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ABSTRACT

Introduction: The question of whether piogli-
tazone, an antidiabetic drug, increases the risk
of cancer has been debated for some time.
Recent studies have shown that pioglitazone
use can increase the risk of prostate cancer as
well as pancreatic cancer. However, it is unclear
whether pioglitazone is a causal risk factor for
these cancers.

Methods: In this study, we aimed to explore the
direct targets of pioglitazone and genes associ-
ated with this drug by querying open platforms
in order to construct a biological function net-
work, and then to further evaluate the

Weiheng Wen, Peili Wu and Jinru Gong contributed
equally to this work.

Enhanced Digital Features To view enhanced digital
features for this article go to https://doi.org/10.6084/
m9.figshare.7043330.

W. Wen - P. Wu - M. Zhao - Z. Zhang - R. Chen -
H. Chen (X)) - J. Sun (IX)

Department of Endocrinology, Zhujiang Hospital,
Southern Medical University, Guangzhou, People’s
Republic of China

e-mail: chenhong123@smu.edu.cn

J. Sun
e-mail: sunjia@smu.edu.cn

J. Gong

State Key Laboratory of Respiratory Disease, The
First Affiliated Hospital of Guangzhou Medical
University, Guangzhou, People’s Republic of China

relationships of pioglitazone with prostate can-
cer and pancreatic cancer.

Results: We first tested our hypothesis using
DrugBank and STRING. We identified four
direct targets of pioglitazone and 50 pioglita-
zone-associated genes, which were then selected
for KEGG pathway analysis using STRING and
WebGestalt. This analysis generated the top 25
KEGG pathways, among which four pathways
were related to site-specific cancers, including
prostate cancer and pancreatic cancer. Finally, a
genomic study using cBioPortal indicated that
genomic alterations of two gene sets related to
the prostate cancer and pancreatic cancer
pathways, respectively, are associated with the
acceleration of carcinogenesis.

Conclusions: Pioglitazone is likely to be a causal
risk factor for prostate cancer and pancreatic
cancet, so this drug should be used with caution.
The present research also demonstrates the use of
biological function network analysis to effectively
explore drug interactions and drug safety profiles.

Keywords: Bioinformatics; Cancer risk; Connec-
tivity; Diabetic treatment; Drug safety;
Functional network study; Pancreatic cancer;
Pioglitazone; Prostate cancer; Side effect

INTRODUCTION

The global prevalence of diabetes and cancer is
increasing rapidly. In 2015, an estimated 415
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million people were diagnosed with diabetes, and
90% of those were identified as having type 2
diabetes [1]. Recently, drugs used for the treat-
ment of type 2 diabetes have been reported to
affect the risk of cancer [2], suggesting that it is
important to select appropriate hypoglycemic
drugs that minimize the risk of cancer. Pioglita-
zone is a thiazolidinedione drug that regulates
blood glucose homeostasis by binding to peroxi-
some proliferator-activated receptor gamma
(PPARY). This drug can improve insulin resistance
in peripheral tissues and the liver, protect B-cell
function in diabetic patients, and is considered to
be beneficial for lipid homeostasis [3]. Various
restrictions have been placed on the utilization of
other thiazolidinedione drugs, including trogli-
tazone and rosiglitazone, due to the resulting risk
of hepatotoxicity or cardiovascular disease [4].
Pioglitazone is currently the only thiazolidine-
dione drug that is commonly used globally.

However, the safety of pioglitazone still
warrants investigation. It has been reported that
the use of pioglitazone increases the incidence
of bladder cancer [5-7]. However, the associa-
tion between pioglitazone and the risk of blad-
der cancer remains a source of debate among
researchers [8, 9]. In addition to bladder cancer,
researchers should also be aware that pioglita-
zone increases the risk of other types of cancers.
In a study by Ferrara et al., pioglitazone use was
found to be associated with an increased pros-
tate cancer risk and pancreatic cancer risk, but it
did not increase the risk of ten other cancers,
including bladder cancer [10]. Also, a meta-
analysis indicated that pioglitazone is associ-
ated with an increased incidence of prostate
cancer and pancreatic cancer. Further investi-
gation is needed to evaluate whether pioglita-
zone is a causal risk factor for these cancers.

In this research, we used DrugBank to obtain
direct-target information for pioglitazone and
investigate its potential pharmacological effects.
Based on the four direct targets found for pioglita-
zone, 50 target-related genes were identified with
the STRING database. We then performed pathway
enrichment analysis for the targets and their asso-
ciated genes using the STRING and WebGestalt
databases. Interestingly, the results indicated that
the prostate cancer pathway and the pancreatic
cancer pathway were highly correlated with the

functional network of pioglitazone. These path-
ways were thus screened, and the related genes
were then used as queries in searches of the
cBioPortal database to explore relevant genomic
alterations. Overall, our research plan was to assess
the risk of prostate cancer and pancreatic cancer
associated with pioglitazone use via systematic
network studies in order to determine the safety of
pioglitazone in T2DM patients.

