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UAPI is overexpressed in prostate cancer and is protective
against inhibitors of N-linked glycosylation

HM Itkonen', N Engedal’, E Babaie?, M Luhr', IJ Guldvik', S Minner?, J Hohloch®, MC Tsourlakis?, T Schlomm®*® and I1G Mills'®”

Prostate cancer is the second most common cause of cancer-associated deaths in men, and signaling via a transcription factor
called androgen receptor (AR) is an important driver of the disease. Consequently, AR target genes are prominent candidates to be
specific for prostate cancer and also important for the survival of the cancer cells. Here we assess the levels of all hexosamine
biosynthetic pathway (HBP) enzymes in 15 separate clinical gene expression data sets and identify the last enzyme in the pathway,
UDP-N-acetylglucosamine pyrophosphorylase 1 (UAP1), to be highly overexpressed in prostate cancer. We analyzed 3261 prostate
cancers on a tissue microarray and found that UAP1 staining correlates negatively with Gleason score (P=0.0039) and positively
with high AR expression (P < 0.0001). Cells with high UAP1 expression have 10-fold increased levels of the HBP end-product, UDP-
N-acetylglucosamine (UDP-GIcNAc). UDP-GIcNACc is essential for N-linked glycosylation occurring in the endoplasmic reticulum (ER)
and high UAP1 expression associates with resistance against inhibitors of N-linked glycosylation (tunicamycin and 2-deoxyglucose)
but not with a general ER stress-inducing agent, the calcium ionophore A23187. Knockdown of UAP1 expression re-sensitized cells
towards inhibitors of N-linked glycosylation, as measured by proliferation and activation of ER stress markers. Taken together, we
have identified an enzyme, UAP1, which is highly overexpressed in prostate cancer and protects cancer cells from ER stress

conferring a growth advantage.

Oncogene advance online publication, 22 September 2014; doi:10.1038/onc.2014.307

INTRODUCTION

Prostate cancer is the second most common cause of cancer-
associated deaths in men. The majority of prostate cancers
express androgen receptor (AR), which has been identified as a
key mediator of the disease.' The vast majority of patients
respond initially to AR-targeted therapies, while a subset of
patients goes on to develop castration-resistant disease over time.
In cell line models, AR activates anabolic and catabolic metabolism
and glycolysis.>® These metabolic networks have provided both
highly specific prostate cancer biomarkers, such as alpha-
methylacyl-CoA racemase,*> and promising drug targets, such as
fatty acid synthase.® However, AR-driven metabolic networks are
highly complex, and inhibition of a single enzyme has not proven
successful in clinical setting, with the exception of a steroid
biosynthesis enzyme CYP17A1 targeted by abiraterone acetate.’

We recently reported that AR activates the expression of both
the rate-limiting and final enzymes in the hexosamine biosyn-
thetic pathway (HBP).2 HBP functions as an integration point of
multiple metabolic pathways, as it requires glucose, glutamine,
acetyl-coenzyme A and nucleotides to produce UDP-N-acetylglu-
cosamine (UDP-GIcNAC).>'® UDP-GIcNAc can be utilized by two
principal processes, (1) O-GIcNAcylation, which is a single sugar
conjugation, catalyzed by O-GIcNAc transferase (OGT) in the
cytoplasm, nucleus and mitochondria'’ and (2) O- and N-linked
glycosylation occurring in the endoplasmic reticulum (ER) and the
Golgi apparatus leading to complex sugar conjugates on target
proteins.'> We recently showed that OGT is overexpressed in

prostate cancer and can be targeted with a small-molecule
inhibitor, which decreases cell viability and results in the loss
of c-Myc®

N-linked glycosylation is required for plasma-membrane locali-
zation of growth factor receptors, and increased receptor
glycosylation prolongs surface retention, thereby enabling cells
to drive growth-promoting signals according to the availability of
nutrients.*' Inhibition of N-linked glycosylation has been shown
to inhibit plasma-membrane localization of growth factor receptors
and processing of secretory proteins.'””'” Core 2 1,6-N-acetylglu-
cosaminyltransferase is an example of Golgi enzymes, which is
overexpressed in prostate cancer, and activation of its expression
results in significantly higher tumor burden in nude mice.'®

The flux through HBP has emerged as an important metabolic
integration point, and in this paper we evaluated the expression of
different HBP enzymes in prostate cancer. Having identified the
most strongly overexpressed enzyme at the mRNA level (UDP-N-
acetylglucosamine pyrophosphorylase 1 (UAP1)), we analyzed
3261 prostate cancers on a tissue microarray by immunohisto-
chemistry and elucidated its biological function in prostate cancer
cell lines.

