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Abstract

Prostate cancer is characterized by a dependence upon androgen receptor (AR) signaling, and 

androgen deprivation therapy (ADT) is the accepted treatment for progressive prostate cancer. 

Although ADT is usually initially effective, acquired resistance, termed castrate resistant prostate 

cancer (CRPC) develops. PTEN and TP53 are two of the most commonly deleted or mutated 

genes in prostate cancer, the compound loss of which is enriched in CRPC. To interrogate the 

metabolic alterations associated with survival following ADT, we used an orthotopic model of 

Pten/Tp53 null prostate cancer. Metabolite profiles and associated regulators were compared in 

tumors from androgen intact mice and in tumors surviving castration. AR inhibition led to changes 

in the levels of glycolysis and TCA cycle pathway intermediates. As anticipated for inhibitory 

reciprocal feedback between AR and PI3K/AKT signaling pathways, pAKT levels were increased 

in androgen deprived tumors. Elevated mitochondrial HK2 levels and enzyme activities also were 

observed in androgen-deprived tumors, consistent with pAKT dependent HK2 protein induction 

and mitochondrial association. Competitive inhibition of HK2 mitochondrial binding in prostate 

cancer cells led to decreased viability. These data argue for AKT-associated HK2-mediated 

metabolic reprogramming and mitochondrial association in PI3K driven prostate cancer as one 

survival mechanism downstream of AR inhibition.
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Introduction

Prostate cancer is the second leading cause of cancer-related mortality in men1. Most cancer-

related deaths are attributable to metastatic disease. Recurrent and metastatic prostate 

cancers are treated with androgen deprivation therapy14, 49. Castrate resistant prostate 

cancer, which almost always eventually develops following ADT, is often characterized by 

acquired mutations in the androgen receptor (AR) signaling pathway17, 39. The general lack 

of AR pathway mutations in primary prostate cancers and the existence of distinct AR 

pathway mutations within different metastases from a single individual imply that mutations 

giving rise to acquired resistance occur after metastatic spread18, 39. Thus, there appear to be 

genetic driver alterations in high risk primary prostate cancers that both promote progression 

and may govern the initial tumor survival to androgen deprivation25. The capability to 

tolerate/survive ADT independent of AR pathway mutations is hypothesized to be an early 

step in the evolution of some aggressive, AR-dependent CRPC’s12, 47, 52. Outcomes for men 

with high risk primary prostate cancer or early metastatic disease may be improved by ADT 

in combination with agents targeting parallel pathways contributing to tumor proliferation 

and survival in low androgen conditions49. Here we have investigated metabolic 

reprogramming that occurs in aggressive prostate cancer cells that survive androgen 

deprivation.

Prostate cancer metabolism is an area of active inquiry with applications for metabolic 

imaging and biomarker diagnostics as well as for targeted therapies. Although there is a high 

degree of genetic and clinical heterogeneity among prostate cancers, common metabolic 

reprogramming properties observed in prostate cancers have been recognized. Normal 

prostate cells secrete large amounts of citrate into prostatic fluid, a property that blunts the 

Krebs cycle11. Prostate cancer cells decrease citrate secretion and reactivate the Krebs cycle, 

which influences the cellular redox state and metabolic flux through interdigitated pathways. 

Another early and common metabolic alteration in prostate cancer is an aberrant increase in 

de novo lipogenesis resulting from increased expression of key enzymes involved in fatty 

acid and cholesterol synthesis51. Recent evidence supports the concept that certain 

oncogenic drivers of prostate cancer influence distinct metabolic programs36. Integrative 

analyses of metabolomic signatures in combination with RNA and protein levels of 

metabolic enzymes have linked high activation of AKT1 in prostate cancer with changes to 

glycolysis and other glucose-related pathways36. By contrast, MYC overexpression 

combined with low AKT1 activation is characterized by dysregulated lipid metabolism. 

Thus, the glycolytic phenotype of prostate cancers, which is variable, probably reflects the 

heterogeneity of prostate cancer driver mutations20.

