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Abstract:

Prostate cancer cells that survive clinical androgen receptor (AR) blockade mediate
disease progression and lethality. Reprogrammed metabolic signaling is one mechanism
by which tumor cells can survive treatment. However, how AR inhibition reprograms
metabolism, and whether altered metabolism can be exploited to eradicate cells that
survive AR blockade, remains unclear. Here, we comprehensively characterized the
effect of AR blockade on prostate cancer metabolism using transcriptomics,
metabolomics, and bioenergetics approaches. AR inhibition maintains oxidative
mitochondrial metabolism and reduces glycolytic signaling, through hexokinase Il
downregulation and decreased MYC activity. Robust elongation of mitochondria via
reduced DRP1 activity supports cell fithess after AR blockade. In addition, AR inhibition
enhances sensitivity to complex | inhibitors in several models, suggesting that AR
blockade increases reliance on oxidative mitochondrial metabolism. Our study provides
an enhanced understanding of how AR inhibition alters metabolic signaling and highlights

the potential of therapies that target metabolic vulnerabilities in AR-inhibited cells.

Introduction:

Prostate cancer is the leading cause of cancer-related death in non-smoking males in the
United States'. Prostate cancer progression from localized to advanced metastatic
disease is driven by aberrant androgen receptor activity. Therefore, patients with
metastatic prostate cancer are treated with androgen deprivation therapies (ADTs), which
dampen AR activity by depleting the levels of circulating androgens, alone or in

combination with chemotherapy?. Prostate cancer that responds to ADT is termed
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castration-sensitive prostate cancer (CSPC). Prostate cancer that recurs after ADT is
termed castration-resistant prostate cancer (CRPC)3. As AR activation remains critical for
the survival and growth of the majority of CRPC cells, CRPC is treated with androgen-
receptor pathway inhibitors (ARPIs), including enzalutamide which directly interacts with
AR to impair its function®. Although ARPIs are initially effective, prolonged ARPI treatment
invariably leads to treatment resistance and disease progression, ultimately causing
lethality®. New approaches are needed to understand how prostate cancer cells survive
ADT and/or ARPI treatment in order to target them and prevent or delay disease

progression.

Prostate cancer initiation and progression are associated with metabolic reprogramming
and several studies suggest that metabolic pathways can be targeted in prostate cancer
to impair tumor growth®'3. For example, targeting lipogenesis via FASN inhibition or
targeting glutamine metabolism via glutaminase inhibition antagonizes CRPC7?8.
Additionally, CAMKK2 inhibition impairs CSPC and CRPC growth by disrupting
autophagy®'°. Furthermore, serine biosynthesis activity and lactate export have been
targeted to reduce growth in models of neuroendocrine prostate cancer''3. While
stimulation of AR signaling has been shown to promote anabolic metabolism, the effect
of AR blockade on the metabolic signaling of prostate cancer cells has not been
comprehensively defined. Therefore, it is critical to determine how metabolism is
reprogrammed in the cells that survive AR inhibition in order to exploit therapy-induced

metabolic vulnerabilities to delay or prevent prostate cancer progression.
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In this study, we hypothesized that the metabolic requirements and vulnerabilities of AR-
driven prostate cancer cells may shift as a result of AR inhibition. We utilized a variety of
models and approaches to define how AR blockade alters the metabolic phenotype of
prostate cancer cells. AR inhibition reprograms the metabolome in a consistent manner
in vitro and in vivo. Cells that survive AR blockade are able to maintain oxidative
mitochondrial metabolism while exhibiting reduced glycolysis driven by HK2
downregulation and decreased MYC activity. Mitochondrial elongation, via reduced
DRP1-driven mitochondrial fission, enables AR inhibited cells to better survive AR
blockade. We explored whether AR inhibition results in increased reliance on oxidative
mitochondrial metabolism and observed enhanced sensitivity to complex | inhibitors after
AR blockade. Taken together, our data suggest that AR blockade reprograms cellular

metabolism and increases dependence on oxidative mitochondrial metabolism.

Results:

Transcriptomic and metabolomic profiling reveal AR inhibition-induced metabolic

reprogramming

To gain insight into how prostate cancer cells survive AR inhibition, we evaluated which
pathways are altered after clinical AR blockade using the Rajan et al dataset'™ which
contains transcriptomics data from 7 patient tumors collected prior to and after androgen
deprivation therapy (ADT). 10 of the top 30 significantly altered pathways identified by
KEGG PATHWAY analysis were metabolism-related (Fig. 1a). To model transcriptional
responses to extended AR inhibition, we treated the 16D CRPC cell line' with 10uM

