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Abstract Adrenomedullin (ADM) is a potent, long-last-
ing angiogenic peptide that was originally isolated from
human pheochromocytoma. ADM signaling is of particular
significance in endothelial cell biology because the peptide
protects cells from apoptosis, and ADM has been shown to
be pro-tumorigenic in that it stimulates tumor cell growth
and angiogenesis. ADM may be involved in micro-vessel
proliferation and partially in the release of hypoxia in solid
tumors, contributing to the proliferation of tumor cells as
well as local tumor invasion and metastasis. However, the
effect of hypoxia-induced ADM expression in bladder
cancer remains unclear. Here, we found that the levels of
ADM protein in tumor tissue from patients with bladder
urothelial cell carcinoma were significantly increased
compared to the adjacent non-tumor bladder tissues
(»p < 0.01). Under hypoxic conditions, the expression of
ADM was significantly elevated in a time-dependent
manner in human bladder cancer cell lines. Furthermore,
the knockdown of ADM by shRNA in T24 cells showed
obvious apoptosis compared to untransfected controls
(p < 0.0001). In addition, the combination of cisplatin and
ADM-shRNA significantly reduces the tumor growth
in vivo compared to treatment with cisplatin (p = 0.0046)
or ADM-shRNA alone (p < 0.0001). These data suggest
that ADM plays an important role in promoting bladder
cancer cell growth under hypoxia and that the inhibition of
ADM may provide a target for bladder cancer therapy.
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Introduction

Bladder cancer is a common cancer affecting men world-
wide and is associated with high levels of morbidity and
mortality. In the United States, it is estimated that there are
73,510 new cases of bladder cancer, and there were 14,880
deaths in 2012 [1]. The most frequent histologic type is
urothelial cell carcinoma (UCC), accounting for approxi-
mately 90 % of all bladder cancers [2]. Without treatment,
locally advanced or metastatic bladder cancers are fatal.
Before the development of effective chemotherapy, median
survival rarely exceeded 3—-6 months. Most combination
chemotherapy used to treat bladder cancer includes cis-
platin. Unfortunately, disease recurrence is observed in
30-56 % of patients despite improvements in surgery and
chemotherapy [3]. The prognosis for patients with bladder
cancer recurrence following cystectomy is poor. Thus, it is
necessary to identify the risk biomarkers to improve
diagnosis and to explore the novel therapeutic targets for
treatment.

Tumor growth and progression rely on the process of
angiogenesis because tumor cells eventually need an
additional nutrient supply. Angiogenesis and the produc-
tion of angiogenic factors are critical for tumor growth,
invasion and metastasis [4]. Tumor angiogenesis is mainly
triggered by the release of endothelial cell-specific growth
factors from neoplastic cells that stimulate the growth of
blood vessels in the host. The switch depends on the
increased production of one or more positive regulators of
angiogenesis, such as hypoxia-inducible factor-1 (HIF-1),
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which activates the expression of genes involved in the
glycolytic system, angiogenesis and cell survival [5, 6].
Previous studies have demonstrated the importance of
angiogenic factors, such as vascular endothelial growth
factor (VEGF), measured in the urine or in the tumor, in
mediating bladder tumor angiogenesis [7, 8]. This process
clearly involves more than the simple up-regulation of
angiogenic activity and has thus been regarded as the result
of a net balance of positive and negative regulators.

Adrenomedullin (ADM) is a vascular-derived peptide
originally extracted from pheochromocytoma tissue [9].
ADM was later found to be expressed by many body tis-
sues and to play a key role as a mediator of inflammation
via paracrine, autocrine and endocrine mechanisms [10]. In
addition, recent studies have revealed that ADM has a
significant effect in the promotion angiogenesis [11] and
tumor growth [12]. Moreover, ADM mRNA has been
found to be overexpressed in multiple tumor tissues, such
as ovarian cancer [13], prostate cancer [13], breast cancer
[14], pancreatic cancer [15] and hepatocellular carcinoma
[16]. ADM is also implicated in bladder cancer given that
its expression in bladder cancer cell lines is up-regulated
17-fold by hypoxia [17]. However, ADM signaling has not
been extensively explored during bladder cancer progres-
sion, particularly with respect to the induction of hypoxia
and cellular proliferation.