METHODS

Drug-Target Search

The DrugBank database is a useful web-based
bioinformatics tool that can provide detailed drug
data, including pharmacological mechanisms and
targets [11, 12]. In this study, DrugBank was used
to retrieve information on pioglitazone, including
the interactions between pioglitazone and its
primary targets, in order to gain insight into the
biological network of pioglitazone.

Network Generation and Pathway
Enrichment Analysis

STRING v.10.5 is an open database that is used to
explore protein—protein interactions and obtain
information on interactions predicted by compar-
ative genomics [13]. In the present research, the
target proteins of pioglitazone were explored using
STRING, and the results generated were then
visualized using Cytoscape (version 3.6.0) [14]. In
addition, KEGG pathway analysis of pioglitazone-
associated genes was conducted using STRING,
which yielded the top 25 statistically significant
KEGG enrichment pathways. WebGestalt is an
integrated enrichment analysis tool that allows
flexible and accurate exploration of functionally
enriched pathways [15]. In our study, the pathway
enrichment analysis of pioglitazone-associated
genes was further validated using WebGestalt.

Obtaining Cancer Genomics Data Linked
to Pioglitazone Using cBioPortal

cBioPortal is a web-based tool for exploring
multidimensional cancer genomics data
obtained from various cancer samples [16, 17].
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In our study, the cBioPortal database was used
to explore the connectivity of pioglitazone-re-
lated genes across prostate cancer and pancre-
atic cancer studies.

Compliance with Ethics Guidelines

This article is based on previously conducted
studies and does not contain any studies with
human participants or animals performed by
any of the authors.

RESULTS

Characterization of the Biological Effects
of Pioglitazone Using DrugBank

and Visualization of the Pioglitazone
Linkage Network Using STRING

In this research, we first queried DrugBank using
pioglitazone as an input, which yielded an out-
put of DB01132, categorizing pioglitazone as a
blood glucose lowering agent, cytochrome P450
enzyme inhibitor/inducer, peroxisome prolifer-
ator-activated receptor alpha/gamma agonist,
and thiazolidinedione (Table 1). Among these,
the primary use of pioglitazone is to improve
glycemic control, where itisused as an adjunct to
diet and exercise. Table 2 presents four primary
targets of pioglitazone, PPARG, PPARD, PPARA,

Table 1 Characterization of pioglitazone using DrugBank

and MAOB. To further extend our research and
analysis, STRING was employed to obtain 50
pioglitazone-related target proteins. These data,
including the four primary targets, were then
grouped together using Cytoscape 3.6 to build a
biological function network for visualizing the
interactions of the pioglitazone-related proteins:
the four primary direct targets and the secondary
pioglitazone-associated proteins. PPARA had 44
protein targets, PPARD had 19 protein targets,
PPARG had 35 protein targets, and MAOB had 2
protein targets; see Fig. 1. Three of the primary
direct targets of pioglitazone (the exception
being MAOB) had 17 genes in common.

Analysis of Biologic Functions Related
to Pioglitazone-Mediated Changes
in Genes Using STRING and WebGestalt

To assess the functional attributes of the piogli-
tazone-mediated genes, we performed KEGG
pathway analysis using STRING. The top 25 KEGG
enrichment pathways related to pioglitazone
included the PPAR signaling pathway (16 genes),
adipocytokine signaling pathway (12 genes),
thyroid hormone signaling pathway (11 genes),
cancer pathways (13 genes), AMPK signaling
pathway (9 genes), prostate cancer (8 genes),
hepatitis B (9 genes), non-alcoholic fatty liver
disease (8 genes), T-cell receptor signaling path-
way (7 genes), inflammatory bowel disease (6

DB_ID Name Group

Category

Indication

DB01132 Approved,

Investigational

Pioglitazone

Blood glucose lowering agents

Cytochrome P450 enzyme inducers/
inhibitors

As an adjunct to dict and exercise to
improve glycemic control in

adults with T2DM

Peroxisome proliferator-activated
receptor alpha/gamma agonists

Thiazolidinediones

Table 2 Identification of the direct targets of pioglitazone using DrugBank

DB_ID Name Target UniProt ID Actions Organism
DB01132 Pioglitazone PPARG P37231 Agonist Human
DB01132 Pioglitazone PPARD Q03181 Unknown Human
DB01132 Pioglitazone PPARA Q07869 Unknown Human
DB01132 Pioglitazone MAOB P27338 Unknown Human
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Fig. 1 Drug-target interactome of pioglitazone. The drug