enzalutamide for more than two months, termed LTenza for Long-Term enzalutamide-
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treatment. Gene Set Enrichment Analysis (GSEA) identified negative enrichment of
Hallmark_androgen_response genes in LTenza 16D cells (Supplementary Figure 1a),
validating AR inhibition. Transcriptomics analysis revealed that enzalutamide-naive
(vehicle-treated) 16D cells cluster with pre-ADT clinical samples, whereas LTenza 16D
cells cluster with post-ADT samples from the Rajan et al dataset'* (Fig. 1b). 16D cells
cultured with enzalutamide for up to 48 hours, termed STenza for Short-Term
enzalutamide-treatment, clustered in between naive 16D and LTenza 16D cells
(Supplementary Figure 1b). Both STenza and LTenza 16D cells contained increased
expression of genes upregulated post-ADT in the Rajan et al dataset, with LTenza cells
containing the highest expression of such genes (Fig. 1c). Differential expression analysis
identified 2074 enzalutamide-upregulated and 1498 enzalutamide-downregulated genes
in LTenza 16D cells (Fig. 1d). KEGG PATHWAY analysis on the differentially expressed
genes identified 12 metabolism-related pathways among the top 30 significantly altered
pathways (Fig. 1e). Taken together, these data provide strong evidence that (1) AR
inhibition modulates metabolic gene expression, and (2) enzalutamide treatment of 16D

cells models transcriptional responses to clinical AR blockade.

Having identified transcriptional evidence of AR blockade-induced metabolic
reprogramming, we asked whether enzalutamide treatment of 16D cells alters the
metabolome. NOD SCID IL2Ry™" (NSG) mice bearing subcutaneous 16D tumors were
treated with vehicle or enzalutamide for 10 days prior to tumor harvest, metabolite
extraction, and metabolic profiling by high performance liquid chromatography mass

spectrometry. Enzalutamide-treated tumors exhibited reduced protein expression of PSA,
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an AR target, and increased expression of NSE, which is repressed by AR, confirming
AR inhibition in vivo (Supplementary Figure 1c). Metabolomic profiling of vehicle- and
enzalutamide-treated tumors identified 47 enzalutamide-increased and 10 enzalutamide-
decreased metabolites (Fig. 1f). We asked whether in vitro enzalutamide treatment
similarly alters the metabolome by performing metabolic profiling on naive and LTenza
16D cells. These analyses revealed that metabolic profiles group based on treatment, as
naive 16D cells cluster with vehicle-treated 16D tumors, whereas LTenza 16D cells
cluster with enzalutamide-treated 16D tumors (Fig. 1g). In addition, we observed a higher
abundance of in vivo enzalutamide-enriched metabolites in LTenza 16D cells compared
to naive 16D cells (Fig. 1h). In vitro metabolomics identified 32 enzalutamide-increased
and 8 enzalutamide-decreased metabolites (Supplementary Figure 1d). To identify
metabolic pathways commonly altered in vivo and in vitro, we performed Metabolite Set
Enrichment Analysis (MSEA) on the enzalutamide-increased metabolites from each
dataset. Among the commonly enriched KEGG pathways were terms related to lipid

metabolism and the tricarboxylic acid cycle (TCA cycle) (Fig. 1i).

AR blockade maintains oxidative phosphorylation and reduces glycolysis

Having identified enzalutamide-induced changes to the metabolome, we explored
whether AR inhibition of 16D cells alters bioenergetics by measuring oxygen consumption
rate (OCR) and extracellular acidification rate (ECAR) in naive and LTenza 16D cells'®'”
(Fig. 2a,b). Although enzalutamide treatment did not significantly alter ATP-linked
respiration (Fig. 2a,c), FCCP-stimulated respiration was increased in enzalutamide-

treated cells (Fig. 2a,d), demonstrating an enhanced maximal capacity for oxidative
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mitochondrial metabolism. We then transformed rates of OCR and ECAR into rates of
mitochondrial and glycolytic ATP production to quantify the redistribution between
oxidative phosphorylation and glycolysis upon enzalutamide treatment™. The
mitochondrial ATP production rate was not altered in LTenza 16D cells (Fig. 2a,e),
whereas the glycolytic ATP production rate was dramatically reduced (Fig. 2b,f). As such,
the total ATP production rate in LTenza 16D cells (Fig. 2g) was substantially reduced,
and oxidative phosphorylation comprised a greater percentage of the overall ATP supply
(Fig. 2h). Consistent with dampened glycolysis, lower steady-state lactate was observed

in LTenza 16D cells (Fig. 2i).

As a complementary approach to respirometry, we performed isotope tracing with U-
13Cs-labeled glucose to confirm a relative shift away from glycolysis and towards
oxidative phosphorylation upon enzalutamide treatment. There was less glucose
enrichment into lactate in LTenza cells, consistent with reduced glycolysis (Fig. 2j). Unlike
the substantial decrease in labeling from glucose into lactate, enrichment into TCA cycle
intermediates was largely maintained between naive and long-term enzalutamide-treated
cells (Fig. 2k — 0). The lone exception was a slight increase in relative flux from glucose
into citrate in naive cells (Fig. 2k), which could be indicative of decreased de novo
lipogenesis upon AR inhibition'®. Our data support a model whereby AR inhibition leads
to reduced glycolysis but maintenance of oxidative mitochondrial metabolism.
Interestingly, similar features have been reported in triple negative breast cancer cells
that survive chemotherapy?°, suggesting that LTenza cells may adopt a metabolic

