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GL-V9 inhibits the activation of AR-AKT-HK2 signaling
networks and induces prostate cancer cell apoptosis
through mitochondria-mediated mechanism

RuiWang,1,5 QiMin,3,4,5 Yongjian Guo,1 Yuxin Zhou,1 Xin Zhang,1 DechaoWang,1 Yuan Gao,2,* and LibinWei1,6,*
SUMMARY

Prostate cancer (PCa) is a serious health concern for men due to its high incidence and mortality rate. The
first therapy typically adopted is androgen deprivation therapy (ADT). However, patient response to ADT
varies, and 20–30% of PCa cases develop into castration-resistant prostate cancer (CRPC). This article in-
vestigates the anti-PCa effect of a drug candidate named GL-V9 and highlights the significant mechanism
involving the AKT-hexokinase II (HKII) pathway. In both androgen receptor (AR)-expressing 22RV1 cells
and AR-negative PC3 cells, GL-V9 suppressed phosphorylated AKT and mitochondrial location of HKII.
This led to glycolytic inhibition and mitochondrial pathway-mediated apoptosis. Additionally, GL-V9 in-
hibited AR activity in 22RV1 cells and disrupted the feedback activation of AKT signaling in condition
of AR inhibition. This disruption greatly increased the anti-PCa efficacy of the AR antagonist bicalutamide.
In conclusion, we present a novel anti-PCa candidate and combination drug strategies to combat CRPC by
intervening in the AR-AKT-HKII signaling network.
INTRODUCTION

Prostate cancer (PCa) is the second most common cancer and the fifth leading cause of cancer-related mortality in men.1 Approximately 10

million men are currently diagnosed with PCa. Annually, PCa causes over 400,000 deaths globally, and this number is expected to exceed

800,000 by 2040.1,2 The androgen receptor (AR) signaling plays a crucial role in the initiation and progression of PCa.3 Androgen deprivation

therapy (ADT) is a primary treatment for patients with advanced disease.4 Typically, localized PCa is treatedwith delayed intervention or active

local therapy, with or without ADT. Nevertheless, the efficacy of ADT differs across patients, and most of them typically develop castration

resistant prostate cancer (CRPC) after 2–3 years of castration therapy.5,6 Several AR-targeting therapies, including abiraterone, enzalutamide,

and apalutamide, have been successfully developed in recent years to aid CRPC treatment. Nevertheless, innovative approaches inmanaging

CRPC remain urgently needed.

The mechanisms underlying CRPC are complex, involving both AR-dependent and AR-independent resistance pathways. Alternatively,

low or absent AR accumulation or activity can also contribute to castration resistance.7 Recent research suggests a strong correlation between

CRPC and the reprogramming of glucose metabolism along with hexokinase II (HKII) activation.8–10 Many cancer cells exhibit a consistent

metabolic phenotype through the reprogramming of their metabolic pathways from mitochondrial oxidative phosphorylation (OXPHOS)

to aerobic glycolysis.11 Hexokinase (HK) is the first rate-limiting enzyme in the glycolysis pathway. The subtype HKII has been discovered

to be overexpressed in PCa, indicating it might serve as a novel biomarker of the disease with potential clinical applications.12 AKT plays

a significant role in regulating HKII, as its activation encourages the binding of HKII to the outer mitochondrial membrane, promoting glycol-

ysis and inhibitingOXPHOS in tumor cells,13 and preventingmitochondrial pathway-mediated apoptosis.14,15 Furthermore, according to pre-

vious reports, Akt phosphorylates HK-II at Thr473,16 which enhances its protein stability through a chaperone-mediated autophagy-mediated

protein degradation pathway.17

The AR complex with androgen translocates into the nucleus and binds with androgen-response elements in promoter regions, thus regu-

lating the transcription and expression of target genes involving with the growth of PCa cells (11, 12). Previous data show that AR is also highly

expressed by most androgen-independent PCa, and increased in response to ADT, enhancing activation by residual androgens.18–20 Bica-

lutamide is a first-generation anti-androgen FDA-indicated for use in combination therapy with an luteinizing hormone-releasing hormone
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Figure 1. GL-V9 predominantly induces mitochondria-mediated apoptosis in PCa cells

(A) Chemical structure of GL-V9 (C24H27NO5, MW409.47).

(B) CCK-8 kit assays for cell growth inhibition of 22RV1, LNCaP, DU145, PC3 and RM-1 cells treated with a series of concentrations of GL-V9 (0–100 mM) for 48 h.

(C) Morphological changes of cell nucleus in PC3 and 22RV1 cells treated with 10 mM GL-V9 were observed by DAPI staining. Scale bar, 25 mm.
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Figure 1. Continued

(D) Annexin-V/PI double-staining assay of 22RV1 and PC3 cells. Histograms of apoptosis rates were quantitated using both early and late apoptotic rates.

(E) Western blot assays for the expression of apoptosis-associated proteins in 22RV1 and PC3 cells.

(F) Annexin-V/PI double-staining assay of 22RV1 cells treated with GL-V9 (10 mM) for 48 h in the presence or absence of Z-IETD-FMK (10 mM) or BI-6C9 (20 mM).

(G) JC-1 assay of 22RV1 and PC3 cells. The percentages of the loss of MMP were quantified.

(H) Western blot assays for the protein level of Cyt-c in mitochondrial and cytoplasm.

(I) ROS Fluorometric assay. The levels of ROS were quantified.

(J) Mitochondrial ROS was measured using mito-SOX by immunofluorescence. Scale bar, 50 mm. All the WB assays were performed in triplicate and repeated

three times with similar results. Quantitative data are presented as the mean G SD (n = 3). n.s. means no significance, *p < 0.05, **p < 0.01, ***p < 0.001,

****p < 0.0001 compared with control. ##p < 0.01 compared with 10 mM GL-V9 group.
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agonists (LHRH analog) approved for the treatment of stage D2 metastatic carcinoma of the prostate.21 It is indicated that activated AKT can

phosphorylate AR, enhancing its nuclear translocation and binding to target genes.22,23 Moreover, p-AKT levels are elevated in androgen-

deprived tumors.24–26 Recent studies demonstrate that glucose-6-phosphate isomerase (GPI), restored and increased by AR inhibition, main-

tains glucosemetabolism and energy homeostasis by redirecting the glucose flux from the AR-dependent pentose phosphate pathway (PPP)

to glycolysis pathway, thereby reducing the growth inhibitory effect of the AR antagonist enzalutamide.27 Furthermore, research has demon-

strated that ipatasertib, a highly specific AKT inhibitor, improves the survival rate of PCa patients when used in combination with abirater-

one.28–30 These findings suggest that the crosstalk between metabolic reprogramming and AR signaling may offer new insights to overcome

the resistance to AR-targeted therapy.