RESULTS AND DISCUSSION
HBP is upregulated in early stages of prostate cancer

The HBP has been implicated in tumorigenesis in a number of

cancers,'® 2" while no study has systematically assessed the
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potential overexpression of each HBP enzyme in prostate cancer.
We therefore utilized the Oncomine database®® and found that
both the first and the last enzymes of the HBP are significantly
overexpressed in localized prostate cancer (Figures 1a and b). In
15 separate prostate cancer expression array data sets, UAP1 was
the most overexpressed gene in the pathway. In order to
determine the expression pattern of UAP1 in normal tissues, we
carried out an in silico anaI%/sis using the Genesapiens database
(http://ist.genesapiens.org/).”> High levels of UAP1 are found in
testis and adult stem cells, reflecting the identification of the
enzyme and its alternative name, sperm-associated antigen 22*
(Supplementary Figure 1A). On this basis, we evaluated the
protein level expression of UAP1 by means of immunohistochem-
istry. In a large cohort of 3261 patients, a total of 1828 tissue
samples could be evaluated for UAP1 staining (see Supplementary
Material). Representative images of the staining intensity are
shown in Figure 1c. Interestingly, UAP1 staining was negatively
associated with the Gleason score across all staining intensities
(P=0.0039; Table 1). Our patient cohort has previously been
evaluated for the expression of AR, which enabled us to evaluate
the relationship between the two. Tumors with moderate and
strong UAPT immunostaining revealed strong AR staining in
57.6% while tumors with no UAP1 staining revealed strong AR
immunostaining in only 11.8% of tumors (P < 0.0001; Table 1 and
Supplementary Figure 1b).

This is in good agreement with induction of UAP1 at the mRNA
level upon androgen stimulation in vitro, as reported previously.®

Notably, the expression of most of the HBP enzymes is androgen
responsive in vitro (Supplementary Figure 2A). Given the
prominent overexpression of UAP1 in prostate cancer, we went
on to evaluate its role in vitro.

UAP1 regulates the flux through the HBP

A null mutation in UAP1 is lethal in Saccharomyces cerevisiae, and
this can be rescued by overexpression of the human enzyme
indicating evolutionary conservation.”> However, no study has
explored the importance of UAP1 in human cells. The function of
UAP1 has been elucidated in vitro, and the enzyme was found to
utilize N-acetylglucosamine-1-phosphate and N-acetylgalactosa-
mine-1-phosphate to produce UDP-GIcNAc and UDP-N-acetylga-
lactosamine (UDP-GaINAc).>*?® In order to elucidate the
importance of UAP1 expression for the production of UDP-
GIcNAc and UDP-GalNAc, we used three prostate cancer cell lines
(LNCaP, VCaP and PC3) and two non-tumorigenic prostate-derived
cell lines (RWPE-1%" and PNT22%). LNCaP and VCaP cell lines have
an approximately threefold higher protein expression of UAP1 in
comparison to PC3, PNT2 and RWPE-1 cells (Figure 2a), as
previously reported,’”” and we next assessed the levels of sugar
nucleotides using a recently published method.?® Interestingly,
cell lines with high UAP1 expression have 10-fold higher UDP-
GIcNAc and UDP-GalNAc content (Figures 2a—c). This is in good
agreement with Sreekumar et al.>° who detected high levels of N-
acetylglucosamine and N-acetylgalactosamine in localized
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Figure 1.

