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Prostaglandin E2, which is known to contribute to
cancer progression, is inactivated by the catabolic en-
zyme, 15-hydroxyprostaglandin dehydrogenase (PGDH),
which has tumor-suppressor activity in lung, colon,
breast, and gastric cancers. Therefore, we evaluated the
expression of PGDH in human bladder cancer tissue
specimens and cell lines. Immunoperoxidase staining
of bladder cancer tissues demonstrated that (1) PGDH is
highly expressed by normal urothelial cells but (2) re-
duced in many low stage (Ta/Tis) bladder cancers, and
(3) PGDH is completely lost in most invasive bladder
cancers. Of eight cancer cell lines tested, only two rela-
tively well-differentiated bladder cancer cell lines, RT4
and UM-UC9, expressed PGDH. Moreover, inhibition of
PGDH expression in well-differentiated RT4 cells using
small inhibitory RNA or short hairpin RNA resulted in a
more aggressive phenotype with increased motility and
anchorage-independent growth. Additionally, PGDH
knockdown affected prostaglandin E2 signaling as mea-
sured by cAMP generation. These data indicate that loss
of PGDH expression contributes to a more malignant
bladder cancer phenotype and may be necessary for
bladder cancer development and/or progression. (Am J
Pathol 2010, 176:1462–1468; DOI: 10.2353/ajpath.2010.090875)

Inflammation has long been recognized as linked to can-
cer development and progression.1–3 Prostaglandins are
part of the inflammatory milieu. One type of prostaglan-

din, prostaglandin E2 (PGE2), has been shown to con-
tribute significantly to carcinogenesis.4,5 Many authors
have examined the synthesis of PGE2 by the inducible
enzyme, cyclooxygenase 2 (COX2). Indeed, COX2 is
up-regulated in many cancers,6 including bladder can-
cer.7 However, specific therapeutic inhibition of COX2
can result in cardiovascular toxicities.8 An alternative ap-
proach to regulating tumor PGE2 is to increase PGE2
breakdown.

PGE2 catabolism is mediated by 15-hydroxyprostag-
landin dehydrogenase (PGDH).9 PGDH expression has
been shown to regulate PGE2 levels in lung cancer.10

PGDH expression is reduced in colon, breast, gastric and
lung cancers, and restoration can inhibit tumorigenesis in
xenografts, thus PGDH is recognized as a tumor suppres-
sor in those cancers.11–15 Therefore, PGDH is important for
regulating cancer development and progression.

Studies on PGDH expression in the urinary bladder
have been limited. Celis et al16 showed that PGDH ex-
pression is reduced in bladder cancers by using a pro-
teomics approach. More recently, a study of mouse blad-
der cancer chemical carcinogenesis showed that COX2
expression was increased while PGDH levels reduced as
bladder cancers developed.17 Work from our laboratory
showed that small inhibitory RNA (siRNA) inhibition of
PGDH expression in the well-differentiated RT4 human
bladder cancer cell line disrupts E-cadherin complex
assembly.18 Thus, a more detailed study of PGDH
expression in bladder cancer is warranted. In this re-
port, we document the loss of PGDH expression early
in bladder cancer progression and evaluate the bio-
logical effects of inhibiting PGDH expression on PGE2
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signaling, catabolism, cell motility, and anchorage-in-
dependent growth.

Materials and Methods

Cell Culture

Bladder cancer cells were developed in our laboratory
or obtained from the American Type Culture Collection
(Manassas, VA) and were cultured in Dulbecco’s mod-
ified Eagle’s medium containing 10% of fetal calf serum
and antibiotics, as previously described.19

Immunostaining

Tissues were obtained from surgical resections and/or
cystectomies after informed consent. Some of the stain-
ing was performed on a tissue microarray prepared by
the tissue procurement core of the University of Michigan
Cancer Center. Antibodies were prepared by a commer-
cial source (Affinity BioReagents, Golden, CO) by immu-
nizing of rabbits with a KLH-conjugated 21 amino acid
peptide for the C-terminal sequence of human PGDH as
previously described.18 Immunostaining was performed
as previously described.18 Antibody staining was evalu-
ated by a pathologist (L.P.K.). The results are reported as
an intensity score, combining the strength of antibody
staining (1 � negative, 2 � weak, 3 � moderate, and 4 �
strong) multiplied by an estimate of the percentage of
tumor staining. Thus the results are expressed in a range
from 0 to 400.