GL-V9 is a synthesized flavonoid derived fromwogonin that is one of themain active components of Scutellaria baicalensis (Figure 1A). GL-

V9 has been shown to inhibit the growth of several tumor cells31,32 and trigger mitochondria-mediated apoptosis.33,34 Here, we investigated

the anticancer activity and underlyingmechanisms of GL-V9 against PCa. Our studies demonstrated that GL-V9 regulated glucose catabolism

and induced mitochondria-mediated apoptosis of PCa cells, and significantly overcome resistance to AR inhibition by regulating AR-AKT-

HKII network.
RESULT

GL-V9 predominantly induces mitochondria-mediated apoptosis of PCa cells

Firstly, we investigated the effect of GL-V9 on the growth inhibition of human PCa cell lines, including 22RV1, LNCaP, PC3, DU145, andmouse

PCa cell lines RM-1. As shown in Figure 1B, GL-V9 significantly inhibited the proliferation of both human PCa cell lines and mouse PCa cells

lines in a concentration-dependent manner. Previous studies have reported that GL-V9 induces apoptosis in breast cancer cells by affecting

mitochondrial function.33,35 Morphological changes of DAPI-stained nuclei were observed in PC3 and 22RV1 cells. After treatment of GL-V9,

the cell nucleus exhibitedmarked nuclear fragmentation and crimple compared to untreated cells (Figure 1C). Moreover, apoptosis induction

was further investigated in 22RV1 and PC3 cells throughAnnexin-V/PI double-staining assay. GL-V9 induced apoptosis of 22RV1 and PC3 cells

in a concentration-dependent manner (Figure 1D). Western blot assay indicated that GL-V9 increased the cleavage of caspase 3, caspase 8,

caspase 9, and PARP in 22RV1 and PC3 cells (Figure 1E). Additionally, GL-V9 resulted in upregulation of BAX and downregulation of BCL-2,

which are both crucial constituents of themitochondrial pathway-mediated apoptosis.36 These findings suggest that GL-V9may interfere with

both the death receptor pathway and themitochondrial pathway of apoptosis in PCa cells. A specific inhibitor of BH3 interacting domain (Bid),

BI-6c9, can prevent cells from experiencingmitochondrial apoptosis and caspase-independent cell death in neurons.37 Results demonstrated

that apoptosis triggered by GL-V9 was significantly suppressed by BI-6c9 (Figure 1F). However, a selective caspase 8 inhibitor, Z-IETD-FMK

(Z-IE(OMe)TD(OMe)-FMK),38 could not influence the effect of GL-V9. Furthermore, GL-V9 caused concentration-dependent loss of mitochon-

drial membrane potential (MMP) (Figure 1G), release of Cyt-c from mitochondrial (Figure 1H), and increase in total reactive oxygen species

(ROS) as well as mitochondrial ROS (Figures 1I and 1J). Taken together, these findings suggest that GL-V9 induces apoptosis of PCa cells via

the mitochondrial pathway, rather than the death receptor pathway.
GL-V9 decreases expression of key enzymes involved in the glycolytic pathway and restricts glucose catabolism of PCa cells

Numerous studies suggest that cancer cells increase glycolysis to evade apoptosis induced by chemotherapy drugs.39 Cancer cells commonly

exhibit aerobic glycolysis and circumvent mitochondrial OXPHOS. This enables cancer cells to outcompete with normal cells for glucose up-

take while evading the harmful effect of excessive ROS accumulation.40 Our findings indicate that GL-V9 mainly induces apoptosis via the

mitochondrial pathway, and we hypothesize that GL-V9 impacts glycolysis. Remarkably, when PC3 and 22RV1 cells were treated with GL-

V9 for 24 h, there was a decrease in glucose uptake, lactate production, and ATP generation (Figures 2A–2C). Thus, GL-V9 potentially de-

creases the glycolytic capacity of PCa cells. In subsequent studies, we assessed the extracellular acidification rate (ECAR) and oxygen con-

sumption rate (OCR) of 22RV1 and PC3 cells using the Seahorse glycolysis stress test and mitochondrial stress test. The results demonstrate

that GL-V9 significantly reduced both ECAR and OCR (Figures 2D and 2E), which are crucial indicators of glycolysis and mitochondrial respi-

ration, respectively. Therefore, GL-V9 curbs the glycolytic pathway and restricts glucose catabolism to produce ATP in PCa cells. Subse-

quently, the expression of enzymes involved in the glycolytic pathway was assessed. As shown in Figure 2F, GL-V9 notably decreased protein

level of HKII, phosphofructokinase (PFKM), pyruvate kinases M1 (PKM1), and lactate dehydrogenase A (LDH-A) in 22RV1 and PC3 cells. PKM2

expression remained unchanged. We found that the addition of exogenous pyruvate sodium and the pyruvate kinase activator TEPP-46
iScience 27, 109246, March 15, 2024 3



Figure 2. GL-V9 inhibits the glycolytic pathway and restricts the glucose catabolism of PCa cells

(A‒F) Cells were treated with GL-V9 for 24 h. (A) Glucose uptake was measured with Amplex Red Glucose/Glucose Oxidase Assay Kit. (B) Lactate generation was

measured with Lactic Acid Detection kit. (C) ATP production was measured with ATP assay kit. (D) Representative ECAR analysis was measured by Seahorse

XF96e Analyzer and their responses to glucose, Rot/AA, and 2-deoxyglucose (2-DG) (n = 5 technical replicates). (E) Representative OCR analysis was

measured by Seahorse XF96e Analyzer and their responses to oligomycin (oligo), FCCP, and rotenone plus antimycin A (Rot/AA) (n = 5 technical replicates).

(F) The protein expressions of enzymes related to the glycolytic pathway were analyzed using western blotting (WB).

(G) Annexin-V/PI double-staining assay was performed on 22RV1 cells treated with a combination of GL-V9 with or without 10 mM pyruvate sodium (PS) or 40 mM

TEPP-46 for 48 h.

(H) CCK-8 kit assays for cell growth of 22RV1 cells treated with 10 mMGL-V9 with/without 10 mM pyruvate sodium for 48 h. Quantitative data are presented as the

mean G SD (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 compared with control. #p < 0.05, ##p < 0.01 compared with 10 mM GL-V9 group.
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prevented GL-V9-induced cell apoptosis and growth inhibition (Figures 2G and 2H). This finding suggests that the glycolytic pathway plays a

significant role in the anti-prostate cancer effects of GL-V9. Therefore, GL-V9 regulates the glycolytic pathway and restricts glucose catabolism

of PCa cells.

