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Androgen-stimulated UDP-glucose dehydrogenase expression
limits prostate androgen availability without impacting
hyaluronan levels

Qin Weil, Robert Galbenusl, Ashraf Razalft, Ronald L. Cerny2, and Melanie A. Simpsonl-*
1Department of Biochemistry University of Nebraska, Lincoln, NE

2Department of Chemistry, University of Nebraska, Lincoln, NE

Abstract

UDP-glucose dehydrogenase (UGDH) oxidizes UDP-glucose to UDP-glucuronate, an essential
precursor for production of hyaluronan (HA), proteoglycans, and xenobiotic glucuronides. High
levels of HA turnover in prostate cancer are correlated with aggressive progression. UGDH
expression is high in the normal prostate even though HA accumulation is virtually undetectable.
Thus, its normal role in the prostate may be to provide precursors for glucuronosyltransferase
enzymes, which inactivate and solubilize androgens by glucuronidation. In this report, we quantified
androgen dependence of UGDH, glucuronosyltransferase, and HA synthase expression. Androgen
dependent and independent human prostate cancer cell lines were used to test the effects of UGDH
manipulation on tumor cell growth, HA production and androgen glucuronidation.
Dihydrotestosterone (DHT) increased UGDH expression =2.5-fold in androgen dependent cells.
However, upregulation of UGDH did not affect HA synthase expression or enhance HA production.
Mass spectrometric analysis showed that DHT was converted to a glucuronide, DHT-G, at a six-fold
higher level in androgen dependent cells relative to androgen independent cells. The increased
solubilization and elimination of DHT corresponded to slower cellular growth Kinetics, which could
be reversed in androgen dependent cells by treatment with a UDP-glucuronate scavenger.
Collectively, these results suggest that dysregulated expression of UGDH could promote the
development of androgen independent tumor cell growth by increasing available levels of
intracellular androgen.
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Introduction

Prostate cancer is the third leading cause of cancer death in men (1). Although localized tumors
can often be effectively treated with resection and/or androgen ablation, androgen insensitive
recurrence is a major clinical problem (2). Neoplastic proliferation in the prostate epithelium
is initially dependent on the presence of androgen stimuli, which activate androgen receptor
(AR)-mediated transcription of genes that initiate and sustain mitotic cell division. Loss of
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response may occur for a variety of reasons, including AR loss of expression or constitutive
activation, or oncogenic transformation through other growth control pathways (3).

Pathways involved in regulation of androgen availability have been investigated as an obvious
link to hormone independent cancer progression. Typically, the focus of these studies has been
the biosynthetic enzymes such as hydroxysteroid dehydrogenase and 5a-reductase that
complete activation of testosterone precursors to their potent growth stimulatory forms (4-7).
Some therapeutic success has been achieved by targeting these enzymes, but excess hormones
from other pathways can also be converted to potent androgens. UDP-glucuronosyltransferase
(UGT) enzymes have received increasing attention because of their expression in hormone-
sensitive target tissues, as well as their demonstrated capacity to effectively reduce lipophilic
hormone and xenobiotic concentrations by glucuronidation, which inactivates the chemical
substrate while also solubilizing it for urinary excretion (8-10). Specifically, studies have
implicated polymorphisms in genes encoding both prostate UGT isoforms, UGT2B17 (11) and
UGT2B15 (12), as genetic risk factors for prostate cancer. These findings are supported by cell
culture experiments in which these 95% identical isoforms were shown to be androgen
downregulated and to alter proliferation rate of cells by inactivation of androgens (4,13-15).
Thus, the enzymes required for the glucuronidation pathway in prostate epithelium are a
significant consideration in androgen availability.

UDP-glucose dehydrogenase (UGDH) catalyzes oxidation of UDP-glucose to UDP-
glucuronate, the requisite precursor for all glucuronidation reactions. The importance of this
enzyme in development is well defined by the lethality of targeted disruption in multiple
organisms (16-21). Supplemental Figure 1 illustrates the central role of the enzyme in providing
UDP-glucuronate for divergent incorporation into hyaluronan (22), modification of hormones
or xenobiotics for solubilization and elimination (10), polymerization of heparan sulfate chains,
as well as conversion to UDP-xylose to initiate proteoglycan production (23). In humans, many
tissues express UGDH, but strong expression is specific to liver and prostate. Two independent
studies have suggested that UGDH expression is stimulated in cultured cells by androgen
treatment. One study noted estrogen-stimulated expression in breast tumor cells was AR
dependent (24) and another group identified UGDH inamicroarray analysis of genes expressed
>2-fold in LNCaP prostate tumor cells treated with dihydrotestosterone (DHT), a potent natural
androgen (25). A putative androgen responsive element has been identified at position -1569
in the upstream regulatory sequence of the human UGDH gene (25), but surprisingly, the strong
potential for UGDH to influence intracellular androgen availability has been completely
overlooked.

In this study we used androgen dependent and independent prostate cancer cell lines to examine
the requirement for androgens in UGDH protein expression and subsequent HA production.
Our findings suggest increases in UGDH protein levels, effected in androgen receptor
dependent fashion, are not related to HA levels. Instead, UDP-glucuronate production by
UGDH primarily contributed to neutralization of the elevated androgens in androgen dependent
prostate tumor cells, and to increased proliferation rate in androgen independent cells. In
addition, our results show that increased UDP-glucuronate levels can drive inactivation of
androgens despite decreased glucuronosyltransferase expression, and that this capacity is lost
in androgen independent tumor cells.

