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Abstract

Genomic and transcriptome sequencing of bladder cancer (BLCA) has identified multiple molecular alterations
during cancer progression. Many of these identified genetic and epigenetic changes play a role in the progression
of this disease. Studies have identified molecular subtypes in muscle-invasive bladder cancer (MIBC) with different
sensitivities to frontline therapy suggesting the heterogeneity in these tumors and the importance of molecular
characterization of MIBC to provide effective treatment. Specifically, it has become increasingly evident, as
demonstrated by The Cancer Genome Atlas project, that metabolic enzymes are commonly dysregulated in BLCA.
Elevated expression of multiple metabolic enzymes is due to the increased demand from rapidly proliferating
BLCA cells requiring extensive nucleotide synthesis. Cancer cells utilize the de novo purine and pyrimidine
biosynthetic pathway as a source of their nucleotide needs. In this study, we show that phosphoribosyl
aminoimidazole succinocarboxamide synthetase (PAICS), an enzyme involved in de novo purine biosynthetic
pathway, is significantly overexpressed in BLCA. Immunohistochemical staining of paraffin-embedded tissue
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sections showed that PAICS is overexpressed in MIBC. Furthermore, we found that tumor suppressor miR-128
negatively regulated PAICS expression by binding to its 3“untranslated region. We also found that PAICS induces EMT by
positively regulating SNAIT and by a reduction in E-cadherin expression. Additionally, our /n vitro functional studies and
in vivo chicken chorioallantoic membrane assay show that PAICS plays a critical role in BLCA cell proliferation, invasion,
and tumor growth. Collectively, our data suggest that targeting PAICS may provide a therapeutic option in BLCA.

Introduction

Bladder cancer (BLCA) is a common disease, with an estimated 81,190
new cases and 17,240 deaths in 2018 in the United States [1].
Metastatic urothelial carcinoma of the bladder is generally incurable by
current platinum-based first-line chemotherapy and leads to early
mortality with a median survival of 12-15 months [2]. T-cell
checkpoint inhibitors (e.g., atezolizumab, nivolumab, pembrolizumab,
durvalumab, avelumab) have recently provided durable benefits
following prior platinum therapy to a minority (-20%) of patients,
but the median survival is still only 8-10 months [3-6]. Multiple
molecular alterations play a role in the progression of this disease. Recent
studies have identified molecular subtypes of muscle-invasive bladder
cancer (MIBC) with different sensitivities to chemotherapy, suggesting
that the heterogeneity in these tumors and their molecular character-
ization have an impact in effectiveness of treatment [7—10]. Specifically,
it has become increasingly evident, as demonstrated by The Cancer
Genome Atlas (TCGA) project, that epigenetic and metabolic enzyme
changes play a pivotal role in regulating gene expression, cancer
metabolism, and the eventual development of BLCA [11].

Alterations in cellular metabolism are now recognized as an emerging
hallmark of cancer [12]. The common feature of altered mechanism in
tumor cells is the increased glucose uptake and glycolytic rates compared
to resting cells under acrobic conditions, which is known as “Warburg
Effect” (reviewed in [13]). Several studies have demonstrated the
mechanism by which this and other metabolic changes allow cancer cells
to accumulate building blocks for the biosynthesis of macromolecules
(reviewed in [14]). Apart from serving as building blocks for nucleic
acids, purine metabolites provide cofactors and necessary energy for cell
survival and proliferation [15]. The purine levels are maintained by a
coordinated action of the salvage and de novo biosynthetic pathways.
Generally, most of the cellular purine levels are maintained by recycling
of degraded bases via the salvage pathway [16-18]. Cancer cells, with
their higher demand for the purines, utilize the de novo biosynthetic
pathway [16,18-20]. The de novo biosynthetic pathway udilizes
phosphoribosyl pyrophosphate (PRPP) to generate inosine 5’-mono-
phosphate and is carried out in 10 steps by 6 sequential enzymes. The
first reaction in the de movo purine biosynthetic pathway is the
conversion of PRPP to 5-phosphoribosylamine by PRPP amidotrans-
ferase and is presumed to be a rate-limiting step. One of the bifunctional
enzymes in this cascade, phosphoribosyl aminoimidazole carboxylase/
phosphoribosyl aminoimidazole succinocarboxamide synthetase
(PAICS), utilizes AIR to generate N-succinocarboxyamide-5-
aminoimidazole ribonucleotide and aminoimidazole-4-carboxamide
ribonucleotide by adenylosuccinate lyase [15].