GL-V9 inhibits the mitochondrial translocation of HKII and induces apoptosis in PCa cells by inactivating the AKT-HKII

signaling pathway

Previous research has demonstrated that HKII functions as the rate-limiting enzyme in the glycolytic pathway and inhibits mitochondria

pathway-mediated apoptosis by binding to the outer mitochondrial membrane.41,42 GL-V9 lowered the total protein level of HKII. Hence,

we investigated the impact of GL-V9 on mitochondrial HKII in human PCa. GL-V9. Our findings showed that GL-V9 consistently reduced
4 iScience 27, 109246, March 15, 2024



Figure 3. GL-V9 inhibits the mitochondrial translocation of HKII and induces apoptosis in PCa cells by inactivating the AKT-HKII signaling pathway

(A) Cells were treated with GL-V9 for 48 h. Western blot assays for the expression of HKII in mitochondria and cytoplasm of PC3 and 22RV1 cells.

(B) Mitochondrial localization of HKII in PC3 and 22RV1 cells treated with 10 mM GL-V9 was measured by immunofluorescence. Scale bar, 100 mm.

(C) Annexin-V/PI double-staining assay of HKII-overexpressed 22RV1 (HKIIOE 22RV1) cells treated with/without 10 mM GL-V9.

(D) Protein expression of AKT and p-AKT.

(E) Mitochondrial localization of AKT in PC3 and 22RV1 cells treated with 10 mM GL-V9 was measured by immunofluorescence. Scale bar, 100 mm.

(F) The level of HKII protein in mitochondria of AKTOE 22RV1 cells was analyzed after the treatment of 10 mM GL-V9 for 48 h.

ll
OPEN ACCESS

iScience 27, 109246, March 15, 2024 5

iScience
Article



Figure 3. Continued

(G) The mitochondria localization of HKII of AKTOE 22RV1 cells. Scale bar, 100 mm.

(H) Annexin-V/PI double-staining assay of AKT-overexpressed 22RV1 (AKTOE 22RV1) cells treated with/without 10 mM GL-V9 for 48 h.

(I and J) The apoptosis rate of 22RV1 cells treated with 10 mMGL-V9, in the present of/without 1 mMSF1670 or 10 mMMK2206 for 24 h, was analyzed. Quantitative

data are presented as the mean G SD (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 compared with control. #p < 0.05, ##p < 0.01, ####p < 0.0001

compared with 10 mM GL-V9 group.
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the protein level of HKII in both mitochondria and cytoplasm of 22RV1 and PC3 cells (Figure 3A). The results of the immunofluorescence anal-

ysis indicted that GL-V9 decreased themitochondrial localization of HKII in PCa cells (Figure 3B).WhenHKII was overexpressed in 22RV1 cells,

the ability of GL-V9 to induce apoptosis was diminished, indicating that HKII plays a crucial role in the anti-PCa effect of GL-V9 (Figure 3C).

Previous reports have suggested that Akt phosphorylates HK-II at Thr-473, thereby increasing the binding of HKII to mitochondria.16 As

demonstrated in Figures 3D and 3E, the protein expression of AKT and p-AKT, as well as the mitochondrial location of AKT, were significantly

reduced by GL-V9. Moreover, the reduction in mitochondrial HKII triggered by GL-V9 was restored by overexpression of AKT in 22RV1 cells

(Figures 3F and 3G). Overexpressing AKT reduced the GL-V9-induced apoptosis as well (Figure 3H). Additionally, the AKT activator SF1670,

which activates AKT by suppressing PTEN,43 partially obstructed GL-V9-induced apoptosis of 22RV1 (Figure 3I). Conversely, the highly selec-

tive allosteric Akt inhibitorMK2206 promoted theGL-V9-induced apoptosis of PCa cells (Figures 3J and S1A). Based on these results, it can be

concluded that GL-V9 induces apoptosis of PCa cells by preventing themitochondrial localization of HKII and inactivating AKT-HKII signaling.

GL-V9 improves anti-PCa activity of AR inhibitor by hindering the feedback activation of the AKT-controlled glycolytic

pathway and mitochondrial localization of HKII

AR regulates the transcription of genes related to growth factors, inflammatory cytokines, and other functions.44 Our findings indicate GL-V9

induces significant apoptosis in both AR-expressing 22RV1 cells and AR-negative PC3 cells. Further investigations were carried out to deter-

mine the effect of GL-V9 on AR signals in 22RV1 cells. As shown Figures 4A and 4B, GL-V9 downregulated the protein and mRNA levels of AR

in 22RV1 cells, in addition to decreasing the level of activated p-AR. Furthermore, GL-V9 notably inhibited the nuclear localization of p-AR

(Ser81) in 22RV1 (Figure 4C). Thus, GL-V9 suppressed the expression and activity of AR.

Targeting the AR pathway remains a primary strategy in treating metastatic PCa, given the critical role of AR signaling in driving the dis-

ease. Although second-generation AR antagonists offer a temporary response, resistance eventually develops.45 Our study demonstrates

that bicalutamide, a classical AR inhibitor, effectively inhibited the growth of 22RV1 cells (Figure 4D). Treatment of 50 mM bicalutamide for

24 h showed negligible effect on inducing apoptosis in 22RV1 cells. However, combination of GL-V9 (10 mM) with bicalutamide showed syn-

ergistic effects in cell growth inhibition (Figures 4D and 4E). GL-V9 (10 mM) co-treatment with bicalutamide resulted in a significant enhance-

ment in apoptosis rate (Figure 4F). Prior investigations have suggested that AR inhibition can advance glucosemetabolism. Hence, we exam-

ined the impacts of bicalutamide on enzymes and proteins related to the glycolytic pathway. The expression of AKT, p-AKT, and key enzymes

in glycolytic pathway, including HKII, PFKM, LDHA, were significantly upregulated after 48 h bicalutamide treatment (Figures 4G and 4H).

Additionally, bicalutamide promoted the mitochondrial localization of HKII in 22RV1 cells. The previous effects of 75 mM bicalutamide

were reversed by 10 mM GL-V9 (Figures 4I and 4J).

To further investigate the influence of AKT in the bicalutamide-induced effect, we conducted a study combining the AKT inhibitor MK2206

with bicalutamide. The results showed that combination 10 mMMK2206with bicalutamide effectively reduced the elevated levels of HKII, AKT,

p-AKT, and LDHA protein, along with a change in the mitochondrial localization of HKII in 22RV1 cells (Figures S1B‒S1D). Additionally, the
combination of 10mMMK2206 with 75mMbicalutamide significantly increased apoptosis (Figure S1E). Overall, these findings suggest that GL-

V9 improves the anti-PCa effect of bicalutamide by inhibiting the AKT-mediated glycolytic pathway and themitochondrial localization of HKII.

This pathway may potentially be reactivated by the AR inhibitor.