Material and Methods

Cell culture and reagents

HEK?293 human embryonic kidney cells and LNCaP human prostate tumor cells were
purchased from American Type Culture Collection (Manassas, VA). LNCaP C33 and C81 low
and high passage LNCaP cells, respectively, were kindly provided by Dr. Ming-Fong Lin
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(University of Nebraska Medical Center, Omaha, NE). PC3M-LN4 human prostate tumor cells,
originially derived from PC3 cells by successive passaging through mouse orthotopic injection
and culture of resultant lymph node tumor cell colonies to select for enhanced metastatic
propensity, were obtained from Dr. Isaiah J. Fidler (M.D. Anderson Cancer Center, Houston,
TX). 4-methylumbelliferone (4MU), 5-a-dihydrotestosterone (DHT) and methyltrienolone
(R1881) were purchased from Sigma (St. Louis, MO). Charcoal stripped FBS was from
Hyclone (Logan, UT). Antibodies were obtained as follows: polyclonal rabbit anti-human PSA
(DakoCytomation, Glostrup, Denmark); mouse monoclonal anti-human B-tubulin (Sigma);
IRDye 800 conjugated anti-rabbit IgG (Rockland, Gilberstville, PA); IRDye 680 conjugated
goat anti-mouse 1gG (LI-COR Biosciences, Lincoln, NE).

Development of anti-UGDH antibodies

Human UGDH expressed in E. coli as a 6-Histidine fusion protein and purified to homogeneity
from soluble lysates by nickel-NTA chromatography (26) was used to raise polyclonal
antibodies in New Zealand white rabbits (Covance Research Inc.). Specificity was verified by
western analysis of serially diluted recombinant antigen, UGDH transfected cell lysates, and
immunoprecipitated endogenous UGDH protein from multiple prostate tumor lines (Supp Fig
2).

Subcloning of UGDH coding sequence and transient transfection of HEK cells

The hUGDH gene was amplified by PCR from a LNCaP cDNA library and ligated via Sac |
and Sal | restriction sites to the pIRES2-EGFP eukaryotic expression vector (Clontech,
Mountain View, CA). The UGDH D280N inactive point mutant was generated from this
template using the QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA).
Clones were sequenced at the University of Nebraska. HEK293 cells were transfected by the
calcium phosphate method. The transfection efficiency was assessed by fluorescent EGFP
expression at >80%.

Androgen stimulation

LNCaP cells were subcultured to 50% confluence in phenol red-free RPMI 1640 supplemented
with 1% charcoal stripped FBS (CS-FBS) for 48 hours (androgen free conditions). Similarly,
for androgen stimulation experiments, PC3M-LN4 cells were subcultured in phenol red-free
MEM supplemented with 10% CS-FBS for 48 hours. For dose response, DHT or R1881 was
serially diluted from concentrated stocks into the respective media. Growth media were
replaced with 3ml per well of media containing the indicated concentration of androgen. Cells
were harvested after 48 hours for analyses.

Western analysis

UGDH and B-tubulin were probed simultaneously in cell lysates with a mixture of anti-UGDH
(1:5000) and anti B-tubulin (1:10,000). PSA and p-tubulin were detected simultaneously using
anti-human PSA (1:1500) and anti B-tubulin. Following secondary incubation with IRDye 800
anti-rabbit 1gG and IRDye 680 anti-mouse 1gG (1:5000 dilutions), proteins were quantified by
fluorescence emission using the Odyssey Infrared Imaging System (LI-COR Biosciences,
Lincoln, NE). Signals for each wavelength were analyzed in red (700nm) and green (800nm).
Tubulin-normalized UGDH signals from androgen-treated samples (DHT or R1881) were
further normalized to the tubulin-weighted UGDH quantity in untreated samples.

HA quantification

HA content of cell cultures was quantified by competitive binding assay as described
previously (27). Prior to harvesting cells cultured in the presence of vehicle or DHT (10nM),
conditioned media were collected and cells were counted. Media were serially diluted for
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incubation with HA binding protein in HA-precoated plates. HA concentration was
interpolated from a standard curve and normalized to cell number.

Quantification of androgen glucuronide conjugates

Conditioned media from androgen treated cell cultures were ethanol extracted for glucuronide
analysis by liquid chromatography and mass spectrometry (LC-MS) essentially as previously
published ((28) and Supplementary Methods).

Detection of UDP-glucuronosyltransferase expression

Total RNA was isolated from LNCaP C33 and C81 cells that had been cultured in 1% CS-FBS
for 48 hrs and then treated with 10nM DHT for another 48 hrs. Equivalent amounts of total
RNA were reverse transcribed using the Superscript 111 kit (Invitrogen). Primers were designed
as previously published to amplify UGT2B15 (515 bp) and UGT2B17 (519 bp) transcripts
(13,29), HAS2 (411 bp) and HAS3 (414 bp) transcripts (27,30), or UGDH (448 bp). Primer
sequences are given in Supp Table 1.

Cell proliferation assay

Results

LLNCaP C33 and C81 cells (4x103 cells/well) were cultured in 96-well plates in androgen free
conditions. After 48 hrs, media were removed and replaced with media containing vehicle, 10
nM DHT, or 0.1 nM R1881, alone or in combination with 1uM 4MU, and incubated another
48 hrs. Cell proliferation was assayed daily in replicate plates incubated for 4 hrs with WST-1
(10 ul per well), after which absorbance at 440 nm was measured in a microplate
spectrophotometer.