pioglitazone is highlighted in yellow, the primary direct
protein targets (PPARA, PPARD, PPARG, and MAOB)

genes), HTLV-linfection (9 genes), FoxO signaling
pathway (7 genes), leishmaniasis (6 genes), viral
carcinogenesis (8 genes), chronic myeloid leuke-
mia (6 genes), osteoclast differentiation (7 genes),
Chagas disease (6 genes), transcriptional misreg-
ulation in cancer (7 genes), tuberculosis (7 genes),
NOD-like receptor signaling pathway (5 genes),
herpes simplex infection (7 genes), acute myeloid
leukemia (5 genes), pancreatic cancer (5 genes),
Epstein—-Barr virus infection (7 genes), and B-cell
receptor signaling pathway (5 genes) (Fig. 2). All
identified enrichment pathways with biological
functions were statistically significant, thus
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are highlighted in red, and the secondary pioglitazone-
associated proteins are highlighted in pink

motivating further study. Asshownin Table 3, the
most common enrichment pathway was the PPAR
signaling pathway, which is consistent with
pioglitazone mainly exerting a hypoglycemic
effect. In addition, both the PPAR and adipocy-
tokine signaling pathways are known to regulate
glucose and lipid homeostasis, which is also
characteristic of pioglitazone. These observations
confirm the reliability of our results. Extensive
grouping via biologic functional analysis also
indicated that pioglitazone-associated genes are
closely linked to cancer and its related signaling
pathways, such as the FoxO signaling pathway
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Fig. 2 KEGG pathway analysis of the potential functions of pioglitazone-associated genes in the pathway using STRING

[18], viral carcinogenesis [19], and transcriptional
misregulation in cancer [20]. Among the 25 sig-
naling enrichment pathways, four were directly
linked to specific types of cancers: prostate cancer,
chronic myeloid leukemia, acute myeloid leuke-
mia, and pancreatic cancer. Notably, Ferrara et al.
found that the use of pioglitazone can increase the
risk of prostate cancer and pancreatic cancer but
not ten other cancers (not including chronic/
acute myeloid leukemia). A meta-analysis also
showed that pioglitazone use is associated with an
increased risk of prostate cancer and pancreatic
cancer [21]. These results are consistent with those
from the pathway enrichment analysis of piogli-
tazone. However, whether the increased risk of
prostate cancer and pancreatic cancer after treat-
ment with pioglitazone is actually caused by the
pioglitazone treatment was unclear. Therefore,
the prostate cancer and pancreatic pathways were
screened for further investigation.

Next, to verify the enrichment pathway iden-
tified by STRING, we additionally conducted

KEGG pathway enrichment using WebGestalt.
The prostate cancer and pancreatic cancer path-
ways were also identified with statistical signifi-
cance in this study (Table4). A broad search
indicated that eight genes in the prostate cancer
pathway (CREBBP, EP300, HSP90OAA1, NFKBI,
NFKBIA, MAPK1, RB1, and RELA) and five genesin
the pancreatic pathway (NFKB1, MAPK1, RBI,
RELA, and TGFB1) were linked to pioglitazone.
The CREBBP, EP300, and RELA genes in the pros-
tate cancer pathway and the RELA gene in the
pancreatic cancer pathway were all linked to three
of the primary direct targets of pioglitazone.

Mining Genomic Alterations Related
to Pioglitazone-Associated Genes
in Prostate Cancer Using cBioPortal

To further investigate the associations between
pioglitazone-associated genes and the prostate
cancer pathway, cBioPortal was used to reveal
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Table 3 List of enriched pioglitazone-associated gene sets obtained using STRING

Pathway description #Gene Genes (corresponding gene set) FDR

PPAR signaling pathway 16

ACOXI1, ADIPOQ, APOAL, APOAS, CD36, CPT1A, CYP7AL, FABPI, 1.82 x 107%

FABP4, LPL, PCK1, PLINI1, PPARA, PPARD, PPARG, RXRA

Adipocytokine signaling 12 ADIPOQ, CD36, CPT1A, LEP, NFKBI, NFKBIA, PCK1, PPARA, 238 x 1077
pathway PPARGCIA, RELA, RXRA, SLC2A4
Thyroid hormone 11 CREBBP, EP300, HDAC3, MAPK1, MED1, MED24, NCOA1, NCOA2, 8.12 x 107"

signaling pathway

Pathways in cancer 13

NCOA3, NCOR1, RXRA
CEBPA, CREBBP, EP300, HSP90AA1, MAPK1, NFKB1, NFKBIA, PPARD,  1.18 x 107

PPARG, RB1, RELA, RXRA, TGFB1

AMPK signaling pathway 9 ADIPOQ, CD36, CPT1A, LEP, PCK1, PPARG, PPARGCIA, SIRT1, SLC2A4 1.37 x 10~°