GL-V9 regulates AR-AKT-HKII signaling and inhibits the growth of human prostate tumor xenograft

Finally, we investigated the in vivo anti-PCa effects of GL-V9 using xenograft models of the 22RV1 or PC3 cells in nudemice. The results, shown in

Figures 5A–5C, indicate that impede 150mg/kgGL-V9 significantly impeded tumor growth and exhibited the same inhibitory effect as 30mg/kg

5-fluorouracil (5-Fu) administered intravenously. Furthermore, oral administration of 300 mg/kg GL-V9 orally inhibited tumor growthmuchmore

efficiently than5-Fu. Toassess thepotential toxicity ofGL-V9 in vivo, wemonitored theweight ofmiceandconductedblood routineandbiochem-

ical function tests. Additionally, weexamined the heart, liver, spleen, lungs, and kidneys for anydamage using hematoxylin andeosin (H&E) stain-

ing after the administration. As shown in Figures 5D–5F and Table S1, both 150mg/kg and 300mg/kgGL-V9 did not cause any toxicity or harm to

themice.However, the5-Fu significantly reduced theweightofmice. Further investigations revealed thatGL-V9downregulated theexpressionof

AKT,HKII, andAR in tumor tissue,whileupregulatingcleaved-caspase3 throughan immunohistochemistry (IHC)assay (Figure6A).Additionally, an

immunofluorescenceassay of tumor tissue revealed thatGL-V9 reduced the nuclear localizationofAR and the co-localization of HKII inmitochon-

dria through an immunofluorescence assay of tumor tissue (Figures 6B–6D). These effects were not observed in the 5-Fu treatment group.

GL-V9 enhanced the efficacy of clinical drug bicalutamide for the treatment of PCa

5-FU is a broad-spectrumantitumor drug that functions that inhibits thymidine nucleotide synthase, effectively treating gastrointestinal cancer

and other solid tumors. However, due to its commonly occurring toxic side effects, it is not used to treat tumorswhen better treatment options
6 iScience 27, 109246, March 15, 2024



Figure 4. GL-V9 enhances anti-PCa activity of bicalutamide by hindering the feedback activation of the AKT-regulated glycolytic pathway and

mitochondrial localization of HKII

(A) The protein expressions of AR and p-AR. 22RV1 cells were treated with GL-V9 for 48 h.

(B) The mRNA expressions of AR.

(C) The nuclear localization of p-AR in 22RV1. Scale bar, 60 mm.

(D) Cell growth inhibition of 22RV1 cells treated with bicalutamide or the combination of GL-V9 (10 mM) with bicalutamide for 24 h by CCK-8 assay.

(E) The combination index values for the combination of 1 bicalutamide (12.5, 25, 37.5, 50, 75, 100 or 150 mM, respectively) with 10 mMGL-V9 in22RV1 cells. The Fa

values range from 0 to 1. CI < 1, synergism; CI = 1, additive effect and CI > 1, antagonism.

(F) Apoptosis of 22RV1 cells were treated with 10 mM GL-V9 with or without 25 mM bicalutamide for 24 h.

(G and H) The protein expression of HKII, PFKM, AKT, p-AKT and LDHA in 22RV1. (G) Cells were treated with bicalutamide for 24 h. (H) Cells were treated with

10 mM GL-V9 with or without 75 mM Bicalutamide.

(I) The protein level of mitochondrial HKII and AKT.

(J) The mitochondrial localization of HKII in 22RV1 cells treated with 10 mM GL-V9 with/without 75 mM bicalutamide. Scale bar, 100 mm. Quantitative data are

presented as the mean G SD (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 compared with 10 mM GL-V9 group. $$$$p < 0.0001 compared with

bicalutamide group.
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Figure 5. GL-V9 inhibits the growth of human prostate tumor xenograft with little toxicity

22RV1 and PC3 cells xenograftedmousemodels was established. Mice were administrated with GL-V9 (150/300mg/kg, p.o., once daily), 5-fluorouracil (30mg/kg,

i.v., every three days), and sacrificed on day 24 after drugs administration.

(A‒D) Photos for transplanted tumor, tumor volume, tumor weight and nude mice weight were shown, respectively.

(E) The serum levels of AST, ALP, GGT, and ALT in PC3 cells xenografted mice.

(F) H&E staining of organs in 22RV1 cells xenografted mice. Scale bar, 200 mm. Quantitative data are presented as the mean G SD (n = 8). ns means no

significance, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 compared with control group.

ll
OPEN ACCESS

8 iScience 27, 109246, March 15, 2024

iScience
Article



Figure 6. GL-V9 regulates the AR-AKT-HKII signaling of tumor tissue from the xenograft models

(A) IHC assay for the expressions of HKII, AKT, AR and Cleaved-caspase 3 in tumor tissues. Scale bar, 100 mm.

(B) Nuclear localization of AR in tumor tissues by immunofluorescence staining. Scale bar, 100 mm.

(C and D) The localization of HKII in mitochondria of tumor tissues of 22RV1 or PC3 cells xenografted mice. Scale bar, 100 mm.
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are available in clinical practice. To assess the clinical research value of GL-V9, we re-evaluated its anti-PCa effect in vivo using the positive

drugs bicalutamide and docetaxel, which are currently first-line clinical drugs. Docetaxel (Taxotere)-based regimens can be included among

the most effective treatment options for the management of patients with advanced, androgen-independent PCa.46 As shown in Figures 7A–

7D, in AR-negative PCa cell lines PC3 xenograft model, GL-V9 (300 mg/kg, p.o.) demonstrated comparable tumor suppression to docetaxel

(10 mg/kg, p.o.). In AR-expressing PCa cell lines 22RV1 xenograft model, GL-V9 not only exhibited better tumor growth inhibition than bica-

lutamide, but also enhanced its anti-PCa effect (Figures 7E–7H). In addition to conventional evaluationmethods for anticancer effects in xeno-

graft models, we also used tumor growth delay as the evaluating indicator to determine anti-PCa activity. Tumor growth delay activity pro-

vides stronger evidence of clinical potential than tumor growth inhibition activity.47 Xenograft models were created using 22RV1 cells and

treated with GL-V9 (300 mg/kg, p.o) and bicalutamide (20 mg/kg, p.o) either alone or in combination for 12 days. Administration was then

withdrawn and themodels were sacrificed on day 27. The results indicate that the combination of GL-V9 and bicalutamide resulted in a stron-

ger delay in tumor growth compared to either treatment alone (Figures 7I‒7L).

DISCUSSION

Hormone drugs that target AR play a pivotal role in treating PCa and are frequently used from early local disease to later distant metastatic dis-

ease.48,49 ADT is themost common formof hormone therapy used in clinics, even though almost all patients who receive this therapy have devel-

oped CRPC and eventually metastatic castration-resistant prostate cancer (mCRPC).50,51 New drugs that inhibit AR signal have been developed

because AR remains active in mCRPC. Abiraterone (Zytiga, Johnson) and Enzalutamide (Xtandi, Pfizer) are the first AR-targeted therapies
iScience 27, 109246, March 15, 2024 9



Figure 7. GL-V9 enhanced the efficacy of clinical drug bicalutamide for the treatment of PCa

(A‒D) PC3 cell xenograft model mice were treated with GL-V9 (300 mg/kg, p.o., once daily), docetaxel (10 mg/kg, p.o., once daily) or a combination of both.