UGDH expression is stimulated by androgens

To evaluate the effect of androgens on UGDH expression in prostate cancer, we initially
compared the androgen-dependent LNCaP prostate tumor cell line and PC3M-LN4, an
androgen-independent, AR negative line derived from PC3 (31). Cells were cultured in
androgen free conditions for 48 hours prior to dosing with DHT, a potent naturally produced
androgen, or R1881, a synthetic androgen. Levels of UGDH protein increased dose-
dependently in LNCaP cells treated with either DHT or R1881 (Fig 1A and 1B, respectively).
Ratiometric analysis of UGDH expression relative to B-tubulin levels showed UGDH protein
was elevated by 2-3-fold in LNCaP cells cultured in 10 nM DHT when compared with vehicle
treated cells (0 nM). Similarly, UGDH expression increased >3-fold in response to R1881
treatment. No further increases were obtained with concentrations of 50 and 100 nM (not
shown), and we selected the 10 nM dose for subsequent experiments. Prostate specific antigen
(PSA) was evaluated in the soluble lysates as a positive control for androgen stimulated gene
expression and was found elevated 5-10-fold (Supp Fig 3). In contrast, neither DHT nor R1881
altered expression of UGDH (Fig 1C and 1D, respectively) or PSA (Supp Fig 4) in AR-negative
PC3M-LN4 cells.

UGDH overexpression stimulates HA production in HEK293 cells

UGDH expression is suppressed by hypoxia and/or chemical elevation of intracellular NADH
(32), factors that additionally influence hyaluronan (HA) and general glycosaminoglycan
metabolism (33), suggesting UGDH provision of precursor UDP-glucuronate may be rate
limiting for these syntheses. We have shown that excess HA production and turnover by
prostate tumor cells can promote tumor growth and angiogenesis (34-36), and that inhibition
of HA biosynthetic enzymes reduces both tumorigenesis and metastatic dissemination (36,
37). Thus, we initially hypothesized that UGDH elevation in normoxic tumor cells would
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dramatically increase HA production and tumorigenic potential. When we transfected LNCaP
cells with human UGDH cDNA (not shown), we detected <2-fold increased UGDH protein in
cell lysates and no effect on HA production. We screened numerous available cell lines and
identified HEK293 cells as a line that expresses very little endogenous UGDH protein and
produces virtually no HA. We transfected HEK293 cells with UGDH alone or in conjunction
with a hyaluronan synthase 3 (HAS3) expression vector to determine whether the expression
of UGDH could stimulate HA production above the level of the HAS3 enzyme alone.
Transfection conditions were optimized to yield equivalent UGDH and/or HAS3 expression
levels (Fig 2A), and conditioned media were evaluated for HA content (36). An inactive point
mutant of UGDH (asp280asn, or D280N (26)) was used as a negative control for the specific
activity of UGDH. Figure 2B illustrates that HEK293 cells transfected with vector (GFP) or
UGDH constructs alone produced virtually no HA (<0.1 pg per 108 cells). As we have seen in
other cell types (35,38), HAS3 transfection alone stimulated HA synthesis ~50-fold. However,
cotransfection with wild-type UGDH increased the yield of HA polymers by an additional 3-
fold, which was not reproduced by the inactive UGDH mutant. Thus, although there is an
existing pool of UDP-glucuronate precursors, elevation of UGDH expression directly
influences the production of HA.

UGDH stimulation does not influence HA production by LNCaP cells

To relate this finding to prostate cancer, we used a LNCaP lineage-derived cell culture model
for loss of androgen dependence. This model was generated by culturing LNCaP cells at a low
passage (designated C33) to ultimate androgen independence in high passage (designated C81)
(39), importantly without altering AR expression (39,40). Whereas UGDH was elevated ~2.5-
fold by DHT treatment in the low passage C33 cells (Fig 3A and Supp Fig 5), no significant
change in UGDH expression was observed in C81 cells, consistent with the results in Figure
1. We additionally performed a time course to compare transcriptional activation of UGDH
expression in C33 and C81 cells. RT-PCR analysis showed that DHT and R1881 stimulation
of UGDH mRNA occurred within two hours, reaching maximal levels by =12 hours,
exclusively in C33 cells (Supp Fig 6). The culture media of these cells were then evaluated for
HA content. Low passage LNCaP cells express HAS3 enzyme but synthesize little to no HA
((27), Fig 3B). In contrast to what we observed for HEK293 cells, no significant change in HA
levels was measured in either C33 or C81 cells upon DHT treatment (Fig 3B), but the baseline
level of HA secretion by the high passage C81 cells was approximately doubled. Thus, HA
synthesis itself is not androgen sensitive, and a 2-3-fold increase in the level of UGDH protein
is not sufficient to promote additional HA production in LNCaP cells.

Androgens are effectively solubilized for excretion by androgen dependent prostate tumor

cells

It has previously been suggested that the expression of UDP-glucuronosyltransferases in
hormone dependent tissues such as the prostate is an autoregulatory mechanism to prevent
sustained cellular response in the presence of large hormone excesses. Since UGDH is also
highly expressed in those tissues, and is needed to provide precursors for UGT isozymes, we
tested whether UGDH elevation by androgens would lead to increased production of androgen
glucuronides. Several metabolites of DHT have been identified in LNCaP previously, including
3a-diol and its glucuronide (28), which are produced in significant quantities. We focused on
DHT-glucuronides, the inactive products of UGT enzymes, as a readout for UGT activity.
Elimination of DHT-glucuronide was increased in a dose dependent manner by DHT (Fig 4A).
At the physiologically relevant concentration of 10 nM DHT, secretion of DHT-glucuronide
occurred at a level six times higher for androgen sensitive C33 cells than for C81 cells.
Significant androgen inactivation by C81 cells was detected only at elevated concentrations of
DHT. Correlation of DHT-glucuronide production with androgen-stimulated UGDH
expression was further examined by exposing cells to the glucuronidation scavenger 4-
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methylumbelliferone (4MU (41)). Inclusion of 4MU had no effect on DHT-glucuronide levels
of androgen-supplemented C81 culture media, but reduced the levels in C33 media by 35%
(Fig 4B). UGDH expression was not affected by DHT treatment in C81 cells, so the content
of DHT-glucuronide in C81 cultures can be considered basal DHT inactivation. Subtraction
of this amount suggests 4MU competition blocked >50% of the androgen-stimulated DHT
glucuronidation at the subsaturating concentration used in our study.