phenotype associated with treatment-resistance in other epithelial tumor types.
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Impaired MYC activity and downrequlation of Hexokinase 2 contribute to AR inhibition-

induced metabolic reprogramming

We wondered what mechanisms induced by AR blockade may contribute to the reduction
in glycolysis. Transcriptomic analysis identified a trend toward downregulation of
glycolytic genes in LTenza 16D cells (Fig. 3a). Among the most downregulated genes
were Hexokinase 2 (HK2) and Lactate Dehydrogenase A (LDHA) (Fig. 3a). Western blot
analysis confirmed reduced protein expression of HK2 and LDHA in LTenza 16D cells
(Fig. 3b). In addition, week-long enzalutamide-treated subcutaneous 16D tumors
exhibited robust downregulation of HK2 and LDHA suggesting consistent enzalutamide-
induced downregulation of HK2 and LDHA in vivo and in vitro (Fig. 3c). We performed
immunohistochemistry on tissue sections from 16D tumors and observed relatively
uniform HK2 downregulation in enzalutamide-treated tissues (Supplementary Figure 2a).
To better understand the in vivo regulation of glycolytic enzymes following AR inhibition,
we utilized an AR-positive patient-derived xenograft (PDX) model originating from a
patient with localized CRPC, termed 180-302". We confirmed reduced PSA and increased
NSE expression in 1-week enzalutamide-treated 180-30 tumors (Fig. 3d). Consistent with
our findings in the 16D model, enzalutamide-treated 180-30 tumors contained reduced

expression of HK2 and LDHA (Fig. 3d).

We next asked whether there is evidence of HK2 and LDHA downregulation in clinical
datasets after AR inhibition. Transcriptomics analysis of the Quigley et al dataset??, which

contains enzalutamide-naive and enzalutamide-treated metastatic CRPC biopsies,
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revealed significant HK2 mRNA downregulation and a trend toward reduced LDHA levels
in the enzalutamide-treated samples (Fig. 3e,f). To investigate whether AR inhibition-
induced HK2 and LDHA downregulation is unique to CRPC or if it is broadly associated
with AR blockade, we evaluated HK2 and LDHA levels in castration-sensitive tumors
before and after ADT using the Rajan et al dataset'. HK2 mRNA expression was reduced
in all 7 patients post-ADT (Fig. 3g) while LDHA expression was reduced in 5 of 7 patients
(Fig. 3h). These data suggest that AR inhibition lowers HK2 and LDHA levels across

various disease states.

Previous work suggests that AR can regulate select glycolytic genes®. We analyzed our
previous AR ChlIP-seq datasets in 16D cells®® and did not observe evidence of binding to
the HK2 or LDHA loci, suggesting that these glycolytic enzymes are not direct targets of
AR in 16D cells. To explore an indirect mechanism of HK2 and LDHA downregulation
after AR inhibition, we investigated whether AR blockade alters transcriptional signatures
of MYC, a key regulator of glycolysis®*. GSEA revealed negative enrichment of
Hallmark_Myc_targets in LTenza 16D cells (Fig. 3i). Consistent with these findings, we
observed negative enrichment of Hallmark_Myc_targets in Rajan et al patient samples
post-ADT' (Fig. 3j). In addition, negative enrichment of Hallmark_Myc_targets was
observed after castration in the AR positive LTL331 PDX model?® (Supplementary Figure

2b).

To determine whether reduced MYC activity mediates reduced HK2 and LDHA

expression in AR inhibited cells, we attempted to rescue MYC activity via ectopic MYC
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expression in LTenza 16D cells. GSEA revealed positive enrichment of
Hallmark_Myc_targets in MYC-transduced LTenza cells compared to RFP-transduced
LTenza 16D cells (Supplementary Figure 2c). Furthermore, there was no significant
negative enrichment of Hallmark_Myc_targets between MYC-transduced LTenza cells
and naive 16D cells indicating successful rescue of MYC transcriptional activity
(Supplementary Figure 2d). Western blot analysis revealed increased expression of HK2
and LDHA in MYC-transduced LTenza cells compared to RFP-transduced LTenza 16D
cells. However, HK2 expression remained roughly 50 percent lower in MYC-transduced
LTenza cells than in naive 16D cells (Fig 3k). Targeted bisulfite sequencing identified a
statistically significant increase in the mean percentage of methylated CpGs within the
transcriptional start site of HK2 in LTenza 16D cells suggesting that epigenetic alterations
may cooperate with reduced MYC activity to antagonize HK2 expression (Supplementary

Figure 2e).