UAPT1 is upregulated in the early stages of prostate cancer. (a) The hexosamine biosynthetic pathway. Each enzyme is depicted in red

fonts and metabolites are highlighted below. Appreviations: GFTP1, glutamine-fructose-6-phosphate transaminase 1; GNPNAT, glucosamine-
phosphate N-acetyltransferase; PGM, phosphoglucomutase; UAP1, UDP-N-acetylglucosamine pyrophosphorylase 1; F-6-P, fructose-6-
phosphate; GIcN-6-P; glucosamine-6-phosphate; GIcNAc-6-P, N-acetylglucosamine-6-phosphate. (b) Evaluation of UAP1T mRNA expression in
prostate cancer. Oncomine database® was used to assess the expression of UAP1 (>1.5-fold increased expression and P < 0.05). (c)
Immunohistochemistry of UAP1 in prostatectomy samples. UAP1 staining was classified into four groups (staining intensity 0 to +3), which

were used in the analysis (Table 1).
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Table 1. Clinical parameters of UAP1 staining

Parameter n Int0 Int1 Int2 Int3 P-value

Staining 1828 322 (17.6) 580 (31.7) 866 (47.4) 60 (3.3)

PSA
<4 273 9 (21.6) 9 (32.6) 117 (42.9) 8 (2.9) 0.3989
4-10 985 160 (16.2) 307 (31.2) 480 (48.7) 38 (3.9)
10-20 386 4 (19.2) 120 (31.1) 181 (46.9) 11 (2.8)
>20 140 3 (16.4) 9 (35) 6 (47.1) 2(1.4)

pT stage
pT2 1163 211 (18.1) 361 (31) 555 (47.7) 36 (3.1) 0.1135
pT3a 401 67 (16.7) 123 (30.7) 197 (49.1) 14 (3.5)
pT3b 224 35 (15.6) 86 (38.4) 3 (41.5) 10 (4.5)
pT4 20 5 (25) 2 (10 3 (65) 0(0)

pN stage
Nx 883 164 (18.6) 290 (32.8) 402 (45.5) 27 (3.1) 0.5834
NO 863 143 (16.6) 260 (30.1) 428 (49.6) 32 (3.7)
N+ 56 10 (17.9) 19 (33.9) 26 (46.4) 1(1.8)

Gleason Score
<343 764 151 (19.8) 231 (30.2) 360 (47.1) 22 (2.9) 0.0039
3+4 821 120 (14.6) 269 (32.8) 402 (49) 30 (3.7)
443 191 5(18.3) 6 (34.6) 6 (45) 4 (2.1)
>4+4 32 2 (37.5) 6 (18.8) 0(31.3) 4 (12.5)

Margin
RO 1401 258 (18.4) 437 (31.2) 661 (47.2) 45 (3.2) 0.3835
R1 406 60 (14.8) 135 (33.3) 197 (48.5) 14 (3.4)

AR
Negative 67 35 (52.2) 20 (29.9) 1(16.4) 1(1.5) < 0.0001
Weak 135 42 (31.1) 44 (32.6) 47 (34.8) 2 (1.5)
Moderate 266 59 (22.2) 8 (36.8) 106 (39.8) 3(1.1)
Strong 1144 135 (11.8) 350 (30.6) 608 (53.1) 51 (4.5)

Abbreviations: AR, androgen receptor; PSA, prostate-specific antigen; UAP1, UDP-N-acetylglucosamine pyrophosphorylase 1. Samples were analyzed based on

the staining intensities (Int) shown in Figure 1c for UAP1, and examples of AR staining at each scored intensity (Int0—negative; Int1—weak; Int2—moderate;

Int3—strong) are shown is Supplementary Figure 1b. The number of patients in each group is reported, and the percentage is shown in brackets.

prostate cancer. In order to confirm the importance of UAP1
expression for the production of UDP-GIcNAc and UDP-GalNAc,
we inhibited its expression with siRNA. This led to a consistent
~60% decrease in the levels of these hexosamines with two
different siRNAs (Figure 2e).

HBP activity has been shown to be important for the regulation
of glucose metabolism and cell growth.3'*? However, inhibition of
UAP1 expression did not have any effect on either glucose uptake
or growth rate (Supplementary Figure 2B and Figure 3a).
Perturbation of the HBP causes diabetes in murine models*® and
in 3T3-L1 adipocytes; insulin-stimulated glucose uptake results in
30% increase in the production of UDP-GIcNAc3* Of special
interest, development of insulin resistance is associated with a
fourfold increase in the levels of UDP-GIcNAc in the skeletal
muscles,>® whereas we observed that inhibition of UAP1 expres-
sion results in a significant decrease in the levels of UDP-GIcNAc
(Figure 2e). High-glucose-induced development of insulin resis-
tance can be prevented by an inhibitor of GFPT1,* and it remains
to be determined whether UAP1 could be pharmacologically
regulated to affect insulin responsiveness.