Earlier studies have shown that de novo purine biosynthetic
pathway enzymes are dysregulated in prostate cancer [21,22] and
glioma [23]. During oncogenic transformation, alternations in

cellular metabolism have been shown to be involved in cancer cell
proliferation. However, the metabolic changes in promoting cancer
cell aggressiveness and epithelial-mesenchymal transition (EMT) are
poorly understood.

In the present study, we show that PAICS, which catalyzes a critical
step in purine biosynthetic pathway, is overexpressed and plays a role
in BLCA cell proliferation, colony formation, and 3D spheroid
invasion, suggesting a role in oncogenesis. Furthermore, we found
that tumor suppressor miR-128 negatively regulates PAICS expres-
sion. In addition, we found that PAICS induces EMT by positively
regulating SNAII and by a reduction in E-cadherin expression. Our
observations support the hypothesis that PAICS plays a crucial role in
maintenance of the mesenchymal phenotype by downregulating the
expression of E-cadherin. Thus, these results indicate that PAICS is a
key player in EMT induction and that PAICS expression is associated
with invasion and metastasis of BLCA cells.

Material and Methods

Cell Lines

BLCA cell line VM-CUB1 was grown in MEM (Corning cellgro,
ThermoFisher Scientific, Atlanta, GA), while RT112 and 5637 were
grown in RPMI; all media were supplemented with penicillin-
streptomycin (100 U/ml) and 10% FBS (Invitrogen) in 5% CO, cell
culture incubator. BLCA cells were infected with lentiviruses
expressing PAICS shRNA or nontargeting shRNA controls, and
stable cell lines were generated by selection with 1 pg/ml puromycin

(Life Technologies).

Benign and Tumor Tissues

In this study, we utilized formalin-fixed paraffin-embedded tissues
from both normal and clinically localized BLCA patients. The
bladder tissues were collected with an Institutional Review Board—
approved retrospective study at the University of Alabama at
Birmingham (UAB), which allowed the investigation of deidentified
sample obtained from human subjects.

Gene Expression from The Cancer Genome Atlas (TCGA)

Gene expression level of PAICS in BLCA and adjacent normal
samples was obtained from UALCAN web portal which provides
boxplots depicting each gene's expression based on level 3 RNA-seq
data from TCGA transcriptome sequencing datasets [24].

Immunohistochemistry (IHC)

IHC was carried out to evaluate PAICS expression using mouse
monoclonal antibody against PAICS (GeneTex, CA, catalog
#GTX83950, 1:10,000). Antigen retrieval was performed by boiling
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the slides (paraffin-embedded tissue sections) for 10 minutes in
citrate buffer (Sigma Aldrich, MO, catalog #C9999-1000ML).
Immunostaining was performed using Vector Laboratories staining
kit following the manufacturer's protocol.

RNA Extraction and Quantitative Real-Time PCR Analysis
Total RNA was isolated from BLCA cell lines using the RNeasy mini
kit (Qiagen, Valencia, CA). RNA was reverse transcribed into
complementary DNA using Superscript III Reverse Transcriptase
(Invitrogen). qPCR was performed as described [25]. SYBR green was
used to determine the mRNA expression level of a gene of interest. All
primers for SYBR green were synthesized by Integrated DNA
Technologies (Coralville, IA). Primer sequences used for SYBR green
gPCR are PAICS: forward primer, GTGGCAGGCAGAAG
TAATGG, and reverse primer, CACATCCTGAACTCCCCAGT;
ACTB: forward primer, GCACAGAGCCTCGCCTT, and reverse
primer, GTTGTCGACGACGAGCG; SNAII: forward primer,
TGCCCTCAAGATGCACATCCGA, and reverse primer, GGGA
CAGGAGAAGGGCTTCTG; SLUG: forward primer, ATCTGCGG
CAAGGCGTTTTCCA, and reverse primer, GAGCCCTCAGATTT
GACCTGTC; VIM: CCCTCACCTGTGAAGTGGAT, and reverse
primer, GCTTCAACGGCAAAGTTCTC. All PCRs were performed

in triplicates.

