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New strategies to treat advanced bladder cancer are urgently required. A patient-derived xenograft (PDX)
model has become a useful tool to evaluate chemotherapeutics and investigate personalized cancer
treatment options. In this study, fresh human bladder cancer specimens (C09303 and C21391) were
transplanted subcutaneously into nude mice to establish PDX models. These models well retained
pathological characteristics and molecular markers of the original tumor. Primary cells derived from
C09303 were cultured and perfused into the bladders of nude mice to establish orthotopic xenograft
models. Evident signals of lung and kidney metastases were detected by whole-body optical imaging.
Gemcitabine displayed a significant therapeutic effect on the subcutaneous or orthotopic xenograft
tumors of C09303. In vitro, matrigel invasion assays showed that C09303 primary culture cells are
remarkably invasive. To study the metastatic properties of C09303, we sequenced the genomes of
C09303 and C21391, and found that the expression of VEGF and CDK4 was significantly upregulated,
and VEGF-knockdown or CDK4-knockdown C09303 cells showed attenuated
migration. This PDX model revealed that VEGF and CDK4 enhanced tumor metastasis behavior,
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Introduction

Bladder cancer has the highest incidence among urinary
malignancies and is one of the top ten most common tumors in
humans.* The standard treatment for advanced bladder cancer
remains radical surgery followed by cisplatin (CDDP)-based
chemotherapy.” Unfortunately, a high proportion of the cases
(50-70%) become metastatic, leading to extremely low survival
rates.® Multiple trials were developed to explore new therapeutic
options for bladder cancer patients. However, few improve-
ments have occurred in the last decades. Consequently, there is
an urgent need for new strategies to treat advanced bladder
cancer.

Establishment of xenograft bladder cancer model mimicking
clinical features would provide an effective tool for drug
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evaluation, biomarker identification, and personalized medi-
cine.* Conventional cell-derived xenograft (CDX) models are
lack of tumor heterogeneity and unable to accurately reflect the
patient's treatment status for assessments of metastatic tumors
and drug sensitivity.” Recently, patient-derived xenograft (PDX)
models established from clinical fresh tumor specimens have
been reported to well maintain the interactions between
components of the tumor microenvironment, but also more
accurately simulates the main features of bladder cancer
patients.*” It provides in-depth information on the tumor
biology and heterogeneity of individual human cancers,® better
represent the complexity of human tumors, and preserve the
primary tumor architecture and gene expression patterns.
Moreover, treatment of a PDX has been shown to reproduce the
clinical outcomes observed in individual patients.” Because
most PDX models are established by subcutaneous trans-
plantation, rare metastases can also occur that differ from those
detected in clinical bladder cancer cases. Thus, we hypothesized
that orthotopic transplantation might more faithfully simulate
the structure and environment of tumor growth, and allow the
tumor cells to metastasis.

Some immune checkpoint inhibitors display promising
results in some bladder cancer cases, part of patients who
shows objective responses to these therapies.'* The molecular
portrait of bladder cancer has identified multiple alterations
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that could be actionable through molecularly targeted thera-
pies.™ Thus, it is especially essential to explore new therapeutic
targets for advanced bladder cancer. Accordingly, in this study,
two PDX models of bladder cancer were successfully estab-
lished. By bladder instillation of the primary culture of tumor
cells from PDX model, we established an orthotopic trans-
plantation model with higher metastasis characteristics. Ther-
apeutic efficacy of intravesical instillation of gemcitabine was
further validated, and the metastasis mechanism was analyzed
at the molecular level by RNA sequencing in order to screen for
novel molecularly therapeutic targets.

Experimental
Clinical specimens

Clinical bladder cancer specimens, C09303 and C21391, were
obtained from the Department of Urology Surgery at Xijing
Hospital. The histological aspect of the specimens were as
follows: C09303, epithelial tumors with low differentiation and
myometrial invasive, and C21391, epithelial tumors with
medium differentiation and non-muscle invasive. The use of
human tissue specimens was approved by the institutional
review board (IRB, KY20173027-1) of the Fourth Military
Medical University (FMMU). Tumor specimens were obtained
during operations, aseptically removed, and xenografts were
performed within 4 h. To establish the PDX models, fresh
human bladder cancer specimens were transplanted subcuta-
neously into nude mice according to a published protocol.*

Animals

Male BALB/c nude mice, 6-7 weeks old, were purchased from
Vital River (Beijing, China), and bred in a barrier environment
at the Laboratory Animal Center of FMMU. The mice were
anesthetized with a combination of intravenous ketamine
(10 mg kg™ ") and xylazine (3 mg kg™ '), and then maintained
under isoflurane during surgery and imaging (RC2 Rodent gas
anesthesia machine). All animal experiments were approved by
the Laboratory Animal Ethics and Welfare Committee of FMMU
(no. 20170109).