High levels of UAP1 expression contributes to resistance to
inhibitors of N-linked glycosylation

Inhibition of UAP1 expression with two siRNAs did not have
prominent effects on the growth rate. However, inhibition of UAP1
expression led to a 60% decrease in the levels of UDP-GIcNAc. UDP-
GlcNACc is required for both (1) O-GlcNAcylation, which is a single

© 2014 Macmillan Publishers Limited

sugar conjugation, catalyzed by OGT in the cytoplasm, nucleus and
mitochondria'’ and (2) O- and N-linked glycosylation of proteins
occurring in the ER and the Golgi apparatus.'? In order to
distinguish between the impact of UAP1 knockdown on O-
GIcNAcylation and on N-linked glycosylation, we used various
drugs. These were (1) 2-deoxyglucose (2DG), a non-hydrolysable
sugar-analogue, which acts in two principal ways, by inhibiting
glycolysis and by inhibiting N-linked glycosylation thereby activat-
ing ER-stress response,*®*” (2) tunicamycin targeting N-linked
glycosylation,'® (3) a calcium ionophore (A23187) as a general ER-
stress inducer and (4) an OGT inhibitor (ST045849).>® ER-stress
markers CHOP, GRP78 and GRP94 were used to assess the
induction of ER stress*® and knockdown of UAP1 expression
enhanced the induction of all three ER-stress markers by treatment
with 2DG and tunicamycin but not by treatment with calcium
ionophore (Supplementary Figure 2C). OGT inhibitor decreased the
levels of total O-GIcNAcylation, but UAP1 knockdown did not
further enhance this effect, suggesting that the major effects of
UAP1 silencing are predominantly on N-linked glycosylation.

We next assessed the steady-state responses of the different
prostate cell lines to inhibitors of N-linked glycosylation, testing the
growth inhibitory effects of increasing doses of tunicamycin and
2DG. Interestingly, while the growth of the PNT2 and RWPE-1 cell
lines was blocked by tunicamycin treatment at doses as low as
0.1 ug/ml, the growth of the PC3 cell line was abolished with
0.4 pg/ml, whereas the LNCaP and VCaP cells continued to grow in
the presence of 0.5 pg/ml tunicamycin (Supplementary Figure 3A).

Oncogene (2014), 1-7
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Figure 2. The activity of UAP1 is required for the flux through the hexosamine biosynthetic pathway. (a) Cell lysates were collected from

LNCaP, VCaP, PC3, PNT2 and RWPE-1 cells and blotted for UAP1, and actin was used as a loading control. The intensity of each band was
measured, normalized against actin and the value in RWPE-1 cells was set to one. (b) High-pressure liquid chromatograph (HPLC)-based
evaluation of the levels of sugar nucleotides in cells. Examples of typical running profiles for each cell line are shown, and the metabolites of
interest are depicted. Identification of each peak was based on the analysis of purified compounds. We were unable to separate UDP-GalNAc
and UDP-GIcNAc in PC3, PNT2 and RWPE-1 cells, and both peaks were therefore combined to represent hexosamines (UDP-hex).
(c) Quantitation of the HPLC data. The obtained values were first normalized to cell count. The data shown was obtained from three biological
replicates, and the average values with s.e.m. are shown. LNCaP cells were reverse-transfected, and cell lysates were collected after 72 h either
for western blotting (d) or for HPLC (e). The data shown are average of four biological replicates, and values were first normalized to internal
control GDP-glucose and then to protein concentration. The significance of the data was evaluated with the Student’s t-test, and s.e.m. is

depicted.

The direct target of tunicamycin is DPAGT1 (dolichyl-phosphate N-
acetylglucosaminephosphotransferase 1), which transfers UDP-
GIcNAc to the dolichyl-diphosphate to be used for N-linked
glycosylation.3® Of special interest, high concentrations of UDP-
GIcNAC relative to tunicamycin protect DPAGT1 from inhibition,*
offering a potential explanation for the lack of growth inhibition in
LNCaP and VCaP cells.

