; Sun et al., 2006), 3)

alternative AR gene splicing, including the expression of ligand-independent, constitutively active, AR

splice variants (Antonarakis et al., 2017; Sun et al., 2010; Watson et al., 2010), and 4) induction of
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intratumoral androgen [T and dihydrotestosterone (DHT)] biosynthesis de novo or from circulating precur-

sors derived from the adrenal gland (Cai et al., 2011; Locke et al., 2008)). Accordingly, second-line hormonal

therapies with antiandrogens (e.g., enzalutamide) and/or with androgen synthesis inhibitors (such as abir-

aterone) are widely used treatment options in advanced PCa. Enzalutamide (Enza) blocks the binding of

androgens to AR and prevents AR nuclear translocation and its binding to DNA (Scher et al., 2010). Enza

binds to AR with an 8-fold higher affinity than first-generation antiandrogens, such as bicalutamide

(Shaw et al., 2018; Tran et al., 2009). Despite these beneficial properties, Enza improves overall survival after

chemotherapy for only 52% of the patients, by an average of 4.8 months (Scher et al., 2012), and almost all

Enza-treated patients develop drug resistance that leads to the development of lethal disease.

Studies focused on mechanisms of acquired Enza resistance have suggested that the resistance mecha-

nisms are similar to those involved in the development of CRPC. Mechanisms suggested to be involved

include, e.g., mutations (Joseph et al., 2013; Korpal et al., 2013) and splice variants of the AR (Antonarakis

et al., 2017; Li et al., 2013; Scher et al., 2016), signaling pathways that bypass androgen signaling (Arora

et al., 2013; Isikbay et al., 2014), increased intratumoral androgen biosynthesis (Efstathiou et al., 2015;

Liu et al., 2015), a switch from adenocarcinoma to neuroendocrine PCa (Beltran et al., 2016; Ku et al.,

2017; Mu et al., 2017) and the contributions of the factors in the tumor microenvironment such as inflam-

matory cytokines (Handle et al., 2016); there are also data showing that glucocorticoid receptor (GR) could

recapitulate, at least partially, the AR action in CRPC settings (Prekovic et al., 2018). However, proof for the

mechanisms is still largely lacking.

Tumor xenografts are classical preclinical models for cancer research, and have provided valuable informa-

tion about CRPC growth regulation. One of the widely used models is based on VCaP cells that originate

from a vertebral metastasis of PCa (Korenchuk et al., 2001). VCaP tumor xenografts present with a good

take-rate in intact immunodeficient mice, respond to castration with a reduced growth rate, and exhibit re-

growth after castration, and growth after castration is associated with AR overexpression, upregulation of

AR splice variants and activation of intratumoral androgen biosynthesis (Huhtaniemi et al., 2018; Knuuttila

et al., 2014, 2018), which are also classical features in clinical CRPC. Moreover, we and others recently

showed that, in contrast to the previous hypothesis, mouse adrenals produce biologically relevant levels

of active androgens, as well as precursors of androgen synthesis, thus contributing to CRPC growth in

the VCaP model (Huhtaniemi et al., 2018; Mostaghel et al., 2019).

Similar to clinical CRPC, castration-resistant VCaP tumors initially respond to Enza treatment. Importantly,

we have shown that the treatment response was associated with reduced intratumoral androgen concen-

trations (Knuuttila et al., 2018), thus potentially representing a novel mechanism of action of antiandrogens

in clinical CRPC. In the present study, we show that, similar to many CRPC patients, the Enza response in

castration-resistant VCaP tumors is transient and that the treatment resistance in our preclinical model is

associated with markedly higher intratumoral T and DHT concentration and reactivation of the AR

compared to that during the treatment response. Furthermore, after removing adrenal precursors by adre-

nalectomy, a similar upregulation in intratumoral androgens was not observed, and accordingly, adrenal-

ectomy resulted in a long-term and stable treatment response. These findings strongly suggest that intra-

tumoral ligand availability is key in the progression of treatment resistance.

RESULTS

VCaP xenografts gain resistance to enzalutamide treatment in vivo

To study antiandrogen (enzalutamide) resistance in the VCaP xenograft model, animals with VCaP tumors

were allocated to three study groups: orchiectomized (ORX) mice, orchiectomized and Enza-treated

(ORX + Enza) mice, and orchiectomized and adrenalectomized (ORX + ADX) mice (Figure 1A). These three

groups were further divided into subgroups I and II with varying treatment times (Figure 1A). Similar to re-

sults often observed in patients, the present study shows that Enza response in VCaP xenografts in nude

mice after ORX is transient and effective for approximately 3 weeks, as measured by tumor growth (Fig-

ure 1B). Thereafter, the tumor growth increased to a level higher than that observed in the untreated

(ORX) mice. The doubling time for the untreated control tumors was 68 days. During the Enza response,

the growth was markedly slower, with a doubling time of 311 days. However, the growth was reactivated

after 3 weeks of treatment, showing a doubling time of 37 days in tumors escaping the Enza response.

Serum PSA measurements showed a similar pattern, with a more obvious, but shorter, Enza treatment

response for 5-10 days, while after 14 days of Enza treatment, the measured PSA level was at the level
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observed before the treatment (Figure 1C). In our recent study, we showed that mouse adrenals contribute

to castration-resistant growth of VCaP xenografts in mice (Huhtaniemi et al., 2018). We thus compared the

long-term effects of adrenalectomy and antiandrogen treatment on tumor growth in mice after ORX.

Importantly, the long-term treatment response to ADX was stronger than that to Enza, resulting in a signif-

icantly smaller (p < 0.005) tumor volume at the end of the study in ORX + ADX mice than in Enza-treated

mice. The doubling time of the tumor volume was 94 days over the whole treatment period, and no evi-

dence of induced tumor growth was observed after long-term treatment with ADX (Figure 1B). Identical

data, indicating a stronger treatment response with ADX compared to Enza, were obtained by following

the serum PSA concentration (Figure 1C). This resulted in significantly lower serum PSA concentrations

and smaller tumor volumes at the end of the study in ADX mice than in Enza-treated mice. Notably, at

the end of the experiment, two out of the 13 mice from the ADX group had a serum PSA concentration

below the detection level and when palpated, the tumors were barely detectable.

