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A feedback loop between the androgen receptor and 6-phosphogluoconate
dehydrogenase (6PGD) drives prostate cancer growth
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Gillis et al. eLife 2021;10:€62592. DOI: https://doi.org/10.7554/eLife.62592 1 of 21


https://en.wikipedia.org/wiki/Open_access
https://creativecommons.org/
https://elifesciences.org/

A
g\(’o:,\vg;é“ &
AR | == _ e—
PSA (sre -—

GAPDH | e e e

D HAR
§ 1.4, MKLK3
? 1.21
£ 1.0 1
% 0.8
T 0.6 a
L2 0.41 b a
W T
0.21
ool
Z siCon siAR

F 6PGD: VCaP

3.0
25{ M1
2.0
1.5

1.0 LN
0.5 I . -
0_ J

0
siCon siAR

Normalised expression

TCGA

» @ £ 9

-
1

6PGD (FPKM x10%)

o

Normal

Cancer

B - - C —
Differentially expressed 8 3
genes (RNA-seq) D 2o Attered by siaR .-
= ®and Enz (n= 72) : o
Enz vs Veh g 1
125 20
» -1 e
& 2. '6PGD " |
vs Enz: 581 genes BN AR 5
Enz vs Veh (IogFC)
LNCaP VCaP
N N
o & o &
FXES NG
R | — — - AR | ™= - —
OPGD| e v e e ($] ad €70 ] e ——
Y| —— GAPDH|L- SR
G 6PGD: Explants H 6PGD: GSE48403
NS *%
N o 207 . s 0y
53 2
. S 1.5 E
5> = 407
g S 1.0 g
L
g £ 201
T 5 057 S
IE £ 0.0 8 0
' KLK2 KLK3 6PGD Pre-ADT Post-ADT
J TCGA K Latonen et al
p =0.099
& 57 Lk ! & 221
o r 1 ° o)) *%*
* 47 ° oo 3 204
LI ==t
3 1ad
g, . - B ™® |?| 1
o
S 1 L L g
Q o
S o
o

8-10

Gleason score

[N
N

BPH Cancer

Cancer Biology

Figure 1. 6PGD is an androgen receptor (AR)-regulated gene and is elevated in prostate cancer. (A) Effect of siAR and enzalutamide (Enz) on the AR
target, PSA. LNCaP cells were transfected with AR (siAR; 12.5 nM) or control (siCon) siRNA for 48 hr or treated with Enz (1 uM) or vehicle (Veh) for 24 hr,
after which AR and PSA proteins were evaluated by immunoblotting. GAPDH was used as loading control. (B) Numbers of genes differentially expressed
(false discovery rate [FDR] < 0.05) by siAR (versus siCon) or Enz (vs. Veh) are shown in the Venn diagram (at top). Below: an alternative analysis identified

Figure 1 continued on next page
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Figure 1 continued

581 genes differentially expressed (FDR < 0.05) by siAR versus Enz. (C) Scatterplot of genes affected by siAR and Enz. The 581 genes differentially
expressed by siAR versus Enz are shown in blue (n = 72, genes differentially expressed by siAR versus siCon and Enz versus Veh) and yellow (n = 509),
genes differentially expressed by siAR versus siCon but not by Enz versus Veh. (D) Validation of 6PGD expression in response to siAR and Enz by RT-
gPCR. Gene expression was normalised to GUSB and L19 and represents the mean + standard error of the mean (SEM) of three biological replicates;
siCon and Veh were set to 1. Differential expression was evaluated using unpaired t tests (a, p<0.01; b, p<0.001; ¢, p<0.0001; NS, not significant). (E)
6PGD protein levels in response to siAR and Enz treatments were measured by immunoblotting in LNCaP (left) and VCaP (right) cells. HSP90 and
GAPDH were used as loading controls. (F) RT-gPCR of 6PGD expression in response to DHT and siAR in VCaP cells. Cells were transfected with siRNAs
for 24 hr, and then treated with 1 nM DHT for another 24 hr. Gene expression was normalised and graphed as in (D). Differential expression was
evaluated by t tests (**p < 0.01; ***p < 0.001; ****p < 0.0001). (G) RT-gPCR of KLK2, KLK3, and 6PGD expression in response to Enz treatment (1 pM,