Since HK2 is upstream of LDHA and catalyzes the first committed step of glycolysis, we
evaluated whether HK2 knockdown (shHK2) in naive 16D cells is sufficient to reduce
glycolytic activity, compared to a scrambled control shRNA (shScr). HK2 knockdown was
confirmed by Western blot (Fig. 3I). To broadly measure cellular glycolytic capacity, we
measured ECAR after treatment with the ATP synthase inhibitor oligomycin, which will
stimulate an increase in glycolysis due to the loss of oxidative phosphorylation. Whereas
oligomycin stimulated a 2-fold increase in ECAR of shScr-transduced 16D cells (Fig. 3m),
the rate was unchanged in shHK2-transduced 16D cells (Fig. 3n) or LTenza 16D cells

(Fig. 30). Accordingly, shHK2-transduced 16D cells and LTenza 16D cells exhibited

10
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reduced oligomycin-stimulated ECAR compared to shScr-transduced 16D cells

(Supplementary Figure 2f). These data establish reduced HK2 as one mechanism

contributing to a lower glycolytic capacity in response to AR inhibition.

Enzalutamide induces mitochondrial elongation via reduced DRP1 activity

As mitochondrial dynamics can change in response to cellular and environmental
stresses?’, we explored the effect of AR inhibition on mitochondrial morphology.
Mitochondria were visualized in naive and LTenza 16D cells by staining for the
mitochondria-associated protein TUFM. Immunofluorescence identified robustly
elongated mitochondria in LTenza 16D cells (Fig. 4a). Quantification of mitochondrial
elongation and branching was performed by calculating the mitochondrial aspect ratio,
which is equal to the ratio of the major axis to the minor axis of an object, and form factor,
a value that compensates for irregularity in the shape of an object, respectively?” (Fig.
4b). LTenza 16D cell mitochondria exhibited a higher aspect ratio (Fig. 4c) and lower form
factor (Fig. 4d) compared to naive cell mitochondria, consistent with mitochondrial
elongation and increased branching. Eccentricity, the ratio of the distance between the
foci of an ellipse and its major axis length, was used as a secondary approach to quantify
mitochondrial elongation. Increased mitochondrial eccentricity was calculated in LTenza
16D cells, confirming mitochondrial elongation (Supplementary Figure 3a). Enzalutamide
treatment did not alter mitochondrial size, subtly increased mitochondrial count, and did
not alter mitochondrial volume (Supplementary Figure 3b-d). As mitochondrial elongation

and branching have been associated with enhanced mitochondrial function in certain

11
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contexts?8, these features may enable cells to compensate for reduced glycolytic activity

after AR inhibition.

Mitochondrial morphology is determined by the relative amounts of mitochondrial fission
and fusion®®. Several reports provide evidence that AR may regulate DRP1%, encoded
by the DNM1L gene, which mediates mitochondrial fission. We therefore explored
whether DRP1 levels are altered in LTenza 16D cells. DRP1 expression was only subtly
reduced in LTenza 16D cells (Fig. 4e). As DRP1 phosphorylation at S616 is required for
DRP1 activity3!, we hypothesized that LTenza 16D cells may exhibit reduced DRP1-S616
phosphorylation. Indeed, DRP1-S616 phosphorylation was dramatically reduced in
LTenza cells compared to naive 16D cells (Fig. 4e). Enzalutamide-treated 16D tumors
contained both reduced total DRP1 expression and reduced DRP1-S616 phosphorylation
(Supplementary Figure 3e,f). Furthermore, we observed both reduced total DRP1
expression and reduced DRP1-S616 phosphorylation in 180-30 PDX tumors suggesting
that the tumor microenvironment may influence the response of DRP1 expression to AR
blockade (Figure 4f). Analysis of 16D AR ChlP-seq data? revealed binding to the DNM1L

locus, suggesting that AR directly regulates DRP1 in this model (Supplementary Figure

39).

To evaluate the functional role of DRP1, we ectopically expressed a constitutively active
DRP1 phosphomimetic?3, DRP15¢16E in naive and LTenza 16D cells (Fig. 4g). DRP1S616E-
transduced LTenza 16D cells contained more fragmented mitochondria than RFP-

transduced LTenza 16D cells (Fig. 4h,i). Apoptosis and cell cycle analyses revealed that

12
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whereas naive 16D cells are relatively insensitive to DRP15616E expression, DRP15616E-
transduced LTenza cells exhibit increased apoptosis and reduced proliferation compared
to RFP-transduced LTenza cells (Fig. 4j,k). These data suggest that elongation of
mitochondria may enable LTenza 16D cells to better survive enzalutamide treatment. Our
data are consistent with previous reports that mitochondrial elongation can promote tumor

cell survival during energetic stress?6:31:32,

AR inhibition enhances sensitivity to complex | inhibitors

As enzalutamide-treated 16D cells generate a greater proportion of ATP from oxidative
mitochondrial metabolism and exhibit reduced glycolytic activity and higher respiratory
capacity, we hypothesized that these cells may be increasingly sensitive to inhibition of
oxidative phosphorylation. To test our hypothesis, we treated naive and LTenza 16D cells
with the highly-specific complex | inhibitor IACS-01075933 (IACS). Respirometry and U-
13Cs-glucose tracer analysis were performed to validate the on-target effect of IACS.
IACS reduced the ATP-linked respiration of naive and LTenza 16D cells by roughly 95
percent (Fig. 5a). In addition, IACS treatment significantly reduced M+2 labeling of TCA
cycle intermediates from U-13Ces-glucose in both naive and LTenza 16D cells
(Supplementary Figure 4a,b). Increased M+3-labeled lactate was observed in both naive
and LTenza 16D cells after IACS treatment indicating that both cell types compensate for
reduced complex | activity by increasing glycolysis (Supplementary Figure 4c).
Respirometry revealed that while both naive and LTenza 16D cells increase glycolytic
ATP production in response to IACS, naive cells contain a 2-fold higher IACS-induced

glycolytic ATP production rate compared to LTenza 16D cells (Supplementary Figure 4d).