UDP-glucuronosyltransferases UGT2B15 and UGT2B17 are androgen suppressed

Androgen glucuronidation is dependent on both precursor availability and the activity of UGTS,
so we evaluated the effect of DHT on expression of the two isozymes expressed in prostate
that use androgen substrates (13,42), UGT2B15 and UGT2B17. Conventional (Fig 5A) and
quantitative real time (Fig 5B) RT-PCR analysis revealed comparable basal expression of both
messages in LNCaP C33 and C81 cells. Both transcripts were reduced >60% in C33 cells by
DHT treatment for 48 hours, but levels in C81 cells were not altered by DHT. This result
provides strong evidence that UGDH activity is the rate limiting factor in solubilization of
excess androgen from prostate tumor cells. Expression of hyaluronan synthase isozymes HAS2
and HAS3, previously shown elevated in highly metastatic PC3M-LN4 prostate tumor cells
relative to poorly tumorigenic LNCaP cells, was unaltered by androgen starvation or DHT
treatment (Fig 5A,5C) in C33 and C81 cells, consistent with unaffected HA production in these
conditions (Fig 3C). However, as suggested by the doubled HA production in C81 cells relative
to C33 cells, quantitative RT-PCR did reveal ~3.5-fold greater HAS3 expression in C81 cells,
irrespective of culture conditions.

Excess availability of androgens increases proliferation rate of androgen dependent prostate

tumor cells

Altered growth kinetics of LNCaP C33 and C81 cells have been previously quantified (39,
40). To determine whether androgen elimination resulting from UGDH provision of
glucuronidation precursors was a contributing factor in these growth differences, we compared
DHT-stimulated growth in the absence and presence of the glucuronate scavenger, 4MU.
Addition of DHT to C33 cells increased their growth rate to that of androgen free C81 cultures,
and also modestly enhanced growth of C81 cells (=10%, Fig 6A). Treatment of cells in
androgen free conditions with 4MU did not affect proliferation rate. Concurrent culture with
DHT and 4MU also did not enhance growth of C81 cells beyond the level of DHT alone.
However, inclusion of this general glucuronosyltransferase substrate in DHT-stimulated C33
cell cultures further increased growth by almost two-fold. Importantly, treatment of cells with
the androgen analogue, R1881, which cannot be modified and inactivated by glucuronidation,
stimulated growth of both C33 and C81 cells to a similar extent as DHT treatment but no further
increase in growth rate occurred in the presence of 4MU (Fig 6B). Collectively, these results
strongly support loss of androgen elimination (i.e.; increased intracellular androgen
availability) as a component in development of androgen independence by prostate tumor cells.

Discussion

Loss of epithelial androgen dependence in prostate cancer progression is a poorly understood
phenomenon, and a source of aggressive recurrent cancer. Potential mechanisms underlying
hormone independent growth of tumor cells may include altered expression of enzymes that
regulate intracellular androgen availability. In this work, we tested the role of UGDH in
provision of precursors for enzymes of the androgen catabolic pathway versus the hyaluronan
biosynthetic pathway shown previously to correlate with metastatic prostate cancer
progression. By comparing androgen dependent and independent cells derived from a common
lineage to aggressive, metastatic cells from a different origin, we have demonstrated that
UGDH is generally expressed in all lines, but the activity of UGDH can be further elevated in
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AR dependent fashion. In androgen sensitive cells, this is insufficient to drive the accelerated
synthesis of HA characteristic of metastatic cells. Instead, androgen dependent cells express
little HA synthase, and UGDH activity contributes dramatically to inactivated androgen
excretion. Furthermore, in the transition to androgen independent growth, the ability to regulate
UGDH expression and androgen inactivation by this pathway is lost, implicating UGDH for
the first time as a novel point of control in hormone-dependent cell growth.

An important aspect of our study is the validation of UGDH as an androgen-stimulated gene
in androgen dependent prostate tumor cells. We found UGDH mRNA elevated by both DHT
and R1881 within two hours, with significant increases in protein evident at 24 hours. These
Kinetics are consistent with previously published microarray data from LNCaP cells in the
absence and presence of DHT (25). In addition, similar kinetics have been reported for PSA
expression, in which case androgen-stimulated gene transcription and de novo protein synthesis
were required (43). Involvement of the AR is further suggested by the failure of DHT or R1881
to impact UGDH levels in PC3M-LN4 cells, which lack AR and PSA expression. Thus, it is
probable that androgens act primarily via AR-mediated transcriptional activation to increase
UGDH levels in low passage LNCaP cells.

As the enzyme catalyzing formation of the rate-limiting precursor for HA biosynthesis in
development, UGDH overexpression was postulated to factor significantly in the excessive
HA accumulation that correlates with numerous human pathologies, including cancer.
Accelerated HA production and turnover have been shown to predict invasive prostate cancer
progression and PSA biochemical recurrence clinically (44), and also to promote prostate
tumorigenesis and spontaneous metastasis in mice (45,46). Consistent with a direct role for
UGDH in regulating HA levels, antagonism of UGDH function in cultured aortic smooth
muscle cells (16) and in human keratinocytes (47) either by sSiRNA or 4MU, respectively, was
shown to reduce HA production significantly in these HA rich cell types. In the current study,
we observed that HA production is not stimulated by androgens in LNCaP cells at low or high
passage, even though HAS3 transcription is elevated in the latter. Moreover, 2.5-fold
stimulation of endogenous UGDH was not sufficient to drive additional HA production in
prostatic cells, though coexpression of HAS3 in HEK293 cells yielded abundant HA
production from the basal UDP-glucuronate pool that was increased upon coexpression of
UGDH and HAS3. Altogether, it is apparent that complex mechanisms act to regulate HA
production and more studies are needed to determine how and when UGDH and HAS function
coordinately.