72 hr) in patient-derived explants. Gene expression was normalised to GAPDH, PPIA, and TUBATB and is represented as fold-change relative to vehicle.
Differential expression was evaluated by one-sample t tests (**p<0.01; ***p<0.001). (H) 6PGD mRNA expression in prostate tumours pre- and post-
androgen deprivation therapy (ADT, GSE48403). A Wilcoxon matched-pairs signed-rank test was used to compare expression in the groups. (I) 6PGD
expression is elevated in primary prostate cancer. The TCGA dataset comprises 52 patient-matched normal and cancer samples. Boxes show minimum
and maximum (bottom and top lines, respectively) and mean (line within the boxes) values. A paired t test was used to compare expression in normal
versus cancer. FPKM: fragments per kilobase of exon per million mapped reads. (J) 6PGD expression by Gleason grade in the TCGA cohort. Boxes show
minimum and maximum (bottom and top lines, respectively) and mean (line within the boxes) values. Unpaired t tests were used to compare expression
between the groups. (K) 6PGD protein expression in clinical prostate samples (benign prostatic hyperplasia [BPH] and tumours) was measured mass
spectrometry. Boxes show minimum and maximum (bottom and top lines, respectively) and mean (line within the boxes) values. An unpaired t test was
used to compare expression between the groups.
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Figure 1—figure supplement 1. 6PGD expression is decreased by AR knockdown but not by AR inhibition. (A) Concordance between our siAR RNA-
seq data and an independent dataset, as demonstrated by gene set enrichment analysis (GSEA; Subramanian et al., 2005). RNA-seq data from He
and colleagues (He et al., 2014) was kindly provided by Nicholas Mitsiades (Baylor College of Medicine), and genes were ranked by fold-change in
siAR treatment versus siControl. Genes downregulated by siAR versus siControl in our dataset (false discovery rate [FDR] < 0.01, n = 305) were used

Figure 1—figure supplement 1 continued on next page
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Figure 1—figure supplement 1 continued

as the gene set of interest. Running enrichment scores are plotted (top graph) and normalised enrichment scores (NES) and p values are indicated.

(B) Two distinct AR siRNAs (siAR [Vander Heiden et al., 2009] and siAR [Bader and McGuire, 2020]; 12.5 nM) reduce the expression of 6PGD at the
protein level in LNCaP cells. Cells were transfected with 12.5 nM of each siRNA,; after 48 hr, proteins were extracted and assessed by western blotting.
(C) siAR (Bader and McGuire, 2020) reduces the expression of 6PGD mRNA in LNCaP cells. Transfection of siRNAs was performed as in (A). Differential
expression was evaluated using an unpaired t test (**p <0.001). (D) siAR (Vander Heiden et al., 2009) and siAR (Bader and McGuire, 2020), but not
enzalutamide (Enz, 1 uM), reduce the expression of 6PGD mRNA in VCaP cells. Transfection of siRNAs was performed as in (A). Cells were treated with
DMSO or Enz for 24 hr. Differential expression compared to DMSO or siCon was determined using ANOVA and Dunnett's multiple comparison tests
(*p<0.05; **p<0.01). (E, F) Next-generation AR antagonists apalutamide and darolutamide inhibit AR target gene expression at the protein (E) and
mRNA (F) level, but do not reduce expression of 6PGD protein or mRNA. Cells were treated for 24 hr with the indicated doses of each drug.

Gillis et al. eLife 2021;10:€62592. DOI: https://doi.org/10.7554/eLife.62592 5 of 21
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Figure 1—figure supplement 2. Representative images of 6PGD immunohistochemistry in patient tumours.
Gleason grades are shown. Scale bars represent 100 pm.
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Figure 2. SREBP1 mediates induction of 6PGD downstream of the androgen receptor (AR). (A) ChIP-seq data
showing AR DNA binding near the 6PGD gene in non-malignant and prostate tumour samples (Pomerantz

et al., 2015) and the LNCaP (Barfeld et al., 2017) and VCaP (Asangani et al., 2014) cell line models. The grey
box indicates a region £50 kb of the 6PGD transcriptional start site. (B) ChIP-seq data showing SREBP1T DNA