An important pAKT effector is HK2, an enzyme that catalyzes the first committed step of 

glucose metabolism, facilitating all major pathways of glucose utilization. HK is required for 

tumor initiation and maintenance in several experimental models, including prostate 

cancer35, 48. HK2 is thought to be a major contributor to enhanced energy production as a 

result of mitochondrial localization which facilitates coupling glycolysis and oxidative 

phosphorylation4, 26. Also, metabolic flux analyses in HK2 deleted lung cancer cells have 

suggested that HK2 indirectly influences other important growth-related pathways including 

non-oxidative ribonucleotide synthesis and glutamine-dependent anapleurosis35. HK2 binds 
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and inhibits TORC1 to facilitate autophagy in response to glucose deprivation37, potentially 

facilitating energetic homeostasis following stress. Finally, HK2 binding to mitochondria 

decreases apoptotic susceptibility by preventing mitochondrial death pathways26.

In order to analyze metabolic patterns correlated with prostate cancer survival in an 

androgen deprived environment, we have used an orthotopic model of primary Pten/Tp53 
null mouse prostate cancer. The loss or mutation of PTEN, a negative regulator of the 

PI3K/AKT pathway, occurs in about 20% of primary prostate cancers and is enriched to 

about 40% in CRPC7, 17, 39. PTEN loss in clinical prostate cancer is associated with various 

properties of aggressive disease including increased future risk of biochemical 

recurrence9, 30, as well as decreased time to metastasis24 and increased prostate cancer 

specific mortality in high-risk cohorts30, 42. Prior work in mouse models has implicated Pten 
loss as a potential cause of tumor survival and growth following castration15, 21, 33. In 

parallel with PTEN mutations, TP53 genomic modifications are significantly increased 

(from about 10 to 50%) in castrate resistant relative to primary prostate cancer7, 17, 39. 

Recently, in-depth sequencing of matched primary and metastatic prostate cancers has 

suggested that TP53 mutations are drivers of metastatic potential in low-frequency 

subclones19. TP53 has pleiotropic effects on a variety of cellular functions including cell 

cycle progression, metabolism, genome stability, and stem cell differentiation6, 23. 

Compared to PB-CRE4 driven Pten null prostate cancer, the PB-CRE4;Ptenfl/fl;Tp53fl/fl 

prostate cancer model produces significantly faster growing tumors with increased 

histological heterogeneity, consistent with amplified numbers of luminal cancer stem/

progenitor cells that have been demonstrated in this model3, 28.

Analyzing the interacting systemic, microenvironmental, and tumor-dependent effects of 

castration on survival and metabolism requires in vivo models. Although in vitro studies 

analyzing metabolic pathways relative to AR pathway activation have been important for 

dissecting isolated regulatory mechanisms29, in vitro models cannot faithfully replicate the 

complexities of ADT in vivo. Here, metabolomic as well as select enzymatic and expression 

analyses were determined for androgen intact tumors and for tumors surviving androgen 

deprivation. We present evidence that increased AKT activation, changed glucose 

metabolism, and HK2 activity associated with mitochondria are correlated with survival in 

an androgen-deprived environment.

Results

Androgen withdrawal leads to increased pAKT expression and the selection of castration-
tolerant cell populations

We sought to investigate metabolic changes which occur in tumor cells surviving androgen 

withdrawal. The experimental scheme, which included two dosage arms, is shown in Figure 

1A. Briefly, castrated mice were injected orthotopically with Clone 1 cells and implanted 

subcutaneously with either 5 or 12.5 mg slow release testosterone capsules at the time of 

surgery. At a time point when tumors were established, mice were randomized to have 

testosterone capsules either maintained (referred to as “androgen intact”) or removed 

(“androgen deprived”). Mice continued on study until tumor growth was advanced and 

became locally invasive leading to morbidity, usually as a result of urinary obstruction. The 
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average median survival for androgen intact mice from both cohorts was 8 weeks compared 

to 11.5 or 10 weeks for androgen deprived mice originally implanted with 5 or 12.5 mg 

capsules, respectively (the 5 mg cohort is shown in Figure 1B). Tumors were characterized 

for a variety of properties, including metabolic profiles, histology, and selected 

transcriptomic, proteomic, and enzymatic activities.

Histologically, tumors were composed of adenocarcinomas admixed with a minority basal/

squamous component that was typically more well represented in androgen deprived 

tumors28. In the both 5 and 12.5 mg testosterone dosage cohorts, there was frequent 

lymphovascular invasion, with the lung being the most common site of distant metastasis, as 

described previously for Clone 1 cells28. Microarray analysis of androgen deprived as 

compared to intact tumors, demonstrated a loss of AR-dependent gene transcripts, as shown 

for Msmb, Fkbp5, and Pbsn, as well as an increase in genes such as Wnt1644 and 

Pcdhb1146, which have been associated with human prostate cancer survival in androgen 

deprived conditions (Figure 1C). Dual label IHC for pAKT and Ki67 was performed on 

tumor sections obtained from androgen intact and deprived animals and analyzed by 

automated quantification (Figure 1D). Tumor cells surviving castration were noticeably less 

proliferative with significantly increased pAKT levels. Increased pAKT levels are consistent 

with mutually-inhibitory AR-PI3K pathway cross-regulation described previously8, 33. 

pAKT expression levels correlated with dividing cells in androgen-intact tumors (r = 0.59). 