Photos for transplanted tumor, tumor volume, tumor weight and nude mice weight were shown, respectively.

(E‒H) 22RV1 cell xenograft model mice were treated with GL-V9 (300 mg/kg, p.o., once daily), bicalutamide (20 mg/kg, p.o, once daily) or a combination of both.

Photos for transplanted tumor, tumor volume, tumor weight and nude mice weight were shown, respectively.

(I‒L) 22RV1 cell xenograft model mice were GL-V9 (300 mg/kg, p.o) and bicalutamide (20 mg/kg, p.o) either alone or in combination for 12 days. Administration

was then withdrawn and the models were sacrificed on day 27. Photos for transplanted tumor, tumor volume, tumor weight and nude mice weight were shown,

respectively. Quantitative data are presented as the meanG SD (n = 6). nsmeans no significance, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 compared

with control group. #p < 0.05 compared between bicalutamide alone group and the combination group.

ll
OPEN ACCESS

iScience
Article
approved for the treatment of mCRPC, and are considered the first-line standard treatment.52–54 Moreover, there are emerging therapies for

mCPRC, such as PARP inhibitors (Olaparib, Rucaparib),55 Prostate-specific membrane antigen (PSMA) targeted radiopharmaceutical therapy

(Lu-PSMA-617, TLX591),56 AKT inhibitors (ipatasertib, capivasertib),57 and PD1 inhibitors (pembrolizumab, nivolumab),58 which are at various

stages of development and testing. Additionally, GL-V9, a synthesized flavonoid derived from the natural product wogonin, has been confirmed

to be an effective antineoplastic drug.59 Our study shows that GL-V9 has potent anticancer activity in both AR-negative and AR-expressing PCa

by intervening in the interactive of AR-AKT-HKII signaling networks (Figure 8). In AR-negative PCa cells, GL-V9 destabilizes HKII protein and pre-

ventsits localization in the mitochondria by deactivating AKT and inhibiting HK-II phosphorylation at Thr473. This leads to cell growth inhibition

and mitochondrial pathway-mediated apoptosis. Whereas in AR-expressing PCa cells, AKT-regulated glycolytic pathway and the

mitochondrial localization of HKII can potentially be feedback activated by the AR inhibitor, such as bicalutamide. GL-V9 not only regulates

HKII-regulated glucose catabolism and apoptosis but also inhibits the expression, phosphorylation, and nuclear translocation of AR protein,

thereby preventing feedback activation. This demonstrates a synergistic effect in anti-PCa effects with AR inhibitors, such as bicalutamide.

The PI3K/AKT pathway is associated with therapeutic resistance to anti-androgen therapy.60,61 This is the fact that inhibition of AR leads to an

increase in the activation of AKT pathway.62 AKT inhibitors, such as ipatasertib, have been developed for the treatment of mCRPC. Encouraging

outcomes were achieved in the study of combined treatment with Abiterone formCRPC.28,63 PTEN is one of themost important tumor suppres-

sors. Recent research reveals that PTEN suppresses tumorigenesis by directly dephosphorylating Akt.64Genomic aberrations of the PTEN tumor

suppressor gene are among the most common in PCa. Inactivation of PTEN by deletion or mutation is identified in �20% of primary prostate

tumor samples at radical prostatectomy and in as many as 50% of castration-resistant tumors.65 Loss of PTEN function leads to activation of the

PI3K-AKT pathway and is strongly associated with adverse oncological outcomes. It is reported that 22RV1 cells are PTEN-positive PCa cells,66

and PC3 cells are PTEN-null.67 Our results indicate that the inhibition of GL-V9 in PCa is not affected by PTEN status, showing potent anti-PCa

effects in both 22RV1 cells and PC3 cells. Previous studies have shown that GL-V9 increases PTEN expression and induces degradation of AKT

blockedPI3K/AKT signaling in T cellmalignancies.68 Additionally, GL-V9 promotes the subcellular localizationof PTEN, resulting in an increase of
10 iScience 27, 109246, March 15, 2024



Figure 8. Schematic representation that GL-V9 inhibits prostate cancer by intervening in the interactive signaling networks of AR-AKT-HKII

The synthesized flavonoid GL-V9 is potent anti-PCa candidate and suppresses the growth in both AR-negative and AR-expressing PCa. In AR-negative PCa cells,

GL-V9 downregulates the protein level andmitochondrial location of HKII by inactivating AKT induced-phosphorylation of HK-II, leading to cell growth inhibition

and mitochondrial pathway mediated apoptosis. Whereas in AR-expressing PCa cells, AKT-regulated glycolytic pathway and the mitochondrial localization of

HKII can potentially be feedback activated by the AR inhibitor. In addition to regulate HKII-regulated glucose catabolism and apoptosis, GL-V9 inhibits the

expression, phosphorylation, and nuclear translocation of AR protein. This demonstrates a synergistic effect in anti-PCa effects with AR inhibitors, such as

bicalutamide.
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calcium release from endoplasmic reticulum (ER) and calcium-mediated mitochondrial dysfunction.34 These results indicate that GL-V9 not only

restores PTEN function but also interrupts AKT signal directly.

Additionally, AKT activation can enhance the expression of glucose transporter 1 (GLUT1) and its plasmamembrane localization, and increase

the activity of glycolysis enzyme HKII, thereby facilitating the capture of glucose entering cells through glycolysis and other pathways. Glycolysis

intervention isofgrowing interest for treatingmCRPCdue to itspotential toprevent theoccurrence,progression, andchemotherapy resistanceof

PCa.69Prof. Liuandhis colleaguesdiscovered that targeteddrugs, suchasSkp2 inhibitors, canshift tumorcellmetabolism fromglycolysis to tricar-

boxylic acid cycle (TCA) cycle, inducing tumor cell growth inhibition inPCacells.70Chelakkot et al. confirmed that the interactionbetweenglucose

metabolism and AR signals in breast and PCa, suggesting that combining endocrine therapy with metabolic regulators could become the stan-

dard treatment to overcome drug resistance.71 AKT is involved in the transferring HKII from cytoplasm to mitochondria to initiate glycolysis. In

Figures S2A‒S2D, our study found that GL-V9 had superior inhibitory effects on cell growth and glycolytic capacity compared to

3-bromopyruvate (3-BP), a potent HKII inhibitor.72,73 The inhibitory effects of 3-BP are diminished by the increased expression of AKT, and the

combination of GL-V9 and 3-BP resulted in much stronger apoptosis of PCa cells than either treatment alone (Figures S2E‒S2F).
In PCa, AKT is also a critical protein that phosphorylates and promotes the nuclear translocation of AR.74 Bicalutamide, the most widely

used AR antagonist, can promote stronger AKT-HKII signaling in AR-expressing 22RV1 cells. In addition to inhibiting AKT-HKII signaling, GL-

V9 significantly suppresses the expression and activity of AR. The combination treatment of bicalutamide andGL-V9 effectively enhances anti-

prostate cancer abilities. It is reported that bicalutamide does not function as an AR antagonist by preventing AR binding to DNA but instead

stimulates the assembly of a transcriptionally inactive AR on DNA.75 The findings indicate that the increased expression of AR and transcrip-

tional coactivator proteins in androgen-independent PCa may decrease the efficacy of bicalutamide in blocking AR activation by residual an-

drogens.Moreover, thismechanismpredicts that inhibition of AR production in conjunctionwith bicalutamide (or potent AR antagonists) may

have efficacy in androgen-independent PCa. Therefore, although GL-V9 decreased AR expression, the combined use of GL-V9 and bicalu-

tamide is expected to show better efficacy in treating PCa.