Figure 2 continued on next page
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Figure 2 continued

binding at the 6PGD promoter in HEPG2 and MCF7 cells. Data is from ENCODE (ENCODE Project Consortium,
2012, HEPG2: ENCFFO0OXXR; MCF7: ENCFF?11YFI). (C) Effect of siSREBP1 on 6PGD protein. LNCaP cells were
transfected with siRNA (siSREBP1; 12.5 nM) or control (siCon) for 72 hr after which SREBP1 and 6PGD protein
levels were evaluated by immunoblotting. GAPDH was used as loading control. (D) Effect of siSREBP1 on 6PGD
induction by DHT. LNCaP (left) or VCaP (right) cells were transfected with siRNA (siSREBP1; 12.5 nM) or control
(siCon) in charcoal-stripped FBS media for 72 hr and then treated with 10 nM DHT for another 24 hr. SREBP1 and
6PGD protein levels were evaluated by immunoblotting. GAPDH was used as loading control. (E) RT-gPCR of
6PGD expression in response to DHT and fatostatin in LNCaP cells. Cells were serum starved in charcoal-stripped
FBS media for 72 hr and then treated with Veh or 10 nM DHT £10 uM fatostatin for another 24 hr. Gene expression
was normalised to GUSB and L19 and represents the mean + SEM of three biological replicates. Treatment effects
were evaluated using ANOVA and Dunnett’s multiple comparison tests (*p<0.05; **p<0.01; ****p<0.0001; NS, not
significant).
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Figure 3. An AR-SREBP1-6PGD axis influences prostate cancer cell growth and activity of the pentose phosphate pathway. (A, B) Knockdown of 6PGD
with two distinct siRNAs (si6PGD.1 and si6PGD.2) reduced viability (A) and increased cell death (B) of four prostate cancer cell lines, as assessed using
Trypan blue exclusion assays. LNCaP and VCaP cells were evaluated 3 days post-transfection; V16D and MR49F cells were evaluated 5 days post-

transfection. Error bars are standard error of the mean (SEM) of triplicate samples and are representative of three independent experiments. Treatment

Figure 3 continued on next page
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Figure 3 continued

effects were evaluated using ANOVA and Dunnett’s multiple comparison tests (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001). (C) Knockdown of

6PGD causes accumulation of intracellular 6 PG in LNCaP cells, as determined by mass spectrometry. Results are representative of two independent
experiments. Error bars are SEM of triplicate samples. Treatment effect was evaluated using an unpaired t test (p<0.001). Colour key is as in (A). (D)
Schematic demonstrating flux of 1,2-*C, glucose through the PPP and incorporation into Ru5P and R5P. Unlabelled "?C carbon is shown as open

circles, whereas C is shown as filled circles. The oxidative and non-oxidative branches of the PPP are indicated in purple and green, respectively.

6 PG: 6-phosphogluconate; E4P: erythrose 4-phosphate; F6P: fructose 6-phosphate; G6P: glucose é-phosphate; GAP: glyceraldehyde 3-phosphate;
R5P: ribose 5-phosphate; RuSP: ribulose 5-phosphate; S7P: sedoheptulose 7-phosphate; X5P: xylulose 5-phosphate. (E) Isotopic steady-state G6P
enrichments of LNCaP cells fed with 1,2-*C, glucose and natural glucose at 1:1 ratio show control and treatments cells were labelled to a similar extent.
Error bars are standard deviation (SD). (F) Accumulation of singly (left, m1) and doubly (right, m2) labelled Ru5P produced via the oxidative and non-
oxidative branches, respectively, of the PPP. Error bars are SD. (G) Dilution rate (turnover rate) calculated from the accumulation of singly and doubly
labelled Ru5P (data from E) using the continuous stirred-tank reactor (CSTR) equation. For statistical analysis of treatment effects, refer to Materials and
methods (***p<0.001; NS, not significant). Error bars are SD. (H) Knockdown of 6PGD and androgen receptor (AR) causes increased levels of reactive
oxygen species (ROS) in LNCaP, V16D, and MR4%F cells. Data was normalised to siCon, which was set to 100 %. Error bars are SEM of triplicate samples.
Treatment effects were evaluated using ANOVA and Dunnett’s multiple comparison tests (*p<0.05; **p<0.01). (I) ROS production in LNCaP cells in
response to siéPGD is reversed by the antioxidant. Trolox data was normalised to siCon in the absence of Trolox, which was set to 100% . Error bars are
SEM of triplicate samples. Treatment effects were evaluated using ANOVA and Tukey’s multiple comparison tests (*p<0.05; **p<0.01). Colour key is as in
(A).

