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Abstract

Prostate cancer (PCa) continues to threaten men’s health, and treatment targeting the androgen 

receptor (AR) pathway is the major therapy for PCa patients. Several second-generation 

androgen receptor inhibitors (SG-ARIs), including enzalutamide (ENZ), apalutamide (APA) and 

darolutamide (DARO), have been developed to better block the activity of AR. Unavoidably, 

emergence of resistance to these novel drugs still persists. Herein, we identified glutathione 

S-transferase Mu 2 (GSTM2) as an important determinant in the acquisition of resistance to SG-

ARIs. Elevated GSTM2 was detected in enzalutamide-resistant (ENZ-R) PCa, and overexpression 

of GSTM2 in naïve enzalutamide-sensitive (ENZ-S) cells effectively transformed them to ENZ-R 

PCa. Aryl hydrocarbon receptor (AhR), the upstream transcription factor, was implicated in the 

overexpression of GSTM2 in ENZ-R cells. Mechanistically, GSTM2 antagonized the effect of 

ENZ by rescuing cells from oxidative stress-associated damage and activation of p38 MAPK 

pathway. Surprisingly, high GSTM2 levels also associated with cross-resistance to APA and 
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DARO. Taking together, these results provide new insight to ameliorate resistance to SG-ARIs and 

improve treatment outcome.

INTRODUCTION

According to the latest statistics, prostate cancer (PCa) is the third leading diagnosed type 

of cancer and the sixth leading cause of death [1], thus remaining to be a major obstacle 

to human well-being. Androgen receptor (AR) plays a pivotal role in PCa and serves as 

the basis of disease progression. As a result, current therapy for PCa focuses mainly on 

pharmaceutical inhibition of AR activity. Despite the initial effectiveness, most patients 

gradually develop resistance to the first-line treatment and progress to castration-resistant 

prostate cancer (CRPC) [2]. Established evidence shows that CRPC is characterized with 

androgen insensitivity accompanied with overexpression of AR. As such, even at the CRPC 

stage, AR remains a valid target for treatment [3]. To better target the AR pathway, 

several second-generation AR inhibitors (SG-ARIs) have been developed. Enzalutamide 

(ENZ) was the early approved SG-ARI to treat CRPC. Following that, apalutamide (APA) 

and darolutamide (DARO) were greenlighted as well [4]. Based on data obtained from 

large-scale clinical trials, these novel AR inhibitors possessed much higher potency to 

block AR signaling and consistently delivered better therapeutic effect [5–7]. Although 

patients’ welfare has been significantly improved, subsequent acquisition of resistance to 

SG-ARIs greatly impairs the treatment outcome. Since ENZ was early approved to treat 

CRPC, resistance to it has been extensively studied, whereas research regarding resistance 

to APA and DARO is still lacking. Therefore, more experiments are needed to explore the 

mechanism of resistance to SG-ARIs.

Sufficient evidence from both experimental and clinical studies indicates that oxidative 

stress (OS) is inherent and might play a critical role in prostate carcinogenesis [8, 9]. 

Marked by the level of reactive oxygen species (ROS), OS can be either beneficial or 

harmful to the cells. Under the condition of low ROS, several growth factor pathways are 

activated to enhance cell proliferation and promote the progression of cancer. However, if 

the level of ROS reaches a threshold, unrestricted OS leads to damage and triggers cell death 

[10]. Thus, it is critical for cells to develop preemptive mechanism to protect them from 

OS-associate damage while still enjoying the benefit of ROS. This tug-of-war is kept in 

balance by the cellular antioxidants and salvage system, which include ROS scavengers that 

directly eliminate excessive ROS and regulatory components that antagonize the activation 

of death pathways [11, 12]. Considering the double-edged effect of OS, tilting the redox 

balance toward the harmful edge can be a novel treatment modality for PCa.

Glutathione S-Transferase Mu 2 (GSTM2) is a phase II metabolizing enzyme that 

conjugates glutathione to electrophilic compounds. This process is very important to 

detoxify harmful chemicals [13]. In addition, GSTM2 has been implicated in cellular anti-

OS defense to protect cells from OS-associated damage and cell death [14]. Considering 

the pivotal role of OS in tumorigenesis, it is not surprising that GSTM2 is closely related 

to cancer progression, and there have been several publications regarding the function of 

GSTM2 in drug resistance [15–19]. Nonetheless, these data do not always convey consistent 
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results and are sometimes interpreted diametrically. In addition, little is known about the role 

of GSTM2 in PCa progression and drug resistance, which needs to be further uncovered. 

Here we identified that GSTM2 was overexpressed in enzalutamide-resistant (ENZ-R) PCa 

and sustained the nature of drug resistance. Inhibition or depletion of GSTM2 effectively 

overwhelmed resistance to ENZ by counteracting the treatment-induced OS and activation 

of cell death. Surprisingly, this relation was not restricted to a single drug, as GSTM2 

also contributed to general resistance to SG-ARIs through similar mechanism. In sum, our 

findings likely benefit PCa patients by enhancing the potency of current treatment regimen.

RESULTS

Integrative analysis identifies overexpression of GSTM2 in ENZ-R cells

To investigate a potential causal link between the genetic profile and resistance to SG-ARIs, 

we used C4–2 and C4–2R cell lines as our starting point. Whereas C4–2 is an ENZ-

sensitive (ENZ-S) cell line, C4–2R is the ENZ-R derivative from C4–2 through long-term 

drug selection. We extracted the genomic contents and performed Assay for Transposase-

Accessible Chromatin using sequencing (ATAC-seq), which detects the open chromatin 

regions of genome [20]. Together with the RNA-seq we reported previously [21], we sought 

to integrate two datasets to see whether there were any overlapping genes and pathways 

that could serve as a promising target (Fig. 1A). To access the reliability of the ATAC-seq 

results, we first performed hierarchical clustering analysis and principal component analysis. 