Cell culture and lentiviral infection

Fresh tumor tissues derived from the PDX model were cut into 1
mm® pieces with sterile scissors after washing with Hanks'
solution. The tumor tissues were then digested with 0.25%
trypsin/EDTA for 30 min, followed by culture in RPMI 1640
medium (Hyclone) supplemented with 20% fetal bovine serum
(Gibco) in a humidified (37 °C, 5% CO,) incubator. The ob-
tained C09303 cells were plated in 24-well plates (2 x 10* cells
per well) and labeled with luciferase by lentiviral transfection
(Luc-C09303) according to a published protocol.*?

Matrigel invasion assays and scratch test

Transwell chambers with polycarbonate membrane filters
(6.5 mm diameter, 8 um pore size) were coated with Matrigel.
The number of cells invading through the Matrigel was counted
by randomly selecting four visual fields, and the extent of
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invasion was expressed as the average number of cells per
microscopic field detected at a magnification of 200x." Two
blinded independent investigators independently interpreted
the results of the Matrigel invasion assay. After dilution of
Matrigel five times with RPMI 1640 medium, 70 pl of the solu-
tion was placed on the upper chamber of a transwell chamber,
and incubated at 37 °C for 1 h. After the Matrigel coagulated,
600 pl of serum-free medium was added to the 24-well plate in
the lower part of the chamber. After adding 100 pl of culture
medium containing 10% fetal bovine serum and 5000 cells, the
cells were incubated at 37 °C for 20 h. The transwell chamber
was removed, fixed with methanol, washed with PBS, stained
with 0.1% crystal violet, and the stained cells were counted
under the microscope in triplicate.'®

For scratch test, C09303 and T24 were cultured in 6-well
plates respectively until 100% confluence, the cells were then
starved for the next 12 hours in RPMI-1640 without 10% FCS
and scratched once vertically with a 200 pl pipette tip. Twenty-
four hours after washing with PBS twice, migration was
analyzed by microscopy, and expressed as the percentage of the
wound width in comparison to the control sample.

Bladder instillation

Anesthetized mice were maintained under isoflurane during
surgery and imaging. The microinjector was set to an injection
rate of 30 pl/5 s, and connected to a polytetrafluoroethylene-
coated intravenous catheter.’ The catheter instillation site
was lubricated with sterile glycerol and inserted through the
urethral opening into the bladder (with an insertion depth of
approximately 3 cm). The bladder was pretreated with 100 pl of
0.1 mg ml~ " poly-L-lysine and allowed to remain in the bladder
for 5 min."” For in situ instillation, 30 ul of primary cultured cells
of C09303 was used at 5 x 10° cells per ml. After the instillation
was completed, the catheter was retained in the urinary tract for
5 min and then removed.

BLI assay

Bioluminescent imaging (BLI) of the tumor xenografts, either in
vivo or ex vivo, was performed after the mice received p-luciferin
intraperitoneally (3 mg per mouse)."* Whole-body or organ-
specific optical imaging was performed at 10 min after injec-
tion of p-luciferin using the Caliper Lumina II Small animal
optical imaging system (PerkinElmer, MA, USA),* and the
fluorescence intensity was calculated per square centimeter of
the tumor.

Gemcitabine therapy

Ten female BALB/c nude mice bearing subcutaneous C09303
tumors were randomly assigned to two groups (n = 5): the
control group and therapy group. When the tumor reached 100-
150 mm?, the mice were intraperitoneally injected with 2 mg
kg ' of gemcitabine twice a week for 3 weeks.”® The tumor
volume was measured every three days and calculated according
to the formula: V = 1/2 a x b?, where a represents the tumor
length, and b represents the tumor width. The control was
treated with sterile saline. At the experimental end point,
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tumors were collected and fixed with 4% paraformaldehyde.
After 21 days of the establishment of the in situ models of
bladder cancer, the model was imaged in vivo to detect the
intensity of luciferase at the tumor site.