Immunoblot Analyses

Protein samples were harvested with NP-40 lysis buffer (Boston
Bioproducts, Ashland, MA). Then, the protein quantification was
performed using BioRad DC protein assay (Bio-Rad Laboratories,
Hercules, CA). For immunoblot analysis, 10-pg protein samples were
separated on a NuPAGE 4%-12% Bis-Tris protein gel and
transferred onto Immobilon-P PVDF membrane (EMD Millipore,
Billerica, MA). The membrane was incubated for 1 hour in blocking
buffer (Tris-buffered saline with 0.1% Tween and 5% nonfat dry
milk) followed by incubation overnight at 4°C with the primary
antibody. After two washes for 5 minutes each with Tris-buffered
saline with 0.1% Tween, the blot was incubated with horseradish
peroxidase—conjugated secondary antibody (1:5000) for 1 hour at
room temperature, and signals were visualized by Luminata Forte
chemiluminescence Western blotting substrate as per manufacturer's
protocol (EMD Millipore). Antibodies used in the study are anti-
PAICS (Mo): #GTX83950 (IB, 1:5000, IHC, 1:10000; GeneTex,
Irvine, CA), anti—E-cadherin (Mo): #610181 (IB, 1: 20,000; BD
Pharmingen, San Diego, CA), anti-HRP-B-actin: # HRP-60008 (IB,
1:200000; PTG Labs, Rosemont, IL), and anti-mouse IgG HRP: #
SA00001-1 (IB, 1:5000; PTG Labs, Rosemont, IL).

RNA Interference and Transfection

The PAICS and nontargeting small interfering RNA (siRNA)
duplexes were purchased from Dharmacon, Lafayette, CO (GE
Healthcare). Transfections were performed with Lipofectamine
RNAIMAX (Life Technologies) reagent. PAICS shRNAs [22] were
purchased from SBI (System Biosciences, Mountain View, CA).
Lentiviruses for these stable knockdowns were generated by the UAB
Neuroscience NINDS Protein Core (P30 NS47466). For RNA
interference or miRNAs transfection, the reverse transfection was
performed by co-incubation of BLCA cells in a six-well plate with
siRNA duplexes or miRNA as per manufacturer's instructions.
Seventy-two hours after the transfection, cells were harvested for RNA
isolation or immunoblot analysis.

Cell Proliferation Assays

Cell proliferation was measured by cell counting. For this, transient
and stable PAICS knockdowns, and miR-128—treated cells were used.
After 72 hours of transfection using specific siRNA or miRNA, the
cells were trypsinized and seeded at a density of 10,000 cells/well in
24-well plates (7 = 3). Nontargeting si/shRNA/miRNA-treated cells
were served as controls. Then, the cells were trypsinized and counted
at specified time points by Z2 Coulter particle counter (Beckman
Coulter, Brea, CA). Each experiment has been performed with three
replicates per sample.

3D Spheroid Cell Invasion Assays

The 3D spheroid cell invasion kit (Trevigen, Gaithersburg, MD)
was used according to the manufacturer's protocol. Briefly, the test
cells (10,000) were seeded in a basement membrane extract and
cultured for 72 hours. Once spheroids formed, the invasion matrix
was added and then supplemented with 10%FBS-RPMI after 1 hour.
Images were taken after 3 days.

Matrigel Invasion Assay

Matrigel invasion assays were performed as described earlier
[22,25-27]. Various test cells were seeded onto Corning BioCoat
Matrigel matrix (Corning, New York, NY) in the upper chamber of a
24-well culture plate. The lower chamber containing respective
medium was supplemented with 10% serum as a chemoattractant.
After 48 hours, the noninvading cells and Matrigel matrix were gently
removed with a cotton swab. Invasive cells located on the lower side of
the chamber were stained with 0.2% crystal violet in methanol, air-
dried, and photographed using an inverted microscope (4x).

Colony Formation Assay

After 72 hours of transfection, the various test cells were counted
and seeded 800 cells per 1 well of 6-well plates (triplicates) and
incubated at 37°C, 5% CO, for 10 days. Colonies were fixed with
10% (v/v) glutaraldehyde for 30 minutes and stained with crystal
violet (Sigma-Aldrich, St. Louis, MO) for 20 minutes. Then, the
photographs of the colonies were taken using Amersham Imager
600RGB (GE Healthcare Life Sciences, Pittsburgh, PA).