The results indicated that each replicate was closely correlated with others with minimal 

variation, validating the quality of ATAC-seq (Fig. S1A, B). A total of 37,328 peaks were 

identified in ATAC-seq, of which 11,400 were shared between C4–2 and C4–2R cells (Fig. 

S1C). A total of 963 differentially accessible peaks (DAPs) were identified, as shown in 

the volcano plot (Fig. 1B and Supplementary Table 1). We then drew the average density 

plot and corresponding heatmap of each DAP. Compared with C4–2, 403 and 560 DAPs 

were gained or lost in C4–2R, respectively (Fig. S1D, E). After mapping them to the 

whole genome, we noticed that the DAPs were distributed among various functional gene 

elements located at different position (Fig. S1F). To investigate whether there were any 

consensus gene signals between the two sequencings, we made an overlap of differentially 

expressed genes (DEGs) in RNA-seq and DAPs in ATAC-seq. The result indicated that 

114 genes were consistently recognized in both sequencings (Fig. S1G). Of note, although 

ATAC-seq does not tell us the information of gene expression, DAPs of promoter regions 

often imply the transcription capability and gene expression indirectly, as an open status of 

promoter regions facilitates the access of transcription machinery. In light of this notion, 

we further overlapped DEGs with DAPs of promoter regions and identified 32 consensus 

genes (Fig. 1C). We generated the heatmap and showed that a total of 13 and 19 genes were 

up-regulated or down-regulated in C4–2R, respectively (Fig. 1D and Supplementary Table 

2). Specifically, we were interested in GSTM2, as it was the most remarkably up-regulated 

gene in ENZ-R C4–2R, highlighting it as a potential therapeutic target to overcome drug 

resistance. Indeed, a closer look at GSTM2 loci confirmed strong peak signals around the 

promoter region and transcription start site in C4–2R, suggesting active transcription of this 

gene in ENZ-R cells (Fig. 1E). Detection of the mRNA and protein expression in C4–2 and 

C4–2R confirmed the elevated level of GSTM2 in C4–2R (Fig. 1F, G).
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Inhibition of GSTM2 overcomes resistance to ENZ

The elevated GSTM2 in ENZ-R C4–2R was predicted to be critical for the acquisition of 

resistance to ENZ, so we hypothesized that GSTM2 inhibitor would be a potential candidate 

to overcome resistance to ENZ. Although there are no commercially available inhibitors of 

GSTM2, the discovery of substitute was kind of serendipity when we searched literatures of 

other isoforms of glutathione S-transferases (GST), of which we were especially interested 

in GST Pi 1 (GSTP1) and its specific inhibitor NBDHEX (NBD) [22]. Although NBD was 

initially designed for GSTP1, it displays much higher potency toward GSTM2 (Fig. S2A, 

B). Since NBD also targeted GSTP1, and it has been reported that GST Mu 1 (GSTM1) 

shares high similarity with GSTM2 [23], we examined the expression levels of these GST 

isoforms in our cell lines to rule out the off-target effect of NBD and possible functional 

compensation. We also included 22Rv1 cell line as it is the well-known ENZ-R cells that 

was previously demonstrated to have negligible expression of GSTM1 and GSTP1 [24, 

25]. Luckily, none of them expressed GSTM1 and GSTP1, and only GSTM2 could be 

detected in C4–2R and 22Rv1 (Fig. S2C). These results made us confident that we could 

test NBD in ENZ-R cells to see whether it could disrupt drug resistance (Fig. 2A). While 

ENZ per se had minimal effect on ENZ-R cells, pharmacological inhibition of GSTM2 by 

NBD sensitized them to ENZ treatment as indicated by proliferation assays (Fig. 2B, C). 

This result was further supported by the decreased clonogenic abilities when combining 

ENZ and NBD (Fig. 2D, F). To further validate this hypothesis, we depleted GSTM2 in 

C4–2R, then tested cells’ sensitivity to ENZ (Fig. 2G). As expected, knockdown of GSTM2 

made cells vulnerable to ENZ treatment as indicated by decreased viability and clonogenic 

ability, which was reversed by add-back of GSTM2 (Fig. 2H, I). The results mentioned 

above indicated that combination of ENZ and NBD displayed synergy to inhibit ENZ-R 

PCa. To numerically measure this synergistic effect, we calculated the 50% combination 

index (CI50%) of ENZ and NBD using their IC50 values of NBD (Fig. S2D, E), as described 

elsewhere [26]. As predicted, the CI50% for ENZ in C4–2R and 22Rv1 were 0.575 and 

0.607 (Fig. 2J, K and Tables 1 and 2), respectively, confirming synergism between NBD 

and ENZ. Next, we asked whether overexpression of GSTM2 would be sufficient to confer 

resistance to ENZ upon ENZ-S C4–2 and LNCaP cells. When GSTM2 was introduced into 

these cells (Fig. 2L, M), they exhibited resistant features as shown by viability assays (Fig. 

2N, O). Taken all together, these results reiterated the indispensable role of GSTM2 in the 

acquisition of resistance to ENZ and validated its potential as a target to overcome this 

resistance.

AhR-GSTM2 axis is involved in resistance to ENZ

To dissect how GSTM2 was regulated, we ran the web-based Ingenuity Pathway Analysis 

(IPA) based on the DEGs of RNA-seq. The IPA unraveled that the aryl hydrocarbon receptor 

(AhR) pathway was activated in C4–2R (Fig. 3A). Of note, AhR is a well-known master 

transcription factor for GSTM2 [27]. Based on this preliminary analysis, we suspected that 

the AhR pathway would be involved in GSTM2-incurred resistance to ENZ. To test this 

conjecture, we first compared the expression of AhR between ENZ-R and ENZ-S cells 

and found that the protein level of AhR was indeed elevated in C4–2R (Fig. 3B). Further 

detection of CYP1A1 and CYP1A2, which are two canonical downstream targets of AhR 