Androgen receptor signaling is restored in enzalutamide-resistant VCaP xenografts

To understand the potential androgen action in Enza-resistant tumors, we compared AR expression in the

different treatment groups and noted thatAR-FLmRNA and protein (Figures 2A and 2B) and themRNAs for

the main AR splice variants, V1 and V7 (Figures 2C and 2D), were expressed very similarly in the tumors of

the different treatment groups, except for the upregulation of all ARmRNA forms in the tumors after a long

exposure to ORX + ADX (ORX + ADX II). To characterize whether common ARmutations would account for

maintained AR signaling in Enza-treated tumors (Enza I and Enza II), we analyzed the tumor samples for the

common mutations T878A, F877L, and L702H found in CRPC patients. However, none of the samples car-

ried any of these ARmutations. This is in line with a previously published in vitro Enza-resistant VCaPmodel

(Kregel et al., 2016). Immunohistochemical staining showed that AR localized to the cytoplasm during the

Enza treatment response (ORX + Enza I) and in the tumors of the ORX + ADX mice, while more nuclear

staining was observed in the untreated tumors (ORX II) and those that showed the Enza resistance

(ORX + Enza II) (Figure 2E). In addition, in the RNA-sequencing (RNA-seq) data, the full-length AR was
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Figure 1. VCaP xenografts gain resistance toward enzalutamide treatment in vivo

Study flow of the VCaP xenograft model (created with BioRender.com) (A) and tumor volume and (B) serum PSA

concentration (C) in nude mice after inoculation of VCaP prostate cancer cells subcutaneously. Mice were castrated (ORX)

or castrated and adrenalectomized (ORX + ADX) 5 weeks after inoculation of the tumor cells, and enzalutamide (Enza)

treatment (ORX + Enza) started 3 weeks after castration. Although the Enza response was transient (shaded area), ADX

presented tumor growth inhibition throughout the study period. This resulted in a smaller tumor volume and lower serum

PSA at the end of the study in the ORX + ADX mice compared to those treated with ORX + Enza. The data shown

represent the meanG SEM. Two-way ANOVA multiple comparisons were used to test the differences in tumors grown in

castrated mice (ORX I and ORX II, n = 17 + 17), tumors grown in castratedmice treated with Enza (ORX + Enza I and ORX +

Enza II, n = 14 + 14) and those grown in ORX + ADX (ORX + ADX I and ORX + ADX II, n = 15 + 13) mice. *p < 0.05,

**p < 0.01, ***p < 0.001.
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highly expressed in both Enza-responsive (ORX + Enza I) and Enza-resistant (ORX + Enza II) tumors. In Enza-

resistant tumors, AR had the fourth highest expression level of the entire transcriptome, with mean expres-

sion levels of 7,895 (Enza I) and 7,105 (Enza II) CPM (counts-per-million). This further suggests a central role

for AR in the mechanism of Enza resistance.

Increased intratumoral DHT concentration is associatedwith tumor growth and enzalutamide

resistance of VCaP xenografts

Because the data indicated that AR also plays a pivotal role in the late stage of PCa progression, we measured

the concentrations of the classical sex steroids of the tumors, adrenal glands and serum. Similar to our recently

published observation (Knuuttila et al., 2018), only low levels of T and DHT were observed in the tumors at the
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Figure 2. Androgen receptor signaling is restored in the enzalutamide resistant VCaP xenografts

Androgen receptor signaling is restored in the enzalutamide resistant VCaP xenografts Expression of full-length androgen receptor mRNA (AR-FL) (A), AR

protein (B), and ARmRNA splice variants V1 (C) and V7 (D), as well as AR immunohistochemistry (E), were performed in VCaP prostate cancer cells inoculated

subcutaneously into nude mice. Mice were orchiectomized (ORX) or orchiectomized and adrenalectomized (ORX + ADX) 5 weeks after inoculation of the

tumor cells, and enzalutamide (Enza) treatment started 3 weeks after castration (ORX + Enza group). The following groups of mice were analyzed: ORX I

(orchiectomized mice, sacrificed 10 days after ORX), ORX II (orchiectomized mice, sacrificed 76 days after ORX), ORX + Enza I (sacrificed 34 days after ORX

and 5 days after initiating Enza treatment), ORX + Enza II (sacrificed 76 days after ORX and 47 days after initiating Enza treatment), ORX + ADX I (sacrificed

10 days after ORX and ADX) and ORX + ADX II (sacrificed 76 days after ORX and ADX).

(A, C, and D) AR mRNAs increased in VCaP tumors in ORX + ADX II mice, as measured by quantitative RT–PCR.

(B) Western blot analysis of AR protein in the VCaP tumors indicates that the induction of mRNA expression in ORX + ADX mice also translates to slightly

higher AR protein expression. ImageJ software was used to compare and quantify the intensity of the stained protein fragments in theWestern blot. The RT–

qPCR results were normalized to L19 expression, and AR signals in the Western blot were normalized to the b-actin.

(E) Representative immunohistochemical staining for AR in the tumors. The staining shows cytoplasmic localization for AR during the Enza response (ORX +

Enza I), whereas the staining was mostly nuclear in the Enza-resistant tumors (ORX + Enza II). In ORX + ADX, the AR is localized mostly in the cytoplasm. The

Kruskal-Wallis with Dunn post hoc test was used for statistical testing of the data in (A–D). Data are expressed as median and range with Tukey box and

whisker plots (A–D). (A, C, and D): ORX I n = 10, ORX II n = 10, ORX + Enza I n = 9, ORX + Enza II n = 9, ORX + ADX I n = 8, ORX + ADX II n = 8. (B): n = 4 in every

group. *p < 0.05, **p < 0.01, and ***p < 0.001. Scale bars = 50 mm (E).
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time of the Enza treatment response (5 days after initializing Enza treatment, ORX + Enza I, Figure 3A). However,

in those tumors that had escaped the transient treatment response (collected approximately 40 days after initi-

ation of the Enza treatment,ORX+Enza II), the T andDHT concentrationswere restored to the levels observed in

the untreated ORX tumors (ORX I and ORX II, Figure 3A). Thus, 38-fold and 17-fold higher T and DHT concen-

trations, respectively, were observed in the Enza-resistant (ORX + Enza II) tumors than in the Enza-responsive

(Enza I) tumors. Such concentrations are likely able to induce AR-dependent growth even in the presence of

Enza. The average DHT concentration in the Enza-resistant tumors of 2,045 pg/g (range: 71 to 4,324 pg/g),

was 5-fold higher than the mean T concentration of 445 pg/g (range: 11 to 1,036 pg/g). Notably, in our previous

study (Huhtaniemi et al., 2018), the mean concentrations of T and DHT in intact mice were 9,000 pg/g and 3,902

pg/g, respectively. Thus, theDHTwas only 2-fold higher in the intactmice than in the Enza resistant tumors in the

present study. The tumor concentrations of progesterone (P4) and androstenedione (A-dione) were 139 pg/g

(range: 15 to 1,061 pg/g) and 66 pg/g (range: 42 to 115 pg/g), respectively. Thus, such P4 and A-diones were
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Figure 3. Increased intratumoral DHT concentration is associated with tumor growth and enzalutamide resistance of VCaP xenografts

Concentrations of progesterone (P4), androstenedione (A-dione), testosterone (T) and dihydrotestosterone (DHT) in tumors (A), adrenal glands (B) and

serum (C) in orchiectomized (ORX) and orchiectomized and enzalutamide-treated (ORX + Enza) or orchiectomized and adrenalectomized (ORX +ADX)mice.