This study therefore aimed to evaluate whether ADM is
overexpressed in bladder cancer and whether down-regu-
lating its expression by RNA interference (RNAi) affects
the growth of bladder cancer cells and tissues.

Materials and methods
Patients and surgical specimens

The study protocol was approved by the Institutional
Review Board of the Cancer Institute of Xinxiang Medical
University, and all of the participants provided their written
informed consent before participation. Bladder tumor
samples from resection specimens were collected from
patients with primary bladder UCC who underwent a
transurethral resection or a total cystectomy at the
Department of Urology, First Affiliated Hospital of
Xinxiang Medical University, between September 2011
and August 2012. The patients were selected based on
distinctive histopathologic diagnosis and availability of
detailed clinicopathologic data. The patients who received
anticancer treatment prior to surgery or who had evidence
of other malignancies were excluded from the study. We
studied a total of 55 patients (34 males and 21 females;
median age 53.2 years, range 35-72 years) from whom
fresh tumor samples coupled with adjacent normal bladder
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tissues were obtained for the analysis. The tumors were
staged according to the 6th edition of the pTNM classifi-
cation of the International Union Against Cancer (UICC,
2002).The patients were divided into four groups as fol-
lows: 21 cases were stage Ta or T1, 16 were stage T2, 11
were stage T3, and 7 were stage T4. The fresh-harvested
tumor tissues were immediately frozen in liquid nitrogen
and stored at —80 °C until use.

Cell culture and reagents

The human bladder cancer cell lines T24, UMUC-3, 253J
and 5637 were obtained from the American Type Culture
Collection (Rockville, MD, USA). The cells were cultured
in DMEM supplemented with 10 % fetal bovine serum,
100 pg/mL penicillin and 100 pg/mL streptomycin at
37 °C in a humidified atmosphere containing 5 % CO,.
The anti-ADM antibody was obtained from Abcam Tech-
nology (Cambridge, MA). The anti-VEGF and anti-HIF-1
antibodies were obtained from Santa Cruz Biotechnology
(Santa Cruz, CA). The anti-GAPDH antibody was obtained
from Cell Signaling Technology (Beverly, MA).

Induction of hypoxia in bladder cancer cells

T24, UMUC-3, 253]J and 5637 cells were seeded in 6-well
plates at a density of 5 x 10* cells/well to allow for an
exponential growth rate. Four groups were included in each
cell line: the 6 h hypoxia group, the 12 h hypoxia group,
the 24 h hypoxia group and a control, non-hypoxia group.
Each group had three wells with identical treatments. Ini-
tially, the 24 h hypoxia group was placed in the hypoxia
condition (1 % O,, 5 % CO, and 94 % N,, at 37 °C); 12
and 18 h later, the 12 h hypoxia group and 6 h hypoxia
groups, respectively, were placed into the same hypoxia
condition. The normal control group was placed into a
normal culture condition in parallel. Twenty-four hours
later, the cells were digested with trypsin, and total RNA
and protein were extracted for further analysis.

Gene silencing in the T24 cell line using ADM-shRNA

Sixth passage T24 cells were seeded in 6-well plates
(1 x 10° cells/well) and allowed to adhere for 24 h before
transfection. Using Lipofectamine 2000 (Invitrogen,
Groningen, Netherlands), the cells were transfected with
plasmids containing shRNA directed against human ADM
(ADM-shRNA) (Santa Cruz, CA, USA) or the non-tar-
geting vector control shRNA (NC-shRNA) (Santa Cruz,
CA, USA). In addition, the copGFP control plasmid (Santa
Cruz, CA, USA) was used to monitor and optimize the
transfection efficiency. At 72-h post-transfection, puro-
mycin (7.0 pg/mL) was added to the culture medium for
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selection and further characterization. The transfection
efficiency was assessed using flow cytometry.