Gillis et al. eLife 2021;10:€62592. DOI: https://doi.org/10.7554/eLife.62592 10 of 21
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Figure 3—figure supplement 1. Two distinct 6PGD siRNAs (si6PGD.1 and si6PGD.2) effectively reduce 6PGD
expression in LNCaP cells. Cells were transfected with 12.5 nM of each siRNA for 72 hr, after which 6PGD mRNA
was measured by RT-gPCR (A) or 6PGD protein was measured by immunoblotting (B).
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Figure 4. Pharmacological inhibition of 6PGD suppresses prostate cancer growth and increases reactive oxygen species (ROS). (A, B) The 6PGD
inhibitor, S3, dose-dependently decreased viability (A) and increased death (B) of LNCaP cells, as determined by Trypan blue exclusion assays. Dead
cells were counted at day 6. Data represent the mean of triplicate samples and are representative of three independent experiments. Error bars are
SEM. Growth (day 6) and death for each dose was compared to vehicle using ANOVA and Dunnett's multiple comparison tests (****p<0.0001). Veh:
vehicle. (C) S3 causes apoptosis of LNCaP cells, as determined using flow cytometry-based Annexin V/7-AAD assays. Cells were assessed 72 hr after
treatment. Data represent the mean + SE of triplicate samples and are representative of four independent experiments. Dead cell proportions were
compared to vehicle using ANOVA and Dunnett's multiple comparison tests (*p<0.05; **p<0.01; ****p<0.0001). (D) S3 causes increased levels of ROS
in LNCaP cells. Data was normalised to Veh, which was set to 100% . Effects were evaluated using ANOVA and Dunnett’s multiple comparison tests
(***p<0.001; ****p<0.0001). (E) S3 dose-dependently decreased viability (left) and increased death (right) of VCaP cells, as determined by Trypan blue
exclusion assays. Live and dead cells were counted 4 days after treatment. Data represent the mean = SE of triplicate samples and are representative of
three independent experiments. Effects were evaluated using ANOVA and Dunnett's multiple comparison tests (**p<0.01; ***p<0.001; ****p<0.0001).
(F) S3 suppresses the growth of castration-resistant prostate cancer (CRPC) cells (V16D) and enzalutamide-resistant CRPC cells (MR49F), as determined

Figure 4 continued on next page
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Figure 4 continued

using CyQuant Direct Cell Proliferation Assay. Fluorescence from day 0 was set to 100% . Data represent the mean + SEM of triplicate samples and are
representative of two independent experiments. Effects (at day 5) were evaluated using ANOVA and Dunnett's multiple comparison tests (*p<0.05;
**+x<0.0001). (G) S3 inhibits the proliferation of prospectively collected human tumours grown as patient-derived explants (PDEs). PDEs (from n =

9 patients) were treated for 72 hr. Kié7 positivity, a marker of proliferation, was determined using immunohistochemistry. Boxes show minimum and
maximum (bottom and top lines, respectively) and mean (line within the boxes) values. A paired t test was used to compare Kié7 positivity in treated
versus vehicle-treated control samples (***p<0.001).
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Figure 4—figure supplement 1. Physcion effectively suppresses growth (A) and causes death (B) of LNCaP cells.
Live and dead cells were measured (A, at the indicated timepoints; B, at day 6) using Trypan blue exclusion assays.
Physion’s effects on growth and death compared to vehicle (Veh) were determined using ANOVA and Dunnett’s
multiple comparison tests (****p<0.0001; NS, not significant). (C) Effect of S3 on growth of PC3 cells. Cell viability
assessed by CyQuant Direct Cell Proliferation Assay. Fluorescence at day O was set to 100% . The effect of S3 on
growth compared to vehicle (Veh) was determined using ANOVA and Dunnett’s multiple comparison tests; only
20 uM and 40 uM doses were significantly different to Veh (****p<0.0001).
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Figure 5. Targeting 6PGD activates AMPK and represses ACC1 and mTOR pathways. (A) Schematic showing key
metabolic pathways downstream of the pentose phosphate pathway (PPP). By suppressing AMPK signalling, the
PPP can enhance the activity of ACC1 and mTOR and subsequently various growth-promoting anabolic processes.
(B) S3 activates AMPK and inhibits ACC1 and mTOR signalling. LNCaP (left) and VCaP (right) cells were treated

for 24 hr with the indicated doses of S3 prior to analysis of indicated proteins by immunoblotting. (C) S3 inhibits
mTOR signalling, as indicated by reduced pSé, in patient-derived explants (PDEs). PDEs (from n = 11 patients)