Groups are denoted as follows: ORX I (orchiectomized mice, sacrificed 10 days after ORX), ORX II (orchiectomized mice, sacrificed 76 days after ORX), ORX +

Enza I (sacrificed 34 days after ORX and 5 days after initiating Enza treatment), ORX + Enza II (sacrificed 76 days after ORX and 47 days after initiating Enza

treatment), ORX + ADX I (sacrificed 10 days after ORX and ADX) and ORX + ADX II (sacrificed 76 days after ORX and ADX). Enza treatment and ADX

significantly altered the steroid profiles compared to ORX alone in the tumors and serum.

(A) Intratumoral T and DHT concentrations were reduced in Enza-responsive tumors (ORX + Enza I) but were restored to the level of tumors in ORX mice in

the Enza-resistant tumors (ORX + Enza II). The reduced tumor growth after ADX treatment (Figure 1) is associated with reduced DHT concentration in ORX +

ADX II compared with ORX alone (ORX II), whereas this difference is not observed betweenORX II andORX + Enza II or in T concentrations between themice

after ORX + ADX treatment compared to ORX + Enza II.

(B) The adrenal glands produced significant amounts of the measured hormones in ORX mice, and the levels were increased further during long-term

treatment with Enza (ORX + Enza II).

(C) Circulating P4 was markedly reduced by ADX, whereas other treatments did not show significant changes. Long-term ADX (ORX + ADX II) also resulted in

significantly lower serum T and DHT levels than those in the Enza-treated mice (ORX + Enza II). Kruskal-Wallis with Dunn’s post hoc tests was used for

statistical analyses. Data are expressed as the median and range with Tukey box and whisker plots (A–C). n = 17 in ORX I and ORX II, n = 14 in ORX + Enza I

and II, n = 15 in ORX + ADX I and n = 11 in ORX + ADX II (A–C). *p < 0.05, **p < 0.01, and ***p < 0.001.
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likely not able to contribute to AR activation in the presence of much higher concentrations of T and DHT with

higher affinity towardAR.However, their role as precursors for local DHTproduction should be studied further. In

conclusion, our data indicate a major role for DHT as a growth-promoting androgen in the Enza-resistant VCaP

tumors in castrated mice. In contrast to Enza treatment, after ORX + ADX, there was no significant difference in

the intratumoral T or DHT between the two time points measured, and the DHT concentration measured

10 weeks after performing ADXwas 3-fold lower than that observed in Enza-resistant tumors (ORX+ADX II, Fig-

ure 3A). Thus, the treatment response of the VCaP xenografts treated with both Enza and ADX was associated

with a low intratumoral DHT concentration. This response was only transient in the Enza-treatedmice, whereas a

more stable suppression of intratumoral DHT was obtained after ADX treatment.

By measuring the intra-adrenal levels of the key androgens (A-dione, T and DHT) and P4, we showed that all

of the above-mentioned hormones were markedly produced by the adrenals in ORX mice. Of the steroids

measured, the P4 concentration was considerably higher compared to the androgens (Figure 3B), and the

large drop in serum P4 after ADX treatment (Figure 3C) is in line with this and our former (Huhtaniemi et al.,

2018) data, indicating that circulating P4 in male mice is partially of adrenal origin. Production of active an-

drogens in the mouse adrenals is also indicated by the high adrenal/serum ratio of the steroids (Figure 4A).

Enza treatment in ORXmice did not affect adrenal P4 production (Figure 3B) or the serum levels (Figure 3C),

whereas its concentration in the tumors showed a tendency for lower levels during Enza treatment (Fig-

ure 3A). This, together with the low tumor-to-serum ratio (mean 0.19, range 0.07–0.46) in mice with Enza-

responsive tumors (ORX + Enza I) and in mice with Enza-resistant tumors (mean 0.35, range 0.12–0.83), in-

dicates the activation of P4 metabolism in the Enza-treated tumors (Figure 4B). In all the other treatment

groups, the tumor-to-serum ratio was close to 1, suggesting that the P4 metabolism in those tumors was

minimal. The activation of steroid synthesis using P4 as a precursor is also suggested by the increased intra-

tumoral T and DHT levels during the Enza treatment (Figure 3A). Notably, the production of A-dione, T and

DHTwas higher in the adrenals of mice after long-term Enza treatment than that measured during the treat-

ment response, potentially also contributing to the concentration of DHT in the tumors (Figure 3B). The

mechanisms for the enhanced treatment response in the castration-resistant VCaP xenografts after block-

ing hormone synthesis in the adrenals as compared to blocking androgen action at the receptor level in the

tumors should be studied further.
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Figure 4. Active androgens are produced in adrenal glands and progesterone metabolism is activated in the Enza-treated tumors

The high adrenal-to-serum steroid ratios indicate the production of active androgens in the mouse adrenal gland (A), and the low tumor-to-serum ratios in

mice treated with Enza (ORX + Enza I and ORX + Enza II) indicate the activation of progesterone (P4) metabolism in tumors treated by Enza, while in other

treatment groups, the ratio was close to 1 (B). Kruskal-Wallis with Dunn’s post hoc test was used for statistical analyses. Data are expressed as themedian and

range with Tukey box and whisker plots (A–C). n = 17 in ORX I andORX II, n = 14 in ORX + Enza I and II, n = 15 in ORX + ADX I and n = 11 in ORX + ADX II (A–C).

*p < 0.05, **p < 0.01, and ***p < 0.001.
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Enzalutamide resistance is associated with enhanced androgen action, as revealed by RNA-

seq

By analyzing the gene expression between the ORX + Enza I and ORX + Enza II groups by RNA-seq, we

identified 292 genes with significantly (FC > 1.5, FDR >0.05) altered expression between the two groups

(Figure 5A). Of those, 230 genes were upregulated in ORX + Enza II, and 62 genes were downregulated

(see Table S1). Thus, there was a clear bias toward induced gene expression in the Enza-resistant tumors.

Both the principal component analysis (PCA) (data not shown) and hierarchical clustering of all significantly

changed genes showed that the Enza II samples were scattered into three main clusters, A, B and C (Fig-

ure 5B). The heterogeneity in the ORX + Enza II group was obvious, as among all the genes with > 3-fold

altered expression, only AKAP12 (A-kinase anchoring protein 12), MAP1B (microtubule-associated protein

1B) and THBS1 (thrombospondin 1) were shared with all three clusters and thus considered among the

most constantly altered genes (Figure 5C).