Immunofluorescence

After 72hours of non—T- or PAICS-siRNA transfection, the
RT112 cells were seeded in chamber slides (Lab-Tek II CC?, Nunc,
Rochester, NY) and incubated for a day to immunostain with rabbit
monoclonal E-cadherin antibody (IF, 1:200; catalog #3195, Cell
Signaling Technology, Danvers, MA). The slides were washed with
phosphate-buffered saline (PBS) and were fixed using ice-cold
methanol. Following three times PBS with 0.05% Tween 20 (PBS-
T) wash, the slides were blocked for 2 hours using 5% normal horse
serum in PBS-T. A rabbit anti-E-cadherin antibody was added to the
slides at 1:200 dilution and incubated for 1 hour at room
temperature. Following three times PBS-T wash, the slides were
incubated with Alexa 555-—conjugated goat, anti-rabbit antibody
(Invitrogen) for 1 hour in the dark at room temperature. After three
times PBS wash, the slides were mounted using ProLong Gold
Antifade Mountant with DAPI (catalog #P36931, Invitrogen,
ThermoFisher Scientific, Carlsbad, CA). Confocal images were
taken with a 60x lens Nikon A1 High Speed Laser Confocal Spectral
Imaging microscope (Nikon Instruments Inc., Melville, NY) from
UAB high-resolution imaging facility.
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Figure 1. PAICS, a de novo purine biosynthetic pathway enzyme, is overexpressed in bladder adenocarcinoma. (A) Expression of PA/CS in
normal bladder and primary tumor samples from TCGA and a boxplot showing relative expression of PA/CS mRNA transcript in normal
and stage 1, 2, 3, and 4 BLCA patients. (B) Boxplots represent PA/CS expression level across normal bladder, mucosa, and infiltrating
bladder urothelial carcinoma (top [49]) and across normal bladder and infiltrating bladder urothelial carcinoma (bottom [50]). The data were
retrieved from publicly available microarray datasets of BLCA with log2 median intensity using Oncomine array datasets. (C) Immunoblot

analysis showing PAICS expression in matched normal bladder

and tumor tissues. Here, b-actin served as a loading control. (D)

Immunohistochemical analysis of PAICS in normal bladder tissue and invasive urothelial carcinoma. (E) PAICS protein levels in various

BLCA cell lines by immunoblot analysis.

miR Reporter Luciferase Assays

Wild-type or mutant 3’-untranslated regions (UTRs) of PAICS
were cloned into the pMIR-REPORT miRNA Expression Reporter
Vector (Life Technologies). VM-CUBI cells were co-transfected with
pre-miR-128-3p (#PM11746) or controls (#AM17110) and wild-

type or mutant 3’-UTR-luc, as well as pRL-TK vector as an internal
control for luciferase activity. Forty-eight hours posttransfection, the
cells were lysed, and luciferase assays were conducted using the dual
luciferase assay system (Promega, Madison, WI). Each experiment
was performed in triplicate.
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Figure 2. PAICS is essential for BLCA cell growth. (A) Transient knockdown of PAICS in BLCA cell line VM-CUB1 reduces cell proliferation.
Transient knockdown was achieved by two specific and independent PAICS siRNA duplexes. Nontargeting siRNA served as a negative
control. PAICS knockdown was confirmed by immunoblot analysis using specific monoclonal antibody. Here, we used b-actin as a
loading control. (B) Colony formation assay of VM-CUB1 cells after treating with either PAICS siRNA or NT-siRNA. The photographic
images of colony formation assay are shown. (C) Photographic images of 3D Spheroid cell invasion assay. VM-CUB1 cells were treated
with PAICS siRNA or NT-siRNA for 72 hours followed by seeding in a basement membrane extract to allow spheroids to form. Images

were taken after 3 days of the invasion matrix addition.

Chicken Chorioallantoic Membrane (CAM) Assay

The CAM assay for tumor (or xenograft) formation was performed
as previously described [22,25-27]. After 3 days of implanting the
cells in each egg, extraembryonic tumors were isolated and weighed.
An average of eight eggs per group was used in each experiment.

Statistical Analysis
To determine significant differences between two groups, Student's
two-tailed # test was used. P values < .05 were considered significant.