Glucuronosyltransferases UGT2B15/17 have been knocked down in mice and in LNCaP cell
culture. In mice, which do not abundantly express UGT enzymes, targeted disruption leads to
smaller prostate weight (14). In LNCaP cells, siRNA knockdown modestly reduces
glucuronidation of DHT, leading to an accumulation of active androgens that increases
expression of AR target genes such as PSA (13). On the other hand, a high level of UGT2B15
expression occurring in the human prostate has been reported to correlate with excess
circulating androgen glucuronides (48). These results are consistent with our findings that the
stimulated expression of UGDH protein can drive net increases in glucuronidation through
elevation of available UDP-glucuronate. These modifications occur despite concurrent
reduction of UGT2B15/17 mRNA levels, and only in androgen dependent fashion, since
neither UGDH protein nor UGT2B15/17 mRNA levels are affected in androgen independent
cells of the same lineage. With respect to UGT expression, our results are consistent with prior
reports in which six and eight-day treatment with DHT reversibly suppressed UGT mRNA
levels (4,15). In those studies, DHT-glucuronide levels were also reduced relative to those
measured at our twoday endpoint. This is likely due to residual presence of UGT2B15/17
protein at day two, and is a function of both the length of androgen treatment and the duration
of androgen depletion preceding DHT-glucuronide quantification. The difference in the dose
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response we observed for UGDH stimulation by DHT and R1881 reflects reported differences
in their intracellular stability and further underscores the relevance of the glucuronidation
equilibrium: while R1881 is not modified by glucuronidation (49), DHT can be catabolized
and its effective concentration diminished. Overall, despite suppression of UGT enzymes, the
ability of androgen dependent cells to elevate UGDH and UDP-glucuronate still provides a
mechanism for excess androgen inactivation that is lacking in androgen independent cells.

The general glucuronosyltransferase substrate, 4MU, has been widely used as an inhibitor of
HA synthesis and tumor cell proliferation (41,47,50,51). Its mechanism of action is to serve
as a low affinity competitor for UDP-glucuronate, diverting it from its normal biosynthetic
pathways into UGT-mediated detoxification. As such, it is highly cytotoxic and dose responses
are cell type specific. Whereas the administered concentrations for HA synthesis inhibition are
on the order of 0.1-0.5 mM in fibroblasts and keratinocytes, we found these amounts were toxic
to both androgen dependent and independent prostate tumor cells (not shown) and identified
a range of 1-10 uM as their threshold, which is probably dictated by their total UGT isoform
expression. At this dose, treatment had no effect on DHT solubilization or growth rate of
androgen independent cells, but significantly antagonized DHT elimination and thereby
enhanced DHT-stimulated growth of low passage androgen dependent cells. These results raise
the possibility that scavenger competitions occur during chemotherapeutic treatments.
Xenobiotics may increase androgen potency in the prostate by placing demand on the UDP-
glucuronate pool for xenobiotic inactivation, thereby effectively increasing bioactive androgen
levels and further suppressing UGT. The long-term outcome could be enhanced androgen-
mediated cell growth in the presence of less and less androgen, as well as more permanent
suppression of genes involved in androgen clearance.

The phenomena described here may be a significant underlying factor in aggressive relapse of
prostate cancer following androgen ablation therapy in human patients. AR mediated activation
of cell proliferation has been shown to be dose responsive (52). Although AR expression is
unchanged in the low and high passage LNCaP cells, altered proliferation response suggests
differential ligand-dependent AR activity. This could be a manifestation of AR sensitivity to
specific intracellular androgen concentrations, since cells treated with identical amounts of
DHT responded with significant differences in rates of glucuronidation. Loss of ability to
increase UGDH expression in response to androgens may be selected as a cellular adaptation
for tumor cells to preserve individual androgen stores. Metastatic human prostate tumor cells
in patients with castration resistant disease have been shown to contain more androgen than
cells in primary tumor tissue and to express higher levels of enzymes involved in intracrine
androgen synthesis. Thus, consistent with results of our study and others, tumor cells exhibit
survival mechanisms that sustain androgen dependent signaling pathways in the absence of
systemic androgen by optimizing local synthesis and retention (53). Additional studies are
underway to determine the implication of UGDH control in prostate cancer.
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UGDH, UDP-glucose dehydrogenase; UGT, UDP-glucuronosyltransferase; HA, hyaluronan;
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lucuronide; AR, androgen receptor; PSA, prostate specific antigen; 4MU, 4-

methylumbelliferone.

References
1

.Jemal A, Siegel R, Ward E, et al. Cancer statistics, 2008. CA Cancer J Clin 2008;58:71-96. [PubMed:
18287387]

. Pienta KJ, Smith DC. Advances in prostate cancer chemotherapy: a new era begins. CA Cancer J Clin
2005;55:300-18. [PubMed: 16166075]quiz 23-5

. Nelson EC, Cambio AJ, Yang JC, Lara PN Jr. Evans CP. Biologic agents as adjunctive therapy for
prostate cancer: a rationale for use with androgen deprivation. Nat Clin Pract Urol 2007;4:82-94.
[PubMed: 17287869]

. Guillemette C, Hum DW, Belanger A. Regulation of steroid glucuronosyltransferase activities and
transcripts by androgen in the human prostatic cancer LNCaP cell line. Endocrinology 1996;137:2872—
9. [PubMed: 8770908]

. Flores E, Bratoeff E, Cabeza M, Ramirez E, Quiroz A, Heuze |. Steroid 5alpha-reductase inhibitors.
Mini Rev Med Chem 2003;3:225-37. [PubMed: 12570838]