Prostate cancer 8 CREBBP, EP300, HSP90AA1, MAPKI1, NFKBI, NFKBIA, RB1, RELA 270 x 107°

Hepatitis B 9 CREBBP, EP300, MAPK1, NFATCI1, NFKB1, NFKBIA, RB1, RELA, TGFB1 4.00 x 107°

Non-alcoholic fatty liver 8 ADIPOQ, CEBPA, LEP, NFKB1, PPARA, RELA, RXRA, TGFB1 1.66 x 1077
disease (NAFLD)

T cell receptor signaling 7 IL2, IL4, MAPK1, NFATCI, NFKB1, NFKBIA, RELA 219 x 1077
pathway

Inflammatory bowel 6 1L2, IL4, NFATCI, NFKBI, RELA, TGFB1 400 x 1077
disease (IBD)

HTLV-I infection 9 CREBBP, EP300, IL2, NFATC1, NFKB1, NFKBIA, RB1, RELA, TGFB1 452 x 1077

FoxO signaling pathway 7 CREBBP, EP300, MAPK1, PCK1, SIRT1, SLC2A4, TGFB1 540 x 1077

Leishmaniasis 6 1L4, MAPK1, NFKB1, NFKBIA, RELA, TGFB1 540 x 1077

Viral carcinogenesis 8 CREBBP, EP300, HDAC3, MAPK]1, NFKBI1, NFKBIA, RB1, RELA 540 x 1077

Chronic myeloid leukemia 6 MAPKI1, NFKB1, NFKBIA, RB1, RELA, TGFB1 540 x 1077

Osteoclast differentiation 7 1L2, MAPKI1, NFKBI1, NFKBIA, RELA, TGFB1 601 x 1077

Chagas discase (American 6 CEBPA, CEBPB, NCORI, NFKBI, PPARG, RELA, RXRA 332 x 1076
trypanosomiasis)

Transcriptional 7 CEBPB, CREBBP, EP300, MAPK1, NFKB1, RELA, TGFB1 3.85 x 1076
misregulation in cancer

Tuberculosis 7 HSP90AAI1, MAPK1, NFKB1, NFKBIA, RELA 466 x 107¢

NOD-like receptor 5 ARNTL, CLOCK, CREBBP, EP300, NFKB1, NFKBIA, RELA 477 x 107¢
signaling pathway

Herpes simplex infection 7 CEBPA, MAPK1, NFKBI1, PPARD, RELA 477 x 107

Acute myeloid leukemia 5 MAPK]I, NFKBI1, RB1, RELA, TGFB1 477 x 10°°

Pancreatic cancer 5 CREBBP, EP300, NCOR2, NFKBI1, NFKBIA, RB1, RELA 7.03 x 107¢

Epstein—Barr virus 7 MAPK]1, NFATCI, NFKBI1, NFKBIA, RELA 7.54 x 107°¢
infection

B-cell receptor signaling 5 1.2, MAPK1, NFKB1, NFKBIA, RELA, TGFB1 1.19 x 107>

pathway

genomic alterations of pioglitazone-associated
genes in prostate cancer. A total of 14 prostate
cancer studies were included in cBioPortal. One
study was only accepted provisionally, so we

focused on the remaining 13 studies. Gene sets
containing eight identified genes (EGF, EGFR,
THBS1, VEGFA) associated with prostate cancer
were analyzed in the 13 studies. The results
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Table 4 List of enriched pioglitazone-related gene sets obtained via WebGestalt