Immunoblot analysis

Cells or tissue samples were lysed for 20 min on ice with
lysis buffer (50 mM Tris—HCIl, pH 7.5; 10 % glycerol; 1 %
NP-40; 0.25 % sodium deoxycholate; 150 mM NaCl;
I mM EDTA; 1 mM EGTA; 1 mM PMSF; 1 pg/mL
aprotinin, leupeptin, and pepstatin; 1 mM NazVO,; 1 mM
NaF) and centrifuged at 14,000 g for 10 min at 4 °C. The
supernatant was collected and the protein concentration
was determined using a Bradford assay (Bio-Rad Labora-
tories, Hercules, CA, USA). The proteins were separated
on a 12 % SDS—polyacrylamide gel and transferred to a
PVDF membrane (Bio-Rad, Hercules, CA). The mem-
branes were then blocked with 5 % skim milk for 1 h and
incubated overnight with the following primary antibodies
(all diluted 1:1,000): anti-ADM (Abcam, ab69117), anti-
VEGEF (Santa Cruz, sc-152), anti-HIF-1o (Santa Cruz, sc-
10790) and anti-GAPDH (Cell Signaling, #2118). Next, the
membranes were incubated with a secondary antibody for
1.5 h at room temperature. Bound antibodies were visual-
ized using a chemiluminescent substrate (ECL, Amersham,
Arlington Heights, IL) and exposed to Kodak X-OMAT
film. Immunoreactive protein bands were quantified using
densitometry with Quantity One (Bio-Rad, Hercules, CA).

RNA extraction and real-time quantitative reverse
transcription-PCR

Total RNA was extracted from cells and tissues using the
RNA iso Plus Kit (Takara, Dalian, China). The quantity of
total RNA was assessed using a Nanodrop-2000 spectro-
photometer (NanoDrop Technologies, Wilmington, DE,
USA) One microgram total RNA was used for first-strand
DNA synthesis using PrimeScript RT reagents Kit (Takara,
Dalian, China), and qPCR was performed using human-
specific primers and a SYBR Green Premix Kit (Takara,
Dalian, China). The following primers were used for
amplification: ADM, forward primer (5-ACTTGGCA
GATCACTCTCTTAGCA-3') and reverse primer (5'-AT
CAGGGCGACGGAAACC-3); VEGF, forward primer
(5'-GCACCCATGGCAGAAGG-3') and reverse primer
(5'-GGGGTACCCCTCACCGCCTCGGCTTGTC-3'); HIF-
Lo, forward primer (5-GAAAGCGCAAGTCCTCAAAG-3')
and reverse primer (5-TGGGTAGGAGATGGAGATGC-3');
and GAPDH, forward primer (5-CAAATTCCATGGCA
CCGTC-3') and reverse primer (5-CCCATCTGATTTTG
GAGGGA-3). For each primer pair, the annealing temperature
was optimized by gradient PCR. The expression of each target

mRNA relative to GAPDH mRNA was calculated based on Ct
as 27AMCY,

Flow cytometry

The extent of apoptosis in T24 cells was assayed by
Annexin V/PI staining. After 72 h of cell growth, T24 cells
stably expressing ADM-shRNA were stained with Annexin
V-FITC and PI using an Apoptosis Detection Kit (Sigma-
Aldrich, St. Louis, MO), according to the manufacturer’s
instructions. T24 cells transfected with nonspecific vector
shRNA were used as the vehicle control. The cells were
counted with a FACSCalibur flow cytometer.

Animal studies

All of the animal experiments were performed in accordance
with a protocol approved by the Institutional Animal Care
and Use Committee (IACUC) .A total of 48 male BALB/c
mice (5-6 weeks old) were randomly divided into six groups
(cisplatin + ADM-shRNA, cisplatin + vector, cisplatin +
PBS, saline + ADM-shRNA, saline + vector, saline +
PBS; n = 8 for each group) to receive subcutaneous injec-
tions of 0.1 mL of T24 cells (atadensity of 1 x 10’ cell/mL)
into their right flanks. Intratumoral administration of 10 pg/
kg of body weight, ADM-shRNA, NC-shRNA or the same
volume of PBS were followed by intraperitoneal injections
of cisplatin (5 mg/kg of body weight) for three of the six
groups. The other three groups were treated with saline as
controls. shRNA, cisplatin, saline or PBS were injected
every three days for 28 days. The mean tumor volume was
measured in three dimensions (a, b, c¢) every 3 days with a
caliper and calculated according to the following formula:
a x b x ¢ x 0.52. At the end of the experiment, the mice
were killed, the tumors were harvested, and tumor proteins
were analyzed by western blot.