However, in androgen-deprived tumors, the correlation between pAKT+ and Ki67+ cells 

decreased (r = 0.32), reflecting the presence of a subpopulation with high pAKT and low 

Ki67 labeling (Figure 1D). These data suggest that high pAKT levels alone are not sufficient 

for proliferation in an androgen-deprived environment but may be associated with survival.

A metabolomics screen identified depletion of carbohydrates and glycogen stores, 
increased glycolysis, and changes to TCA cycle intermediates

To determine if androgen deprivation altered metabolic pathways in the generated tumors, 

we performed a broad spectrum metabolite profile screen on samples collected at necropsy 

(Figure 2). In addition to two cohorts of Clone 1 tumors, another previously characterized 

Pten/Tp53 null androgen-sensitive luminal progenitor cell line (Plum-C)2 was included as 

outlined in Figure 1A. More differences were observed between androgen deprived and 

intact Clone 1 tumors in the 12.5 as compared to the 5 mg testosterone cohorts. The most 

consistent changes in metabolism between intact and androgen deprived orthotopic tumors 

were decreases in monosaccharides that can be converted into glucose-6-phosphate for 

glycolysis. In androgen deprived compared to androgen intact animals, tumor fructose, 

mannitol, and sorbitol levels were decreased, while glycogen breakdown products were 

increased. The increase in monosaccharide and glycogen metabolism may be a result of 

depleted glucose, observed in the three androgen-withdrawal conditions. In addition, there 

was accumulation of the aerobic glycolysis metabolite lactate in Clone 1 (12.5mg) and 

Plum-C androgen depleted tumors.

For TCA cycle metabolites, there was a decrease in citrate levels in the androgen deprived as 

compared to the androgen intact tumors (Figure 2). However, despite this decrease in citrate, 

the first intermediate in the TCA cycle, later intermediates (fumarate and malate) increased 
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in the androgen deprived relative to the androgen intact tumors, consistent with 

replenishment of TCA cycle intermediates via anaplerosis, i.e. glutaminolysis to replenish 

α-ketoglutarate and aspartate conversion to oxaloacetate. Levels of aspartate and glutamate 

also were increased in the androgen deprived relative to intact tumors. We note that fatty 

acid and cholesterol levels were similar in androgen deprived and intact tumors 

(Supplemental Figure 1), suggesting either a lack of androgen regulation or a return to 

homeostasis at the time of harvest.

Our results have parallels with reported metabolome profiles for human prostate cancer. 

Interestingly, there are changes such as decreased fructose and glucose and/or increased 

lactate within subsets of aggressive prostate cancer that mirror the changes described here 

for androgen deprived tumors22, 31, 36. In addition, other pathways (Supplemental Figure 2) 

such as modified betaine-dimethylglycine-sarcosine metabolism and scylloinositol- myo-

inositol metabolism43, 45 demonstrate similar patterns between increasingly aggressive 

human prostate cancer and androgen deprived vs. intact Pten/Tp53 null mouse tumors.

Androgen deprivation leads to increased levels of several genes involved in key energetic 
pathways related to carbohydrate metabolism

In order to determine if there were transcriptional differences associated with the 

metabolomic differences observed in androgen deprived tumors, we performed a focused 

metabolic gene expression analysis (Qiagen™) on tumors from the 12.5 mg testosterone 

arm. The expression of several genes in glycolysis, glycogen metabolism, TCA cycle, and 

pentose phosphate pathways were significantly increased in the androgen deprived relative 

to the intact tumors (Supplemental Figure 3). Interestingly, all of the significant changes in 

the metabolic pathways tested were in the direction of increased expression in androgen 

deprived tumors relative to androgen intact tumors.