Pathway name #Gene Genes (corresponding gene set) Statistics
PPAR signaling 16 APOAS, CPTI1A, CYP7A1, FABP4, FABPI, APOAI, LPL, C=720=16,E=051
pathway ACOXI1, PCKI1, PLIN1, PPARA, PPARD, PPARG, RXRA, R=3126P=0
ADIPOQ, CD36
Adipocytokine 12 PPARGCIA, CPTIA, LEP, NFKBI, NFKBIA, PCK1, PPARA,  C=70,0 = 12, E = 0.5
signaling pathway RELA, RXRA, SLC2A4, ADIPOQ, CD36 R=12412 P =326 x 10
Thyroid hormone 11 NCOA2, CREBBP, EP300, MED1, MAPK1, RXRA, NCOA3, C=118,0=11,E =084
signaling pathway NCOAI, HDAC3, NCORI1, MED24 R=131L P = 407 x 10°°
Th17 cell 10 HSP90AAL, IL2, IL4, NFATCI1, NFKB1, NFKBIA, MAPK1, C =107, 0 =10, E = 0.76
differentiation RELA, RXRA, TGFB1 R=1315P =273 x 10°°
Insulin resistance 9 PPARGCIA, CPT1A, NFKBI1, NFKBIA, PCK1, PPARA, RELA, C=109,0=9,E=0.77
SLC2A4, CD36 R=1162,P =55 x 107
Prostate cancer 8 CREBBP, EP300, HSP90AA1, NFKBI1, NFKBIA, MAPK1, RBI1, C=89,0=8 E=063
RELA R=1265P=168 x 1077
AMPK signaling 9 PPARGCIA, CPTIA, SIRT1, LEP, PCK1, PPARG, SLC2A4, C=124,0=9,E=10.88
pathway ADIPOQ, CD36 R=1021.P =170 x 10~
Hepatitis B 9 CREBBP, EP300, NFATCI1, NFKB1, NFKBIA, MAPK]1, RB1, C=146,0=9,E =104
RELA, TGFBI R=8672,P =68 x 107
Pathways in cancer 13 CEBPA, CREBBP, EP300, HSP90AA1, NFKB1, NFKBIA, PPARD, C =397, 0 =13, E = 2.82
PPARG, MAPKI, RB1, RELA, RXRA, TGFB1 R =4607. P =260 x 10°°
Thl and Th2 cell 7 IL2, IL4, NFATCI1, NFKBI1, NFKBIA, MAPK1, RELA C=92,0=7,E=0.65
differentiation R=107. P =331 x 10
Inflammatory bowel 6 1L2, IL4, NFATCI1, NFKBI1, RELA, TGFB1 C=65 0=6,E=046
disease (IBD) R=1299,P =572 x 107
Glucagon signaling 7 PPARGCIA, CPT1A, CREBBP, EP300, SIRT1, PCK1, PPARA C=103,0=7,E=073
pathway R =9561, P =706 x 10~
T-cell receptor 7 1L2, IL4, NFATCI, NFKBI, NFKBIA, MAPK1, RELA C=1050=7,E=075
signaling pathway R =9379, P =802 x 10°°
cAMP signaling 9 CREBBP, EP300, NFATCI1, NFKB1, NFKBIA, ACOXI, PPARA, C=200,0=9,E =142
pathway MAPKI1, RELA R=6331.P =936 x 10°¢
Non-alcoholic fatty 8 CEBPA, LEP, NFKBI, PPARA, RELA, RXRA, TGFB1, ADIPOQ C=151,0 =8, E = 1.07
liver disease R = 7454, P = 945 x 107
(NAFLD)
Leishmaniasis 6 1L4, NFKB1, NFKBIA, MAPK1, RELA, TGFB1 C=73,0=6,E=052
R=1156,P =113 x 107>
Chronic myeloid 6 NFKBI1, NFKBIA, MAPK]1, RBI1, RELA, TGFB1 C=73,0=6,E=052
leukemia R=1156P =113 x 10°°
Osteoclast 7 NFATCI, NFKBI1, NFKBIA, PPARG, MAPK1, RELA, TGFB1 C=132,0=7,E=09%
differentiation

R =7461,P =359 x 107>
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Table 4 continued

Pathway name #Gene Genes (corresponding gene set) Statistics

FoxO signaling 7 CREBBP, EP300, SIRT1, PCK1, MAPK1, SLC2A4, TGFB1 C=134,0=7,E=095
pachway R =7349, P =395 x 10°°

Acute myeloid 5 CEBPA, NFKBI1, PPARD, MAPK1, RELA C=57,0=5E=041
leukemia

Longevity-regulating 6

pathway
HTLV-I infection 9 CREBBP, EP300, IL2, NFATCI1, NFKB1, NFKBIA, RB1, RELA,
TGFB1
Chagas disease 6 IL2, NFKB1, NFKBIA, MAPK1, RELA, TGFB1
(American
trypanosomiasis)
Viral carcinogenesis 8 CREBBP, EP300, NFKB1, NFKBIA, MAPK1, RB1, RELA,
HDAC3
Pancreatic cancer 5 NFKB1, MAPKI1, RBI1, RELA, TGFB1

PPARGCIA, SIRT1, NFKBI, PPARG, RELA, ADIPOQ

R=1234,P =470 x 107>
C=9,0=6E=067

R =898 P =48 x107°
C=1258,0=9 E=183
R = 4908, P =707 x 107°
C=104,0=6,E =074
R=8117,P =852 x 107°