Statistical analysis

All in vitro experimental data presented represent at least
three independent experiments and are expressed as the
mean + SEM. The significant differences were evaluated
using one-way analysis of variance (ANOVA) followed by
LSD multiple comparisons tests through using a commer-
cially available software package, SPSS (SPSS Inc., USA).
The results were considered to be statistically significant
when the p value was less than 0.05.

Results
Expression of ADM mRNA and protein in UCC tissues
We first examined ADM mRNA expression levels in

bladder cancer tissues and paired adjacent normal bladder
tissues by quantitative RT-PCR. GAPDH was used as an
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internal control, and the ratio of ADM/GAPDH was used to
reflect the relative mRNA expression level of ADM. As
shown in Fig. la, the relative level of ADM mRNA in
UCC tissues was significantly higher than that in adjacent
normal bladder tissues (Fy 105 = 12.72, p < 0.0001). The
ADM levels in stage T3 and T4 cancer tissues were sig-
nificantly higher than those in normal controls, suggesting
that the expression of ADM is up-regulated in human UCC
tissues, facilitating their growth.

To investigate whether ADM was also elevated at the
protein level, western blot analysis was performed on those
tissues. We found that the relative level of ADM protein in
UCC tissues was significantly higher than that in adjacent
normal bladder tissues (Fy4 105 = 4.332, p < 0.01, Fig. 1b),
which is consistent with the results of the RT-PCR.

Hypoxia-induced ADM, VEGF and HIF-1 expressions
in bladder cancer cells

To investigate whether the hypoxia activates ADM
expression in bladder cancer cells, we measured the mRNA
levels of ADM and certain important cancer-promoting
genes, such as VEGF and HIF-1. Quantitative RT-PCR
showed that the mRNA levels for ADM, VEGF and HIF-1
increased significantly in four bladder UCC cell lines upon
exposure to hypoxic conditions (Fig. 2). Among the three
types of human UCC cell lines, T24 cells appear more
sensitive to the stress of hypoxia (up to 4.11-fold at 24 h of
hypoxia compared to normal controls). See Supplemental
Table 1 for the detailed statistical results.

Generation of T24 cells that stably express ADM-
shRNA

To examine the effect of tumor-derived ADM on bladder
cancer development, we constructed a stable UCC cell line
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Fig. 1 Quantitative RT-PCR detection of ADM protein and mRNA
levels in 55 cases of bladder UCC tissues and adjacent normal bladder
tissues. Twenty-one cases were stage Ta or T1, 16 were stage T2, 11
were stage T3, and 7 were stage T4. GAPDH was used as an internal
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with ADM knockdown. As T24 cells are sensitive to the
stress of hypoxia, lentiviral ADM-shRNA was transfected
into T24 cells. After puromycin selection, the transfection
efficiency was calculated as 87.3 % using flow cytometry
(Fig. 3a). According to real-time quantitative PCR and
immunoblotting, both the ADM protein (F, ;5 = 10.95,
p = 0.0012) and mRNA (F, ;5 = 11.32, p = 0.0022) lev-
els in T24 cells decreased significantly after the transfec-
tion of ADM-shRNA (Fig. 3b). The relative ADM mRNA
expression in cells transfected with ADM-shRNA was
0.32 £ 0.07-fold lower than that in normal T24 cells
(p < 0.01). The expression of ADM was not different
between the vector control cells and untransfected normal
cells. These results reveal that the ADM-shRNA used in
the present study successfully knocks down ADM in T24
cells.

ADM knockdown promotes apoptosis in T24 cells

After 72 h of cell growth, T24 cells stably expressing ADM-
shRNA (mean: 40.11 £ 0.47 % cell death) had significantly
increased cell death rates (F; 14 = 21.09, p < 0.0001; post
hoc, p < 0.0001) relative to the untransfected normal cells
(mean: 12.67 £ 0.29) (Fig. 4). The apoptosis in the vector
control group (mean: 10.02 &+ 0.61 % cell death) showed a
minimum elevation over the normal T24 cells, but this effect
failed to reach statistical significance.