[28], and luciferase reporter assay assured the active status of this pathway in C4–2R and 
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22Rv1 (Figs. 3C and S2F, 22Rv1 data not shown). To authenticate this upstream regulation, 

we treated C4–2R and 22Rv1 with the AhR-specific inhibitor CH-223191 (CH) and 

observed a decreased level of GSTM2 (Fig. 3D), providing direct evidence of this regulatory 

axis. Having established the involvement of AhR, we designed similar experiments to ask 

whether targeting AhR could recapitulate the results acquired by GSTM2 inhibitor. In 

agreement with NBD treatment, addition of the AhR inhibitor remarkably augmented the 

effect of ENZ on resistant cells (Fig. 3E–I). In addition, we depleted endogenous AhR in 

C4–2R, followed by restoration of its expression to see whether modulation of the AhR 

level affected the cells’ sensitivity to ENZ. Consistently, abolishment of AhR sensitized cells 

to ENZ, and this was reverted by re-expression of AhR (Fig. 3J, K). Again, we calculated 

CI50% after we acquired the IC50 of CH (Fig. S2G–I). Since the 3-day IC50 of CH in 22Rv1 

was too high and hard to utilize (Fig. S2H), we calculated 3-day CI50% and 6-day CI50% 

in C4–2R and 22Rv1, respectively. The results showed that combination of ENZ and CH 

synergistically inhibited cell growth (Fig. 3L, M and Tables 3 and 4). In short, these results 

established the regulation of GSTM2 by AhR and their contributions to resistance to ENZ.

ENZ-R cells are immune to treatment-induced OS-associate damage and cell death

Having confirmed the liaison between GSTM2 and resistance to ENZ, we investigated the 

mechanism underlying this finding. Of note, androgen deprivation therapy (ADT) has been 

known to induce OS [29]. As described before, the dichotomous consequence of OS could 

be skewed to the dark side to suppress cancer progression (Fig. 4A). Because one of the 

major functions of GSTM2 is to antagonize OS, we performed a series of experiments to 

inspect whether this function was essential for resistance to ENZ. First, we performed flow 

cytometry analyses to measure intracellular ROS level in C4–2 and C4–2R. Intriguingly, 

ENZ-R C4–2R exhibited a much higher level of intracellular ROS in comparison to C4–2 

cells (Fig. 4B, C), which was accompanied by the down-regulation of general antioxidant 

genes as shown by the plot of Gene Set Enrichment Analysis (GSEA) of RNA-seq (Fig. 

S3A). Second, we treated LNCaP and C4–2 with ENZ, and corroborated that ENZ did 

indeed induce intracellular ROS and worsened the condition of OS (Fig. 4D–G), which 

might be partially due to the decrease of general ROS scavengers such as SOD1 (Fig. S3B). 

Third, we treated C4–2 with ENZ or ENZ plus the general antioxidant n-acetylcysteine 

(NAC). Although NAC did not have an observable effect on cell viability, addition of it 

to ENZ treatment dramatically rescued cells from the cytotoxic effect of ENZ (Figs. S3C 

and 4H). Since ENZ enhanced the intracellular ROS level and rendered cells susceptible 

to OS-associate damage, it was astonishing that C4–2R, which already tolerated severe 

OS, still survived well upon ENZ treatment. This unconventional event implicated that 

ENZ-R cells had developed a remedy to crush this harmful condition. Taking account of 

the phenomena described above, we assumed that ENZ-R cells protected themselves from 

OS-associated damage through up-regulation of GSTM2, which reversed the cell fate that 

initially doomed to death. To justify this assumption, we overexpressed GSTM2 in C4–2, 

then challenged cells with hydrogen peroxide (H2O2). Upon overexpression of GSTM2, 

cells became recalcitrant to H2O2-induced apoptosis, as indicated by decrease of apoptotic 

marker cleaved PARP (Fig. 4I). In sum, these data convinced us that ENZ-R cells escaped 

treatment-induced OS-associated damage and cell death by elevation of GSTM2.
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GSTM2 safeguards cells by counteracting the p38 MAPK cascade

Next, we aimed to further shed light on the precise mechanism of how GSTM2 exerted its 

anti-OS function during acquisition of resistance to ENZ. Although GSTM2 is not a direct 

ROS scavenger, it has been proven that GSTM2 negates activation of p38 MAPK pathway 

[30]. Without GSTM2, p38 MAPK initiates cell death pathways whenever cells cannot 

tolerate outrageous ROS (Fig. 5A) [31]. We speculated that this salvage system would be 

responsible for the anti-OS function of GSTM2. Preliminary examination of genes in the 

p38 MAPK cascade suggested the disparate status of this pathway between C4–2R and C4–

2, albeit it did not recognize which cell line had robust activation (Fig. S3D). Considering 

the contrasting level of GSTM2, it was very likely that the salvage system functioned in 

ENZ-R C4–2R to silence activation of p38 MAPK. To test our speculation, we compared 

phospho-p38 MAPK (p-p38) in C4–2 and C4–2R. Not surprised, the level of p-p38 was 

lower in C4–2R which also contained a higher level of GSTM2 (Fig. 5B). Treatment with 

either CH or NBD raised p-p38 epitope, indicating the functional regulatory axis in C4–2R 

(Fig. 5C). In addition, depletion of GSTM2 in C4–2R provoked an increase of the p-p38 

epitope, which was abrogated by replenishment of GSTM2 (Fig. 5D). Moreover, once 

GSTM2 was introduced into LNCaP and C4–2, the p-p38 signals decreased in response to 

the expression of GSTM2 (Fig. 5E, F). These results were congruent with the established 

model, so we were confident that this salvage system operated in ENZ-R cells. To further 

substantiate this model, we overexpressed GSTM2 in C4–2 and exposed cells to H2O2. 

Although H2O2 activated p38 MAPK pathway and triggered cell death as marked by 

the uptrend of p-p38 and Cleaved PARP, overexpression of GSTM2 rendered the cells 

insensitive to this effect (Fig. 5G). Likewise, ENZ treatment also induced the p-p38 epitope 

and cell death, which were saved by GSTM2 overexpression (Fig. 5H). Indeed, despite the 

fact that the p38 MAPK inhibitor SB203580 (SB) did not affect cell viability by itself (Fig. 