Results

De Novo Purine Biosynthetic Enzyme PAICS Is Overexpressed
in BLCA

The transcriptome sequence analysis showed upregulation of several
oncogenes including PAICS across different stages of bladder urothelial
carcinoma (Figure 14). Additionally, TCGA data also showed the

elevated expression of PAICS in primary bladder urothelial carcinoma
(Figure 1A4). Next, we conducted Oncomine analysis (Life Technol-
ogies, Ann Arbor, MI) of previously described expression arrays and
found that PAICS is elevated in infiltrating bladder urothelial carcinoma
(Figure 1B) when compared with normal tissues. Immunoblot analysis
using PAICS-specific antibody indicated PAICS protein overexpression
in bladder carcinoma compared to normal tissues (Figure 1C).
Additionally, we investigated PAICS protein expression in BLCA
samples by immunohistochemical analysis, and invasive urothelial
carcinoma showed overexpression of PAICS compared to normal
bladder epithelium (Figure 1D). Similarly, elevated levels of PAICS
protein were observed in BLCA cell lines (Figure 1£). Together, these
findings suggested an elevated expression of PAICS in BLCA.

Knockdown of PAICS Inhibits Cell Proliferation, Colony
Formation, and 3D Spheroid Formation

To investigate the role of PAICS in BLCA, we performed transient
knockdown of PAICS using two independent and specific siRNAs in
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Figure 3. PAICS regulates BLCA cell proliferation, colony formation and invasion. (A) Stable knockdown of PAICS reduces cell proliferation of
BLCA celllines VM-CUB1 and 5637. Immunoblot analysis showing PAICS protein in VM-CUB1 and 5637 cells stably transduced with a shRNA
specific to PAICS or control nontargeting shRNA. (B) Photographic images of colony formation assay using above test cells. (C) PAICS shRNA-
treated BLCA cells showed reduced invasion in Boyden chamber Matrigel invasion assay. Invaded cells were stained with crystal violet.

BLCA cell line VM-CUBI and tested cell proliferation, colony
formation, and 3D spheroid formation. Similarly, we also performed
stable knockdown of PAICS in VM-CUBI and 5637 BLCA cells
using PAICS shRNA. To confirm the knockdown efficiency, we
performed immunoblot analysis using the protein lysates prepared
after 72 hours of transient transfection (Figure 24, inset) or after
puromycin selection (Figure 3, A and B, insets). The cell proliferation
assay using these test cells indicated a significant decrease in cell
number upon knockdown of PAICS (Figures 24 and 34). Next, we
performed colony formation assay using both transiently and stably
knocked down PAICS cells (Figure 2B and 3B, respectively).
Similarly, the knockdown cells showed reduced spheroid formation

when compared with untreated and nontargeting siRNA treatments
in 3D assay (Figure 2C). Next, we tested the invasive potential of
these cells after stable knockdown. PAICS knockdown in VM-CUB1
and 5637 reduced the invasive potential of these cells as assessed by
Boyden chamber Matrigel invasion assay (Figure 3C). The above
results suggest that PAICS is involved in BLCA cell proliferation,
colony formation, 3D spheroid formation, and invasion i vitro.

miR-128 Regulates PAICS in BLCA

To investigate the potential miRNAs that target PAICS, we used
freely available web-based miR target prediction resources: miRanda
and TargetScan. We identified that miR-128 could potentially target
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analysis was performed showing PAICS protein expression, (D) cell proliferation, (E) colony formation, (F) Matrigel invasion, and (G) 3D
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PAICS. The binding site for miR-128 at 3’-UTR of PAICS is
indicated (Figure 4, A and B). MiR-128 is known to have tumor
suppressor function by targeting several oncogenes including ZEB1
[28] and RPS6KB1 [29] in prostate cancer, VEGF-C in BLCA [30],
CYP2C9 in hepatocellular carcinoma [31], and p70S6K1 in glioma

[32]. Therefore, we sought to determine its role in PAICS regulation.
We treated BLCA cell lines VM-CUBI1 and RT112 with a precursor
miR-128 and tested PAICS. We observed downregulation of PAICS
protein levels significantly by mir-128 (Figure 4C). Further, miR-
128—treated cells showed a decrease in cell proliferation (Figure 4D),