Androgen deprivation leads to increased hexokinase enzyme activity

Next we analyzed whether changes to glucose metabolism following androgen deprivation 

were accompanied by changes in the activity of two key enzymes, hexokinase (HK) and 

pyruvate dehydrogenase. Frozen tumor samples were fractionated into soluble and 

particulate fractions. The soluble HK activity was approximately 35% greater in the 

androgen deprived tumors (Figure 3A). The particulate HK activity was approximately 3.4 

fold greater in the androgen deprived tumors; although there was a high degree of variability 

among individual tumors. The activity of pyruvate dehydrogenase, the final enzyme in the 

pathway linking glycolysis and the TCA cycle, is shown in Figure 3A. There were no 

significant differences between the pyruvate dehydrogenase activities of the soluble or 

particulate fractions comparing androgen intact and deprived tumors.

To determine whether androgen deprivation resulted in autonomous effects on tumor cells 

with respect to increased hexokinase activity, we assayed Clone 1 cells, grown in vitro either 

with or without DHT for 24 hours. Cells were fractionated into cytoplasmic and 

mitochondrial compartments (Figure 3B). Cells incubated in the absence relative to the 

presence of DHT showed significant increases in HK activity in both fractions. Independent 
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of DHT treatment, the enzyme activity in the mitochondrial fraction was approximately 6–7 

fold greater than the levels in the cytoplasmic compartment.

Hexokinase 2 protein levels increase following androgen deprivation in vivo and correlate 
with cellular proliferation

We sought to determine whether the increased enzymatic activity following androgen 

deprivation in Clone 1 tumors resulted from increased HK2 protein expression because 

pAKT/mTORC1 signaling positively regulates HK2 levels16, 37, 48. Androgen deprived 

prostate carcinomas in this model have a large degree of heterogeneity in cellular 

proliferation. Thus, we used dual color immunohistochemistry to perform semi-quantitative 

scoring of HK2 levels in both proliferating (Ki67+) and non-proliferating (Ki67−) 

adenocarcinoma cells. This dual color IHC staining, shown in Figure 4A and quantified in 

Figure 4B, demonstrated increased levels of HK2 in both proliferating and non-proliferating 

cells in androgen deprived tumors relative to the androgen intact tumors, consistent with 

increased pAKT in quiescent and proliferating cells. Interestingly, in both androgen intact 

and androgen deprived tumors, the mean per cell HK2 scores in proliferating cells were 

significantly higher than in non-proliferating cells (Figure 4B and Supplemental Figure 4). 

We also used automated quantification which confirmed a correlation between HK2 levels 

and proliferation and demonstrated a statistically significant increased slope (HK2 levels 

relative to %Ki67+) in androgen-deprived compared to androgen-intact tumors (Figure 4C). 

Taken together, our results suggest that androgen deprivation leads to increased HK2 levels 

throughout the tumor cell populations and that HK2 levels positively correlate with cell 

division. Because there is a subpopulation of pAKT+Ki67− cells in androgen-deprived 

tumors (Figure 1D), this further suggests that pAKT levels alone do not determine HK2 

levels but that additional factors also play a role. Finally, since HK2 RNA does not 

significantly increase in vivo following androgen deprivation (Supplemental Figure 3), this 

suggests that HK2 levels are post-transcriptionally controlled.

Androgen deprivation leads to increased mitochondrial associated HK2, which promotes 
survival

pAKT regulates the association of HK2 with mitochondria26, 37. To determine whether the 

large increase in HK2 activity in the particulate cellular fraction of androgen-deprived 

orthotopic tumors was consistent with mitochondrial associated-HK2, we performed dual 

labeling confocal microscopy on 4% PFA fixed paraffin embedded orthotopic tumors to co-

localize HK2 and mitochondrial VDAC1, a component of the outer mitochondrial membrane 

and the binding site for HK2 (Figure 5A). This analysis revealed co-localization of HK2 and 

VDAC1, but not HK2 and nuclei, demonstrating the presence of mitochondrial HK2.

We next investigated the functional role of mito-HK2 in Clone 1 cells. As shown in Figure 

3B, there is increased mitochondrial-associated HK activity in Clone 1 cells incubated in the 

absence compared to the presence of DHT in vitro, and the majority of this activity is 

associated with mitochondria. Similar to the in vivo results, androgen deprivation in vitro 

resulted in increased HK2 protein levels (Figure 5B).
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To determine whether HK2 binding to mitochondria is necessary for optimal cell growth, we 

used a cell-permeable, competitive peptide inhibitor of HK2 mitochondrial binding5 (Figure 

5C). Following twelve hour incubations with two concentrations of the inhibitor peptide, we 

observed concentration-dependent decreases in cellular viability and relatively increased 

viability of the androgen-deprived compared to the androgen-intact cell cultures. These 

results imply that some level of HK2 association with mitochondria is necessary for optimal 

survival of Clone 1 cells. In addition, the graded response is consistent with higher total and 

mitochondrial levels of HK2 in androgen-deprived conditions, requiring higher peptide 

concentrations for equivalent reduction of mitochondrial HK2 association levels.