S3E), the effect of ENZ was partially offset by the addition of SB as seen in LNCaP and 

C4–2 (Fig. 5I, J). These results strongly argued for the concept that ENZ-induced OS and 

activation of p38 MAPK pathway could be alleviated by GSTM2, which served as a salvage 

system to safeguard ENZ-R cells.

GSTM2 determines cross-resistance to SG-ARIs

Since ADT-induced OS is a universal consequence of this treatment regime, we extrapolated 

our explanation of resistance to ENZ to APA and DARO, which belong to the same class 

of SG-ARIs. We proposed that elevated GSTM2 would also herald cross-resistance to APA 

and DARO. To evaluate this corollary, we first compared the sensitivity of C4–2 and C4–2R 

to APA and DARO. The results specified that ENZ-R C4–2R was cross-resistant to APA 

and DARO (Fig. 6A, B). To verify that this was attributable to GSTM2, we overexpressed 

GSTM2 in LNCaP and C4–2, followed by examining their responsiveness to APA and 

DARO treatment. As anticipated, overexpression of GSTM2 rendered these cells less 

responsive to APA and DARO (Fig. 6C–F). In addition, C4–2 cells with an elevated level of 

GSTM2 persisted even after long-term exposure to treatment (Fig. 6G). These data revealed 

that GSTM2 prompted cross-resistance to APA and DARO. To inquire whether GSTM2 

led to cross-resistance in a similar way as for ENZ, we exposed LNCaP and C4–2 to APA 

and DARO and then examined the ROS levels. In accordance with the results acquired 

from ENZ, application of APA and DARO slightly abolished general ROS scavengers and 
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boosted ROS generation (Figs. 6H–K and S3F), suggesting that cross-resistance to SG-ARIs 

entailed a conserved tactic. Furthermore, the repressive effect of APA and DARO could be 

substantially eliminated by NAC treatment in C4–2 (Fig. 6L, M). Finally, the p38 MAPK 

inhibitor SB discontinued the inhibition effect of APA and DARO in these two cell lines as 

it did for ENZ treatment (Fig. 6N–Q). In brief, these results provided strong evidence for 

our extrapolation that GSTM2 and a related anti-OS salvage system were prerequisites for 

cross-resistance to SG-ARIs.

Targeting GSTM2 enhances the efficacy of SG-ARIs in 22Rv1 xenograft

To validate the crucial function of GSTM2 in resistance to SG-ARIs, we performed an 

in vivo xenograft experiment utilizing the 22Rv1 cell line because of its strong ability to 

form tumors and verified nature of resistance to all three SG-ARIs [32]. Whereas APA is 

an analog of ENZ and shares some similarities [33], DARO was developed independently 

with distinct features from ENZ and APA [34]. Considering these facts, we designed two 

separate drug combinations by administering ENZ plus NBD, or DARO plus NBD in 

immunodeficient mice harboring 22Rv1 tumors. In keeping with the in vitro results, even 

though monotherapy showed little ability to suppress tumor growth, combination therapies 

effectively decelerated this process and resulted in lower tumor weights (Fig. 7A–C). In 

addition, the body weight of the mice over treatment period, as well as the final body weight, 

showed no difference among all treatment groups, suggesting that the treatment regimen 

had minor toxicity and was well tolerated in vivo (Fig. S4A, B). Detection of GSTM2 

in protein extracts of tumors verified the expression of GSTM2 in all treatment groups, 

confirming the specificity of NBD in vivo to target GSTM2 (Fig. S4C). To better visualize 

the effect of combination therapies, we stained the tumor slides with Cleaved Caspase-3 and 

Ki-67 antibodies, which are apoptotic and proliferative indicators, respectively. In line with 

our expectations, the combination therapies obviously inhibited cell growth and stimulated 

apoptosis (Fig. 7D–F). We also stained tumor slides with hematoxylin and eosin (Fig. 

7G). The images showed that tumors from the monotherapy mice displayed stereotypical 

architecture and cell shapes, highlighted by a considerable number of mitotic figures. 

In contrast, this hallmark was not observed in tumors from the combination treatment 

mice, which instead contained large areas of apoptotic cells marked by condensed nuclei. 

Therefore, these results illustrated that targeting GSTM2 was an effective strategy to 

overcome resistance to SG-ARIs in vivo.

Clinical evidence of GSTM2 and anti-OS salvage system in resistance to SG-ARIs

To uncover potential translational value of our findings, we performed several analyses 

based on patients’ data. First, we checked the public TCGA database of primary PCa [35], 

and found that the level of GSTM2 was positively correlated with AhR and its downstream 

target CYP1B1 in PCa samples (Figs. 8A and S4D). In contrast, paired normal tissues did 

not have such a relationship (Figs. 8B and S4E). This phenomenon was double confirmed 

by another available PCa dataset (Fig. S4F–I) [36]. Furthermore, this correlation persisted in 

late stage PCa patients medicated with SG-ARIs (Figs. 8C and S4J), but was less prominent 

in patients who were naïve to SG-ARIs (Figs. 8D and S4K), as denoted by data of metastatic 