Western Blotting

Cell lysates were prepared by homogenized cells directly
in the wells with cell lysis buffer (150 mmol/L of NaCl, 10
mmol/L of Tris-HCl, pH 7.2, 0.5% of Na-deoxycholate, 5
mmol/L of EDTA, and 0.1% of NP40) supplemented with
protease inhibitors (Sigma-Aldrich, St Louis, MO) and
cleared by centrifugation at 10,000 rpm at 4°C for 5
minutes. Equal amounts of protein were electrophorecti-
cally separated on 8% to 16% of SDS-polyacrylamide gel
electrophoresis and transferred onto nitrocellulose mem-
brane. The membrane was blocked with 5% skim milk in
Tris-buffered saline with 0.1% of Tween-20 (TBST) at 4°C
overnight with constant shaking. The next day, the mem-
brane was incubated with anti-PGDH antibody at 1:5000
dilution in 5% milk/TBST at room temperature for 2 hours.
This PGDH antibody was the same one used for immu-
nostaining. After three washes with TBST, the membrane
was incubated with horseradish peroxidase-conjugated
anti-rabbit antibody (Cell Signaling, Danvers, MA; 1:5000
in 5% milk/TBST) at room temperature for 1 hour, followed
by three washes using TBST. The membrane was then
developed by using Immobulon Western chemilumi-
nescent substrate (Millipore, Billerica, MA) and was
exposed to X-ray film.

PGDH siRNA

Diced siRNA pool was synthesized by using the
BLOCK-iT complete Dicer RNAi kit (Invitrogen, Carlsbad,
CA) as previously described.18 PGDH siRNA 9115 and
9027 were purchased from Ambion (Austin, TX). RT4
cells were transfected with PGDH and/or control siRNA
by using lipofectamine 2000 (Invitrogen) in 6-well plates.
SiRNA (4 �g in 250-�l media) was mixed with 20 �l of
lipofectamine 2000, incubated at room temperature for
20 minutes, and added into each well. Fresh media was
added 24 hours after each transfection.

PGDH Short Hairpin RNA Lentivirus

On the basis of the results of transient PGDH knock-down
experiment in RT4 cells using the Ambion PGDH specific-
siRNA, the sequences of 9027 and 9115 were used for
PGDH short hairpin RNA (shRNA) construction at the Uni-
versity of Michigan Cancer Center Vector Core. The oligos
containing sequences of 9027 and/or 9115 siRNA were
ordered from Invitrogen. These oligos also contain the se-
quences required for efficient transcription, for loop struc-
ture formation, as well as BglII and HindIII site overhang on
each end for cloning. Their sequences are as follows: for
9027, the forward oligo is 5�-GATCCCCGGTGAAGGCG-
GCATCATTATTCAAGAGATAATGATGCCGCCTTCACC-
TTTTTGGAAA-3� and the reverse oligo is 3�-GGGCCA-
CTTCCGCCGTAGTAATAAGTTCTCTATTACTACGGCGG-
AAGTGGAAAAACCTTTTCGA-5�; for 9115, the forward
oligo is 5�-GATCCCCGGGAATTCATTTTCAAGACT-
TCAAGAGAGTCTTGAAAATGAATTCCCTTTTTGGAAA-3�
and the reverse oligo is 5�-GGGCCCTTAAGTAAAA-
GTTCTGAAGTTCTCTCAGAACTTTTACTTAAGGGAAAAA-
CCTTTTCGA-3� (sequences representing 9027 and/or
9115 siRNA are bolded and italicized). The oligos were
resuspended in 1X annealing buffer from Invitrogen to final
concentration of 3 �g/ml. Forward and reverse oligos (10
�g each) were placed in a boiling water bath for 3 minutes
and allowed to cool down at room temperature for 2 hours
to anneal. The resulting double-stranded oligos were first
cloned onto pSUPER5 vector via BglII and HindIII sites. The
resulting plasmids were then digested with XbaI and XhoI to
obtain an XbaI-XhoI fragment containing the siRNA se-
quences, which were then subcloned onto pFG12 vector to
yield pFG12-9027 and/or pFG12-9115.