Similarly, female BALB/c nude mice bearing C09303 ortho-
topic tumors (n = 10) were randomly assigned to two groups:
the control group and therapy group. Intravesical gemcitabine
was administered transurethrally at 2%.** Each administration
was repeated 3 times at one-week interval for 3 weeks. The
fluorescence intensity of luciferase at the tumor site was
detected by in vivo imaging, and the effect of gemcitabine
treatment was determined by the change in fluorescence
intensity.

RNA sequencing and RT-PCR analysis

The sequencing library of each RNA sample was prepared using
Ion Total RNA-Seq Kit v2 according to the manufacturer
protocol (Life Technologies). After transcriptome sequencing,
pathway analysis was used to analyze the signal pathways
associated with tumor metastasis, and the upregulated genes in
this pathway were selected (p < 0.05). qPCR analysis was con-
ducted to evaluate the expression levels of VEGF and CDK4 with
the primers indicated in Table 1. The data were analyzed by the
AAC; method: first, the AC, value of each tumor tissue was
calculated (AC, = average C, — average of housekeeping gene
Cy), and the AAC, value was calculated (AAC, = AC, C09303 —
AC, C21391) for each gene of the two tumors. Finally, the
difference in expression of the corresponding genes of C09303
and C21391 was determined by 2744,

Western blotting analysis

VEGF and CDK4 protein expression in the C09303 and C21391
samples was assessed by western blotting. Lysates of each
tumor tissue were run on 10% sodium dodecyl sulfate-
polyacrylamide gels and transferred onto nitrocellulose
membranes. The membranes were blocked with TBST buffer
containing 5% skimmed milk and incubated with rabbit anti-
human VEGF (1 :500, Proteintech) and anti-CDK4 (1 : 1000,
CST) overnight, followed by the addition of HRP-linked anti-
rabbit IgG and developed using an enhanced chem-
iluminescence substrate. The internal control was B-actin, and
the gray value was measured relative to the control.

RNA interference

VEGF and CDK4 knockdown were performed using a targeting
RNAi (GIEP1021083427 and GIEP1021053814) compared with

Table 1 Primer sequences

Primer Sequence

VEGF-F GGAGTACCCTGATGAGATCGAG
VEGF-R CATTTGTTGTGCTGTAGGAAGC
CDK4-F GCTTTCTGTGGTCGGGTACA
CDK4-F ACTTGCAGAGACAGTGGTCG
B-Actin-F CATGTACGTTGCTATCCAGGC
B-Actin-F CTCCTTAATGTCACGCACGAT
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control non-targeting RNAi purchased from Genechem
(Shanghai, China). C09303 cells were seeded at 5.0 x 10> per
well in six-well plates and incubated for 24 h.

Statistical analysis

Statistical analysis was performed using SPSS v. 19 (SPSS Inc.,
Chicago, USA). All values in figures are presented as mean +
standard error of measurement for at least three independent
experiments. Comparison of two groups was performed using
Student's-test, and differences with p < 0.05 were considered to
be statistically significant.

Results
Establishment of PDX models

Computed tomography revealed the lesion in the bladder space,
with nodule foci protruding in the bladder wall of two patients
(C09303 and €21391). The histological subtype was transitional
cell carcinoma based on H&E staining. Both fresh bladder
cancer specimens were subcutaneously transplanted into the
ventral region of nude mice to establish the PDX models
(Fig. 1A). The primary cells derived from the tumor of C09303
PDX model were cultured, and further labeled with luciferase
(Luc-C09303); however, the primary cells of C21391 could not be
primary-cultured. H&E staining confirmed the identical
histology in PDX tumor tissues with the original tumor, and
IHC assay showed robust expression of CEA and survivin
protein in both samples (Fig. 1B). A significant difference in the
growth rate of the two PDX tumors was observed, C09303
reached the maximum volume at 4 weeks after implantation
(Fig. 1C).