C=2050=8 E=146
R=549,P =857 x 107°
C=650=5E=047

R =10.66, P = 957 x 107°

C number of genes referenced in the category, O number of genes that overlap in gene set as well as category, E expected number in the

category, R enrichment ratio, P the p value calculated via the hypergeometric test

showed that the most pronounced mutations
detected in the identified gene sets occurred in
Demichelis’ study, with 46.73% genetic alter-
ations [22]. In that study, 50 cases (46.73%) had
alterations in all eight genes; the alteration fre-
quencies of the eight identified genes are shown
in Fig.3. For RELA (31%), CREBBP (25%),
HSP90AA1 (25%), NFKBIA (21%), NFKB1 (12%),
MAPK (10%), and EP300 (8%), the most com-
mon alterations were amplifications. For RB1
(12%), the majority of the alterations were deep
deletions, with a small fraction of amplifica-
tions as well as missense mutations.

cBioPortal can also be used to perform inter-
active analysis and to construct networks that are
altered in prostate cancer. Figure 4 shows a net-
work including all neighbors of the eight identi-
fied genes CREBBP, EP300, HSP9OAA1, NFKBI1,
NFKBIA, MAPK1, RB1, and RELA. To reduce the
complexity of the analysis, we employed the
alteration frequency within a particular prostate
cancer study as a filter, so that only the genes that
displayed high alteration frequencies were pre-
sented. The eight selected genes were found to be

linked to AR using 49.5% alteration as a filter.
Eleven genes, including MYC and NCOAZ2, were
flagged up using 44.8% alteration as a filter. Thir-
teen gene clusters, including AR, MYC, NCOA2,
HEY1, and LY96, were highlighted by applying
43.9% alteration as a filter. This integrated net-
work revealed the variability in the pioglitazone-
associated gene alterations among the prostate
cancer samples in Demichelis’ study [22].

Mining Genomic Alterations Related
to Pioglitazone-Associated Genes
in Pancreatic Cancer Using cBioPortal

cBioPortal was also used to assess genomic
alterations of pioglitazone-associated genes in
pancreatic cancer. A total of four pancreatic
cancer studies were included in cBioPortal. One
study was only accepted provisionally, so the
remaining three studies were used to accurately
evaluate the genomic alterations of five selected
genes: RB1, MAPK1, NFKB1, RELA, and TGFB1.
As shown in Fig. 5, alterations ranging from
1.01 to 29.36% were detected for the selected
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Fig. 3a-b Exploring the genetic alterations linked to the
pioglitazone-related genes CREBBP, EP300, HSP90AAL,
NFKBI1, NFKBIA, MAPKI, RBI1, and RELA in prostate
cancer using cBioPortal. a Overview of variations in
CREBBP, EP300, HSP90AA1, NFKB1, NFKBIA, MAPK1,
RBI, and RELA in the genomic database across a series of

genes. The study by Knudsen [23] displayed the
most pronounced genomic alterations. In that
study, 32 cases showed alterations in all five
genes. TGFB1 (16%) showed the most promi-
nent alterations, which included amplification
with a few cases of missense mutation. For RELA

u Missense Mutation (unknown significance)

m Truncating Mutation (putative driver) I Amplification

prostate cancer samples. b Oncopoint: a visual display of
genomic alterations in the eight identified genes (based on the
Demichelis study [22]). Genomic alterations are summarized
and displayed as % changes in the selected genes. Each row
corresponds to a gene, and each column is a sample. Bars with
different colors represent different genomic alterations

(10%), the majority of the alterations were
amplifications. For MAPK1 (7%), most of the
alterations were amplifications, with a small
fraction of deep deletions, missense mutations,
and truncating mutations. For RB1 and NFKB1,
only a few alterations were detected (5% and
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Fig. 4a-b A visual display of gene networks linked to
CREBBP/EP300/HSP90AA1/NFKB1/NFKBIA/MAP

K1/RB1/RELA in prostate cancer (based on the Demichelis
study [22]). a Eight selected pioglitazone-related genes were
employed as seed genes (circles with thick black outlines) to
harvest all the other genes that were changed in prostate

2.8%, respectively). A network study was then
conducted which included neighbors of the five
selected genes (Fig. 6). Six genes, including
TPS3, were identified using 54.1% alterations as
the filter. Seven gene clusters, including TP53
and SMAD4, were obtained with a filter of
43.1% alterations, while eight genes, including
TPS53, SMAD4, and CDKN2A, were highlighted
by a filter of 41.2% alterations.