To produce the lentiviruses, HEK 293T cells were
transfected with pFG12, pFG12-9027, and/or pFG12-
9115 separately along with pRCE, pHCMV, and pRSV
Rev. Cells were incubated at 37°C/5%CO2 for 2 days.
The media containing the virus was collected and filtered
through a 0.45-�m syringe filter separately, to which final
concentration of 28 �mol/L of chloroquinone was added.
The media was mixed well and added onto the RT4 cells
that have been seeded a day before, and the media was
incubated at 37°C/5%CO2 for 4 hours. Chloroquinone
containing media was then replaced with fresh media.
RT4 cells were incubated at 37°C/5% CO2 for 2 to 3 days.
Green fluorescent protein expressing cells, an indication
of lentiviral infection, were sorted and collected by flow
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cytometry. These cells were called empty vector (EV),
9027, and/or 9115, respectively. The knock-down effect
of shRNA was verified by both PGDH RT-PCR and West-
ern blotting.

Prostaglandin E2 Metabolism Assay

A commercially available enzyme immunoassay was
used to evaluate prostaglandin E2 metabolism following
the manufacturer’s instructions (Cayman Chemical, Ann
Arbor, MI) as previously described.18

cAMP Generation

cAMP levels after prostaglandin E2 stimulation were eval-
uated by using a commercially available kit (Cayman
Chemical) following the manufacturer’s instructions.

Wound Healing Migration Assay

To evaluate cell migration, a monolayer scrape “wound
healing” model was used.20 Cells were plated into a
24-well plate 1 day after the second transfection with
siRNA. The cells were serum-starved overnight. A wound
was generated in the monolayer in a 24-well plate by
using a 1-ml pipette tip. After scraping, fresh serum-
containing media was added and the cultures were in-
cubated at 37°C/5% CO2 and monitored for cell motility
into the wound. Pictures were taken at different time
points to document the rate of wound healing, and mi-
gration was quantitated by image analysis (NIH Image J).

Anchorage-Independent Growth Assay

Soft agar assays were performed as previously de-
scribed.21 Briefly, dishes were coated with a 1:1 mixture
of appropriate medium for the cell line being studied and
1% of Bactoagar (Difco, BD Biosciences, Franklin Lakes,
NJ). Cells were plated at 1 � 105 cells/well in a 1:1
mixture of appropriate medium and 0.3% of Bactoagar.
Cells were fed three times over 1 week and stained with
500 �g/ml of �-iodonitrotetrazolium violet (Sigma-Aldrich)
overnight. Colonies of different sizes were counted by
using an Accucount 10000 (BioLogics, Gainesville, VA)
and were photographed.

Statistical Analysis

Statistical analysis was performed by using computer
software programs (SAS, SAS Institute, Carey, NC;
SigmaStat 3.5, Systat Software, Inc, Port Richmond,
CA). Differences were considered significant at the
P � 0.05 level and were indicated with asterisks in fig-
ures. Error bars on figures represent �1 SD. All assays
were performed at least in duplicate and were replicated
at least twice.

Results

Expression of PGDH is Lost Early in Bladder
Cancer Progression

Immunohistochemical staining was performed on a se-
ries of normal human bladder and ureter samples as well
as bladder cancer tissues, as shown in Figure 1, A–E,

Figure 1. Immunoperoxidase staining of human bladder cancer tissues with PGDH antibodies. A: Bladder carcinoma in situ (CIS/Tis) showing loss of expression
in the tumor compared with strong expression in adjacent normal urothelium (black arrow). B: Superficial Ta bladder cancer showing very patchy expression.
C: T1 bladder cancer (white arrow) showing loss of expression, with the overlying and surrounding normal urothelium strongly positive (black arrow). D:
Invasive bladder cancer showing greatly reduced PGDH staining in tumor (marked with white T). E: Box plot. Results for staining intensity are presented as box
plots. The endpoints (whiskers) represent the minimum and maximum observations, while the box stretches from the 25th to the 75th percentiles. The line in
the middle of the box is the median and the plus sign is the mean. Strong staining in normal samples is significantly different from all tumor groups (P � 0.01).
Superficial Ta staining is greater than carcinoma in situ (CIS) and invasive bladder cancer samples (P � 0.01).
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and summarized in Table 1. As previously reported,18

PGDH is strongly expressed in normal urothelium in a
manner consistent with increased differentiation; that is,
strongest expression is in the most differentiated urothe-
lial cells at the bladder lumen, and reduced expression is
in less differentiated cells near the lamina propria. Re-
duced and patchy PGDH expression was noted in non-
invasive bladder cancers (stages Ta and Tis/carcinoma
in situ). Most invasive bladder cancers showed little or no
staining. These results are statistically significant (P �
0.001 by �2 test).