13
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Accordingly, IACS treatment reduced the total ATP production of naive cells by just 12%
compared to a 29% reduction of total ATP production in LTenza 16D cells

(Supplementary Figure 4e).

We performed cell cycle analysis to determine the effect of IACS on the proliferation of
naive and LTenza 16D cells and identified robust differential sensitivity (Fig. 5b). Whereas
IACS treatment did not alter the proliferation of naive cells, IACS reduced the proliferation
of LTenza 16D cells by roughly 35 percent in just 72 hours (Fig. 5b and Supplementary
Figure 4f). Apoptosis analysis revealed that while IACS treatment increased apoptosis in
both naive and LTenza 16D cells, the percentage of apoptotic naive cells remained far
below one percent after 72 hours (Fig. 5¢). In contrast, nearly 6% of IACS-treated LTenza
cells were apoptotic after the same period (Fig. 5c). Since AR blockade increases
sensitivity to complex | inhibition, we wondered if IACS treatment of naive 16D cells might
increase enzalutamide sensitivity. 72hr IACS pretreatment significantly enhanced
enzalutamide sensitivity, effectively doubling the growth inhibition caused by
enzalutamide (Fig. 5d). These data demonstrate the potential for combining IACS and
enzalutamide to reduce prostate cancer cell proliferation regardless of which treatment is

initiated first.

We explored whether the clinically viable drug metformin, which has complex | inhibitor
activity in vitro®*, alters the enzalutamide sensitivity of naive 16D cells. Reduced ATP-
linked respiration in metformin-treated 16D cells was confirmed by respirometry

(Supplementary Figure 4g). Cell cycle analysis revealed that, unlike IACS, metformin
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alone was sufficient to impair the proliferation of naive 16D cells (Supplementary Figure
4h). Reduced proliferation in metformin-treated 16D cells was likely caused by known off-
target effects®* as IACS treatment reduced ATP-linked respiration by greater than 95%
without altering EdU labeling. Consistent with IACS pretreatment increasing
responsiveness to AR inhibition, 72hr metformin pretreatment significantly enhanced the

sensitivity of naive 16D cells to enzalutamide (Supplementary Figure 4i).

To better understand the interaction between AR inhibition and complex | inhibition across
various disease states, we explored whether metformin similarly enhances the sensitivity
of LNCaP cells to castration. After validating castration-induced suppression of AR target
gene expression (Supplementary Figure 5a), and demonstrating that castrated LNCaP
cells transcriptionally resemble castrated LTL331 PDX tumors?® and patient tumors post-
ADT" (Supplementary Figure 5b-e), we explored whether castrated LNCaP cells exhibit
altered metabolic gene expression. GSEA revealed negative enrichment of
Hallmark_Myc _targets (Supplementary Figure 5f), and we identified mRNA
downregulation of select glycolytic genes including HK2 and LDHA after castration
(Supplementary Figure 5g). Western blot analysis confirmed lower HK2 and LDHA levels
and identified reduced total DRP1 expression and DRP1-S616 phosphorylation
(Supplementary Figure 5h). Consistent with our findings in the 16D model, metformin
treatment reduced the growth of LNCaP cells and significantly increased castration
sensitivity, from roughly 45 percent to greater than 85 percent (Supplementary Figure

5i,j). These data suggest that AR blockade-induced metabolic changes may be conserved
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across various disease states and that complex | inhibition could broadly enhance

sensitivity to AR inhibition.

After showing that various complex | inhibitors can synergize with AR blockade in vitro,
we explored whether enzalutamide treatment of mice bearing 180-30 PDX tumors
enhances IACS sensitivity. After one week of treatment with vehicle or enzalutamide in
vivo, we analyzed IACS sensitivity using ex vivo culture. Week-long enzalutamide-treated
180-30 PDX tumors contained reduced protein expression of PSA, HK2, and LDHA (Fig.
5e,f). Cell cycle analysis after ex vivo culture of tumor tissue in prostate organoid
conditions confirmed reduced proliferation in enzalutamide-treated 180-30 PDX tumors
(Fig. 5g). Analysis of IACS sensitivity revealed that enzalutamide-treated samples
accounted for 4 of the 5 most IACS-sensitive samples (Fig. 5h). Furthermore, whereas
IACS did not alter the growth of vehicle-treated tumor cells in a statistically significant

manner (Fig. 5i), IACS significantly reduced proliferation of enzalutamide-treated cells

(Fig. 5j).