DISCUSSION

Pioglitazone, a thiazolidinedione drug that reg-
ulates glucose homeostasis, has been widely used
to treat diabetes since 1999 [24]. To our knowl-
edge, the safety profile of pioglitazone has not
been determined, including its affect on cancer
risk. A cohort and case—control study showed

+AR+MYC+NCOA2+HEY1+LY96

cancer samples using cBioPortal. b Neighboring genes
associated with the eight selected genes were filtered by
alteration (%). Darker red indicates an increased frequency
of alterations in prostate cancer. In addition to the selected
genes, the filter used also involved the highest genomic
alteration frequency in the prostate cancer study

that pioglitazone use is statistically significantly
associated with an increased risk of prostate
cancer and pancreatic cancer [10]. Meanwhile, a
meta-analysis also reported that pioglitazone
treatment may increase the risk of prostate can-
cer and pancreatic cancer [21]. Thus, it is neces-
sary to investigate whether pioglitazone is a
causal risk factor for these cancers.

In this study, we first constructed a biological
network for pioglitazone to evaluate the rela-
tionship between pioglitazone and each type of
cancer using open platforms. Four primary tar-
gets (PPARG, PPARD, PPARA, and MAOB) and
another 50 pioglitazone-related proteins were
identified using DrugBank and STRING, and
then a KEGG pathway enrichment analysis was
carried out based on the network for pioglita-
zone. As previously described, the relationships
between pioglitazone use and prostate cancer

A\ Adis



Diabetes Ther (2018) 9:2229-2243

2239

30%
25%
z
5 20%
=]
o
p
L r
c  15%
2
g
3
< 10%
5% I
| |
$286
n 035 0
E O & Q
T e 9
g 80 8
o [~
[~ w @
] )
e o § ¢
p
o
c
]
o
® Mutation @ Amplification @ Deep Delefion
B oret s ||l

NFKB1 2% |||

et e ||

MAPK1 7%

IR

¥ Missense Mutation (unknown significance)

RELA 10%

Genetic Alteration

IAmpIiﬁcation IDeepDeletion No alterations

Fig. Sa-b Exploring genetic alterations linked to the
pioglitazone-related genes RB1, MAPK1, NFKB1, RELA,

and TGFB1 in pancreatic cancer using cBioPortal.
a Overview of variations in RB1, MAPKI1, NFKBI,

risk as well as pancreatic cancer risk remain
unclear. Our KEGG enrichment analysis showed
that among the top 25 enrichment pathways,
four were directly linked to specific types of
cancers: prostate cancer, chronic myeloid leu-
kemia, acute myeloid leukemia, and pancreatic
cancer. In their study, Ferrara et al. discovered
that pioglitazone use can increase the risk of

1 Truncating Mutation (putative driver) i Truncating Mutation (unknown significance)

RELA, and TGFBI in the genomic database across a series
of pancreatic cancer samples. b Oncopoint: a visual display
of genomic alterations in the five identified genes (based on

the Knudsen study [23])

prostate cancer and that of pancreatic cancer,
but not the risk of ten other cancers (not
including chronic/acute myeloid leukemia)
[10]. Hongting et al. also found that the use of
pioglitazone leads to an increased risk of pros-
tate cancer as well as an increased risk of pan-
creatic cancer [21]. Therefore, the prostate
cancer and pancreatic cancer pathways were
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Fig. 6a-b A visual display of gene networks linked to
RB1/MAPK1/NFKB1/RELA/TGEFBI in pancreatic can-
cer (based on the Knudsen study [23]). a Five selected
pioglitazone-related genes to explore all the other genes

screened to determine whether pioglitazone is a
causal risk factor for these cancers. For the
prostate cancer pathway, eight identified genes
(CREBBP, EP300, HSP90AA1, NFKB1, NFKBIA,
MAPK1, RB1, and RELA) were selected, and then
their genomic alterations were explored across
prostate cancer studies using cBioPortal. Nota-
bly, the overlapping genes EP300, CREBBP, and
RELA were all found to be linked to three of the
primary direct targets of pioglitazone. Addi-
tionally, the results showed that the majority of
the alterations to EP300, CREBBP, and RELA in
prostate cancer were amplifications. These
amplifications trigger an upregulation of the
expression of those genes, which is associated
with the acceleration of carcinogenesis [25, 26].
Moreover, mutual exclusivity analysis showed
that there were co-occurrence relationships
between EP300 and CREBBP, EP300 and RELA,
and CREBBP and RELA (data not shown),
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that were changed in pancreatic cancer samples using
cBioPortal. b Neighboring genes associated with the five
selected genes were filtered by alteration (%)

demonstrating the synergistic effects of these
genes in prostate cancer development.