All aforementioned, our study suggests that GL-V9 has unique advantages in combating PCa by regulating the interactive signaling net-

works of AR-AKT-HKII. This mechanism breaks through the inefficiency of AR inhibitors caused by the activation of enhanced AKT feedback,

and bypass the side effects of AKT inhibitors. We provide a new anti-PCa candidate and combinatorial drug strategies to overcome CRPC.

Limitations of the study

The article demonstrates that GL-V9 induces apoptosis of PCa cells by regulating the AR-AKT-HKII signaling network. However, the specific

target of GL-V9 for treating PCa still requires exploration. It is currently unknown whether GL-V9 inhibits the activation of AKT and AR through

direct binding inhibition or by interfering with upstream signaling. Further evaluation is also necessary to determine the tumor selectivity of

GL-V9 and its impact on normal prostate cells.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-Actin ABclonal Technology, China AC026; RRID: AB_2768234

Rabbit anti-Caspase 3 Proteintech Group, USA 66470-2-Ig; RRID: AB_2876892

Rabbit anti-Cleaved caspase 3 ABclonal Technology, China A11021; RRID: AB_2758369

Rabbit anti-Caspase 8 Proteintech Group, USA 66093-1-Ig; RRID: AB_11232214

Rabbit anti-Caspase 9 Proteintech Group, USA 66169-1-Ig; RRID: AB_2833257

Rabbit anti-PARP Proteintech Group, USA 66520-1-Ig; RRID: AB_2881883

Rabbit anti-BCL2 ABclonal Technology, China A0208; RRID: AB_2757022

Rabbit anti-BAX ABclonal Technology, China A19684; RRID: AB_2862733

Rabbit anti-HK2 Proteintech Group, USA 66974-1-Ig; RRID: AB_2882294

Mouse anti-LDHA Proteintech Group, USA 66287-1-Ig; RRID: AB_2881670

Rabbit anti-PFKM Proteintech Group, USA 55028-1-AP; RRID: AB_10858390

Rabbit anti-PKM1 Proteintech Group, USA 15821-1-AP; RRID: AB_2163820

Rabbit anti-PKM2 Proteintech Group, USA 15822-1-AP; RRID: AB_1851537

Mouse anti-AKT Proteintech Group, USA 60203-2-Ig; RRID AB_10912803

Rabbit Phospho-AKT (Ser473) Proteintech Group, USA 80455-1-RR; RRID: AB_2918892

Rabbit anti-AR Proteintech Group, USA 22089-1-AP; RRID: AB_11182176

Rabbit anti-Androgen Receptor (Phospho Ser81) Immunoway, USA YP1861; RRID: AB_805251

Rabbit anti-COX IV ABclonal Technology, China A6564; RRID: AB_2767158

Rabbit anti-Cytochrome c Proteintech Group, USA 10993-1-AP; RRID: AB_2090467

Goat anti-Rabbit IgG (H+L) Highly Cross-Adsorbed

Secondary Antibody, Alexa Fluor� Plus 488

Thermo Scientific, USA A32731

Goat anti-Mouse IgG (H+L) Highly Cross-Adsorbed

Secondary Antibody, Alexa Fluor� Plus 555

Thermo Scientific, USA A32727

Chemicals, peptides, and recombinant proteins

GL-V9 (5-hydroxy-8-methoxy-7-(4-(pyrrolidin-1-yl) butoxy)-4

Hchromen-4-one, C24H27NO5, MW 409.47, purity >99%)

Jiangsu Key Laboratory of

Carcinogenesis and Intervention,

China Pharmaceutical University

N/A

3-Bromopyruvic acid Selleck Chemicals, China S5426

Bicalutamide Selleck Chemicals, China S1190

MK-2206 MedChemExpress, China 1032349-77-1

SF1670 MedChemExpress, China 345630-40-2

TEPP-46 MedChemExpress, China 1221186-53-3

5-Fluorouracil MedChemExpress, China 51-21-8

Z-IETD-FMK MedChemExpress, China 210344-98-2

BI-6c9 MedChemExpress, China 791835-21-7

Mito-SOX Red MedChemExpress, China 1003197-00-9

pyruvate sodium Thermo Scientific, USA 11360070

L-Glutamine Thermo Scientific, USA 25030081

DAPI Staining Solution Beyotime Biotechnology C1005

Dimethyl sulfoxide Sigma Aldrich, USA 67-68-5

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Critical commercial assays

Lactic Acid Detection kit KeyGEN Bio TECH, China KGT022

Amplex� Red Glucose/Glucose Oxidase Assay Kit Thermo Scientific, USA A22189

Pierce� BCA Protein Assay Kits Thermo Scientific, USA 23227

Ultra-Sensitive SP kit Maixin Biotechnologies kit 9710

RNA-easy Isolation Reagent Vazyme, China R701-01

XF Cell Mito Stress Test Kit Agilent, USA 103010-100

XF Glycolysis Stress Test Kit Agilent, USA 103020-100

Mitochondrial Membrane Potential Assay Kit with JC-1 Beyotime Biotechnology C2003S