When analyzing the expression of AR-associated genes in all samples of theORX + Enza I andORX + Enza II

groups, 253 of the 536 tested genes were revealed to be expressed in both groups. In hierarchical clus-

tering using AR-associated genes, a clear separation was observed between the ORX + Enza I and

ORX + Enza II mice (Figure 5D), indicating a difference in androgen action between the Enza-responsive

and Enza-resistant tumors. Of these genes, 30 genes were upregulated and 2 genes were downregulated

in the Enza-resistant (ORX + Enza II) tumors compared to the Enza-responsive tumors (ORX + Enza I) (Ta-

ble 1). The genes included, among others, several well-characterized androgen-regulated genes, such as

KLK3, LOX, ELL2, FKBP5, TMPRSS2 and PMEPA; downregulation of NOV expression, which was a recently

defined androgen-suppressed gene, was also observed (Figure 5E). Thus, it was evident that androgen ac-

tion was higher in Enza-resistant tumors than in those collected during the Enza-responsive stage. The

overall variation in the expression levels across the androgen-dependent genes was markedly higher in

the Enza-resistant tumors than in the tumors during the Enza response, further indicating increased hetero-

geneity among the tumors growing after long-term Enza treatment.

To define the route of DHT synthesis within the tumors, we also studied the expression of steroidogenic

enzymes and other proteins potentially contributing to the increased intratumoral DHT in the Enza-resis-

tant tumors. Hierarchical clustering analysis with the leading genes among all SDR, AKR and CYP enzymes

(Figure 5F) separated the Enza-responsive and Enza-resistant tumors into different clusters, indicating

altered steroid metabolism machinery in these two groups of tumors. However, of the 124 genes analyzed

by RNA-seq, only 8 were found to be differentially expressed with a fold change higher than 1.5, including

CYP1B1, SLCO2A1, CYP4F62P, SULT1C4, CYP4F8, CYP4F30P, FASN and RDH11. Hematoxylin-eosin stain-

ing of the tumors showed that the stromal contribution in the tumors is minimal. Furthermore, RT–qPCR

data revealed that classical steroidogenic enzymes, such as CYP11A1, CYP17A1, HSD3B1 and -2,

HSD17B3, and SRD5A1 and -2, were not markedly expressed in the mouse stromal compartment. Our

data therefore did not reveal the route for the accumulation of DHT in the Enza-resistant tumors. However,

RNA-seq data indicated that various HSD17B enzymes with variable catalytic efficacy to convert A-dione to

T were expressed, as were HSD3B7 and SR5A1 and SDR5A3 (Figure 5F). Because the AR level was not

Figure 5. Enzalutamide resistance is associated with enhanced androgen action as revealed by RNA-seq

The differential gene expression in the tumors between the ORX + Enza I and ORX + Enza II mice by RNA-seq.

(A) By using FC > 1.5 and FDR <0.05, we identified 292 genes with altered expression between the two groups, presented by a volcano plot. Thresholds used

in filtering are marked in the plot with dashed lines, upregulated genes (230 genes) are colored red, and downregulated genes (62 genes) are colored green.

(B) Heatmap of hierarchical clustering of the differentially expressed genes in the tumors of the ORX + Enza I and ORX + Enza II mice define three separate

clusters for the Enza II mice (A–C). Each row represents one differentially expressed gene, and each column represents one sample.

(C) RNA-seq data of AKAP12, MAP1B and THBS1 representing transcripts with those constantly altered between ORX + Enza I and ORX + Enza II tumors.

(D) Hierarchical clustering of the set of AR-associated genes provides a clear separation of the ORX + Enza I and ORX + Enza II tumors, indicating altered

androgen action during the progression of Enza resistance. The heatmaps are based on the differentially expressed AR-related genes (FDR <0.05 and

FC >1.5).

(E) RNA-seq data of well-characterized AR-regulated genes (KLK3, FKBP5, ELL2 and NOV) in ORX + Enza I and ORX + Enza II tumors further support the

enhanced androgen action in Enza-resistant tumors compared to those with Enza response.

(F) Hierarchical clustering of the RNA-seq data of Enza responsive (ORX + Enza I) and Enza-resistant (ORX + Enza II) tumors using the leading edge genes

among enzymes of the CYP, SDR and AKR families potentially involved in steroid metabolism. The leading edge determined which 68 subsets of genes

contributed the most to the enrichment signal of a given set of 124 genes. The color gradients (B, D, and F) represents the intensity of gene expression in

tumors, with blue indicating low expression in tumor and red indicating high gene expression during ORX + Enza I and ORX+Enza II treatments.
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altered between the treatment groups, the increased ligand concentration produced by a nonconventional

pathway is likely the key determinant for the enhanced androgen action in the Enza-resistant tumors.

We also performed pathway analyses of differentially expressed genes between the Enza I and Enza II tu-

mors using enrichment analysis of the GO terms of biological processes. The analysis revealed terms such

as inflammatory response, various terms for angiogenesis and blood vessel development and morphogen-

esis, and cell adhesion and motility, all with p < 1x 10�10 (see Table S2). Similar conclusions could be drawn

using a PubMed search of the 10 genes with the highest upregulation and downregulation in Enza II tumors

compared to Enza I, identified by RNA-seq (see Table S3). Of those genes, the majority were associated

with androgen action, whereas they were also strongly associated with proliferation/apoptosis, invasive-

ness, cell migration, EMT and neuroendocrine development. Thus, the resistance mechanism involves mul-

tiple pathways promoting tumor progression.

DISCUSSION

VCaP cells, containing endogenous AR gene amplification and overexpression, are sensitive to low levels of

androgens (Waltering et al., 2009) and thus represent an excellent model to identify mechanisms leading to

antiandrogen therapy resistance. Our study indicates that in castrated mice, Enza treatment response is

only transient in VCaP xenografts, whereas ADX treatment resulted in more pronounced long-term growth

inhibition. Importantly, we showed that in the Enza-resistant tumors, the AR-signaling pathway is active and

thus remains a potential pathway for targeted therapy in the Enza-resistant patients. Our results further

indicate that activation of AR signaling during antiandrogen therapy resistance in this preclinical model

is associated with upregulation of the intratumoral DHT concentration, which is a potential marker for anti-

androgen therapy resistance.

Our results are in agreement with those observed in earlier studies showing elevated A-dione and T levels

in the bone marrow aspirates of patients with bone metastases treated with Enza (Efstathiou et al., 2015),

with the exception that in our model, DHT was the main active androgen in the resistant tumors. It has been

shown that although castration reduces circulating T levels by 90–95% (Labrie et al., 1980, 1985; Moghissi

et al., 1984), intraprostatic DHT is typically reduced by only 50% after medical or surgical castration, and

there is no decrease in A-dione concentrations in the prostate after castration (Bélanger et al., 1989; Miya-

moto et al., 1998). Furthermore, an increase in intratumoral androgen biosynthesis is reported in Enza-resis-

tant cells in vitro (Liu et al., 2015). However, to our knowledge, the present study is the first to report that

enhanced intratumoral levels of active androgens, especially DHT, might be a key feature in a set of Enza-

resistant CRPC tumors in humans.