CRPC samples collected from recent genomic landscape research [37]. In brief, these results 

supported the positive regulation of GSTM2 by AhR in clinical scenarios of resistance to 
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SG-ARIs, as indicated in our cell studies. Second, we separated patients from TCGA into 

two groups based on median level of GSTM2. Surprisingly, although the 10-year survival 

rate is close to 99% [38], a high level of GSTM2 still was associated with early death 

of PCa (Fig. 8E). Also, elevated GSTM2 forecasted early recurrence of PCa (Fig. 8F). In 

addition, we analyzed 75 patients with longitudinal data of SG-ARIs treatment from the 

aforementioned CRPC collection [37]. Of note, samples of these patients were sequenced 

before SG-ARIs treatment and thus could be used to predict the efficacy of treatment. To 

better visualize individual differences, we sorted these patients with a predefined antioxidant 

gene signature [39]. Clearly, these samples could be categorized into two groups. Patients 

in Group 1 displayed abundant expression of anti-OS components and a potentially strong 

salvage system, whereas those in Group 2 retained only scarce anti-OS modules and a 

potentially weak salvage system (Fig. 8G). Although there was no obvious difference among 

all patients (Fig. S4L), the subcohort of patients treated with ENZ in Group 2 exhibited 

a longer duration of treatment (Fig. 8H). Furthermore, all patients in Group 1 eventually 

quit by the end of the effective monitoring period, whereas a notable number of patients 

in Group 2 continued the current treatment (Fig. 8I). We did not observe any distinction 

in the overall survival of these patients, suggesting that other factors might interfere with 

the survival of patients after they shifted to other treatment plans (Fig. S4M). Finally, we 

collected patients’ data from another shared dataset and performed GSEA [40]. Among 

those patients, 7 were confirmed non-responders (NRs) to ENZ and 18 were responders 

(Rs). It was noteworthy that samples of these patients were sequenced only after exposure to 

ENZ, thus were useful to evaluate the consequence of treatment. We noticed that the levels 

of antioxidant genes generally diminished in the NRs group, indicating that these patients 

bore higher OS and were technically predisposed to OS-induced p38 activation and cell 

death (Fig. 8J). Unfortunately, this was not true in the NRs group, as the analyses proved 

that OS-induced cell death and the p38 MAPK pathway were repressed in this group (Figs. 

8K, L and S4N, O). Of note, we observed a trend of AhR activation in the NRs group, 

although it was not statistically significant (Fig. S4P). Taken together, these results served as 

important complements and provided some translational value to our study.

DISCUSSION

The data conveyed above support a divergent anti-OS route in response to SG-ARIs 

treatment (Fig. 8M). Theoretically, treatment-induced OS jeopardizes cells by activation 

of p38 MAPK and subsequent cell death as observed in sensitive cells. However, resistant 

cells have adopted a salvage system to brake the p38 MAPK cascade and evade catastrophe. 

Counteracting this system in resistant cells through a combination of drugs is a promising 

strategy to overcome resistance to SG-ARIs, and chemicals such as GSTM2 inhibitors 

are good candidates to be leveraged. Gradual transition of sensitive cells to their resistant 

counterparts is the established fact, however the precise mechanism of this process is still 

elusive, more likely involving extensive epigenetic reprogramming of the whole genomic 

landscape as reported previously [41–44]. In that case, combining RNA-seq with other 

sequencing approaches that detect epigenetic changes will be the standard way to conduct 

similar researches in the field. In fact, despite the fact that GSTM2 is regulated by AhR 

in resistant cells, overexpression of AhR in sensitive cells does not elevate GSTM2 as 
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expected (data not shown). The failure of GSTM2 induction implies the distinct chromatin 

accessibility at GSTM2 loci between resistant and sensitive cells, which cannot be achieved 

by simple introduction of its regulator. Further studies will need to address this discrepancy 

and identify important epigenetic modulators underlying the elevation of GSTM2 in resistant 

cells.

As a potential hallmark of cancer, modulation of OS and ROS has long been discussed 

as a therapeutic strategy [10]. Since the ROS is the major driver of OS, understanding 

the source and generation of ROS is critical for managing OS-related events. So far, 

the major source of ROS is considered to be mitochondria, where ROS is the by-

product of oxidative phosphorylation. Thus, enhanced mitochondrial respiration activity 

accompanies the increase of ROS production. Interestingly, we do observe enhanced 

oxidative phosphorylation capacity in ENZ-R C4–2R (data not shown), which may account 

for the higher level of ROS in C4–2R. Moreover, extramitochondrial sources of ROS cannot 

be omitted, and whether they contribute to ROS production needs to be further explored. 

We also show that SG-ARIs treatment decreases expression of several ROS scavengers, 

which is partially responsible for the treatment-induced OS. However, other concurrent 

events may happen to exacerbate the process. The major metabolites of APA and ENZ are 

their demethylated forms [45, 46], but it has been reported that they can also react with 

glutathione in mouse and human hepatocytes [47]. Although it has not yet been determined 

whether this reaction happens in our PCa cells, it is worthwhile to investigate this possibility, 

as one of the major reasons for OS is glutathione depletion. The consequence of these events 

is to cause imbalance of ROS production and elimination, which can be taken advantage of 

for cancer treatment.

Since the discovery of SG-ARIs, the drug resistance issue has been investigated for a 

long time. The recent genomic study of drug-exposed patients illuminates a novel direction 

and renders important information about resistance to SG-ARIs. Regardless of significant 

progress, we are still short of clinical samples from patients treated with SG-ARIs, as 

the majority of patients are not treated with any of the SG-ARIs mentioned in our study. 

For example, most patients are medicated with abiraterone, which belongs to another class 

of SG-ARIs to inhibit de novo synthesis of androgen. However, our results indicate that 

response to abiraterone is unique and does not share the same mechanism, therefore the 

anti-OS system has very limited value to predict its efficacy (Fig. S4K). This observation is 

consistent with a previous report about resistance to SG-ARIs [44]. Also, another question 

that needs to be addressed is why a high level of GSTM2 coincides with early recurrence 

and death only in patients categorized into iCluster 3. Patients in this category may have 

distinct genetic changes that facilitate disease progression together with GSTM2. Hence, 

future studies need to address these issues and provide more detailed genomic blueprints, 

especially in patients treated with the three SG-ARIs tested in our study. Nonetheless, the 

conclusion is that targeting inherent anti-OS defense is a feasible approach to overcome 

resistance to SG-ARIs.