The box plot shows six summary statistics for staining
of the normal tissues and tissues from the four groups
with cancer. The PGDH distributions for the four groups
with cancer are very different from the PGDH distribution
for the normal group. The mean PGDH level is lower for all
four cancer groups than it is for the normal group. The
variability of the PGDH level is much higher among the
cancer groups than for the normal group. The absence of
a box for the normal group indicates that the interquartile
range is zero—both the 25th and 75th percentiles are
400. There is no overlap in the boxes for the normal group
compared with the cancer group. This result indicates
that none of the normal samples exhibited a loss of PGDH
as large as that found in the cancer groups. Compared
with normal tissue, samples from the all cancer groups
were statistically significantly lower (P � 0.01, Mann-
Whitney U test). Additionally, the superficial (Ta) cancer
tissues had significantly higher staining than the other
cancer tissue samples (P � 0.01, Mann-Whitney U test).
Finally, the metastatic group was significantly higher than

the invasive group (P � 0.01, Mann-Whitney U test). The
other groups were not significantly different from each
other. These data are consistent with metaanlysis (Onco-
mine) of bladder cancer gene profiling studies as shown
in Figure 2, B–D, showing a significant loss of PGDH
mRNA expression from samples representing bladder
cancer tumor progression in three separate studies.22–24

PGDH Expression in Human Bladder Cancer
Cell Lines

A series of human bladder cancer cell lines were tested
for PGDH expression by Western blotting, as shown in
Figure 2A. Of the eight cell lines tested, only two, RT4 and
UM-UC9, show expression of PGDH; RT4 shows strong
expression, whereas UM-UC9 is weakly positive. RT4 is
recognized to be a very well differentiated cell line,18,19,25

and UM-UC9 shows some differentiated characteris-
tics,19 whereas the other cell lines in the panel are poorly
differentiated. These data are consistent with our previ-
ous studies indicating the PGDH expression is associ-
ated with urothelial differentiation.18

Effects of PGDH Knockdown in RT4 Cells

In our previous studies, we used siRNA to transiently
knock down PGDH expression in RT4 cells.18 In that
report, we showed that PGDH levels and prostaglandin
E2 metabolism were reduced after siRNA transfection.
We evaluated the migration of control cells with PGDH
expression and siRNA treated cells by using the wound
healing model.20 As shown in Figure 3A, cells treated
with PGDH siRNA showed increased wound healing,
whereas control cells (either parental RT4 or RT4 cells
transfected with control sequences) showed statistically
significantly less migration into the wound area (P �
0.001, t-test).

To establish long-term cells with PGDH knockdown,
we used a shRNA method via lentivirus infection. As
shown in Figure 3B, RT4 cells infected with shRNA with

Table 1. PGDH Immunostaining in Bladder Cancer Samples

Staining score

Tissue 0–100 101–200 201–300 301–400

Normal 0 1 2 16
Tis 9 0 3 0
Superficial (Ta) 4 11 9 13
Invasive (T1-4) 53 14 2 4
Metastases 11 4 4 3