. Labrie F, Luu-The V, Labrie C, Simard J. DHEA and its transformation into androgens and estrogens
in peripheral target tissues: intracrinology. Front Neuroendocrinol 2001;22:185-212. [PubMed:
11456468]

. Occhiato EG, Guarna A, Danza G, Serio M. Selective non-steroidal inhibitors of 5 alpha-reductase
type 1. J Steroid Biochem Mol Biol 2004;88:1-16. [PubMed: 15026079]

. Chouinard S, Pelletier G, Belanger A, Barbier O. Cellular specific expression of the androgen-
conjugating enzymes UGT2B15 and UGT2B17 in the human prostate epithelium. Endocr Res
2004;30:717-25. [PubMed: 15666817]

. Chouinard S, Pelletier G, Belanger A, Barbier O. Isoform-specific regulation of uridine diphosphate-
glucuronosyltransferase 2B enzymes in the human prostate: differential consequences for androgen
and bioactive lipid inactivation. Endocrinology 2006;147:5431-42. [PubMed: 16887906]

10. Tukey RH, Strassburg CP. Human UDP-glucuronosyltransferases: metabolism, expression, and

1

1

1

disease. Annu Rev Pharmacol Toxicol 2000;40:581-616. [PubMed: 10836148]

1. Park J, Chen L, Ratnashinge L, et al. Deletion polymorphism of UDP-glucuronosyltransferase 2B17
and risk of prostate cancer in African American and Caucasian men. Cancer Epidemiol Biomarkers
Prev 2006;15:1473-8. [PubMed: 16896035]

2. Park J, Chen L, Shade K, et al. Asp85tyr polymorphism in the udp-glucuronosyltransferase (UGT)
2B15 gene and the risk of prostate cancer. J Urol 2004;171:2484-8. [PubMed: 15126881]

3. Chouinard S, Barbier O, Belanger A. UDP-glucuronosyltransferase 2B15 (UGT2B15) and UGT2B17
enzymes are major determinants of the androgen response in prostate cancer LNCaP cells. J Biol
Chem 2007;282:33466—74. [PubMed: 17848572]

14. Chouinard S, Yueh MF, Tukey RH, et al. Inactivation by UDP-glucuronosyltransferase enzymes:

1

1

1

The end of androgen signaling. J Steroid Biochem Mol Biol 2008;109:247-53. [PubMed: 18467088]

5. Guillemette C, Levesque E, Beaulieu M, Turgeon D, Hum DW, Belanger A. Differential regulation
of two uridine diphospho-glucuronosyltransferases, UGT2B15 and UGT2B17, in human prostate
LNCaP cells. Endocrinology 1997;138:2998-3005. [PubMed: 9202245]

6. Vigetti D, Ori M, Viola M, et al. Molecular cloning and characterization of UDP-glucose
dehydrogenase from the amphibian xenopus laevis and its involvement in hyaluronan synthesis. J
Biol Chem. 2006

7. Hacker U, Lin X, Perrimon N. The Drosophila sugarless gene modulates Wingless signaling and
encodes an enzyme involved in polysaccharide biosynthesis. Development 1997;124:3565-73.
[PubMed: 9342049]

Cancer Res. Author manuscript; available in PMC 2010 March 15.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wei et al.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Page 10

Hwang HY, Horvitz HR. The Caenorhabditis elegans vulval morphogenesis gene sqv-4 encodes a
UDP-glucose dehydrogenase that is temporally and spatially regulated. Proc Natl Acad Sci U S A
2002;99:14224-9. [PubMed: 12391315]

Walsh EC, Stainier DY. UDP-glucose dehydrogenase required for cardiac valve formation in
zebrafish. Science 2001;293:1670-3. [PubMed: 11533493]

Camenisch TD, Spicer AP, Brehm-Gibson T, et al. Disruption of hyaluronan synthase-2 abrogates
normal cardiac morphogenesis and hyaluronan-mediated transformation of epithelium to
mesenchyme [see comments]. J Clin Invest 2000;106:349-60. [PubMed: 10930438]

Garcia-Garcia MJ, Anderson KV. Essential role of glycosaminoglycans in Fgf signaling during mouse
gastrulation. Cell 2003;114:727-37. [PubMed: 14505572]

Fraser JR, Laurent TC, Laurent UB. Hyaluronan: its nature, distribution, functions and turnover. J
Intern Med 1997;242:27-33. [PubMed: 9260563]

Prydz K, Dalen KT. Synthesis and sorting of proteoglycans. J Cell Sci 2000;113(Pt 2):193-205.
[PubMed: 10633071]

Lapointe J, Labrie C. Identification and cloning of a novel androgen-responsive gene, uridine
diphosphoglucose dehydrogenase, in human breast cancer cells. Endocrinology 1999;140:4486-93.
[PubMed: 10499502]

Nelson PS, Clegg N, Arnold H, et al. The program of androgen-responsive genes in neoplastic prostate
epithelium. Proc Natl Acad Sci U S A 2002;99:11890-5. [PubMed: 12185249]

Easley KE, Sommer BJ, Boanca G, Barycki JJ, Simpson MA. Characterization of human UDP-
glucose dehydrogenase reveals critical catalytic roles for lysine 220 and aspartate 280. Biochemistry
2007;46:369-78. [PubMed: 17209547]

Simpson MA, Reiland J, Burger SR, et al. Hyaluronan synthase elevation in metastatic prostate
carcinoma cells correlates with hyaluronan surface retention, a prerequisite for rapid adhesion to bone
marrow endothelial cells. J Biol Chem 2001;276:17949-57. [PubMed: 11278609]

Guillemette C, Belanger A. Glucuronosyltransferase activity in human cancer cell line LNCaP. Mol
Cell Endocrinol 1995;107:131-9. [PubMed: 7768324]