Similar data were obtained for 2DG, where treatment with 5 mm
2DG completely blocked the growth of PC3, PNT2 and RWPE-1
cells (low UAP1 expressors), whereas treating LNCaP and VCaP cell
lines (high UAP1 expressors) with 10 mm 2DG did not abolish
growth (Supplementary Figure 3B). Overall, this raised the
possibility that high UAP1 expression contributes to resistance
to inhibitors of N-linked glycosylation in LNCaP and VCaP cell lines.

UAP1 protects cells against inhibitors of N-linked glycosylation

We next went on to more directly assess whether UAP1
knockdown could be used to sensitize cells to inhibitors of N-
linked glycosylation working with the LNCaP cell line. We
performed the knockdown for 72h and added a low dose of
tunicamycin (0.1 pg/ml), which is not growth inhibitory in this cell

Oncogene (2014), 1-7

line (Supplementary Figure 3A). Knockdown of UAP1 sensitized
LNCaP cells to this low dose of tunicamycin and decreased the
growth (Figure 3a). Similar results were obtained for VCaP cells
(Supplementary Figure 4A). Additionally, inhibition of UAP1
expression also sensitized LNCaP cells to 2DG (Supplementary
Figure 4B). 2DG inhibits both glycolysis and N-linked glycosylation,
and the inhibitory effect on N-linked glycosylation can be
alleviated by the addition of exogenous mannose.*® Importantly,
the combinatorial effects of UAP1 knockdown and 2DG-induced
growth inhibition were reversed with mannose (Supplementary
Figure 4Q).

An important feature of transformed cells is the ability to form
colonies in soft agar. In order to determine whether UAP1 is
important for this process, we performed colony-forming assays
using the LNCaP cell-line. UAP1 knockdown decreased colony-
forming ability of the cells, while there was only modest additional
effect of combining this knockdown with either tunicamycin or
2DG (Supplementary Figure 4D). Cell detachment is known to
induce metabolic stress, which leads to decreased glucose uptake,
thereby limiting glucose availability for the HBP.*' Inhibition of
UAP1 expression appears to affect anchorage-independent

© 2014 Macmillan Publishers Limited
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growth of cells, further positioning it as an important factor for the

survival of prostate cancer cells.

We next used two different siRNAs against UAP1
tunicamycin treatment and evaluated the effects on the
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™
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Inhibition of UAP1 expression sensitizes cells to tunicamycin. (@) LNCaP cells were plated into 384-plates on transfection reagent,
placed into IncuCyte and imaged every 24 h. At 72 h, cells were treated with tunicamycin (indicated with an arrow). The data shown represent
average of four independent experiments, s.e.m. is shown, and the significance was assessed with the paired samples Student’s t-test (red
stars are a comparison between siUAP1 and scrambled, while blue stars are a comparison between siUAP2 and scrambled, *P < 0.05).
(b) LNCaP and (c) VCaP cells were reverse transfected for 72 h, treated with tunicamycin (TM; 0.6 pg/ml for LNCaP cells, 0.5 and 1 pug/ml for
VCaP cells), and cell lysates were collected after 24 h. The intensity of each band was determined with densitometry, normalized to alpha-
tubulin and normal scrambled sample was set to the value of 1. Data shown are representative of at least two biological replicates. Positive

expression of ER-stress markers and a secretory glycoprotein
KLK3 in LNCaP and VCaP cells. We first confirmed the increased
induction of ER-stress markers GRP78, GRP94 and CHOP (Figures
3b and ). KLK3 is a secretory glycoprotein, and its levels are
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measured in blood samples in order to assess the presence/
recurrence of prostate cancer. The total level of KLK3 decreased
upon treatment with tunicamycin, and this effect was further
enhanced by UAP1 knockdown. Given that tunicamycin has also
been reported to induce autophagy,** we assessed the effects on
an autophagy marker LC3,** the induction of which was further
enhanced by the knockdown of UAP1 in LNCaP cells but not
further affected in VCaP cells (Supplementary Figures 5A and B).
Inhibition of the growth rate suggested that UAP1 knockdown
combined with tunicamycin treatment might also induce apop-
tosis, but we could not detect any increase in the levels of cleaved
poly ADP-ribose polymerase. We next checked the possible effects
on a marker of cycling cells, cyclin D1,* and this decreased in
LNCaP cells and was unaltered in VCaP cells upon UAP1 knock-
down. In addition, we observed an increase in the cyclin-
dependent kinase inhibitor protein p27 and a decrease in the
phosphorylation of S6 kinase (positive regulator of protein
synthesis) in LNCaP cells, in agreement with inhibition of cell
cycle progression. VCaP cells have a longer doubling time than
LNCaP cells, and it remains possible that the effect on autophagy
and especially cell cycle arrest becomes more apparent at later
time points. Knockdown of UAP1 did not affect the levels of total
O-GIcNAcylation either on its own or in the presence of
tunicamycin.