Figure 2. Cell line expression of PGDH and Oncomine results. A: PGDH protein expression in bladder cancer cell lines (Western blot) is shown. Actin staining
in the lower panel is to demonstrate equal protein loading in each lane. Only two cell lines, RT4 (well-differentiated) and weakly UM-UC9 (moderately
differentiated), show expression of PGDH. Other negative cell lines are poorly differentiated. B: Oncomine metaanalysis of RNA expression result from Dyrskjøt
et al.23 PGDH RNA levels were significantly lower in higher stage invasive T1 and T2 tumors compared with superficial Ta bladder cancers (P � 6.9 � 10�13 by
t-test). C: Oncomine metaanalysis of RNA expression from Stransky et al.24 PGDH RNA levels were significantly lower in samples from more invasive tumors (P�
5.8 � 10�8). D: Oncomine metaanalysis of RNA expression from Blaveri et al.22 PGDH RNA levels were significant lower in samples from more invasive tumors
(P � 2.1 � 10�5).
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the 9027 or 9115 sequences have reduced expression of
PGDH by Western blotting, whereas cells infected with
virus without insert (EV) or parental uninfected RT4 cells
continue to show high PGDH expression. PGDH knock-
down with shRNA also significantly reduced PGDH en-
zymatic function, as shown in Figure 3C, that the 9115
and 9027 lentivirus infected cell lines produce fewer
PGE2 metabolites, whereas the control parental and EV-
infected RT4 cells maintain metabolic activity. Addition-
ally, loss of PGDH expression enhanced signaling re-
sponses to PGE2 as shown by increased generation of
cAMP in 9027 lentivirus-infected cells compared with the
EV control (Figure 3E). Anchorage-independent growth
was evaluated in the lentivirus infected RT4 cells, as
shown in Figure 3D. PGDH knockdown 9115 and 9027
RT4 cells show increased growth in soft agar, whereas
parental uninfected RT4 or control EV-infected cells show
minimal growth.

Discussion

Our findings indicate that loss of PGDH expression con-
tributes to bladder cancer progression. Inhibition of

PGDH in the well-differentiated RT4 cell line increased
two parameters associated with cancer aggressiveness:
increased motility and anchorage independent growth.
Our previous study18 showed that siRNA inhibition of
PGDH expression resulted in lack of E-cadherin assem-
bly. E-cadherin is also widely recognized as a tumor
suppressor,26 so that change also reflects increased ma-
lignancy of RT4 after inhibition of PGDH expression. Fur-
ther, loss of PGDH expression correlated with tumor
stage in bladder cancer, and that loss occurs very early
in bladder cancer development. These data are similar to
the proteomic analysis of Celis et al,16 although our im-
munohistochemical study reveals a greater loss of PGDH
expression in minimally-invasive bladder cancers than
was detected by using proteomics. Taken together, these
data strongly support a role for PGDH in regulation of
bladder cancer progression and possibly in cancer initi-
ation. These data are consistent with other reports show-
ing that PGDH acts as a tumor suppressor in breast,
colon, lung, and gastric cancers.11–15 Studies of PGDH
expression in bladder cancer are aided by the fact that
the urinary bladder is an easily accessible organ, and
many tumors in various tumor stages are treated with

Figure 3. Biological effects of PGDH inhibition. A: Migration in a wound healing model after PGDH knockdown with siRNA treatment. HM-LacZ (siRNA control)
cells show sharp “wound” edges, indicating no migration after 5 hours, whereas HM-PGDH knockdown cells have begun to migrate into fill the defect. The graph
shows quantification of migration including Ambion control and 9027 PGDH siRNA knockdown cells. Significantly greater migration was found in the PGDH
knockdown cells (*P � 0.001 by t-test). B: Lentivirus shRNA knockdown of PGDH expression in RT4 cells, shown by Western blotting. RT4 are the parental cells;
EV are RT4 cells infected with virus without insert; 9027 and 9115 represent infection of RT4 with lentivirus containing 9027 or 9115 shRNA sequences. PGDH
protein levels are reduced in both knockdown cell types. C: PGDH activity in PGDH shRNA knockdown cells. PGDH enzymatic activity is reduced in the RT4
shRNA lentivirus infected knockdown cells (*P � 0.001 by one-way analysis of variance; reduction in 9027 and 9115 compared with EV, P � 0.014 by multiple
comparison using the Holm-Sidak method). D: Anchorage-independent growth in control and PGDH shRNA knockdown cells. Inset indicates the colony size.
PDH shRNA lentivirus knockdown cells 9027 and 9115 show significantly greater growth in soft agar (*P � 0.05 by Mann-Whitney U test). E: cAMP responses to
PGE2 stimulus in control and shRNA knockdown cells. PGDH shRNA lentivirus knockdown 9027 cells respond to PGE2 stimulus at 10 minutes by generation of
cAMP, whereas parental EV cells show no stimulation. Results between EV, 9027 unstimulated and 9027 after PGE2 stimulation were statistically significant (*P �
0.014 by multiple comparison Holm-Sidak method).
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surgical resection.27 Thus, studies of bladder cancer al-
low more detailed evaluation of changes during cancer
development.