To date, serum PSA, coded by the KLK3 gene (Riegman et al., 1991), is the best characterized marker to

follow PCa progression and is used as a diagnostic tool clinically to detect early-stage disease, to track tu-

mor burden and to monitor the efficacy of treatments (Nash andMelezinek, 2000; Ryan et al., 2006). KLK3 is

well known to be androgen dependent, and the possibility of using PSA to follow-up clinical tumor progres-

sion after androgen-deprivation therapy and other treatments also speaks for the androgen dependency of

the majority of advanced PCa cases. Our data are in line with these observations, and KLK3 was one of the

genes with the highest upregulation in the Enza-resistant tumors compared to the Enza-responsive tumors,

likely increasing the sensitivity of detecting Enza-resistant tumors by serum PSA. A similar increase in KLK3

gene expression was also observed in Enza-resistant VCaP cells in vitro (Kregel et al., 2016). The increased

expression of several other classical AR-regulated genes further indicates that the Enza-resistant tumors in

our model are at least partially AR-driven. Nanomolar intratumoral DHT concentrations (approximately 300

pg/g) are sufficient to drive the expression of AR-dependent genes, and after medical or surgical castration

even lower levels are sufficient to activate AR (Gregory et al., 2001) because of increased AR expression

during disease progression. In this study, the nuclear localization of AR was increased in Enza-resistant tu-

mors compared to responsive tumors and those grown in mice after ORX + ADX. These data are in agree-

ment with other studies (Gregory et al., 1998, 2001; Kregel et al., 2016) and further support the activation of

androgen signaling in Enza-resistant VCaP tumors.

Notably, in addition to increasing intratumoral DHT concentrations, long-term Enza treatment was also

found to increase the intra-adrenal androgen concentrations, suggesting adrenal androgen synthesis in-

duction in castrated mice by antiandrogen treatment. Adrenalectomy resulted in a significantly lower intra-

tumoral DHT concentration compared to the Enza-resistant tumors. Thus, DHT in CRPC tumors is evidently
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affected by adrenal-derived factors, inducing de novo steroidogenesis in tumors (synthesized from choles-

terol) (Locke et al., 2008) or providing active androgens and/or precursors for DHT synthesis in tumors (Cai

et al., 2011). Our data, together with previous studies (Barnard et al., 2020; Huhtaniemi et al., 2018; Mos-

taghel et al., 2019), evidently reveal a marked role for adrenals in promoting the growth of CRPC in rodents.

This is novel, while the role of rodent models has been largely criticized because of the lack of DHEA and

DHEA-S production, which is suggested to be themain source of intratumoral androgen production in clin-

ical CRPC tumors (Cai et al., 2011). From a clinical perspective, the value of identifying increased intratu-

moral DHT as a result of antiandrogen treatment and defining its role as one mechanism of antiandrogen

resistance suggests that a combination of an antiandrogen (e.g., Enza) with a CYP17 or CYP11A1 inhibitor

would be of benefit to achieve substantial inhibition of androgen action in a set of CRPC tumors. Several

clinical studies have been carried out with a combination of Enza and abiraterone, but unfortunately, those

have failed to show a benefit for the combination regimen (Efstathiou et al., 2020; Morris et al., 2019). Enza is

Table 1. Significantly changed androgen receptor regulated genes in the enzalutamide treated VCaP tumors

ID mean RPKM Enza I mean RPKM Enza II Fold change FDR

TNFAIP3 4.8 22.5 4.1 0.000

KLK3 58.1 195.0 3.3 0.000

MAP1B 7.9 26.8 3.1 0.000

LOX 9.8 26.7 2.6 0.000

STEAP4 8.3 21.4 2.4 0.000

NR3C2 12.4 29.7 2.3 0.000

ELL2 102.6 214.4 2.1 0.000

FKBP5 140.8 286.1 2.0 0.000

ANXA2 3.0 6.9 2.0 0.008

PFKFB2 22.7 43.0 1.9 0.000

SLC45A3 154.3 286.8 1.9 0.000

RASD1 2.0 4.6 1.9 0.007

MBOAT2 27.1 49.3 1.8 0.000

TMPRSS2 328.5 582.4 1.8 0.000

ABHD2 573.7 1006.7 1.8 0.009

ZBTB16 18.8 33.4 1.7 0.016

NFKBIA 41.1 71.2 1.7 0.036

BMPR1B 114.2 195.0 1.7 0.008

LDLR 6.8 12.2 1.7 0.023

SPOCK1 346.3 584.1 1.7 0.008

PMEPA1 557.1 937.3 1.7 0.009

DNAJB1 103.8 168.5 1.6 0.040

SLC2A3 1.5 3.0 1.6 0.011

ATP1A1 390.8 623.3 1.6 0.027

SOCS2 19.3 31.3 1.6 0.007

ACSL3 111.6 176.3 1.6 0.012

C1orf21 32.6 51.3 1.6 0.023

ALDH1A3 78.0 119.5 1.5 0.023

TUBA3D 5.9 9.5 1.5 0.037

PIK3AP1 9.0 14.1 1.5 0.049

GLI3 3.1 1.4 �1.7 0.000

NOV 25.9 8.1 �3.0 0.000

Using list of AR-associated genes containing known androgen-regulated genes as well as AR interacting proteins, 30 genes

were upregulated and 2 genes downregulated in the Enza-resistant (ORX + Enza II, n = 10) tumors compared to the Enza

responsive tumors (ORX + Enza I, n = 10). (FDR <0.05 and FC > 1.5).
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a potent inducer of CYP3A4 (Gibbons et al., 2015; Narayanan et al., 2016), and CYP3A4, in turn, is the major

route for abiraterone metabolism (Bernard et al., 2015). Thus, Enza stimulates the degradation of abirater-

one, and to minimize the risk of treatment failure, it is recommended to avoid CYP3A4 inducers when a

therapeutic alternative is available (Bernard et al., 2015). Furthermore, a CYP17A1-independent DHT syn-

thesis route has been shown to be present in PCa cells (de Mello Martins et al., 2017).

In this study, the reactivation of androgen action was associated with multiple biological processes, as indi-

cated by the gene expression changes between Enza I and Enza II tumors. Simultaneously, according to

direct markers of androgenic activity, pathways and processes such as inflammation, angiogenesis, inva-

siveness, EMT and neuroendocrine development were induced to increase the progression of tumorigen-

esis. Nephroblastoma overexpressed (NOV, former CCN3) is a marker of active androgen action (Knuuttila

et al., 2018; Wu et al., 2014). It has been shown to promote cell differentiation (Chen et al., 2017) and to

exhibit both tumor-suppressive and tumorigenic roles, depending on the cellular context (Perbal, 2008).