Annexin-V/PI double-staining assay Vazyme, China A211-01

CCK-8 Cell Counting Kit Vazyme, China A311-01

ATP Assay Kit Beyotime Biotechnology S0026

Reactive Oxygen Species Assay Kit Beyotime Biotechnology S0033S

Super Signal ECL Thermo Scientific A38554

AceQ qPCR SYBR Green Master Mix Vazyme, China Q131-02

HiScript II Q RT SuperMix for qPCR Vazyme, China R223-01

GenJet� transfection reagent SignaGen, USA SL100489

Experimental models: Cell lines

22RV1 Cell Bank of Shanghai Institute of

Biochemistry & Cell Biology, China

TCHu173, CSTR:19375.09.3101HUMTCHu173

PC-3 Cell Bank of Shanghai Institute of

Biochemistry & Cell Biology, China

SCSP-532, CSTR:19375.09.3101HUMSCSP532

LNCaP Cell Bank of Shanghai Institute of

Biochemistry & Cell Biology, China

TCHu173, CSTR:19375.09.3101HUMTCHu173

DU 145 Cell Bank of Shanghai Institute of

Biochemistry & Cell Biology, China

SCSP-5024, CSTR:19375.09.3101HUMSCSP5024

RM-1 Cell Bank of Shanghai Institute of

Biochemistry & Cell Biology, China

TCM14, CSTR:19375.09.3101MOUTCM14

Experimental models: Organisms/strains

Male athymic nude mice Gempharmatech Co., Ltd, China N/A

Oligonucleotides

GTACAGCCAGTGTGTCCGAA Gene Denovo, China AR-Forward Primer

TTGGTGAGCTGGTAGAAGCG Gene Denovo, China AR- Reverse Primer

ATGAACGACGTAGCCATTGTG Gene Denovo, China AKT- Forward Primer

TTGTAGCCAATAAAGGTGCCAT Gene Denovo, China AKT- Reverse Primer

Software and algorithms

Prism 9.0.0 Graphpad N/A

ImageJ https://imagej.nih.gov N/A

Flowjo X http://www.flowjochina.com/ N/A

Adobe illustrator 2021 https://www.adobe.com/ N/A

National Center for Biotechnology Information https://www.ncbi.nlm.nih.gov/ N/A
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Lead contact

Further information and requests for reagents and resources should be directed to and will be fulfilled by the lead contact, Libin Wei

(wlbiws_1986@aliyun.com).
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Material availability

All materials in this study will be made available on request to the lead contact.
Data and code availability

� All data reported in this paper will be shared by the lead contact upon request.
� This paper does not report original code.

� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mouse models

Male athymic nude mice (4–6 weeks old) weighing 18–22 g were purchased from the Gempharmatech Co., Ltd., Shanghai, China. All mouse

experiments were in compliance with the policies of the SFDA (State Food and Drug Administration) of China on Animal Care. The experi-

mental protocol was reviewed and approved by the Ethical Committee of China Pharmaceutical University, Nanjing, China. Animals are

housed in IVC cages with adequate high-temperature sterilized water, sterile feed and regular light exposure. Room temperature was

controlled at 24�C–26�C and humidity at 40–60%. Approximately 1 3 106 22RV1 or PC3 cells were suspended and injected subcutaneously

into the flanks of the nudemice to induce transplanted tumors. Recorded size of subcutaneous tumors and weight of nudemice every 3 days,

and randomly divided the mice with similar tumor sizes into four groups with eight individuals each.

A gavage study on the long-term toxicity in rats indicated a maximum tolerated dose (MTD) of 450 mg/kg. This was then converted

to around 650 mg/kg in mice. And in our previous studies, we chose 300 mg/kg GL-V9 using in xenograft models, which showed effective

anticancer effect in vivo.76 Therefore, we positioned the in vivo research concentrations at high and low concentrations, 300 mg/kg and

150 mg/kg, respectively. The nude mice were treated with 150 mg/kg, 300 mg/kg GL-V9 (p.o.) once daily or 20 mg/kg 5-Fluorouracil (i.v.)

per trid. After treatment, the nude mice were sacrificed, and the tumor xenografts were picked and measured. Collected blood samples

of nude mice from eyeballs to test complete blood count and obtained serum by centrifuging blood at 3000 rpm for 15 min to test biochem-

ical function detection.

In the studies of drug combination therapy, mice in the 22RV1 xenograft model were administrated with GL-V9 (300 mg/kg, p.o., once

daily), docetaxel (10 mg/kg, p.o., once daily) or a combination of both. Mice in the PC3 xenograft model were administrated with GL-V9

(300 mg/kg, p.o., once daily), bicalutamide (20 mg/kg, p.o, once daily), or a combination of both.

To evaluate tumor growth delay, xenograft models were created using 22RV1 cells and treatedwithGL-V9 (300mg/kg, p.o, once daily) and

bicalutamide (20 mg/kg, p.o, once daily) either alone or in combination for 12 days. Administration was then withdrawn and the models were

sacrificed on day 27.

Cell lines - 22RV1, LNCaP, PC-3, DU 145 and RM-1 were purchased from the Cell Bank of Shanghai Institute of Biochemistry & Cell Biology.

All the cell lines were authenticated with short tandem repeat (STR) analysis. LNCap and 22RV1 are AR-expressing human PCa cell lines, PC3

and DU145 are AR-negative human PCa cell lines. RM-1 is a cell line with fibroblast like morphology isolated from the prostate of 17 days

old mice.
METHOD DETAILS

Cell culture

Prostate cancer cell lines 22RV1, LNCaP, PC-3 and RM-1 were cultured in PRMI-1640 (GIBCO, Invitrogen) with 10% heat-inactivated fetal

bovine serum (FBS, WISENT), 1% pyruvate sodium and L-Glutamine, 100 U/mL penicillin G, and 100 mg/mL streptomycin at 37�C with 5%

CO2. DU 145 cells were cultured in DMEM (GIBCO, Invitrogen) with 10% heat-inactivated FBS (WISENT), 1% pyruvate sodium and

L-Glutamine, 100 U/mL penicillin G, and 100 mg/mL streptomycin at 37�C with 5% CO2.
Cell viability and apoptosis assays

Cell viability was measured using Cell Counting Kit-8 (CCK-8). Cells (8 3 103) were treated with GL-V9 for 48 h at various concentrations

(0–100 mM). Using a Universal Microplate Reader EL800 (BIO-TEK instruments, Inc.) to measure absorbance of the resulting formazan spec-

trophotometrically at 450 nm. Apoptosis of cells was assayed with Annexin-V/PI double-staining assay. Prostate cancer Cells were treated for

48 h with drugs, then harvested and resuspended with pre-cooled PBS without EDTA. Apoptosis of cells were identified by double supravital

staining with Annexin V-FITC and PI. Apoptotic cell death was examined by FACSCalibur flow cytometry (Becton Dickinson).
Measurement of intracellular Reactive Oxygen Species (ROS) levels

Intracellular ROS levels were measured using Reactive Oxygen Species Assay Kit (Beyotime Biotechnology). The prostate cancer cells were

pretreated with different concentrations of GL-V9 for 48 h. Cultured cells were washed once and incubated with DCFH-DA diluted to 10 mM

with PBS for 20 min at 37�C cell culture incubator. Flow cytometry (Becton Dickinson) was used to measure the fluorescence intensity.
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Measurement of mitochondrial membrane potential (MMP)

Measurement of MMP of cells was measured with Mitochondrial Membrane Potential Assay Kit with JC-1 (Beyotime Biotechnology). Cells

were resuspended with JC-1 and RIPA-1640 (1:1000) and incubated for 20 min at 37�C cell culture incubator. Then cells were centrifuged

(600 g 3 5 min at 4�C) and abandon the supernatant. Cells were washed twice and resuspend with pre-cooled JC-1 staining buffer(1X).