Therapeutic efficacy of the combination of cisplatin
and ADM inhibition on tumor growth in vivo

To investigate whether ADM-shRNA inhibits tumor
growth in vivo, a nude mouse xenograft model of bladder
cancer was established and intratumoral injection with the
ADM-shRNA or control shRNA complex in the tumor
mice was performed. Cisplatin was also administered as a
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control. ADM levels in adjacent normal bladder tissues were set at
100 %. The data are presented as the mean £ SEM. *p < 0.05;
**p < 0.01; and ***p < 0.0001 compared with normal controls
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Fig. 2 Relative mRNA levels of ADM, VEGF and HIF-1 after
hypoxia treatment in a T24, b UMUC-3, ¢ 253J and d 5637 cells. The
normal control group was treated with a normal culture condition in

positive control. As shown in Fig. 5a, the tumor volume of
the ADM-shRNA group from days 25 to the end of the
study was significantly smaller than in the vector control
groups (saline + shADM vs. saline 4 vector, shADM
effect: Fy 11 = 51.6, p <0.0001). Tumor growth was
significantly inhibited in mice injected with cisplatin (cis-
platin + vector vs. saline 4 vector, cisplatin effect:
Fi112 = 85.7, p < 0.0001). When cisplatin treatment was
combined with ADM silencing, tumor growth was inhib-
ited significantly more compared to treatments with cis-
platin treatment alone (cisplatin + shADM vs. cisplatin +
vector, main effect: F; ;;, = 8.35, p = 0.0046). Further-
more, treatment with ADM-shRNA resulted in a significant
decrease in the tumor volume and weight as measured at
the end of the experiment (day 34) compared with the
vector control, and this tumor-inhibiting effect was more
prominent for the combination with cisplatin treatment
(shADM:F, 5 = 1112, p < 0.0001; cisplatin: Fj,5 =
1272, p < 0.0001; interaction: F,3 = 213, p < 0.0001;
Fig. 5b).

Western blot analysis of tumors showed a remarkable
decrease in ADM (Fig. 5c) for tumors treated with ADM-
shRNA. Two-way ANOVA analysis revealed significant
effects for both cisplatin (F 59 = 6.77, p = 0.017) and
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parallel. The data are presented as the mean & SEM. *p < 0.05;
**p < 0.01 and ***p < 0.0001 compared with normal controls

ADM-shRNA (F 59 = 19.1, p = 0.0003) on tumor ADM
expression, with a significant interaction between those two
factors (Fy,0 = 2.66, p = 0.1183). Consistent with the
results of tumor growth, injections of the ADM-shRNA
plasmid significantly suppressed ADM expression in the
tumor tissue (saline + shADM vs. saline + vector,
p < 0.0001).Cisplatin combined with ADM-shRNA sig-
nificantly inhibited tumor ADM expression when com-
pared to treatment with cisplatin alone (cisplatin +
shADM vs. cisplatin + vector, p < 0.05). Our findings
support the hypothesis that the combination of cisplatin and
ADM-shRNA can significantly suppress bladder cancer
tumor growth in vivo.

Discussion

In this study, we have found that ADM is overexpressed in
human bladder cancer tissues and that hypoxia induces
ADM expression, which accelerates cell proliferation.
ADM-shRNA has been successfully constructed and
transfected into T24 cells, which reduced ADM expression.
In addition, the T24 cells have an increased cell death rate
after ADM expression is knocked down by RNAI.

@ Springer
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Fig. 3 T24 cells were
transfected with plasmids
containing ADM-shRNA.

a After selection with
puromycin, the transfection
efficiency in the untransfected
cells was 7.1 % (left) compared
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Fig. 4 Gene silencing of ADM results in an increased apoptosis rate compared to normal T24 cells (left). T24 cells were transfected with vector

shRNA (middle) or ADM-shRNA (right)

Furthermore, the inhibition effect of cisplatin on the tumor
growth in vivo was significantly enhanced by combined
treatment with ADM-shRNA. Therefore, ADM protein
may be a new target for obstructing the growth of tumor
neovascularization and arresting the proliferation of blad-
der cancer cells.