Discussion:

Therapy-induced metabolic reprogramming has been reported in various cancers where
standard of care therapy can synergize with targeting of reprogrammed metabolism to
impair treatment-resistance??:3%:36, In this study, we comprehensively characterized the
effect of AR blockade on prostate cancer metabolism. Transcriptomic and metabolomic
analyses revealed AR-inhibition-induced changes to metabolic gene expression and

metabolite abundance respectively. We identified sustained oxidative mitochondrial
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metabolism, including increased maximal respiration, and reduced basal and oligomycin-
stimulated glycolysis, after AR inhibition. Mechanistically, decreased MYC activity and
HK2 downregulation contributed to reduced glycolytic activity. Interestingly, we observed
robust elongation of mitochondria driven by lower DRP1 activity in enzalutamide-treated
cells and found that mitochondrial elongation supports cell survival and proliferation after
AR blockade. We explored whether AR inhibition increases reliance on oxidative
mitochondrial metabolism and observed increased sensitivity to complex | inhibitors after
AR blockade. In addition, pre-treatment with complex | inhibitors increased sensitivity to
AR inhibition, demonstrating the effectiveness of combined complex | inhibition and AR

blockade.

Our study identifies mitochondrial elongation as a potential survival mechanism after AR
blockade. Elongation has been shown to protect mitochondria from autophagosomal
degradation during nutrient starvation?%32. A hyperfused mitochondrial phenotype has
been observed in triple negative breast cancer cells that survive chemotherapy®” and has
been shown to enable chemotherapy resistance in gynecological cancers®. The
functional impact of mitochondrial morphology on metabolic output has proven to be
highly context dependent. For example, mitochondrial fission drives increased oxidative
mitochondrial metabolism and tumorigenic potential in pancreatic ductal adenocarcinoma
cells®4% and decreased oxidative mitochondrial metabolism in neuroblastoma cells*'.
Future work is needed to understand how mitochondrial elongation enables prostate

cancer cells to better survive AR blockade.
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It is critical to consider the window when complex | inhibition could cooperate with AR
inhibition to improve patient outcomes. Our functional data suggest that complex |
inhibition could be combined with ADT to treat castration-sensitive prostate cancer and/or
ARPIs to treat CRPC. These findings are further supported by our observation from
clinical datasets that HK2 downregulation occurs after both ADT treatment of localized
castration-sensitive disease, and ARPI treatment of metastatic CRPC. While most
prostate tumors initially respond to AR inhibition, they eventually recur in a more
aggressive form, driven by the acquisition of additional somatic mutations such as
disruption of RB1 and TP534?43, Interestingly, knockdown of RB7 and TP53 in LTenza
16D cells was not sufficient to alter enzalutamide-induced metabolic features including
reduced MYC activity and enhanced sensitivity to complex | inhibitors despite increased
neuroendocrine signatures*+-¢ (Supplementary Figure 6). In contrast, in the LTL331 PDX
model®®, which relapses as terminally differentiated neuroendocrine prostate cancer after
castration, relapsed tumors contained robust enrichment of Hallmark_Myc_targets
compared to castrated tumors despite maintenance of low AR activity (Supplementary
Figure 7). These data suggest that rescue of AR activity is not necessary to restore MYC
signaling and that the effectiveness of combined AR blockade and complex | inhibitor
treatment in relapsed ARPI-resistant disease may depend on the tumor phenotype and/or
genetic driver. Future work is necessary to determine whether MYC reactivation is broadly
associated with relapse, and whether increased MYC activity may contribute to prostate

cancer recurrence by restoring glycolytic activity.
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Metformin has been explored as a prostate cancer treatment for functions distinct from
complex | inhibition. Specifically, metformin has been shown to inhibit the proliferation of
prostate cancer cell lines in vitro by reducing AR and cyclin D1 levels*”#8. These effects
may explain why naive 16D cells exhibit sensitivity to metformin, despite lacking
sensitivity to IACS, which reduces mitochondrial respiration by greater than 95 percent.
In addition, metformin has been shown to synergize with bicalutamide in mouse models
by preventing AR blockade-induced hyperinsulinemia, which enhances tumor growth*®.
Accordingly, several observational and clinical trials have been performed and others are
ongoing to determine the efficacy of combined metformin treatment and AR blockade®.
Such trials have thus far been inconclusive regarding metformin use and both recurrence-
free survival and overall survival®'. Importantly, the concentration of metformin required
to inhibit complex | activity in vitro (1mM) is more than 10 times higher than the maximally-
achievable therapeutic concentration (70uM) found in patients®*%2. Therefore, improved
clinically-viable inhibitors of complex | are needed to evaluate the efficacy of combined