MMP was detected by FACSCalibur flow cytometry (Becton Dickinson, San Jose, CA).
Measurement of lactic acid production, glucose uptake and ATP generation

The level of lactic acid in the cell culturemedia wasmeasured using the Lactic Acid Detection kit (KeyGENBio TECH). The cell culturemedium

of cells was collected. Lactic acid production was tested following themanufacturer’s instructions by spectrophotometer (Thermo) at 530 nm.

All measurements were normalized according to the number of cells in each experiment.

The glucose uptake of prostate cancer cells was measured using the Amplex Red Glucose/Glucose Oxidase Assay Kit (Invitrogen). The

culture medium of each experiment was collected, and then diluted 1:2400 in water. The quantity of glucose was then detected following

themanufacturer’s instructions using ThermoScientific Varioskan Flash spectral scanningmultimode reader (Thermo)with an excitation range

of 530–560 nm and an emission detection at 590 nm. The glucose uptake was calculated by subtracting the amount of glucose in each sample

from the total amount of glucose in themedia without cells. The relative glucose uptakes were normalized according to the number of cells in

each experiment.

The intracellular ATP of cells was quantified using ATP Assay Kit (Beyotime Biotechnology). Cells were collected and lysed with Cell Lysis

Reagent on ice. After centrifugation of the lysis at a force of 12000 g for 5 min at 4�C, the supernatant was withdrawn and used for further

assays following the instructions of the manufacturer. The measurements were normalized based on the number of cells used in each

experiment.
Measurement of ECAR and OCR

Cells were split into XF96 cell culture plates for the Seahorse Extracellular Flux Analyzer (Seahorse Biosciences). This provided real-time mea-

surements of the oxygen consumption rate (OCR) as a measure of OXPHOS, and the extracellular acidification rate (ECAR) as a measure of

glycolysis. Upon drug treatment, cells were treated according to Agilent Seahorse XF Cell Mito Stress Test and Glycolytic Stress Test instruc-

tions. The experimental results were analyzed by Wave software.

Briefly, 8 3 103 22RV1 or PC3 cells were seeded into each well of XF96 cell culture plates (Seahorse Bioscience) with 10% FBS RIPM-1640,

then treatedwith tested drugs for 24 h at 37�Cwith 5%CO2. The utility plate of XF96 probe plate was hydrated one day in advancewith 200 mL

sterile ultra-pure water (ddH2O) in a 37�C/non-CO2 incubator prior to renewing ddH2O to agilent seahorse XF calibrant before the assay. One

hour before the assay, to suck away RIPM1640 and gently wash twice with seahorse base medium (PH = 7.4) and eventually put into a 37�C/
non-CO2 incubator. For ECARmeasured by XFGlycolysis Stress Test Kit, 10mMglucose, 1 mMoligomycin and 50mM2-deoxyglucose (2-DG)

were added to the A-Cwells of the XF96 probe plate. ForOCRmeasured by XFCell Mito Stress Test Kit, 1 mMoligomycin (Oligo, port A), 1 mM

Carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP, port B), 0.5 mM rotenone and 0.5 mM antimycin A (port C) were added to the

A-C wells of probe plate. The results of ECAR and OCR were detected with XF96 Extracellular Flux analyzer after calibration and all Seahorse

measurements were normalized to the cell number in each well.
Gene expression studies (QPCR)

Cell cultures were washed with phosphate-buffered saline and then scaped into RNA-easy Isolation Reagent to isolate RNA according to the

instructions. Reverse transcriptase reactions were carried out using 1.5 mg of RNA and the HiScript II Q RT SuperMix for qPCR (Vazyme). Real-

time qPCR was carried out using AceQ qPCR SYBR Green Master Mix (Vazyme) using primer sequences obtained from PrimerBank (http://

pga.mgh.harvard.edu/primerbank/index.html).
Immunofluorescence

The cells were cultured on cover glass and treated with GL-V9 for 24 h. Then the cells were washed three times for 5 min with pre-cooled PBS,

fixed with 10% formaldehyde for 30 min, again washed three times with pre-cooled PBS, and then permeabilized cells with Triton X-100 for

20 min. After that, the cells were blocked at room temperature by 5% BSA for 1 h and incubated with anti-HKII antibody and TOM20 (Pro-

teintech Group, Inc) overnight at 4�C, followed by incubation with secondary antibodies (Thermo Scientific) for 1 h at 37�C. Finally, the cells

were stained with diamidino-phenyl-indole (DAPI) for 10 min. The intracellular distribution of HKII and TOM20 was observed using an FV1000

confocal laser scanning biomicroscope (Olympus).
Western blot

Cytosolic extracts, mitochondrial extracts and the whole cell lysates were prepared according to the manufacturer’s protocol and quantified

by the BCA Protein Assay (Thermo Fisher Scientific). Separated protein samples (40 mg/sample) using SDS-PAGE and transferred them into

the nitrocellulose (NC) membrane, then blocked membranes with 5% dried skimmed milk in PBST for 1 h prior to incubate primary antibody

overnight at 4�C. Followed to incubate HRP-conjugated secondary antibodies on shock bed for 1 h at room temperature. Anti-rabbit IgGHRP
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and anti-mouse IgG HRP were purchased from Abclonal Technology. Antibody conjugates were captured by chemiluminescence (ECL,

Thermo Fisher Scientific).
Immunohistochemistry (IHC)

The expressions of AR, cleaved-caspase3, AKT and HKII in the tumor tissue were assessed by IHC using a rabbit antihuman monoclonal anti-

body and an Ultra-Sensitive SP kit (kit 9710 MAIXIN, Maixin-Bio Co.). Briefly, tumor tissue sections from various groups of mice were dewaxed

at 1 h in a 60�Coven. Sections were deparaffinized and rehydrated, followed to restore antigen by boiled in citrate buffer at high temperature,

and blocked endogenous peroxidase activity with 3% hydrogen peroxide. Incubated sections with 5% BSA prior to incubate the primary anti-

body at 4�C overnight. Then incubated with the secondary biotinylated anti-species antibody and labeled using a modified staining proced-

ure based on avidin–biotin complex immunoperoxidase following the instructions of the Ultra-Sensitive SP kit.
Ethics

Animals were treated according to the guidelines of the National Institute of Health (publication No. 85–23, revised 1996). Animal protocols

were reviewed and approved by the Ethical Committee of China Pharmaceutical University (ethical approval number CPU-2023-0303).
QUANTIFICATION AND STATISTICAL ANALYSIS

All experiments were performed at least three times. All data were analyzed using GraphPad Prism 8.0 (GraphPad, San Diego, CA, USA) and

shown as meansG SD. Continuous data differences analysis was evaluated by Student’s t test between two groups. One-way analysis of vari-

ance (ANOVA) test was used to analyze differences among multiple groups. The p value lower than 0.05 was assigned for statistically signif-

icant. Statistical details for each experiment are included in the figures and figure legends.
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