For the pancreatic cancer pathway, five
overlapping genes (NFKB1, MAPK1, RB1, RELA,
and TGFB1) were extracted for further analysis.
RELA was found to be associated with three of
the primary direct targets of pioglitazone, and
was observed to be amplified in pancreatic
cancer. This results in the overexpression of this
gene, which is linked to the carcinogenesis of
pancreatic cancer [27]. The TGFB1 gene pre-
sented the most pronounced alterations, which
were mainly amplifications, thus promoting the
expression of TGFB1 and accounting for the
development of pancreatic cancer [28]. A co-
occurrence relationship between RELA and
TGFB1 was noted (data not shown). Based on
alteration analysis of the genes related to
pioglitazone, it is clear that EP300, CREBBP, and
RELA are strongly amplified in prostate cancer
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and that RELA and TGFB1 are strongly ampli-
fied in pancreatic cancer, suggesting that the
increased risk of cancer development associated
with pioglitazone is due to the amplification of
these pioglitazone-related genes. Therefore, the
results of our network analysis correlate well
with the increased prostate cancer risk and
pancreatic cancer risk associated with pioglita-
zone use.

Further study is still needed to explore the
impact of pioglitazone on cancer. The expres-
sion profiles of PPARy in tumor tissues are dif-
ferent from those in normal tissues, and PPARy
agonists have been reported to suppress tumor
cell growth [29, 30]. However, conflicting results
regarding the pro-carcinogenic effects of PPARy
agonists such as pioglitazone can be found in
several clinical studies [8, 24]. Therefore, whe-
ther pioglitazone affects cancer development via
the PPARy signaling pathway remains unclear.
Our KEGG pathway analysis showed that the
AMPK, FoxO, and viral carcinogenesis pathways
are closely associated with pioglitazone. These
pathways are involved in the development of
cancer [18, 19, 31], so future research into the
pioglitazone-induced carcinogenesis should also
focus on those signaling pathways. In addition,
there are various confounding factors in clinical
studies, such as age, gender, race, lifestyle habits,
occupational exposure, drug dose, the level of
blood glucose control, and complications,
which could contribute to the observed incon-
sistency of study results. The biological function
network of pioglitazone that we constructed can
eliminate these confounding factors, and the
generated results may be close to the actual
effects of pioglitazone on human beings. Our
results also show that pioglitazone has the
potential to affect chronic/acute myeloid leu-
kemia—an association that has not received
enough attention from researchers. Thus, con-
structing a gene functional network may be a
useful supplemental method for evaluating the
safety profiles of drugs.

It should be noted that hyperglycemia or
insulin resistance also enhances the risk of
malignancy [32], so using pioglitazone as an
antidiabetic drug does have beneficial effects in
this context too. However, pioglitazone may
have other biological actions that contribute to

the development of different types of cancers.
The combination of these effects of pioglitazone
may determine its impact on the risk of specific
types of cancers. Therefore, when choosing an
antidiabetic drug, priority should be given to
drugs that can correct hyperglycemia without
increasing the risk of cancer, assuming that all
of the drugs considered permit similar control
of glucose homeostasis.

There are several limitations of this study.
First, although we comprehensively analyzed
the observed effects of pioglitazone and its
associations with proteins, this study lacks a
functional validation experiment which directly
demonstrates that pioglitazone does indeed
increase the risk of prostate cancer and pancre-
atic cancer. Second, the results of the pathway
enrichment analysis for specific types of cancer
were obtained with the STRING database, but
the interaction of pioglitazone-related targets
does not imply the activation of partners; such
interactions often have a neutral or sometimes
negative impact on the partner’s function. The
nature of the interactions require further inves-
tigation to clarify the molecular mechanism
through which pioglitazone increases the risk of
prostate cancer and pancreatic cancer. Finally,
other cancer pathways revealed by pathway
enrichment analysis have not yet been investi-
gated. Whether the functional network between
pioglitazone and prostate/pancreatic cancer
presented in this study can be extended to other
specific types of cancers remains to be explored.
However, the results of this study may provide
the foundations for further experimental
research and help researchers to translate basic
research into clinical applications.

In summary, we integrated and utilized open
databases to establish a biological effect net-
work for pioglitazone and thereby explore the
safety of this drug. Scientific research should
lead to the discovery of more pioglitazone-tar-
geted proteins helps update the functional
network constructed, andthereby provide novel
insights into scientific research, and permit
improved clinical guidance. For example, our
results suggest that pioglitazone is likely to be a
causal risk factor for prostate cancer and pan-
creatic cancer. Therefore, government regula-
tors, doctors, and patients should evaluate the
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risk-benefit relationship of pioglitazone when
choosing a suitable hypoglycemic drug. Overall,
this study has demonstrated a simple and flex-
ible method for applying information about the
biological network of a drug and genomic
alterations during cancer to the rational analy-
sis of drug safety.

CONCLUSIONS

Our results suggest that pioglitazone is likely to
be a causal risk factor for both prostate cancer
and pancreatic cancer.
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