HK2 expression patterns in primary prostate cancer and CRPC

Prior studies demonstrated that HK2 levels increase in primary prostate cancer relative to 

normal prostate epithelia48. To extend these studies, we analyzed HK2 staining patterns in 

primary prostate cancer and in soft tissue and bone metastases from CRPC. As shown in 

Figure 6, our analysis using a scoring index which takes into account staining intensity and 

percentage of positive cells validates increased HK2 expression of prostate cancer compared 

to normal prostate. Interestingly, CRPC showed a large range in expression levels with the 

upper range being similar to primary prostate cancer and a portion of cases similar to or 

lower than normal prostate epithelia. We believe that the diversity of HK2 expression levels 

may reflect the fact that CRPC demonstrates considerable heterogeneity in underlying 

genomics, mechanisms of acquired resistance to androgen deprivation, and histological 

features40, 41. In contrast to the experimental studies performed here that involve early 

survival/growth responses to androgen deprivation, human CRPC usually evolves after 

extended selection leading to acquired resistance, sometimes to more than one treatment 

modality14, 49.

Discussion

AR pathway inhibition has long been the treatment of choice for men with metastatic 

prostate cancer, but acquired resistance limits the long-term durability of such 

treatment14, 49. One path to acquired resistance hypothesizes the adaption to survival and 

growth in a subpopulation of cells despite low AR signaling, with subsequent AR pathway 

alteration and selection for rapid growth12, 52. Although much attention has been devoted to 

mechanisms of acquired resistance, it has been challenging to investigate the genetic and 

environmental factors that facilitate adaptation to the androgen deprived state prior to 

acquired resistance. Here we have investigated metabolic adaptation following androgen 

deprivation in a model of prostate cancer initiated by deletion of Pten and Tp53, mutations 

that are common in primary prostate cancer and are further selected in CRPC17, 39.

We report here that androgen deprivation leads to changes in glucose metabolism observed 

as depletion of monosaccharide pools, increased lactate, and changes to TCA cycle 

intermediates of decreased citrate and increase fumarate and malate. We observed increased 

AKT activation as well as elevated HK2 protein expression and particulate hexokinase 

enzyme activity in tumors from androgen-deprived animals. By catalyzing the 

phosphorylation of glucose, HK2 promotes and sustains a concentration gradient that 
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facilitates glucose entry into cells, initiating glycolysis and glucose-linked pathways. 

Evidence exists for HK2 influencing both the magnitude and direction of glucose flux within 

cells35. Importantly, AKT-dependent HK2 mitochondrial association is a well-recognized 

mechanism of protecting mitochondria against stress26, 37. These data argue for one 

mechanism, which integrates metabolic reprogramming and cell survival as a consequence 

of linked AR inhibition and AKT pathway activation, leading to increased HK2 levels and 

mitochondrial association.

Given the importance of AR and PI3K/AKT signaling in clinically aggressive prostate 

cancer, experimental mouse models and human studies have evaluated cross-regulation of 

the AR and AKT signaling pathways in PTEN null prostate cancers8, 33. PTEN loss 

suppresses AR transcriptional output, and AR inhibition leads to AKT activation as a result 

of decreased FKBP5 expression, which impairs the stability of the AKT phosphatase, 

PHLPP. Therefore, AR-dependent and AKT-dependent growth/survival signals regulate each 

other by reciprocal feedback, leading to an apparent coordinated support of survival. As 

shown in Figure 1, Fkbp5 expression was decreased and pAKT expression was significantly 

increased in Pten/Tp53 null tumor cells surviving ADT. Although a number of survival 

pathways downstream of AKT activation are known, the specific consequences of AKT 

activation in the context of AR inhibition have not been delineated. We suggest that 

increased HK2 levels and mitochondrial association observed following castration is a likely 

pathway for mediating both pAKT-associated metabolic reprogramming and survival 

signaling. Prior work has demonstrated mTORC1-dependent translational and TP53 

dependent transcriptional regulation of constitutively elevated HK2 levels in PTEN/TP53 

null prostate cancer models48. Here we have extended the analysis of HK2 regulation to 

clinically-relevant cell signaling and metabolic responses to androgen deprivation.