Neoplasia Vol. 20, No. 9, 2018

PAICS Expression Across Bladder Cancer Progression

Chakravarthi et al. 901

RT112 RT112
12, PAICS 12 SNAI1
[an] [an]
[ = *
g 0.8 «P<0.05 go_g *P<0.05
= = .
o o
5\(: 0.4 X 04
s s 2
0 0
& 8 8 I S\
X £ %° o
&7 O O o PO

VM-CUB1 RT112
- —- W | < ECAD
- ! P <PAICS
-ﬂ P- < p-actin
A O\

% \Q"O \09 <2 \O"O \O‘b

TR FXE XX

S VM-CUB1 D 5637

£ £

% 160 *P<0.05 %160 *P<0.05

2 120 N 2120

5 80 S g0 ;

2 40 F 40

= 0 = 0

S (S N S & N

e & .5 S & L
& &
S & < X

RT112 RT112

1.2 SLUG 1.2 viM
g E *P<0.05
é 0.8 P<0.05 < 0.8 *
m . {
0<f 0.4 * 8 0.4
s &

0 0

Q§V‘ %\\ %\'L Q§?‘ é\\ ‘_’J\"l/

PN K & @

<~ st Q?\ <~ F ¥
RT112

NT-siRNA PAICS si 2

PAICS si 1

Untreated

miR428.
ik

PAICS

/LN

VIM

SNAI1 ECAD SLUG

VS

Cell proliferation
Invasion & Tumor growth

Figure 5. PAICS is involved in tumor growth and epithelial to mesenchymal transition. (A) gPCR analysis of PAICS, SNAI1, SLUG, and
Vimentin mRNA in PAICS knockdown or NT-siRNA-treated RT112 cells. (B) Immunoblot analysis showing the levels of PAICS and E-
cadherin proteins after PAICS knockdown. (C) Immunostaining of the BLCA cell line RT112 transfected with PAICS and nontargeting
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colony formation (Figure 4E), Matrigel invasion (Figure 45), and 3D
spheroid formation (Figure 4G). Next, to determine whether miR-128
directly binds PAICS 3’-UTR and regulates it, VM-CUBI cells were
co-transfected with miR-128 and pMir-REPORT-PAICS 3’-UTR
plasmids. MiR-128 showed substantial reduction in luciferase reporter
activity compared with nontargeting control miR (Figure 44). This
reduction in luciferase activity is curtailed when miR-128 target site is
mutated (Figure 4H). These results indicate that PAICS is a direct target
of miR-128.

PAICS Is Involved in EMT

The invasion and metastasis of the tumor cells are known to be
regulated by EMT [12]. Therefore, to understand the molecular
mechanism underlying the PAICS-dependent growth and invasion of
BLCA cells, we examined the levels of E-cadherin protein after PAICS
depletion in BLCA cells. For this, we used VM-CUBI and RT112
cells which express various EMT markers. Our qPCR analysis showed
a decrease in SNAI1, a key transcription factor involved in EMT
[33,34]. SNAIl is known to repress E-cadherin expression
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transcriptionally by binding to three E-boxes present in the human E-
cadherin promoter [35,36]. Additionally, we also observed decreased
levels of SLUG and VIM transcript upon PAICS knockdown (Figure
5A). Among these, PAICS depletion increased E-cadherin expression
in both VM-CUBI1 and RT112 cells (Figure 5B). Concurrently, the
E-cadherin protein levels were elevated i situ in RT112 cells upon
PAICS knockdown (Figure 5C). Taken together, these results
demonstrated the role of PAICS in EMT of BLCA.

Role of PAICS in BLCA Growth In Vivo

To investigate the role of PAICS in tumorigenesis, we generated
VM-CUBland 5637 cells stably expressing PAICS or nontargeting
shRNA through the lentivirus expression system. Next, we confirmed
the knockdown of PAICS by Western blot before proceeding for
in vivo CAM assay. The fertilized eggs injected with the PAICS-
depleted cells produced small tumors than the eggs that were injected
with the control cells (Figure 5D). Tumor weights were also
significantly smaller in eggs that were injected with PAICS-depleted
cells. These results suggest that PAICS promotes tumor initiation and
progression in vivo.