Orthotopic transplantation of C09303 tumors display strong
metastasis potential

A total of 30 pl Luc-tagged C09303 cells (5 x 10° cells per ml)
were perfused into the bladders of five nude mice to establish
an orthotopic xenograft model. Two weeks later, the mice were
subjected to whole-body optical imaging, and a strong BLI
signal was detected in the bladder (Fig. 2A). Surgical isolation of
the whole bladders of the mice with subsequent H&E staining
showed that the intraepithelial tumor had non-invasive growth
(Fig. 2B), which was consistent with the clinical features of
patient C09303. One month later, two of the mice showed
a strong BLI signal in the thoracic cavity (Fig. 2C). After sacrifice,
we found strong BLI signals in the lung, kidney, and bladder of
these mice as well (Fig. 2D), suggesting metastasis to these
organs. Furthermore, the bladder tissue and metastasis foci
were fixed with 4% polyoxymethylene, and H&E staining
confirmed the pathological structure of the tumor (Fig. 2E).

Gemcitabine inhibited tumor growth

To study the therapeutic effect of gemcitabine on bladder
cancer, 3 mm?® pieces of the tumor tissue from the C09303 PDX
model were subcutaneously implanted into nude mice. The
mice were then randomly divided into two groups, and one
week later intraperitoneal injection with saline (control) or 2 mg
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Fig.1 PDX model well maintains pathological features of patient tumors. (A) The PDX model of bladder cancer was established by subcutaneous
transplantation of clinical tumor specimens C09303 and C21391. (B) H&E and IHC analyses of tumor tissues derived from both PDX models and
patient samples. Original magnification, 400x; scale bars represent 20 um. (C) Tumor growth curve of PDX model C09303 and C21391 in nude

mice.

kg ' of gemcitabine.?® The tumor size was measured at 7, 10, 13,
16, 19, and 21 days after administration of gemcitabine. The
growth of C09303 tumor was inhibited by gemcitabine (Fig. 3A
and B).

One week after the establishment of the orthotopic model,
the mice were intravesically instilled gemcitabine at a dose of
2 mg per mice three times, and the therapeutic efficacy was
evaluated by whole-body optical imaging. Unlike in the control
group, the BLI intensity in the tumor site of the gemcitabine
group was significantly weakened (Fig. 3C and D), indicating
that intravesical gemcitabine effectively controlled the growth
of bladder tumors.

Invasiveness and migration behavior of C09303 cell

To investigate the invasiveness and migration ability of C09303
tumor cells, we conducted a transwell assay and scratch test
using the human bladder cancer cell line T24 as a control. The
scratch test demonstrated that C09303 cells have strong
migration and invasion ability (Fig. 3E). The number of C09303
tumor cells invading the transwell upper chamber was signifi-
cantly higher than that of T24 cells (Fig. 3F and G; p < 0.001),
indicating the high metastasis potential of C09303 cells after
implantation in the bladder.
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Screening and analysis of metastasis-related genes of C09303

To further investigate the metastatic potential of C09303 and
C21391 tumors, we determined their differentially expressed
genes (p < 0.01, false discovery rate < 0.01) using RNA-
sequencing, and then analyzed their characteristics. Among
the 9280 genes compared, 985 were upregulated, and 941 were
downregulated in C09303 (Fig. 4A). To screen for genes involved
in tumor growth and metastasis, the significantly upregulated
genes were analyzed for gene ontology and pathway enrich-
ment. Both ribosome and cell cycle-related genes were quite
different (Fig. 4B and C; ESI Fig. 1 and 27). Reference to previous
reports,*>* we screened two representative genes, VEGF (ribo-
some relative gene) and CDK4 (cell cycle relative gene) for the
metastasis characteristics analysis of C09303 based on p-value
values and enrichment.

RT-PCR results showed that VEGF and CDK4 levels were
significantly higher in C09303 than C21391 tissues (p < 0.01;
Fig. 4D), consistent with the results of pathway enrichment of
differentially expressed genes. This up-regulation was further
confirmed at the protein level by western blotting (p < 0.01;
Fig. 4E).