Li et al. Page 9

Oncogene. Author manuscript; available in PMC 2023 March 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



EXPERIMENTAL PROCEDURES

Cell culture—All cells were cultured at 37 °C in RPMI 1640 medium with 10% FBS 

and 5% penicillin-streptomycin in 5% CO2. LNCaP and 22Rv1 cell lines were purchased 

from ATCC. ENZ-R C4–2R and paired C4–2 were kindly provided by Dr. Allen Gao 

[48]. LNCaP and 22Rv1 were authenticated before experiments. All cell lines were tested 

negative for mycoplasma contamination. The concentration of ENZ to maintain C4–2R was 

20 μM. Before any experiment, C4–2R cells were cultured in medium without ENZ for 48 h 

to remove any residual effect of ENZ.

Cell proliferation and viability assay—In total, 3 × 103 cells were seeded per well 

onto 96-well plates in medium without phenol red and incubated for overnight. On the 

next day (day 0) and day 3, the medium was refreshed (no phenol red) with the indicated 

concentration of chemicals. AquaBluer (MultiTarget Pharmaceuticals LLC, 6015) reagent 

was added to the medium, then incubated for 4 h. The fluorescent intensity at 540ex/590em 

was read by GloMax Discover plate reader (Promega). All experiments were repeated three 

times and one was shown.

Clonogenic assay—In total, 1 × 103 cells were seeded onto plates and cultured overnight. 

On the next day, cells were treated with the indicated concentration of chemicals for up to 

14 days. Cells were fixed with 10% formalin for 10 min and washed once with clean PBS, 

then 0.5% crystal violet was applied to stain colonies for 30 min, followed by washing with 

tap water until the wells were clear. After air drying, images were taken with ChemiDoc 

Imaging System (Bio-Rad). All experiments were repeated three times and one was shown.

RNAi and transfection—For RNAi-based gene depletion, cells were infected with the 

pLKO.1-puro empty vector or vectors containing shRNAs. In total, 2 ug/ml puromycin was 

used to select infected cells.

HA-GSTM2 and HA-AhR were constructed using their coding sequencing onto pLV-EF1a-

IRES-Hygro (Addgene, 85134), which was a gift from Tobias Meyer [49]. Transfection 

was performed using jetPRIME® Versatile DNA/siRNA transfection reagent (Poly-plus-

transfection, 114–15) according to the manufacturer’s instructions.

Immunoblotting—Cells were harvested and washed with ice-cold PBS. 1x RIPA buffers 

containing 50x protease inhibitor cocktail and 100x phosphatase inhibitor were used for 

lysis. Protein concentration was quantified with Pierce BCA Protein Assay Kit (Thermo, 

23225). In total, 15 μg proteins were loaded onto SDS-PAGE gels for electrophoresis, 

followed by transfer to PVDF membranes and blocking with skim milk. Primary antibodies 

in 1x TBST buffer were incubated overnight. On the next day, membranes were washed with 

1x TBST buffer three times and HRP-linked secondary antibodies were incubated in TBST 

buffer for another hour. After repeating the washing step, the protein bands were probed 

with SuperSignal West Dura Extended Duration Substrate (Thermo, 34076) and visualized 

with ChemiDoc Imaging System. Immunoblots were repeated three times and representative 

images were shown.
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Statistical analysis

Unless denoted elsewhere, results were analyzed by two-tailed unpaired Student’s t test 

(equal SD) or Welch’s t-test (unequal SD) assuming normal distribution, except for the 

one-way ANOVA analysis of the mice body weight. The analysis software was GraphPad 

Prism 8. A p value < 0.05 was considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Integrative analysis of RNA-seq and ATAC-seq indicates critical role of GSTM2 in ENZ-R 
PCa.
A Schematic illustration of the methodology used to explore enzalutamide-resistant (ENZ-

R) and enzalutamide-sensitive (ENZ-S) prostate cancer (PCa). B Volcano plot of all peaks 

in the assay for transposase-accessible chromatin using sequencing (ATAC-seq). A total of 

963 differentially accessible peaks (DAPs) are identified, marked with log2(fold change) ≥2 

and FDR-q ≤ 0.05. The X-axis indicates the ATAC-seq signal differences between C4–2R 

and C4–2. C Venn diagram of differentially expressed genes (DEGs) in RNA-seq and DAPs 
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of promoter regions in ATAC-seq. A total of 32 genes have the same trend in both cases. D 
Differential expression analysis of the overlap genes identified in C. Left panel: heatmap of 

32 DEGs with normalized gene expression (TPM) from RNA-seq. Right panel: barplot of 32 

DEGs preranked with −log10(FDR-q). Up-regulated genes in C4–2R are marked with green 

and down-regulated genes are marked with purple. E Genome browser tracks of ATAC-seq 

signal density at the GSTM2 loci in C4–2R and C4–2 cell lines. The rectangle indicates the 

promoter region of GSTM2. F, G qPCR and immunoblot (IB) to verify the overexpression 

of GSTM2 in ENZ-R C4–2R. qPCR data are normalized to GAPDH, then normalized to 

C4–2 and shown as mean ± SD (n = 6). *p < 0.05.
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Fig. 2. Targeting GSTM2 overcomes resistance to ENZ.
A Treatment strategy in ENZ-R cells that combines enzalutamide (ENZ) and the GSTM2 

inhibitor NBDHEX (NBD). B, C Growth assays in ENZ-R C4–2R and 22Rv1 treated with 

DMSO (Ctrl), ENZ, NBD or both (E + N). The concentrations of the two drugs are 10 μM 

for ENZ and 200 nM for NBD. Data are normalized to day 0 and denoted as mean ± SD 

(n = 8). D, E Clonogenic assays of C4–2R and 22Rv1 cells treated with the indicated drugs 

for up to 14 days. The concentrations of the drugs are 5 μM for ENZ and 100 nM for NBD. 