AR blockade and inhibition of mitochondrial oxidation in patients.
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Figure 1. Transcriptomic and metabolic profiling identify AR-inhibition-induced
metabolic reprogramming. (a) Top 30 significantly enriched pathways identified by
KEGG PATHWAY analysis on differentially expressed (fold change > 2, FDR < 0.2) Rajan
et al pre-androgen deprivation therapy (Pre-ADT) and post-androgen deprivation therapy
(Post-ADT) genes. Metabolism-related pathways highlighted in red. (b) Naive and LTenza
16D transcriptomics data projected onto principle component analysis (PCA) plot of pre-
ADT and post-ADT samples from Rajan et al data. 95% confidence eclipses for pre- and
post-ADT data are shown in cyan and pink respectively. (c) Violin plot indicating gene z-
scores of 1023 Rajan et al genes enriched post-ADT (fold change > 2, FDR < 0.2) in
naive, 24hr enzalutamide-treated (enza), 48hr enza, and LTenza 16D cells. Data
represent mean +/- SEM. (d) Heatmap of differentially expressed genes (fold change > 2,
FDR < 0.05) in LTenza 16D cells (Enza-treated) compared to naive (Veh-treated) 16D
cells. (e) Top 30 significantly enriched pathways identified by KEGG PATHWAY analysis
on differentially expressed genes (fold change > 2, FDR < 0.05) in naive and LTenza 16D
cells. Metabolism-related pathways highlighted in red. (f) Heatmap of differentially
abundant metabolites (fold change > 1.25, FDR < 0.2) in 1-week enzalutamide-treated
16D tumors compared to vehicle-treated 16D tumors. (g) In vitro naive and LTenza 16D
metabolomics data projected onto PCA plot of vehicle-treated and enza-treated samples
from in vivo 16D metabolomics. 95% confidence eclipses for vehicle- and enza-treated in
vivo data are shown in cyan and pink respectively. (h) Violin plot indicating metabolite z-
scores of 47 in vivo enza-enriched metabolites (fold change > 1.25, FDR < 0.2) in naive
and LTenza 16D cells. Data represent mean +/- SEM. (i) Metabolite Set Enrichment
Analysis (MSEA) on in vivo enzalutamide-enriched metabolites (fold change > 1.25, FDR
< 0.2) and in vitro enzalutamide-enriched metabolites (fold change > 1.25, FDR < 0.05)
identifies commonly-enriched KEGG pathways (p<.2). P-values were calculated from an
unpaired t-test with Welch’s correction (c and h) and a Fisher’s Exact Test (i). ***p < 0.001,
“***p < 0.0001.
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Figure 2. AR blockade maintains oxidative mitochondrial metabolism and reduces

glycolysis. (a and b) Representative kinetic trace plots of the Oxygen Consumption Rate

(OCR) (a) and Extracellular Acidification Rate (ECAR) (b) of naive and LTenza 16D cells.