In PCa NOV has been proposed to function as a tumor suppressor (Fong et al., 2017; Wu et al., 2014),

and thus, its reduced expression is consistent with the increased proliferation in the Enza-resistant tumors

compared to Enza responsive tumors. In addition to being a direct target of ligand-activated AR (Wu et al.,

2014), NOV is an inhibitor of the P1K3/AKT/mTOR pathway (Huang et al., 2019). P1K3/AKT/mTOR signaling

regulates, e.g., cell survival, growth and proliferation, metabolism, angiogenesis, and differentiation of

stem cell-like properties (Bitting and Armstrong, 2013). Therefore, the suppression of NOV could be one

of the effects by which the increased intratumoral DHT drives Enza resistance. Similarly, it has been demon-

strated that PLOD2, which is among the most upregulated genes in the Enza-resistant tumors (fold change

4.41, FDR <0.005), mediates resistance by promoting the stemness P1K3/AKT/mTOR pathway, as evi-

denced in glioma cells (Song et al., 2017) and laryngeal cancer cells (Sheng et al., 2019). Interestingly, there

are data suggesting that NOV activates ICAM-1 expression in prostate cancer cells (Chen et al., 2012), while

in our data, the genes coding for these two proteins behaved in opposite fashion, ICAM-1 was highly up-

regulated in several of the Enza-resistant tumors, although there was high variation in the tumors. The po-

tential roles of MAP1B and THBS1, which are upregulated in Enza-resistant tumors, remain to be investi-

gated with respect to promoting the growth of tumors. To date, studies have indicated a tumor

suppressive function for THBS1, which is likely not a driver of the Enza-resistant growth. However, the

increased expression of MAP1B is of interest, as it has been shown thatMAP1B overexpression in urothelial

carcinoma is associated with adverse clinical features and predicts poor prognosis (Chien et al., 2020), and

the expression of microtubule-associated proteins (MAPs) has also been associated with chemotherapy

resistance in cancer (Bhat and Setaluri, 2007; Chien et al., 2020), the mechanisms of which remain to be

solved.

In addition to the putative effects of adrenal-derived androgens and their precursors as growth-promoting

factors in Enza-resistant tumors, there is a possibility that the lack of adrenal medulla-derived noradrena-

line and/or adrenalin is the reason for the adrenalectomy response in our VCaPmodel. In fact, the increased

expression of b2-adrenergic receptor (ADRB2) by 1.6-fold (FDR 0.02), as assessed by RNA-seq, in the Enza-

resistant xenografts (ORX + Enza II) compared to Enza-responsive xenografts (ORX + Enza I) suggests acti-

vation of b-adrenergic signaling as a putative driver of Enza resistance in tumors with AR dependency. In

line with these data, previous studies have shown ADRB2 to be an AR-regulated gene (Braadland et al.,

2015; Guthrie et al., 1990; Massie et al., 2007) and indicated that ADRB2 is associated with luminal differ-

entiation (Braadland et al., 2019). Interestingly, downregulation of ADRB2 has been associated with poor

prognosis and treatment resistance caused by treatment-induced neuroendocrine differentiation (tNEPC)

(Braadland et al., 2015, 2019). A marked upregulation of genes, including AKAP12, CCL2 and NPY, con-

nected to adrenergic signaling in the Enza-resistant tumors in our study suggests a novel role of adrenergic

signaling in androgen-driven resistance.

The expression of AKAP12, one of the three genes that was uniformly increased in heterogeneous Enza-

resistant tumors, is reported to be associated with recruitment, desensitization and recycling of ADRB2,

e.g., in cardiac myocytes. Furthermore, C-C motif chemokine ligand 2 (CCL2) was one of the most upregu-

lated transcripts in the Enza-resistant tumors (fold change above 5). Although CCL2 has been found to be

linked to ADRB2 by promoting the production of ADRB2 in astrocytes (Gutiérrez et al., 2018), it is also

known as one of the main chemokines involved in PCa establishment in the bone marrow (Lu et al.,

2009; Zhang et al., 2010). In line with the potential roles of several mechanisms, including both AR- and

ADRB2-signaling, in Enza resistance, the transcriptomic data of Enza-resistant tumors were separated
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into three separate clusters. These clusters shared a number of transcripts that were differentially ex-

pressed between the Enza-responsive and Enza-resistant tumors but showed markedly more cluster-spe-

cific alterations. In summary, our data show that the occurrence of Enza resistance coincides with an in-

crease in intratumoral DHT and reactivation in androgen signaling, and thus measuring the intratumoral

DHT concentration in CRPC tumors may offer a tool to define the appearance of Enza resistance in a set

of patients, benefiting from therapies suppressing androgen reactivation by another mode of action.

LIMITATIONS OF THE STUDY

It is unfortunate that the PCa cells mimicking the local steroid synthesis often present in clinical CRPC is

currently limited to VCaP cells only: as such, the current study should be confirmed when further cell lines

become available. Currently, only the four most commonly used PCa cell lines, LNCaP, 22Rv, MDA PCa2b

and VCaP, express AR and secrete PSA (Shi et al., 2019). The VCaP cell line is known to be the only one that

expresses high levels of only wild-type AR and secretes PSA (Van Bokhoven et al., 2003), responds well to

androgen ablation and exhibits classical features of CRPC, as we have proven.

From a clinical perspective, our results obtained with the preclinical model emphasize the possibility that

elevated intratumor DHT could also indicate an antiandrogen resistant stage in clinical CRPC tumors. Thus,

intratumor DHT could be used as a biomarker of the need for more intensive treatment to reduce the tumor

androgen levels to nil or by using other modes of action. It is important to note that clinical studies that

failed to show benefit for the combination regimen of antiandrogen and abiraterone included an unse-

lected group of patients, whereas more personalized patient selection would be necessary because of

the heterogeneous androgen concentrations shown in the CRPC specimens in some of the clinical studies

(Efstathiou et al., 2020). Furthermore, the DHT synthesis pathway bypassing CYP17A1 exists (de Mello Mar-

tins et al., 2017).
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Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Matti Poutanen (matti.poutanen@utu.fi), University of Turku, Turku, Finland.

Materials availability

This study did not generate new unique reagents.

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-AR [EPR1535(2)] Abcam ab133273

HRP-linked anti-rabbit IgG Cell Signaling Technology #7074

AR (N-20) Santa Cruz Biotechnology sc-816

Anti-rabbit antibody conjugated with polymer-

HRP

Dako K4002

Chemicals, peptides, and recombinant proteins

BD Matrigel Matrix High Concentration BD Biosciences Cat#354248

Critical commercial assays

RNeasy Mini Kit Qiagen Cat#74034

TruSeq Stranded mRNA LT Sample Prep Kit Illumina Cat#20020594

Deposited data

NCBI’s Gene Expression Omnibus: https://

www.ncbi.nlm.nih.gov/geo/query/acc.cgi?

acc=GSE147541F

Edgar et al. (2002) GSE147541

Experimental models: Cell lines

VCaP ATCC CRL-2876

Experimental models: Organisms/strains

Athymic Nude male mice (Hsd:Athymic Nude-

Foxn1nu
Envigo, France Order code: 069

Oligonucleotides

In the Table S4

Software and algorithms

Study groups allocations Tero Aittokallio (Laajala et al., 2016) http://rvivo.tcdm.fi/