GFPT1 is the rate-limiting enzyme in the HBP, and increased
GFPT1 expression protects heart cells from cell death activation
during ischemia/reperfusion.** Furthermore, we had observed
that it is also overexpressed in prostate cancer (Figure 1b).
Consequently, it was important to determine whether GFPT1
knockdown also impacted on responses to inhibitors of N-linked
glycosylation in prostate cells. GFPT1 knockdown led to decreased
KLK3 already in the absence ER stress-inducers (Supplementary
Figures 5C and D) in agreement with previous studies reporting
growth-inhibitory effects upon targeting GFPT1.*® However, unlike
UAP1, knockdown of GFPT1 did not enhance the expression of ER-
stress markers when cells were treated with inhibitors of N-linked
glycosylation (Supplementary Figures 5C and D). This suggests
that inhibition of UAP1 activity might offer selectivity to sensitize
prostate cancer cells to ER-stress-inducing agents.

In order to assess whether UAP1 knockdown specifically
sensitizes prostate cancer cells to ER-stress-inducing agents, we
knocked down UAP1 in RWPE-1 cells, representing normal
prostate tissue, and treated cells with 2DG, tunicamycin and
A23187. All three compounds led to the accumulation of ER stress
and autophagy markers, but, importantly, knockdown of UAP1
had no effect on the levels of any of these markers
(Supplementary Figure 6). In addition, inhibitors of N-linked
glycosylation did not induce apoptosis in this cell line.

In conclusion, inhibition of UAP1 expression sensitizes cancer
cells with high UAP1 expression, accompanied by high hexosa-
mine levels, to inhibitors of N-linked glycosylation. High levels of
UAP1 expression and/or HBP activity appear to confer a growth
advantage to cancer cells upon induction of ER stress.

GFPT1 and UAP1 are co-expressed in prostate cancer patients

In order to assess the extent of the contribution of UAPT to
resistance to inhibitors of N-linked glycosylation, we overex-
pressed it in RWPE-1 cells. We were able to obtain over
threefold increased expression of UAP1, but this did not increase
resistance against 2DG, tunicamycin or A23187, as measured
by the accumulation of ER-stress markers and growth rate
(Supplementary Figures 7A and B). We therefore speculate that
the expression of both the rate-limiting enzyme in the HBP, GFPT1,
and UAP1 are needed for the resistance against inhibitors of N-
linked glycosylation. Interestingly, GFPT1 and UAP1 are tightly co-
expressed in prostate cancer patients (Supplementary Figure 7C).
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In conclusion, we have identified a pathway that is over-
expressed in prostate cancer and shown for the first time that
UAP1 can be targeted to inhibit the flux through this pathway.
Levels of UAP1 expression affect responses to inhibitors of N-
linked glycosylation, and we therefore propose that the HBP can
function as a ‘buffer’ against this type of ER stress. UAP1 is highly
prostate cancer specific, and we showed that inhibition of UAP1
can specifically sensitize prostate cancer cells to the inhibitors of
N-linked glycosylation. On the other hand, inhibition of GFPT1
might lead to serious complications as it is the rate-limiting
enzyme in the HBP implicated in insulin resistance®® and has
important functions in normal tissue, such as the heart* The
structure of UAP1 has been solved,?® which will significantly aid in
the design and development of small-molecule inhibitors to target
this enzyme. The main treatment for prostate cancer, androgen-
deprivation therapy, induces hyperinsulinemia,*” which is asso-
ciated with rapid treatment failure*® and new-onset of diabetes
mellitus.*® In this context, the role of UAP1 in maintaining insulin
responsiveness warrants further investigation.
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