To examine whether VEGF or CDK4 expression is associated
with C09303 cell metastasis, stable knockdown of VEGF or

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Orthotopic xenograft tumor of C09303 displays strong metastasis potential. (A) Luc-labeled C09303 cells were instilled into the bladder
of nude mice to establish orthotopic xenografts model. Bioluminescence optical imaging of mice bearing orthotopic luc-tagged C09303 tumor
xenografts. (B) The pathological morphology of bladder cancer, original magnification, 40x and 200x; scale bars represent 20 um. (C) The
metastasis signal was detected by BLI optical imaging (n = 5, representative images are shown). (D) Ex vivo BLI-imaging of select organs,
including the lung, heart, liver, stomach, kidney, bladder and spleen, as dissected from mice in (C). (E) Gross morphology and H&E staining of
bladder cancer or metastasis tumor in (D). Representative images are shown. Red arrows indicate tumor area. Original magnification, 400 ; scale

bars represent 20 um.

CDK4 using a targeting RNAi system respectively led to less
C€09303 tumor cells invading the transwell upper chamber and
inhibit C09303 cell proliferation significantly (Fig. 4F and G; ESI
Fig. 31). It indicated that both VEGF and CDK4 are essential
factors related to the metastatic potential of C09303 bladder
cancer.

Discussion

PDX model has become an effective tool to evaluate anti-tumor
drugs and conduct research on personalized cancer treat-
ment.”>*® In this study, we established two bladder cancer PDX
models, one of which has multi-organ metastasis potential.
H&E staining and IHC analysis confirmed that the xenograft
tumor well retained the pathological features of the primary
tumor. The occurrence of tumor metastasis depends mainly on
the metastatic potential of tumor cells and the microenviron-
ment of tumor growth. Conventional PDX models are mainly
transplanted subcutaneously, and thus rarely form clinically
similar metastatic features. By contrast, the present orthotopic
xenograft developed a microenvironment similar to that of the
primary tumor, indicating that it could simulate the evolu-
tionary process of the tumor in vivo, and thus may serve as
a useful individualized metastasis model. Although subcuta-
neous implantation of tumors in immunodeficient mice can
increase the success rate of a PDX model, further orthotopic

This journal is © The Royal Society of Chemistry 2019

implantation of the tumor tissue or primary culture cells from
a PDX model is more conducive to achieving tumor metastasis.
In order to well keep the heterogeneity of the primary tumor, we
selected tumor tissue from the third-generation PDX model to
culture, and obtained the primary tumor cell to be labeled with
luciferase by lentiviral transfection. These tumor cells for
transplantation were cultured in vitro no more than three
generations.

Although a few PDX bladder models have been previously
established by orthotopic transplantation, metastasis occur-
rence was rare owing to the lack of the physiological environ-
ment of the bladder.?” In this study, we cultured primary tumor
cells derived from the C09303 PDX model to conduct orthotopic
transplantation by bladder instillation. In this process, the
tumor cells were not serially passaged, and the biological
characteristics of the patient's tumor were retained. A strong
BLI signal was detected in the lung and kidney, indicating
metastasis formation. H&E staining of the sections showing
these signals demonstrated a prominent cancer tissue struc-
ture, consistent with the results obtained by surgical explora-
tion and in vivo imaging. Furthermore, the transwell analysis
and the scratch test confirmed the metastatic potential of the
C09303 tumor cells, which was significantly higher than that of
the bladder cancer cells T24. In order to test the application of
the PDX model in drug screening, we tested the response of
C09303 model to chemotherapeutic drugs. BCG is the most

RSC Adv., 2019, 9, 17877-17884 | 17881
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Fig. 3 Therapeutic effect of gemcitabine on C09303 PDX model and invasiveness ability of C09303 cell. (A and B) The change of tumor volume
after intraperitoneal injection of gemcitabine. *p < 0.05, **p < 0.01 compared to controls. Results are means and SE (n = 5). (C) The mice bearing
orthotopic xenograft C09303 tumors were subjected to BLI optical imaging after intravesical gemcitabine. (D) Quantitative analysis was per-
formed using BLI signal intensity, and the signal intensity was significantly different before and after intravesical gemcitabine, p = 0.042.
Intraperitoneal injection of gemcitabine significantly reduced tumor volume (p < 0.05) compared to the control group. The tumor was isolated in
vitro. (E) Evaluation of invasion ability of C09303 and T24 using transwell assay. Bladder cancer cell line T42 was significantly lower than in
C09303 group. (F) Scratch assays between bladder cancer cell T24 and C09303. (G) The number of invasive T24 cells was significantly lower than
C09303 cells. Data are means + SD of three independent experiments performed in triplicate. **p < 0.01 compared to T24.