Zheng Z, Fang JL, Lazarus P. Glucuronidation: an important mechanism for detoxification of benzo
[a]pyrene metabolites in aerodigestive tract tissues. Drug Metab Dispos 2002;30:397-403. [PubMed:
11901093]

Stuhlmeier KM, Pollaschek C. Adenovirus-mediated gene transfer of mutated IkappaB kinase and
IkappaBalpha reveal NF-kappaB-dependent as well as NF-kappaB-independent pathways of HAS1
activation. J Biol Chem 2005;280:42766-73. [PubMed: 16258173]

Pettaway CA, Pathak S, Greene G, et al. Selection of highly metastatic variants of different human
prostatic carcinomas using orthotopic implantation in nude mice. Clin Cancer Res 1996;2:1627-36.
[PubMed: 9816342]

Bontemps Y, Vuillermoz B, Antonicelli F, et al. Specific protein-1 is a universal regulator of UDP-
glucose dehydrogenase expression: its positive involvement in transforming growth factor-beta
signaling and inhibition in hypoxia. J Biol Chem 2003;278:21566—75. [PubMed: 12682078]

Gao F, Okunieff P, Han Z, et al. Hypoxia-induced alterations in hyaluronan and hyaluronidase. Adv
Exp Med Biol 2005;566:249-56. [PubMed: 16594159]

Simpson MA. Concurrent expression of hyaluronan biosynthetic and processing enzymes promotes
growth and vascularization of prostate tumors in mice. Am J Pathol 2006;169:247-57. [PubMed:
16816377]

Simpson MA, Wilson CM, Furcht LT, Spicer AP, Oegema TR Jr. McCarthy JB. Manipulation of
hyaluronan synthase expression in prostate adenocarcinoma cells alters pericellular matrix retention
and adhesion to bone marrow endothelial cells. J Biol Chem 2002;277:10050-7. [PubMed:
11790779]

Simpson MA, Wilson CM, McCarthy JB. Inhibition of prostate tumor cell hyaluronan synthesis
impairs subcutaneous growth and vascularization in immunocompromised mice. Am J Pathol
2002;161:849-57. [PubMed: 12213713]

McCarthy, JB.; Turley, EA.; Wilson, CM., et al. Hyaluronan biosynthesis in prostate carcinoma
growth and metastasis. In: Balasz, EA.; Hascall, VC., editors. Hyaluronan: Structure, Metabolism,
Biological activities, Therapeutic Applications; Chapter 4, Hyaluronan and Tumors. 2005.

Cancer Res. Author manuscript; available in PMC 2010 March 15.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wei et al.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

5L

Page 11

Bullard KM, Kim HR, Wheeler MA, et al. Hyaluronan synthase-3 is upregulated in metastatic colon
carcinoma cells and manipulation of expression alters matrix retention and cellular growth. Int J
Cancer 2003;107:739-46. [PubMed: 14566823]

Lin MF, Meng TC, Rao PS, Chang C, Schonthal AH, Lin FF. Expression of human prostatic acid
phosphatase correlates with androgen-stimulated cell proliferation in prostate cancer cell lines. J Biol
Chem 1998;273:5939-47. [PubMed: 9488733]

Igawa T, Lin FF, Lee MS, Karan D, Batra SK, Lin MF. Establishment and characterization of
androgen-independent human prostate cancer LNCaP cell model. Prostate 2002;50:222-35.
[PubMed: 11870800]

Kakizaki I, Kojima K, Takagaki K, et al. A novel mechanism for the inhibition of hyaluronan
biosynthesis by 4-methylumbelliferone. J Biol Chem 2004;279:33281-9. [PubMed: 15190064]
Turgeon D, Carrier JS, Levesque E, Hum DW, Belanger A. Relative enzymatic activity, protein
stability, and tissue distribution of human steroid-metabolizing UGT2B subfamily members.
Endocrinology 2001;142:778-87. [PubMed: 11159850]

Kim J, Coetzee GA. Prostate specific antigen gene regulation by androgen receptor. J Cell Biochem
2004;93:233-41. [PubMed: 15368351]

Ekici S, Cerwinka WH, Duncan R, et al. Comparison of the prognostic potential of hyaluronic acid,
hyaluronidase (HYAL-1), CD44v6 and microvessel density for prostate cancer. Int J Cancer
2004;112:121-9. [PubMed: 15305383]

Bharadwaj AG, Kovar JL, Loughman E, Elowsky C, Simpson MA. Spontaneous metastasis of prostate
cancer is promoted by excess hyaluronan synthesis and processing. Amer J Pathol. 2008 Accepted
manuscript

Kovar JL, Johnson MA, Volcheck WM, Chen J, Simpson MA. Hyaluronidase expression induces
prostate tumor metastasis in an orthotopic mouse model. Am J Pathol 2006;169:1415-26. [PubMed:
17003496]

Rilla K, Pasonen-Seppanen S, Rieppo J, Tammi M, Tammi R. The hyaluronan synthesis inhibitor 4-
methylumbelliferone prevents keratinocyte activation and epidermal hyperproliferation induced by
epidermal growth factor. J Invest Dermatol 2004;123:708-14. [PubMed: 15373776]

Guillemette C, Hum DW, Belanger A. Levels of plasma C19 steroids and 5 alpha-reduced C19 steroid
glucuronides in primates, rodents, and domestic animals. Am J Physiol 1996;271:E348-53.
[PubMed: 8770030]

Beaulieu M, Levesque E, Tchernof A, Beatty BG, Belanger A, Hum DW. Chromosomal localization,
structure, and regulation of the UGT2B17 gene, encoding a C19 steroid metabolizing enzyme. DNA
Cell Biol 1997;16:1143-54. [PubMed: 9364925]