In addition to its role in metabolism, HK2 is well recognized as a protein that promotes cell 

survival. Cytosolic HK activity appears to be important in some systems for indirectly 

controlling the levels of reactive oxygen species (ROS) as a result of diverting glucose into 

the pentose phosphate pathway35, 50. Importantly for the castration model investigated here, 

AKT activation has been shown in various models to promote HK2-mitochondrial binding 

and protection38. Mitochondrial associated HKs exert protective effects to prevent 

mitochondrial death pathways. HKs antagonize the binding of apoptotic BCL2 family 

members at the mitochondrial outer membrane27, 34. In addition, mito-HK2 has a direct 

inhibitory effect upon the mitochondrial transition pore, the opening of which leads to 

mitochondrial rupture and necrotic death10, 26. Consistent with an important role for 

mitochondrial bound HK2, the prostate cancer cells used in this study lost viability 

proportionately to the displacement of HK2 from mitochondria mediated by a competitive 

mitochondrial binding HK2 peptide (Figure 5).

In summary, we have evaluated for one of the first times, the metabolic response of 

aggressive, orthotopically located prostate cancer cells to androgen deprivation. Pten/Tp53 
null cells surviving castration exhibited reduced AR dependent gene expression, increased 

pAKT levels, and altered glucose metabolism. Consistent with a known role in pAKT driven 

metabolic reprogramming and stress survival, our results show increased HK2 levels, 

enzyme activity and mitochondrial association in surviving tumor cells. Such knowledge 
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contributes to a fundamental understanding of prostate cancer physiology and informs the 

use of biomarkers and metabolic imaging for monitoring the ADT responses of prostate 

cancers with documented PI3K/AKT activation.

Materials and Methods

In vitro culture:

Clone 1 cells are a KRT8+AR+ clonal cell line derived from a prostate adenocarcinoma of 

Pb-Cre4+;Ptenfl/fl;P53fl/fl mice28. Clone 1 cells were cultured in PrEGM (Lonza, MD) 

containing 5nM DHT, 5% FCS, and 5% 3T3 conditioned media. The derivation and 

characterization of the prostate cancer stem cell line, Plum-C, was previously described2. 

TAT-HK and TAT-Control peptides were purchased from Pepscan (custom-made, Pepscan). 

Viability was measured using MTS assays (Promega, WI). Detailed information for reagents 

is contained in Supplemental Table 1.

Animal Experiments:

All animal care was provided in accordance with the procedures outlined by the National 

Cancer Institute Guideline for the Care and Use of Laboratory Animals. To establish the 

orthotopic model, clone 1 cells were inoculated into the anterior prostate of 12 weeks old 

male nude mice through an abdominal incision. At the time of surgery mice were castrated 

and either implanted with a subcutaneous 5mg or a 12.5mg testosterone capsule. Mice 

implanted with 5 mg capsules had capsules either removed (n=9) or replenished (n=8) at 

week 7 post injection. Mice implanted with 12.5 mg capsules had capsules either removed 

(n=7) or remained intact (n=8) at week 4 before tumors were palpable. Sample size was 

recommended by Metabolon Inc. Mice were assigned to each group by cage randomization. 

Mice in both cohorts continued on study until signs of morbidity, usually due to urinary 

obstruction, were observed.

Immunohistochemistry:

Immunohistochemistry was performed as described previously28. Orthotopic tumors were 

removed and fixed with 4% paraformaldehyde for standard histological processing, 

sectioning and staining (Histoserve Inc., MD). IHC staining conditions were optimized for 

each antibody. Primary antibody concentrations used are as follows. Ki-67 (Abcam, 1/600), 

HK2 (Cell Signaling, 1/50), pAKT (Cell Signaling, 1/50), pAMPK (Cell Signaling, 1/100), 

VDAC1(Abcam, 1/100). For dual color IHC to Ki67/HK2 and Ki67/pAKT, a sequential 

staining protocol was used. Slides were first incubated with Ki67 for 1 hour, followed by the 

standard Vector ABC IHC protocol and detection with ImmPACT NovaRED. Slides were 

then washed in PBST. HK2 or pAKT antibodies were then applied and incubated overnight 

at 4C. A routine Vector ABC IHC protocol was used with DAB detection.