Discussion

In this study, we evaluated the expression, role, and regulation of the
de novo purine metabolic enzyme PAICS in BLCA. We identified
and validated the overexpression of the de novo purine biosynthetic
enzyme PAICS in BLCA using RNA and protein expression
analyses. Cancer cells need increased nucleotides and amino acids to
cater to the needs of the enhanced cell division. For purine and
pyrimidine biosynthesis in cancer cells which produce nucleotides,
the salvage pathway will not be sufficient. Hence, cancer cells resort
to de novo biosynthesis using the intermediate 5’-phosph-D-
rybosyl-1 pyrophosphate (PRPP), a glucose metabolic intermediate.
Through a series of enzymatic conversions, PRPP is converted to
inosine monophosphate. Gene expression profiling as well as
transcriptome sequencing of BLCA suggested upregulation of de
novo biosynthetic pathway enzymes. PAICS is a critical enzyme
which produces N-succinocarboxyamide-5-aminoimidazole ribo-
nucleotide (SAICAR), which is shown to be involved in PKM2
activation under limiting glucose conditions. We confirmed
overexpression of PAICS in BLCA by qPCR and protein expression
by immunoblot analyses. IHC analyses using BLCA tissues further
showed increased PAICS expression in invasive tumors. In order to
test if PAICS in required for BLCA cell growth, we performed
multiple functional assays, all of which suggested a critical role for
PAICS in BLCA cell proliferation and invasion. These findings are
similar to our earlier studies that demonstrated the essential role of
PAICS in prostate cancer growth [22]. We further demonstrated
using BLCA lines that PAICS knockdown resulted in significant
reduction of cell viability, colony formation, 3D spheroid
formation, cell migration, and cell invasion. In addition, we found
that PAICS knockdown resulted in the induction of E-cadherin, a
mesenchymal to epithelial transition marker, as well as the
suppression of EMT markers SNAI1, SLUG, and vimentin. In
order to investigate the role of PAICS tumor growth, we performed
in vivo tumor growth assay using CAM. We found that PAICS
knockdown considerably inhibited tumor formation and subse-
quent tumor growth. Thus, our studies showed that the de novo
purine biosynthetic enzyme PAICS promotes bladder tcumorigenesis
and tumor progression.

EMT represents a series of major cellular events and signals for a
change in cellular demand from rapid proliferation and metastasis.
The changes in the cellular metabolism have been shown to trigger
cancer cell proliferation, but the link between cell metabolism and
cancer cell growth remains unclear. Indeed, several studies have
reported the alterations of multiple metabolic enzymes upon EMT
induction in various cancer types [37—41]. The function of E-
cadherin is essential for the integrity of epithelial cells. Thereby, the
downregulation of E-cadherin by EMT modulators is commonly
observed [42]. During EMT, several pathways merge into a common
end point of E-cadherin repression by activation of a series of
transcription factors. Among these transcription factors, SNAII has
been identified as a powerful E-cadherin repressor [35,36]. In the
present study, we observed the downregulation of SNAI1 in PAICS-
depleted cells, thereby increasing the levels of E-cadherin.

Differential microRNAs expression has been linked to tumor
growth, invasion, angiogenesis, and immune evasion [43,44]. In
prostate cancer, miR-128 was reported to be downregulated,
functioning as a tumor suppressor to influence EMT and cancer
stem cell growth [45,46]. It has also been demonstrated that miR-
128-3p accelerated cell cycle arrest and chromosomal instability in
mitomycin-c—treated lung cancer cells [47]. Conversely, miR-128
mediates genomic stability by suppressing the mobility of endogenous
retrotransposons [48]. However, further investigation needs to be
performed to detect the upstream regulators of miR-128 in cancer.

Conclusion

In summary, our study identifies a role for tumor suppressor miR-128
in regulating PAICS, which in turn regulates EMT markers SNAII,
VIM, SLUG, and E-cadherin, thereby increasing cell proliferation,
invasion, and bladder tumor growth in vive (Figure 5E). Present
studies also show that PAICS, a purine metabolic enzyme, is
overexpressed in BLCA and promotes tumor growth. Our findings
may therefore offer a potential therapeutic strategy for BLCA via
targeting PAICS. PAICS inhibition may complement T-cell
checkpoint inhibitors or chemotherapy, and these combinations
may be worthy of investigation. Further assessment of the functions
of PAICS is required to determine its biological significance in BLCA.
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