FastQC tool Babraham Bioinformatics http://www.bioinformatics.babraham.ac.uk/

projects/fastqc/

STAR v2.5.0c Dobin et al. (2013)

Subread tool version 1.6.2 Liao et al., 2014

R version 3.2.2 R Development Core Team (2016)

Other

Reagents for PSA time-resolved fluorometric

assay

Kim Petterson (Lovgren et al., 1996) N/A

Steroid profiling with GC-MS/MS Claes Ohlsson (Nilsson et al., 2015) N/A
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Data and code availability

d Single-cell RNA-seq data have been deposited at GEO and are publicly available as of the date of pub-

lication. Accession numbers are listed in the STAR Methods section.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture

Tested and authenticated VCaP cells were obtained from the American Type Cell Culture (ATCC, Mana-

ssas, VA, USA), and the cells were confirmed to be free of any harmful rodent pathogens before initiation

of the study (Surrey Diagnostics, Surrey, United Kingdom). All cell culture reagents were purchased from

Gibco, Thermo Fisher Scientific (Waltham, MA, USA), except HyClone fetal bovine serum was obtained

from GE Healthcare, (Marlborough, MA, USA).

Generation of castration-resistant VCaP xenografts

The castration-resistant VCaP xenografts were generated, as previously reported (Huhtaniemi et al., 2018).

Shortly, 180 Athymic Nude male mice (Hsd:Athymic Nude-Foxn1nu, Envigo, Gannat, France), weighing be-

tween 20 and 30 g, were used at 4-6 weeks of age. The mice were housed in individually ventilated cages

(IVC, Techniplast, Buguggiate, Italy; one mouse/cage), under controlled conditions of light (12 h light/12 h

dark), temperature (22�C G 2�C) and humidity (55% G 15%) in specific pathogen-free conditions at the

Central Animal Laboratory, University of Turku, Finland. The mice were given irradiated soy-free natural-

ingredient feed [RM3 (E), Special Diets Services, Essex, UK] and autoclaved tap water ad libitum. The cells

were suspended in the culture medium described above at a density of 26.6 x106 cells/mL. Thereafter, high

protein concentration Matrigel (BD Biosciences, Bedford, MA, USA) was added (1:1), and a 150 mL aliquot

of this suspension (2 million cells per mice) was inoculated subcutaneously (s.c.) to the right flank of each

mouse by using a 25 G needle.

Development and growth of the VCaP tumors were monitored by measuring the tumor volume twice a

week, and by detecting the serum concentration of PSA every 10 days. The volume of the tumors were

calculated according to following formula: W2 x L/2 (W = shorter diameter, L = longer diameter of the tu-

mor). For PSA analysis, blood was collected from saphenous vein, and the PSA was measured with an in-

house time-resolved fluorometric assay (Lovgren et al., 1996).

Tumors were grown for 5 weeks, until the mean volume of the tumors reached approximately 500 mm3

(range 211-1554 mm3), and the mean serum PSA value was 12 mg/L (range 1.4–53.8 mg/L). Mice were

then allocated to study groups using our published algorithm (Laajala et al., 2016), the groups being orchi-

ectomized (ORX; n = 34) mice, orchiectomized and Enza treated (ORX + Enza; n = 28) mice, and orchiec-

tomized and adrenalectomized (ORX + ADX; n = 28) mice. Orchiectomy and adrenalectomy were carried

out under the isoflurane (2-3% Isofluran, Baxter S.A., Lessines, Belgium) induced anesthesia. For pain relief,

mice were injected s.c. with buprenorphine (0.1 mg/kg, Temgesic� 0.3 mg/mL, Reckitt Benckiser Health-

care, Hull, United Kingdom) and carpofen 5 mg/kg (Vet Rimadyl� 50 mg/mL, Pfizer SA, Louvain-La-Neuve,

Belgium) before and after the operations. The Enza treatment was started 31 days after ORX, and there-

after, 20 mg/kg of the drug was administered orally (p.o.) via gavage once daily, for 5 days or for

46 days. The mice were sacrificed via cervical dislocation at different time points (Figure 1A). The following

group of mice were allocated again and analyzed: ORX I (orchiectomized mice, sacrificed 10 days after

ORX), ORX II (orchiectomized mice, sacrificed 76 days after ORX), ORX + Enza I (sacrificed 34 days after

ORX and 5 days after initiating Enza treatment), ORX + Enza II (sacrificed 76 days after ORX and 47 days

after initiating Enza treatment), ORX + ADX I (sacrificed 10 days after ORX and ADX) and ORX + ADX II

(sacrificed 76 days after ORX and ADX). Tumor, adrenal gland and serum samples were stored at �80�C
after initial freezing in liquid nitrogen, and specimens for histology and immunohistochemistry were fixed

in 10% formalin for 24 h prior to paraffin embedding.

This study has been performed according to the guidelines for the welfare and use of animals in cancer re-

search(Workman et al., 2010), and following the EU legislation related to the use of animals for scientific
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purposes. National Animal Experiment Board of Finland authorized the animal studies with the license

ESAVI/4199/04.10.07/2014 that were performed according to the instructions given by the Institutional An-

imal Care and Use Committees of the University of Turku.

METHOD DETAILS

Measurement of intratumoral, intra-adrenal and serum steroid concentrations

Tumors and adrenal glands were homogenized in sterile water using a TissueLyzer LT homogenizer (Qia-

gen, Venlo, The Netherlands), and intratumoral, intra-adrenal and serum concentrations of progesterone

(P4), androstenedione (A-dione), T and DHT were measured using a previously described method applying

GC-MS/MS (Nilsson et al., 2015). Usingmouse serum, the lower limit of quantitation (LLOQ) for P4, A-dione,

T and DHT with the assay are 74 pg/mL, 12 pg/mL, 8 pg/mL, 2.5 pg/mL, respectively. Results under the

LLOQ were calculated to be half of each lower limit of quantitation value to avoid overestimation of low

values in the analysis. To make intratumoral steroid concentrations comparable to those in the serum,

1 g of tumor was considered equivalent to 1 mL of serum.

Quantitative RT–qPCR analyses and RNA-sequencing

For RT–qPCR and RNA-sequencing (RNA-seq), total RNA was extracted from tumors by homogenizing the

specimens to TRIsure (Invitrogen, Carlsbad, CA, USA), and using RNeasy Mini Kit (Qiagen) according to

manufacturer’s instructions. The expression levels of full length AR (AR-FL) and AR splice variants V1 and

V7 were analyzed by real-time RT–qPCR using the primers presented at Table S4. Possible contribution

of mouse stromal cells into intratumoral androgen synthesis was studied by analyzing the expression of

mouse steroidogenic enzymes from tumor samples using RT–qPCR (see Table S4).