ADM expression has been demonstrated in several
cancer cell lines, including those for brain tumor [18],
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neuroblastoma [19] and lung cancer [20]. In addition, the
expression of ADM and its receptor have been demon-
strated in many human epithelial cancer cell lines of
diverse origins (e.g., lung, colon, ovary, breast, bone
marrow, prostate and cartilage cell lines) [21]. The present
study demonstrates that ADM mRNA expression is higher
in tissue from human bladder cancer than in adjacent
normal bladder tissue. It has also been observed that
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hypoxia can increase the expression of both ADM mRNA
and secreted protein in a variety of tissues [12, 22, 23]. The
increases are at least partly mediated by the activation of
HIF-1 and VEGF [24-26]. The increased expression of
ADM mRNA may result in increased angiogenic activity in
tumor tissues [11, 27]. There is increasing evidence that
angiogenesis is important for bladder cancer invasion and
metastasis [28-31].

VEGEF is well documented as a key angiogenic factor
that plays an important role in mediating bladder tumor
angiogenesis [7, 8] and micro-vessel density. Angiogenesis
is significantly associated with poor outcome in invasive
bladder cancer [28]. In addition, hypoxia is a key micro-
environmental regulatory factor that induces up-regulation
of the expression of both VEGF and its receptors via HIF

Cisplatin

[32]. These findings suggest that genes induced by hypoxia
may be related to the aggressive phenotype of bladder
cancer. Consistent with previous results from Ord and
colleagues [17], our data showed that hypoxia-induced
HIF-1, VEGF and ADM expressions in four types of
human bladder cancer cell lines and that T24 cells were
more sensitive to the hypoxia condition. There is a com-
plex interrelationship between tumor hypoxia and tumor
angiogenesis. Hypoxia is an important stimulus of angio-
genesis, and angiogenesis is closely related to tumor
prognosis. In clinical practice, cases with a high density of
blood vessels have a poor prognosis. Low oxygen levels
activate hypoxia-inducible transcription factors (HIF-1e,
-20, -3a) that bind as heterodimers with HIF-1a onto
hypoxia response elements in the promoter region of
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various genes encoding angiogenesis factors [33]. Tumors
are often hypoxic, and HIFs are generally believed to
promote tumor growth by driving angiogenesis [34].

ADM’s inhibition of tumor growth may result from the
interaction of ADM with tumor micro-vessels. Tumor growth
and progress rely on angiogenesis; tumor cells eventually need
an additional nutrient supply for survival. ADM is up-regu-
lated under hypoxic conditions in tumor cells and could pro-
mote tumor vessel growth by enhancing vascular smooth
muscle cell maturation [10, 35] via the cAMP-dependent
pathway and/or mitogen-activated protein kinase (MAPK) or
PI3 K/Akt signaling [10, 35]. Future studies should clarify the
mechanisms that underlie ADM regulation of hypoxic cell
death in bladder cancer. Because ADM levels have been found
to be correlated with N-cadherin expression, which is an
adhesion molecule involved in the cell migration, invasion
and metastasis of cancer cells [36], the overexpression of
ADM may be a prognostic indicator in bladder cancer.

Given that hypoxia-inducible ADM accelerates bladder
cancer cell growth, we used shRNA against ADM to inves-
tigate whether the inhibition of ADM expression in bladder
cancer cells decreases hypoxia-induced tumor growth. The
suppression of ADM significantly reduced cell proliferation
and increased cell death under hypoxic conditions in the T24
cell line. Similarly, work by other groups has shown the
effectiveness of an exogenous ADM antagonist or RNAi
specific for ADM expression in the reduction of ovarian
cancer cell migration and osteosarcoma cell proliferation
[37, 38]. Furthermore, we found that the combination of
cisplatin and ADM inhibition treatment significantly
decreased tumor growth compared to treatment with cis-
platin or ADM-shRNA alone in mice bearing subcutaneous
tumors, suggesting that ADM inhibition and chemotherapy
exert a synergistic effect on tumor growth.

In summary, this study demonstrates that ADM signaling is
hypoxia inducible and functionally active in bladder cancer.
Furthermore, our findings suggest that the down-regulation of
ADM using RNA:I significantly inhibits bladder cancer cell
proliferation and promotes apoptosis. Combined therapy with
ADM-shRNA and cisplatin further inhibited tumor growth
compared to treatment with cisplatin alone in vivo. Thus,
selectively interfering with ADM signaling may be thera-
peutically efficacious in patients with bladder cancer.
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