Treatment with Oligomycin (O), FCCP (F), Rotenone and Antimycin A (R/A) are
indicated with arrows. Data represent mean +/- SEM. (c and d) ATP-linked respiration (c)
and maximal respiration (d) of naive and LTenza 16D cells from 10 biological replicate
experiments. (e and f) Mitochondrial (Mito) ATP production (e) and glycolytic ATP
production (f) of naive and LTenza 16D cells from 10 biological replicate experiments.
(g) Total ATP production as the sum of mitochondrial ATP production (Mito ATP) and
glycolytic ATP production (Glyco ATP) of naive and LTenza 16D cells from 10 biological
replicate experiments. Statistics refer to comparison of total ATP levels. Data represent
mean + SEM. (h) Percentage of total ATP production from mitochondrial ATP production
(% ATP from Mito) of naive and LTenza 16D cells from 10 biological replicate
experiments. (i) Lactate abundance in naive and LTenza 16D cells from 3 biological
replicate experiments. (j - o) Moles percent enrichment (MPE) of U-13Cs-labeled
glucose in lactate (j), citrate (k), alpha-ketoglutarate (aKG) (l), succinate (m), fumarate
(n), and malate (0) in naive and LTenza 16D cells from 3 biological replicate experiments.
P-values were calculated from a ratio paired t-test. *p < 0.05, **p < 0.01, ****p < 0.0001,
n.s. = not significant, p > 0.05.
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Figure 3. HK2 downregulation after AR inhibition contributes to reduced glycolytic
capacity. (a) Heatmap showing the mRNA expression of glycolytic genes from RNA
sequencing of 3 technical replicates of naive and LTenza 16D cells. (b-d) Western blots
indicating the expression of PSA, NSE, HK2, LDHA, and Actin (control) in lysates from
naive and LTenza 16D cells cultured in vitro (b), vehicle (veh) and 1-week enzalutamide-
treated (1w enza) 16D tumors in vivo (c), and veh and 1w enza 180-30 patient derived
xenografts in vivo (180-30 PDX) (d). (e and f) HK2 (e) and LDHA (f) mRNA expression in
unmatched enzalutamide-naive (Pre-enza) and enzalutamide-treated (Post-enza)
metastatic CRPC biopsies from Quigley et al dataset. Data represent the mean +/- SEM.
(g and h) HKZ2 (g) and LDHA (h) mRNA expression in matched pre- and post-androgen
deprivation therapy (ADT) biopsies from the Rajan et al dataset. (i and j) GSEA of
Hallmark_Myc_targets in naive and LTenza 16D cells (i), and Rajan et al pre-ADT and
post-ADT samples (j) showing normalized enrichment scores (NES) and false discovery
rates (FDR). (k) Western blot indicating expression of MYC, HK2, LDHA, PSA, and Actin
(control) in naive (-/-), RFP-transduced LTenza (+/-), and MYC-transduced (+/+) LTenza
16D lysates. (I) Western blot detecting HK2, PSA and Actin (control) in shScr-transduced
naive, shHK2-transduced naive, and LTenza 16D lysates. (m - o) Relative Extracellular
Acidification Rate (ECAR) of shScr-transduced naive (m), shHK2-transduced naive (n),
and LTenza 16D cells (o) treated +/- Oligomycin. Data represent the mean +/- SEM of 5
technical replicates from a representative experiment (n=2). P-values were calculated
from an unpaired t-test with Welch’s correction (e, f, m, n, and 0) and a ratio paired t-test
(g and h). **p < 0.01, ***p < 0.001, n.s. = not significant, p > 0.05.
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Figure 4. AR blockade elongates mitochondria via reduced DRP1 activity. (a)
Representative immunofluorescent images of naive and LTenza 16D cells stained for
TUFM (green) and DAPI (blue). Scale bars, 5 um. (b) Schematic illustrating calculation of
aspect ratio and form factor. (c and d) Quantification of mitochondrial aspect ratio (c) and
mitochondrial form factor (d) from TUFM stains from 20 images per treatment group. Data
represent the mean +/- SEM. (e and f) Western blots detecting DRP1 phosphorylation at
S616 (DRP1-P616), DRP1, PSA, and Actin (control) in naive and LTenza 16D lysates
(e), and vehicle (veh) and 1-week enzalutamide-treated (1w enza) 180-30 PDX tumor
lysates (f). (g) Western blot indicating DRP1-P616, DRP1, PSA, and Actin (control)
expression in lysates from RFP- or DRP15¢16E-fransduced naive and LTenza 16D cells.
(h) Representative immunofluorescent images of RFP- and DRP156'¢E-transduced
LTenza 16D cells stained for TUFM (green) and DAPI (blue). Scale bars, 10 um. (i)
Quantification of mitochondrial aspect ratio from TUFM stains from at least 28 cells per
treatment group. Data represent the mean +/- SEM. (j) Apoptosis analysis to identify the
percentage of Annexin V-positive cells (% Annexin V*) in each transduced line after 48
hours of culture. Data represent the mean +/- SEM of 4 technical replicates. (k) Cell cycle
analysis to quantify the relative sensitivity of naive and LTenza 16D cells to ectopic
DRP1S616E expression. Data represent the mean +/- SEM of 4 technical replicates from a
representative experiment (n=2). P-values were calculated from an unpaired t-test with
Welch’s correction. *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001, n.s. = not
significant, p > 0.05.
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Figure 5. AR blockade enhances sensitivity to complex | inhibition. (a) ATP-linked
respiration of naive and LTenza 16D cells treated with vehicle (DMSO) or 30nM IACS-
010759 (IACS) for 24 hrs. Data represent the mean +/- SEM of 5 technical replicates. (b)
Cell cycle analysis to quantify the relative sensitivity of naive and LTenza 16D cells to
30nM IACS. Data represent the mean +/- SEM of 4 technical replicates from a
representative experiment (n=3). (c) Apoptosis analysis to identify the percentage of
Annexin V-positive cells (% Annexin V*) in naive and LTenza 16D cells treated with
DMSO or 30nM IACS for 48 hours. Data represent the mean +/- SEM of 8 technical
replicates. (d) Cell cycle analysis to quantify the relative sensitivity of DMSO- and 72hr
30nM IACS-treated naive 16D cells to enzalutamide. Data represent the mean +/- SEM
of 4 technical replicates. (e and f) Western blot detecting HK2, LDHA, PSA, and Actin
(control) expression in lysates from 5 vehicle-treated and 5 1-week enzalutamide-treated
180-30 PDX tumors (e) and associated quantification (f). Data represent the mean +/-
SEM. (g) Cell cycle analysis to quantify the proliferation (% EdU*) of vehicle-treated (veh)
and 1w enza-treated 180-30 tumors after 3-day ex vivo culture in organoid conditions.
Data represent the mean +/- SEM of 5 tumor samples per treatment group. (h) Waterfall
plot indicating the ex vivo sensitivity of 180-30 PDX tumor tissue from veh- and 1w enza-
treated tumors to 30nM IACS. Data represent the percent change in EdU positivity (%
change EdU*) relative to the respective vehicle. (i and j) Cell cycle analysis of the
sensitivity of vehicle-treated (i) or enza-treated (j) 180-30 PDX tumor tissue to ex vivo
culture +/- 30nM IACS. Data represent the mean +/- SEM of 5 tumor samples per
treatment group. P-values were calculated from an unpaired t-test with Welch’s correction
(a-d, f and g) and a ratio paired t-test (i and j). *p < 0.05, **p < 0.01, ****p < 0.0001, n.s.

= not significant, p > 0.05.
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