RNA-seq from tumors of ORX mice treated for 5 days (n = 10) or 46 days (n = 10) with Enza, were carried out

at the Finnish Functional Genomics Center (University of Turku, Åbo Akademi University and Biocenter

Finland). The samples were treated according to Illumina TruSeq� Stranded mRNA Sample Preparation

Guide, and sequenced with Illumina HiSeq 2500 instrument (Illumina, San Diego, CA, USA), using Hiseq

v2 Rapid sequencing chemistry and 50 bp single-end read length.

The quality of the sequenced reads was confirmed using the FastQC tool (Babraham Bioinformatics, Bab-

raham Institute, Cambridge, UK). STAR v2.5.0c (Dobin et al., 2013) was used to align the reads to the mouse

reference genome mm10, available at University of California, Santa Cruz Genome Bioinformatics Group

(Illumina iGenomes website, San Diego, CA). The number of uniquely mapped reads associated with

each gene, according to RefSeq gene annotation, was counted using the Subread tool version 2.6.1b

(Liao et al., 2014). The RNA-seq data discussed in this publication have been deposited in NCBI’s Gene

Expression Omnibus (Edgar et al., 2002) and are accessible through GEO Series accession number

GSE147541 (NCBI’s Gene Expression Omnibus: https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?

acc=GSE147541). The downstream analysis of the data was performed using R version 3.2.2 (R Develop-

ment Core Team, 2016) and its corresponding Bioconductor module. The read counts were normalized

for library size using the Trimmed Mean of M-values (TMM) method implemented in the R-package named

as edgeR (Robinson et al., 2010). R package ROTS (Suomi et al., 2017) was used for performing the statistical

testing. False discovery rate (FDR) < 0.05 and absolute fold change (FC) > 1.5 was required to consider the

gene to be differentially expressed between the groups analyzed. The hierarchical clustering of the normal-

ized expression values of differentially expressed AR-regulated genes was performed using Euclidean dis-

tance and Ward’s method, implemented in the R package pheatmap (Kolde, 2015).

For analyzing the role of AR signaling in our model, we generated a list of AR-associated genes containing

known androgen-regulated genes as well as AR interacting proteins using common up-regulated genes in

VCaP and LNCaP upon DHT treatment (Asangani et al., 2014), Database Resources of the National Center

for Biotechnology Information (Coordinators, 2016), androgen pathway product analysis list provided by

SwitchGear Genomics (Menlo Park, CA) and Regulators of Androgen Action Resource (RAAR) database

(Depriest et al., 2016).

In order to detect whether ARmutations T878A, F877L and L702H would contribute the Enza resistance, we

amplified AR exon four and beginning of exon 8 from cDNA samples via PCR (primers: AR exon 4 SE:

ACAGGAGGAAGGAGAGGCTT; AR exon 4 As: CCCACTTGACCACGTGTACA; AR exon 7 SE: ACATCC

TGCTCAAGACGCTT; AR exon 8 As: TGGGTGTGGAAATAGATGGGC). Amplified products were run on
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a 2% agarose gel and DNA containing gel pieces were cut out. The DNA was extracted from the gel and

purified with NucleoSpin Gel and PCR Clean-up kit (Macherey-Nagel, Düren, Germany) according to the

manufacturer’s instructions. The DNA samples were prepared for sequencing with the Mix2Seq kit (Euro-

fins Genomics, Konstanz, Germany) and sequencing was performed at Eurofins Genomics Sequencing Eu-

rope using cycle sequencing on ABI 3730XL machines (Applied Biosystems, Foster City, CA).

Immunoblotting

Tumor samples were homogenized using a TissueLyzer LT and stainless steel beads (Qiagen, Hilden, Ger-

many) in radioimmunoprecipitation assay (RIPA)-lysis buffer containing the following ingredients:

150 mmol/L Tris-HCl, 1% NP-40, 0.5% sodium deoxycholate, 1 mmol/L EDTA, 1 mmol/L SDS, 100 mmol/

L sodium orthovanadate (Sigma-Aldrich, St.Louis, MO, USA), and cOmplete Mini protease inhibitor (Roche

Diagnostics, Mannheim, Germany). Samples (30 mg) were centrifuged at 8000 g for 10 min at 4�C, and total

protein concentrations in the supernatant were measured with a bicinchoninic acid protein assay (Pierce,

Rockford, IL, USA). The samples were loaded onto an 10% Mini-PROTEAN TGX Precast Protein SDS-

PAGE Gel (Bio-Rad, Hercules, USA) and separated under reducing conditions, followed by transfer onto

an Amersham Hybond P 0.45 PVDF blotting membrane (GE Healthcare Life Sciences, Chicago, IL, USA).

The membranes of tumor samples were probed with rabbit monoclonal anti-AR antibody (Abcam, Cam-

bridge, UK) with 1:2000 dilution followed by HRP-linked anti-rabbit IgG antibody (dilution 1:5000, Cell

Signaling Technology, Danvers, MA, USA). The membranes were visualized using Cy5 and Cy3 detection

and a Typhoon laser scanner (GE Healthcare) and imaged with an ImageQuant LAS 4000 camera system

(GE Healthcare). ImageJ software version 1.51K (NIH, Bethesda, MD) was used to compare and quantify

the intensity of bands on scanned images of membranes.

Immunohistochemistry

Formalin-fixed and paraffin-embedded tumor samples were cut to sections prior to deparafinization and

rehydration. The sections were exposed to the antigen retrieval in a steamer in 10 mM sodium citrate buffer

(Citric acid monohydrate Sigma-Aldrich, St Louis, USA) and Tri-sodium citrate dehydrate (Merck, Darm-

stadt, Germany) for 30 min. The sections were then incubated in a humidified chamber overnight with

the primary antibody against the N-terminus of the AR (N-20: sc-816, dilution 1:250, Santa Cruz Biotech-

nology, Dallas, Texas, USA) at 4 �C. Endogenous peroxidase activity was blocked by applying 1% H2O2

for 20 min at room temperature and the section were then incubated for 30 min with anti-rabbit antibody

conjugated with polymer-HRP (Dako, Glostrup, Denmark), washed and visualized with Envision+ System-

HRP DAB staining (Dako). The sections were counterstained with hematoxylin, mounted and digitized us-

ing a Pannoramic 250 slide scanner (3DHISTECH, Budapest, Hungary).

QUANTIFICATION AND STATISTICAL ANALYSIS

The statistical tests were chosen depending on the results of the preliminary Shapiro-Wilk tests of data

normality. Non-parametric Mann-Whitney, Kruskal-Wallis and Dunn’s multiple comparison tests were

applied in RT–qPCR comparisons on single gene level, and to test the differences in the steroid concentra-

tions in ORX, ORX + ADX and ORX + Enza treated mice. These univariate statistical analyses were per-

formed using GraphPad Prism 8 software (GraphPad Software, San Diego, CA). p < 0.05 was considered

statistically significant.
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