For manual scoring of per cell HK2 levels, images were captured at 20X, comprising the 

entire tumor area, using the Aperio™ system. Semi-quantitative cytoplasmic HK2 labeling 

was assessed in a manner blinded to sample identification in 100 Ki67+ cells followed by 

100 Ki67− cells. Each cell was scored for labeling intensity as follows: 0:negative, 

1:minimal/mild; 2:moderate; 3:strong.
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Ariol™ scanning/analysis platform was used for automated detection. The slides were 

scanned at 20X. The entire tumor region was divided into equal 150 μm2 regions of interest 

(ROI). The following features were counted for each ROI using the color and size 

parameters: number of Ki67+ nuclei, number of Ki67− hematoxylin counter stained nuclei, 

and % area of DAB stain (HK2+ or pAKT+) cytoplasm. For each ROI the % nuclei positive 

for Ki67 and the % area positive for DAB stain were plotted and analyzed using Graph Pad 

Prizm™.

Prostate TMAs containing primary tumors (UWTMA48) or soft tissue and bone metastases 

(UWTMA22) were acquired from the University of Washington with the Prostate Cancer 

Donor Rapid Autopsy Program32. Tumor cell HK2 levels were scored with the following 

grading scheme: Scores for each array core were the sum of intensity score and % cell 

positive score as follows: intensity score (0:negative, 1:weak, 2:moderate, 3:strong, 4:very 

strong) and % cells positive score (0:less than 10%, 1:11–25%, 2:26–50%, 3:51–75%, and 

4:76–100%). Each score represents the average of two cores per sample.

Reverse Transcriptase PCR:

Glucose Metabolism RT-PCR array (Qiagen, Frederick, MD) was used to analyze the 

expression of 84 genes involved in glucose/TCA/glycogen/gluconeogenesis/and pentose 

phosphate pathway metabolism. Reverse transcription was performed with the SuperScript 

III kit (Invitrogen, Carlsbad). For all primer pairs, the thermocycler was run for 40 cycles 

with a 10 minutes initial 95°C incubation, followed by 15 seconds 95°C melting, 30 seconds 

55°C annealing, and 30 seconds 72°C extension.

Western Blotting:

Mitochondria and cytoplasmic fractions were isolated with a mitochondria isolation kit 

(ThermoScientific). HK2 (Cell Signaling, 1:1000) and VDAC1 (Abcam, 1/100) specific 

antibodies were used at the indicated concentrations.

Metabolomics:

Metabolites from flash frozen tumor samples were quantified at Metabolon Inc. (Durham, 

NC) using a non-targeted metabolomics gas and liquid chromatography coupled to mass 

spectrometry (GC/MS and LC/MS2) platforms13. Briefly, samples were processed on a 

Hamilton MLStar (Hamilton Company, Salt Lake City, UT) robotics system using a 

proprietary series of organic and aqueous extractions in order to remove the protein fraction 

and to achieve maximum small molecules recovery. Each of the sample extract was divided 

into two fractions for analysis by LC and GC.

Enzyme Activity Assays:

The enzymatic activities of hexokinase and pyruvate dehydrogenase were measured using 

the Hexokinase enzyme assay kit (E-111) and the Pyruvate dehydrogenase assay kit (E-109) 

from Biomedical Research Service and Clinical Application (Buffalo, NY).
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RNA expression analysis:

Microarrays (GeneChip Gene 1.0 ST Arrays, Affymetrix) were performed by the Genomics 

Technology Laboratory Core at the Frederick National Laboratory using total RNAs 

extracted from Clone 1 tumors (5 mg cohort) from either androgen intact (n=5) or deprived 

(n=5) mice. Gene expression differences were validated by qPCR for individual tumors.

Statistical Methods:

For metabolomic analysis, Welch’s t-tests and/or Wilcoxon’s rank sum tests were used for 

pair-wise comparisons. ANOVA was used for other statistical designs. Random forest 

analyses were used for classification. Statistical analyses are performed with the program 

“R.” For IHC, enzyme activity and other in vitro experiments, data were analyzed using 

Prizm software (GraphPad Software, Inc.) by one way ANOVA followed by Bonferroni 

post-test when comparing more than two groups, or by t-test when two groups were 

compared. Results are expressed as mean ± SD. P < 0.05 was considered significant.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Characterizing the response to androgen deprivation in an orthotopic mouse model. A) 

Experimental ADT time line and tissue procurement. B) Survival rate of mice in androgen 

intact and deprived (5 mg cohort) groups. Data were analyzed by log-rank test. ***p<0.001. 