F Quantification of D and E. Data are mean ± SD of three independent replicates. G IB to 
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show the shRNA depletion of endogenous GSTM2 (#1 and #2) and restoration of exogenous 

HA-tagged GSTM2 in C4–2R (#1 res). H, I Viability assay and clonogenic assay of cells in 

G. Data of viability are scaled into percentage and normalized to the untreated group (ENZ 

= 0), then shown as mean ± SD (n = 8). J, K Viability assays in C4–2R and 22Rv1 treated 

with ENZ only or ENZ plus NBD (400 nM). Data are scaled into percentage and normalized 

to the untreated group, then shown as mean ± SD (n = 8). L, M Overexpression of GSTM2 

in ENZ-S C4–2 (C4–2G) and LNCaP (LNCaP-G) cell lines. Viability assays of cells in N 
and O. Data are scaled into percentage and normalized to the untreated group shown as 

mean ± SD (n = 8). *p < 0.05.
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Fig. 3. AhR is associated with ENZ-R phenotype caused by GSTM2.
A Illustration of Ingenuity Pathway Analysis (IPA), which identifies the AhR pathway that 

regulates GSTM2. B, C IB and qPCR to confirm that AhR signaling is active in ENZ-R 

cells. qPCR results are normalized to GAPDH, then normalized to C4–2 and shown as mean 

± SD (n = 6). D IB to detect GSTM2 after treated with 20 μM AhR inhibitor CH-223191 

(CH) for 48 h. E, F Growth assays in C4–2R and 22Rv1 treated with DMSO (Ctrl), ENZ, 

CH or both (E + CH). The concentrations of the two drugs are both 10 μM. Data are 

normalized to day 0 and shown as mean ± SD (n = 8). G, H Clonogenic assay of C4–2R 

and 22Rv1 with the indicated treatments for up to 14 days. The concentrations of the two 

drugs are both 5 μM. I Quantification of G and H. Data are mean ± SD of three independent 
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replicates. J IB to detect the efficacy of AhR knockdown by shRNA (#1 and #2) and 

restoration of exogenous HA-tagged AhR in C4–2R (#1 res). K Viability assay of cells in J. 
Results are scaled into percentage and shown as mean ± SD (n = 8). L, M Viability assays 

in C4–2R and 22Rv1 treated with ENZ only or ENZ plus CH. Due to the high 3-day IC50 of 

CH in 22Rv1, the assay for 22Rv1 is cultured up to 6 days. The concentrations of CH are 50 

μM for C4–2R and 5 μM for 22 Rv1. Data are scaled into percentage and shown as mean ± 

SD (n = 8). *p < 0.05.
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Fig. 4. ENZ-R cells rely on endogenous remedy to survive OS-associated damage incurred by 
treatment.
A Iconograph of oxidative stress (OS), which is induced by androgen deprivation therapy, 

and its impact on cell fate. B Flow cytometry analyses of intracellular reactive oxygen 

species (ROS) in C4–2 and C4–2R. C Quantification of intracellular ROS signal in B. Data 

are mean ± SD (n = 3). D, F Flow cytometry analyses of intracellular ROS in LNCaP and 

C4–2 upon treated with DMSO or 10 μM ENZ for 24 h. E, G Quantification of intracellular 

ROS levels in D and F. Data are mean ± SD (n = 3). H Viability assay in C4–2 treated 

with DMSO, ENZ or ENZ plus antioxidant N-acetylcysteine (E + NAC) for 6 days. The 

concentrations of chemicals are: 10 μM for ENZ and 5 mM for NAC. Data are normalized to 

Ctrl and scaled into percentage, then shown as mean ± SD (n = 6). I IB to show apoptosis in 

C4–2 and C4–2G treated with the indicated concentrations of hydrogen peroxide (H2O2) for 

24 h. *p < 0.05.
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Fig. 5. GSTM2 rescues cell fate by inhibiting the p38 MAPK pathway.
A Simplified model of how GSTM2 rescues cell death by negatively regulating the p38 

MAPK pathway. B IB to compare the GSTM2 and phospho-p38 MAPK (p-p38) level 

between C4–2 and C4–2R. C IB to detect p-p38 level in C4–2R treated with either GSTM2 

inhibitor or AhR inhibitor. The concentrations of chemicals are 20 μM for CH and 400 nM 

for NBD. D IB to detect p-p38 level after shRNA depletion of endogenous GSTM2 (#1 and 

#2) and restoration of exogenous HA-tagged GSTM2 in C4–2R (#1 res). E, F IB to detect 

the p-p38 level in LNCaP, C4–2 and their derivative cells with overexpression of GSTM2. G 
IB to detect p-p38 level in C4–2 and C4–2G challenged with the indicated concentrations of 

H2O2 for 12 h. H IB to detect p-p38 level in C4–2 and C4–2G treated with 20 μM ENZ for 

48 h. I, J Viability assays in LNCaP and C4–2 treated with DMSO, ENZ or ENZ plus p38 

inhibitor SB203580 (E + SB) for 3 days. The concentrations of chemicals are: 10 μM for 

ENZ and 2 μM for SB. Data are normalized to Ctrl and scaled into percentage, then shown 

as mean ± SD (n = 6 for I and n = 8 for J). *p < 0.05.
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Fig. 6. GSTM2 and cross-resistance to SG-ARIs.
A, B Viability assays in C4–2 and C4–2R treated with the indicated concentrations of 

the two second-generation androgen receptor inhibitors (SG-ARIs), apalutamide (APA) and 

darolutamide (DARO). Viability are normalized to the untreated group (APA/DARO = 0) 

and scaled into percentage, then shown as mean ± SD (n = 8). Viability assays in C4–2 (C, 
D) and LNCaP (E, F) treated with the indicated concentrations of APA and DARO, in the 

context of GSTM2 overexpression or not. Data are scaled into percentage and normalized 

to the untreated group, then expressed as mean ± SD (n = 8). G Growth assays in C4–2 
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and C4–2G treated with DMSO, 10 μM APA or DARO for 6 days. Data are scaled into 

percentage and normalized to Ctrl of day 3 and day 6, then shown as mean ± SD (n = 8). 