Nakamura T, Funahashi M, Takagaki K, et al. Effect of 4-methylumbelliferone on cell-free synthesis
of hyaluronic acid. Biochem Mol Biol Int 1997;43:263-8. [PubMed: 9350333]

Nakamura T, Takagaki K, Shibata S, Tanaka K, Higuchi T, Endo M. Hyaluronic-acid-deficient
extracellular matrix induced by addition of 4-methylumbelliferone to the medium of cultured human
skin fibroblasts. Biochem Biophys Res Commun 1995;208:470-5. [PubMed: 7695595]

52. Tararova ND, Narizhneva N, Krivokrisenko V, Gudkov AV, Gurova KV. Prostate cancer cells tolerate

53.

a narrow range of androgen receptor expression and activity. Prostate 2007;67:1801-15. [PubMed:
17935158]

Montgomery RB, Mostaghel EA, Vessella R, et al. Maintenance of intratumoral androgens in
metastatic prostate cancer: a mechanism for castration-resistant tumor growth. Cancer Res
2008;68:4447-54. [PubMed: 18519708]

Cancer Res. Author manuscript; available in PMC 2010 March 15.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Wei et al. Page 12

DHT (nM)_ 0 0.01 0.1 1 10 R1881 (nM) 0 0.01 0.1
- ——— L
p-tub B-tub

[,

= z
[T O 4 -
25 2
o 23
o P
3 Ij “ 11
£ £
) o 1
< o ﬂ 2 g _- i
DHT (nM) 0 0.0 10 R1881 (nM) 0 0.01 041

UGDH UGDH

B-tub D B-tub

2 2
T T
(=] [m]
[O) (O]
2 2
[} [}
§ 1 § 1
] ]
£ £
(o] (o]
[T (1
0 0 : T T T T
0 0.0 . 1 10 i 1 10
DHT (nM) R1881 (nM)

Figure 1. UGDH expression is enhanced by androgens in LNCaP cells

LNCaP (A,B) or PC3M-LN4 (C,D) cells were cultured in androgen-free media for 48 h prior
to addition of DHT (A,C) or R1881 (B,D). After an additional 48 h, soluble lysates were
analyzed by western blot. UGDH expression was quantified by florescence intensity
normalized to B-tubulin signal using Odyssey software and plotted as fold difference (mean +
SEM) with respect to untreated samples (0 nM). Blots represent one experiment analyzed in
triplicate and repeated three times.
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Figure 2. Overexpression of UGDH promotes HA production in HEK293 cells

HEK?293 cells were transfected for 48 h with vectors expressing GFP (negative control), wild-
type UGDH, an inactive point mutant of UGDH (D280N), the HA synthesizing enzyme HAS3,
or cotransfected with UGDH+HAS3, and D280N+HAS3. (A) Western analysis of lysates (top)
probed concurrently with anti-UGDH and anti-tubulin; membrane-enriched fractions probed
for HAS3 (center) or tubulin (bottom). (B) Media of indicated transfectants were analyzed for
HA content by competitive binding assay. One experiment done in triplicate is plotted (mean
+ SEM; *p<0.001), representative of three total repetitions.
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Figure 3. Androgen dependence is required for UGDH elevation in prostate tumor cells but does
not affect HA production

LNCaP C33 and C81 cells were cultured in the absence or presence of 10 nM DHT. (A) Soluble
lysates were analyzed by western blot for expression of UGDH (upper panel) or PSA (lower
panel). UGDH expression was normalized to B-tubulin and plotted as fold difference relative
to untreated controls (mean + SEM; *p<0.01). (B) Conditioned media from triplicate wells of
C33 and C81 cells, cultured with and without DHT were analyzed for HA content and
normalized to manual cell counts (mean + SEM).
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Figure 4. DHT treated C33 prostate tumor cells secrete excess androgen in glucuronidated form
(A) LNCaP C33 and C81 cells were cultured in the absence and presence of DHT for 48 h.
Soluble lysates were analyzed by western blot for UGDH and B-tubulin. Hormone content of
conditioned media was quantified by LC-MS. DHT-glucuronide (DHT-G) levels were
normalized to cell number in three separate experiments (mean + SD). Statistical significance
was assessed by t-test for differences between untreated and DHT treated media, as well as
those between C33 and C81 media at each DHT concentration, indicated by bars. *p<0.01. (B)
DHT-G levels were quantified in 48h conditioned media of cells treated with DHT (10nM) in
the absence or presence of 4AMU (1uM). Results of triplicate experiments were normalized to
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the mean DHT-G content of C33 androgen supplemented media. Mean £ SD is plotted; *
p<0.01.
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Figure 5. Expression of UDP-glucuronosyltransferases (UGT) is significantly reduced while HA
synthase (HAS) is unaffected by androgen treatment

Total RNA from LNCaP C33 and C81 cells cultured in the absence and presence of 10nM
DHT for 48 h was analyzed by conventional RT-PCR (A) and quantitative real-time PCR for
UGT2B15 and UGT2B17 (B) or HAS3 (C). Mean £ SD is plotted; *p<0.01.
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Figure 6. Androgen sensitivity of C33 and C81 proliferation

LNCaP C33 and C81 cells were seeded in androgen depleted media. (A) After 48 hrs, media
were removed and replaced with the same media containing vehicle only (control, filled
diamonds), 1uM 4MU (open triangles), 10 nM DHT (filled squares), or both DHT and 4MU
(open circles). In (B), R1881 (0.1nM) was used instead of DHT. Absorbance (440 nm) was
measured daily in replicate plates following 4 h incubation with WST-1. Mean + SD is plotted.
* p<0.01 for control versus DHT or R1881 treated cells; **p<0.01 for DHT+4MU treated cells
relative to DHT treatment only.
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