effective adjuvant agent for treating non-muscle invasive
bladder cancer (NMIBC),* but approximately 30-40% of NMIBC
patients do not respond to BCG treatment.” Gemcitabine is
used as neoadjuvant chemotherapy in patients with transitional
cell carcinoma. Intravesical instillation of gemcitabine is
effective against BCG-refractory NMIBC as well as advanced
bladder cancer.®® In this study, C09303 PDX subcutaneous
transplantation and the orthotopic transplantation model
showed good reactivity to gemcitabine therapy.

Radical cystectomy and CDDP -based chemotherapy has
demonstrated perfect results in some invasive muscle disease
patients. However, part of these has distant metastases, resulting
in a fatal disease. Thus, it is vital to explore a novel approach to
treat advanced bladder cancer through molecularly targeted
therapies. Individualized metastasis models of bladder cancer
provide a useful tool to screen therapeutic drugs and to under-
stand the metastasis-related mechanisms. RNA sequencing
analysis is a widely used technique to compare related genes in
tumor tissues and screen for differentially expressed genes. In
this study, RNA sequencing of tissues from two patients with
bladder cancer, C09303 and C21391, was performed to screen for
metastasis-associated genes. We found that both VEGF and
CDK4 were significantly upregulated in C09303, and their
increased expression levels were confirmed in metastatic bladder

17882 | RSC Adv., 2019, 9, 17877-17884

cancer tissues from the model at the mRNA and protein levels.
VEGF-knockdown or CDK4-knockdown C09303 cell showed
a lower ability of invasiveness and migration respectively. All
these indicated that the metastatic potential of the C09303 is
closely related to the up-regulation of VEGF and CDK4 expres-
sion. Previous studies have found that both VEGF and CDK4 are
closely related to tumor metastasis.*>>* VEGF encodes a tran-
scription factor that is required for vascular endothelial growth,**
and CDK4 can help the tumor pass through the R point of the cell
cycle, a point of no return, after which cells become committed to
a new round of replication, and thus have positive effects on the
malignant proliferation of bladder cancer.** As one of the primary
angiogenic factors for bladder cancer, VEGF can enhance
tumorigenesis and tumor invasiveness, and can induce tumor
angiogenesis to accelerate growth.* This patient-derived bladder
cancer xenograft model revealed that VEGF and CDK4 enhanced
tumor metastasis behavior.

Based on these, drug targeting above protein may be an
attractive therapeutic tools. FOXM1, a transcriptional activator
with multiple oncogenic roles, exerts major roles in bladder
cancer,* which was identified as a critical phosphorylation
target in a proteomic analysis of potential substrates of CDK4
kinase.* Increased activity and expression of FOXM1 in NMIBC
tumors at high risk of recurrence and these tumors display

This journal is © The Royal Society of Chemistry 2019
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invasive characteristics in the recurrences. Treatment with
CDK4/6 inhibitor or knockdown of CDK4 led to reduced FOXM1
phosphorylation in vitro and in vivo, allowing a significant
tumor regression. Angiogenesis plays a significant role in the
pathogenesis of bladder cancer. Many studies demonstrated
that targeted agents directed against the molecular signaling
pathways involved in angiogenesis such as VEGF pathway.*®
However, clinical trials suggested that a single agent targeting
the VEGF pathway did not show a significant improvement in
outcomes.*” Conceptually promising concepts are the sequen-
tial and/or combination therapy, including agents targeting
different pro-angiogenic factors and pathway, such as VEGF and
CDK4.

In conclusion, the bladder cancer PDX model C09303
showed highly metastatic behavior. The up-regulated expres-
sion of VEGF and CDK4 were closely related to the metastatic
potential. We demonstrated the feasibility of creating a bladder
cancer PDX model which may more closely resemble the true
tumor microenvironment when compared with cell line-derived
xenograft models. A PDX model, such as the one described here,
could be potentially utilized to inform patient-specific treat-
ment recommendations.
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Abbreviations

PDX Patient-derived xenograft

H&E Hematoxylin and eosin

IHC Immunohistochemistry
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