H, J Flow cytometry analyses of intracellular ROS in LNCaP and C4–2 upon treated with 

DMSO, 10 μM APA or DARO for 24 h. I, K Quantification of intracellular ROS levels in 

H and J. Data are mean ± SD (n = 3) of one representative. L, M Viability assays in C4–2 

treated with DMSO, APA, APA plus NAC (A + NAC), DARO or DARO plus NAC (D + 

NAC) for 3 days. The concentrations of the chemicals are: 10 μM for APA and DARO; 

5 mM for NAC. Results are normalized to Ctrl and scaled into percentage, then shown 

as mean ± SD (n = 8). Viability assays in LNCaP (N, O) and C4–2 (P, Q) treated with 

DMSO, APA, APA plus SB (A + SB), DARO or DARO plus SB (D + SB) for 3 days. 

The concentrations of chemicals are: 10 μM for APA and DARO; 2 μM for SB. Results are 

normalized to Ctrl and scaled into percentage, then shown as mean ± SD (n = 8). *p < 0.05.
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Fig. 7. In vivo 22Rv1 xenograft experiment.
A Tumor growth of 22Rv1 xenograft in nude mice over 2 weeks. Results are shown as 

mean ± SEM (n = 6). B Picture of tumors upon harvest. C Final weight of tumors. Results 

are shown as mean ± SD (n = 6). D Immunofluorescent staining of tumor nuclei (DAPI) 

and Ki-67 & Cleaved Caspase-3 (FITC). Images are exemplary results of each group. E, F 
Quantification of Ki-67 and Cleaved Caspase-3 signals in D. Results are normalized to Ctrl 

and shown as mean ± SD of 6 mice per group, except for E + N and D + N groups, which 

only have three mice undergoing paraffin sectioning. RFI relative fluorescent intensity. G 
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H&E staining of tumor slides. Representative images of each group are shown. Arrows 

indicate mitotic cells. *p < 0.05.
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Fig. 8. Clinical evidence of GSTM2 and the salvage system of OS damage in the acquisition of 
resistance to SG-ARIs.
Spearman correlations of AhR and GSTM2 in prostate adenocarcinoma samples (A, n = 

495) and paired normal prostate tissues (B, n = 52) from TCGA-PRAD database (https://

www.cancer.gov/tcga). rs, Spearman’s rank correlation coefficient. Spearman correlations of 

AhR and GSTM2 in castration-resistant prostate cancer (CRPC) samples that are exposed 

(C, n = 128) or naïve (D, n = 121) to second-generation ARIs from SU2C/PCF Dream 

Team database (Abida et al. [37], PMID: 31061129). E, F Kaplan–Meier curves of survival 
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and 5-year disease-free probability of PCa patients from TCGA-PRAD subcohort iCluster 

3. Patients are separated into low GSTM2 (n = 69) and high GSTM2 (n = 69) based 

on median. HR hazard radio. G Heatmap to show the expression of antioxidant genes 

of all patients from SU2C/PCF before treated with SG-ARIs (n = 75, 50 abiraterone, 

22 ENZ and 3 others). Patients are separated into two groups by K-Means algorithm. 

Gene set is from MSigDB-GSEA (http://www.gsea-msigdb.org/gsea/index.jsp, M5938). H 
Kaplan–Meier curve of remaining probability of time on treatment of patients that are 

medicated with ENZ (n = 22) in G. I Histogram of patients’ outcome in H. Patients that 

continue ENZ treatment at the observation point are counted as On, whereas those who 

stop treatment are counted as Off. J–L Pathways by Gene Set Enrichment Analysis (GSEA) 

of 7 non-responders (NRs) and 18 responders (Rs) treated with ENZ from PNAS 2020 

(Alumkal et al., PMID: 32424106). NES normalized enrichment score. All gene sets are 

from MSigDB-GSEA, and individual systematic name is: M5938 (J), M22556 (K) and 

M12012 (L). M Putative working model of resistance to SG-ARIs as interpreted by this 

study. *p < 0.05.
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Table 1.

Calculation of 50% combination index (CI50%) in C4–2R (ENZ + NBD).

ENZ + NBD (C4–2R)

IC50
*IC50

*IC50/IC50

ENZ 80 μM 6 μM 0.075

NBD 0.8 μM / /

CI50%(ENZ) = 0.075 + 0.500 = 0.575 < 1

IC50 original IC50 of ENZ and NBD,

*
IC50 conditioned IC50 of ENZ when half IC50 of NBD was set as the background.
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Table 2.

Calculation of 50% combination index (CI50%) in 22Rv1 (ENZ + NBD).

ENZ + NBD (22Rv1)

IC50
*IC50

*IC50/IC50

ENZ 75 μM 8 μM 0.107

NBD 0.8 μM / /

CI50%(ENZ) = 0.107 + 0.500 = 0.607 < 1

IC50 original IC50 of ENZ and NBD,

*
IC50 conditioned IC50 of ENZ when half IC50 of NBD was set as the background.
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Table 3.

Calculation of 50% combination index (CI50%) in C4–2R (ENZ + CH).

ENZ + CH (C4–2R)

IC50
*IC50

*IC50/IC50

ENZ 80 μM 20 μM 0.250

CH 100 μM / /

CI50%(ENZ) = 0.250 + 0.500 = 0.750 < 1

IC50 original IC50 of ENZ and CH,

*
IC50 conditioned IC50 of ENZ when half IC50 of CH was set as the background.
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Table 4.

Calculation of 50% combination index (CI50%) in 22Rv1 (ENZ + CH).

ENZ + CH (22Rv1)

IC50
*IC50

*IC50/IC50

ENZ 33 μM 10 μM 0.303

CH 10 μM / /

CI50%(ENZ) = 0.303 + 0.500 = 0.803 < 1

IC50 original IC50 of ENZ and CH,

*
IC50 conditioned IC50 of ENZ when half IC50 of CH was set as the background.
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