We also observed a re-expression of PGDH in some
bladder cancer metastases. Although the number of
these samples is small (n � 22), staining revealed a
subset with significant PGDH staining. The phenome-
non of genes/proteins with reduced expression in pri-
mary tumors and re-expression in metastases has
been observed in other cancers. For example, al-
though expression of E-cadherin (a tumor suppres-
sor)26 is lost or reduced in primary prostate cancers,
E-cadherin is re-expressed in most tumors at metastatic
sites.28 Because PGDH expression is epigenetically reg-
ulated through methylation and histone deacetylation, as
well as by transcriptional repressors such as snail,29

re-expression may reflect either clonal selection or re-
lease of epigenetic repression. In any case, PGDH ex-
pression does not appear to prevent bladder cancer
growth at metastatic sites.

In previous studies, the biological effects of PGDH
expression implied an impact on PGE2 signaling, al-
though a direct effect had not previously been demon-
strated. In fact, previous work has suggested that the
inhibition of tumor growth by PGDH expressing cells was
due more to a regional effect of PGE2 reduction, such as
reduced angiogenesis, and less on the direct effects on
tumor cells.11 Tumor PGDH expression clearly affects the
tumor milieu, as shown by reduction of PGE2 levels in
lung cancers10 and alteration of antitumoral immune re-
sponses.30 In our study, we show that PGDH knockdown
in 9027 shRNA lentivirus-infected RT4 cells permitted
PGE2 signaling as measured by cAMP generation,
whereas signaling was suppressed in the PGDH-ex-
pressing parental lines (Figure 3E). Therefore, PGDH
also has a direct impact on PGE2 signaling in cancer
cells as well as effects on local concentrations (and
effects) of PGE2.

The significant loss of PGDH expression early in blad-
der cancer development also supports the potential use
of PGDH expression in bladder cancer diagnosis. As
shown in the box plot for the staining intensity (Figure 1E),
there is a clear, statistically significant separation be-
tween the normal samples and any of the cancer sam-
ples. The identification in tissue specimens or cytology of
cytokeratin positive, PGDH negative epithelial cells would
be a strong indicator for the presence of bladder cancer.

Our data on PGDH expression in bladder cancer, com-
bined with previous work showing that PGDH is a tumor
suppressor in lung, breast, and colon cancers, support
the concept that restoring PGDH expression is an impor-
tant therapeutic opportunity. Our finding that PGDH ex-
pression is lost earlier in cancer progression that was
previously shown also suggests that PGDH restoration
may be a valuable target for chemoprevention. Other
laboratories are investigating additional agents that may
drive or restore PGDH expression in cancer, such as
vitamin D.31 Indeed, a recent report has shown that
PGDH expression is an important component for a ther-
apeutic response to COX2 inhibitors in a colon cancer
clinical trial.32

Bladder cancers present an exceptional opportunity
for chemoprevention or therapeutic targeting of PGDH
expression.33 The bladder functions as a storage vessel
for urine, so that therapeutic agents are often directly
delivered to the bladder (intravesical delivery).27,34 Ad-
ditionally, patients with superficial bladder cancers are
known to be at risk for bladder cancer recurrence and are
monitored frequently in the first year after treatment.27,34

Thus, the clinical management of early stage bladder
cancer presents an unusual opportunity to attempt a
chemotherapeutic intervention to reduce recurrence.

In the most recent projections, over 68,000 new blad-
der cancer cases and over 14,000 deaths due to bladder
cancer were estimated for 2008.35 Further, because su-
perficial bladder cancers have a long clinical course, the
total bladder cancer prevalence is much higher and is
thought to be around 500,000 patients in the United
States.36 Additionally, bladder cancer is among the cost-
liest cancers to manage, due not only to treatment costs
but also to surveillance.36 The identification of the loss of
PGDH in bladder cancer confirms the broader impor-
tance of this pathway for PGE2 regulation and as a ther-
apeutic target.
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