C) Representative genes regulated in Clone 1 tumors by androgen deprivation. D) 

Correlation analysis of primary tumor sections in androgen intact and androgen deprived 

groups. Sections were dual stained for Ki67 and pAKT and scored using an automated 

platform. n=5 mice / group. The Pearson r values are 0.59 and 0.32 for androgen intact and 

androgen deprived, respectively.
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Figure 2. 
Selected metabolite quantifications for Ptenfl/fl;TP53fl/fl orthotopic prostate carcinomas 

growing in androgen intact or deprived male mice. Left) Heat map depicting metabolic 

changes in androgen deprived relative to intact orthotopic tumors for several key energetic 

pathways. Values indicate ratio of androgen deprived vs androgen intact groups. 

Significance differences (p<0.05) are indicated by colored cells. Green cells indicate a ratio 

<1; red cells indicate a ratio > 1; bold blue numbers indicate narrowly missed cutoff for 

significance; 0.05< p <0.10. Numbers of tumors analyzed for Clone 1 (5mg testosterone), 

Clone 1 (12.5mg testosterone), and Plum-C cohorts: intact- 7, 7, and 5 respectively, and for 

deprived- 6, 6, and 5, respectively. Right) Integrated model of metabolic changes in 

glycolysis and the tricarboxylic acid (TCA) cycle. Red indicates enhanced metabolite levels; 

green indicates reduced metabolite levels, and blue indicates trends narrowly missing 

significance as observed for at least one of the three cohorts.
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Figure 3. 
Quantification of hexokinase activities in vivo and in vitro. A) Hexokinase (left panel) and 

Pyruvate Dehydrogenase (right panel) activities assayed from soluble and particulate 

fractions of androgen intact (AI) (n=4) and androgen deprived (AD) (n=7) tumors. B) 

Hexokinase enzyme activity in cytoplasmic (left panel) and mitochondrial (right panel) 

fractions measured from Clone1 cells treated with or without 5nM DHT for 24 hours. Data 

were analyzed with t-test. *p<0.05, **p<0.01
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Figure 4. 
Quantification of HK2 expression relative to tumor cell proliferation. A) Representative dual 

color immunohistochemistry demonstrates HK2 (brown) and Ki67 (red) expression in 

androgen intact (upper panels) and androgen deprived (lower panels) tumors. The left panels 

are low power images from Aperio scanner, the middle panels are high HK2 expressing 

regions, and the right panels are lower HK2 expressing regions. B) Semi-quantitative score 

of cytoplasmic HK2 in Ki67 positive and negative cells comparing androgen intact (n=7) 

and deprived (n=6) tumor sections. For each orthotopic tumor 100 Ki67+ cells and 100 

Ki67− cells were randomly chosen and scored semi-quantitatively for cytoplasmic HK2 

levels (0=negative, 1=minimal/mild, 2=moderate, 3=strong). Data were analyzed by 

ANOVA followed by Bonferroni post test. *p<0.05. C) Correlation analysis of HK2 and 

Ki67 staining cells in primary tumor sections as determined using the automated Ariol™ 

scanning/analysis platform (n=7 for androgen intact and n=6 for deprived groups). Each dot 

represents a 150μm2 region of interest (ROI). Light purple and orange lines represent linear 

regression. p<0.001
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Figure 5. 
Mitochondria HK2 expression in androgen intact and androgen deprived conditions. A) 

Representative confocal microscopy image of mitochondrial localization of HK2 (red), 

VDAC1(green), and DAPI-stained nuclei (blue) in a section of androgen-deprived Clone 1 

tumor. B) Western blot analysis of HK2 expression in Clone 1 cells treated with or without 5 

nM DHT for 24 hours. VDAC1 was used as a mitochondria loading control. C) Viability 

assay for Clone 1 cells grown with or without DHT for 24 hours and with the indicated 

concentrations of TAT-HK2 or TAT-Control peptides. Data were analyzed by t test. 

**p<0.01, ***p<0.001.
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Figure 6. 
HK2 expression in human TMA samples including normal prostate, primary prostate tumors 

with Gleason scores ranging from 7 to 10, and metastatic prostate tumors. Each symbols 

represents one core. Data were analyzed by ANOVA followed by Bonferroni post test. *: 

p<0.05, **: p<0.01, ***: p<0.001 vs normal.
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