Figure 5 continued on next page
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Figure 5 continued

were treated for 72 hr. The levels of pSé were measured using immunohistochemistry (IHC). Boxes (graph on left)
show minimum and maximum (bottom and top lines, respectively) and mean (line within the boxes) values. A
paired t test was used to compare Kié7 positivity in treated versus vehicle-treated control samples (***p<0.001).
Representative IHC images are shown on the right (scale bars represent 50 pym).
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Figure 5—figure supplement 1. 6PGD knockdown
inhibits ACC1 and mTOR signalling, as determined
by increased levels of pACC1 and decreased levels of
pS6/pS6K, respectively. VCaP cells were transfected
with two distinct 6PGD siRNAs (siPGD.1 and siPGD.2)
for 48 hr prior to analysis of indicated proteins by
immunoblotting.
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Figure 6. Targeting the androgen receptor (AR)/PGD feedback loop in prostate cancer. (A) Protein levels of AR and its target PSA in response to S3
(24 hr of treatment) and physcion (48 hr of treatment) in LNCaP cells, as determined by immunoblotting. HSP90 was used as a loading control. (B) AR
target gene expression in response to S3 treatment in LNCaP cells, as determined by RT-gPCR. Gene expression was normalised to GUSB and L19
and represents the mean + SEM of three biological replicates; Veh was set to 1. Differential expression was evaluated using ANOVA and Dunnett’s

Figure 6 continued on next page
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Figure 6 continued

multiple comparison tests (a, p<0.01; b, p<0.007; ¢, p<0.0001; NS, not significant). (C) S3 reduces AR protein levels in patient-derived explants (PDEs).
AR levels in tumours from 14 patients were measured by immunohistochemistry (IHC; left). Boxes show minimum and maximum (bottom and top lines,
respectively) and mean (line within the boxes) values. A paired t test was used to compare AR levels in treated versus control samples (***p<0.001).
Representative IHC images are shown on the right (scale bars represent 50 um). (D) S3 enhances AR ubiquitylation. LNCaP cells were treated with
indicated concentrations of S3 +10 pM MG132, or 10 pM MG132 alone, for 24 hr prior to AR immunoprecipitation. Both immunoprecipitates and total
protein inputs (1/30 of immunoprecipitates) were subjected to immunoblotting analysis for the indicated proteins. (E, F) Anti-cancer effects of combined
Enz and S3 treatment in VCaP cells. Live (E) and dead (F) cells were measured by Trypan blue exclusion assays 4 days after treatment. Data represent the
mean + SEM of triplicate samples and are representative of three independent experiments. (G) Anti-cancer effects of combined Enz and S3 treatment
in V16D cells. Live cells (F) were measured as in (D) after 3 days of treatment; data are representative of three independent experiments.
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Figure 6—figure supplement 1. 6PGD inhibitors suppress AR expression and activity. (A) S3 decreases androgen
receptor (AR) and PSA protein levels in MR49F (left) and V16D (right) cells. Protein was extracted from cells at

24 hr and assessed by western blotting. HSP90 is shown as a loading control. Enz®: enzalutamide-resistant. (B,

C) S3 suppresses AR target gene expression in VCaP (B) and V16D (C) cells after 24 hr treatment. Expression is

Figure 6—figure supplement 1 continued on next page
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Figure 6—figure supplement 1 continued

shown relative to GUSB and L19; vehicle (Veh) was set to 1. (D) Physcion suppresses AR target gene expression in
LNCaP cells after 24 hr treatment. Expression is shown relative to GUSB and L19. Differential expression compared
to vehicle (B-D) was determined using ANOVA and Dunnett’s multiple comparison tests (*p<0.05; **p<0.01;
***<0.001; ****p<0.0001; NS, not significant).
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