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ARTICLE INFO ABSTRACT

Keywords: The pituitary tumor-transforming gene 1 (PTTG1), also known as Securin, is considered an oncogene. This study
Bioinformatics aimed to investigate the role of PTTG1 in clear cell renal cell carcinoma (ccRCC) using in silico bioinformatics
Cell cycle approaches. A pan-cancer analysis using The Cancer Genome Atlas (TCGA) data indicated that among all cancer

Clear cell renal carcinoma
Drug repurposing

PTTG1

Racl inhibitor

types copy number amplification of PTTG1 gene was most frequently found in ccRCC. However, amplification of
PTTG1 gene copy number did not correlate with the increase of mRNA level in ccRCC, and did not predict the
patients' overall survival. Instead, ccRCC was correlated with overexpression of PTTG1 mRNA, and its expression
level was stage-dependent increased in cancer patients. An outlier analysis using the Oncomine database sug-
gested that PTTG1 mRNA expression served as a good biomarker for ccRCC. Pathway analysis for upregulated
genes enriched in PTTG1-high expressing ccRCC patients found that PTTG1 overexpression was associated with
mitotic defects. Mining drug sensitivity data using the Cancer Therapeutics Response Portal (CTRP) discovered
that PTTG1-high expressing ccRCC cell lines were susceptible to a Racl (Ras-related C3 botulinum toxin sub-
strate 1) inhibitor NSC23766. Therefore, this study provides an in silico insight into the role of PTTG1 in ccRCC,
and repurposes the Racl inhibitor NSC23766 for treating PTTG1-high expressing ccRCC.

1. Introduction accounts for more than 90% of kidney cancers. RCC can be categorized
into more than 10 histological and molecular subtypes, of which clear
Renal cell carcinoma (RCC) belongs to the most common type and cell RCC (ccRCC) accounts for about 75°80% of all RCC cases. Other

Abbreviations: APC, anaphase promoting complex; AR, androgen receptor; AURK, aurora kinase; BAP1, BRCA1l-associated protein-1; ccRCC, clear cell renal cell
carcinoma; CDC20, cell division cycle 20; CDK1, cyclin-dependent kinase 1; chRCC, chromophobe renal cell carcinoma; CMap, Connectivity Map; COL23A1, collagen
type XXIII alpha 1 chain; CTRP, Cancer Therapeutics Response Portal; EGFR, epidermal growth factor receptor; FoxM1, forkhead box M1; GEPIA, Gene Expression
Profiling Interactive Analysis; HIF, hypoxia-inducible factor; KIRC, kidney renal clear cell carcinoma; LOX, lysyl oxidase; MoA, mechanisms of action; mTOR,
mammalian target of rapamycin; NF-Y, nuclear factor-Y; PD-1, programmed cell death protein 1; PDGFR, platelet-derived growth factor receptor; PLK1, polo-like
kinase 1; pRCC, papillary renal cell carcinoma; PTTG1, pituitary tumor-transforming gene 1; Racl, Ras-related C3 botulinum toxin substrate 1; RCC, Renal cell
carcinoma; SETD2, SET domain containing 2; STAT3, signal transducer and activator of transcription 3; STRING, Search Tool for the Retrieval of Interacting Genes/
Proteins; SQSTM1, sequestosome 1; SREBP1c, sterol regulatory element-binding protein 1c; TCF, B-catenin/T cell factor; TCGA, The Cancer Genome Atlas; TGFBI,
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major subtypes are papillary RCC (pRCC) and chromophobe RCC
(chRCC) with the incidence of 7714% and 6711%, respectively [1-3].
About 90% of ccRCC harbor genetic defects of the Von Hippel-Lindau
(VHL) tumor suppressor gene, the negative regulator of hypoxia-in-
ducible factor (HIF) proteins [2]. Consistently, upregulation of HIF-re-
sponsive genes mediates angiogenesis and tumor growth. Therefore,
current therapies for patients with advance disease include anti-
angiogenesis agents such as multi-targeted tyrosine kinase inhibitors
(TKIs) and vascular endothelial growth factor (VEGF) antagonists, and
mammalian target of rapamycin (mTOR) inhibitors. In addition, im-
mune checkpoint inhibitors such as programmed cell death protein 1
(PD-1) inhibitors are also emerged as effective therapeutic options [3].
Because the 5-year survival rate for advance ccRCC is still very low
(about 11%) [4], it is still urgent to develop better therapeutic strategy.

The pituitary tumor-transforming gene 1 (PTTG1), also known as
Securin, is initially isolated from rat pituitary tumor cells [5]. PTTG1
functions in the regulation of sister chromatid separation [6], DNA
damage/repair [7], gene transcription [8], organ development and
metabolism [9-11]. PTTG1 is considered an oncogene. It is frequently
overexpressed in human cancers and correlates with tumor invasiveness
and poor prognosis [12]. Accumulating evidences support an essential
role of PTTG1 in the drug sensitivity of cancer cells. For example,
PTTG1 loss enhances colon cancer cells’ sensitivity to ionized radiation,
doxorubicin, and histone deacetylase inhibitors [13,14]. In contrast,
high PTTG1 expression is associated with the resistance of cancer cells
to an epidermal growth factor receptor (EGFR) inhibitor gefitinib and a
SRC inhibitor saracatinib [15,16]. Therefore, inhibition of PTTG1 is a
promising strategy to overcome anticancer drug resistance.

In this study, we aimed to investigate the role of PTTG1 in ccRCC
and identify anticancer therapy for PTTG1-high expressing ccRCC via in
silico bioinformatics approaches. We have found that PTTG1 mRNA
upregulation, but not copy number amplification, served as a prog-
nostic biomarker and a therapeutic target in ccRCC. In addition, a Racl
inhibitor NSC23766 was a potential therapeutic agent to selectively
target to PTTG1-high expressing ccRCC.

2. Materials and methods
2.1. cBioPortal for cancer genomics analysis

cBioPortal (http://www.cbioportal.org/) is a website to visualize
and analyze large-scale The Cancer Genome Atlas (TCGA) or other
cancer genomics datasets [17,18]. For pan-cancer analysis of PTTG1
genetic alterations, the “TCGA, PanCancer Atlas” datasets were se-
lected. For the comparison of RCC subtypes, the “TCGA, Provisional”
datasets for ccRCC, pRCC, and chRCC were selected. For the PTTG1
mRNA expression in ccRCC, “mRNA z-Scores (RNA Seq V2 RSEM)” was
selected and set to “2”. Other parameters not mentioned were set as
default.

2.2. Gene Expression Profiling Interactive Analysis (GEPIA)

GEPIA (http://gepia.cancer-pku.cn/) is a web server for cancer and
normal gene expression profiling and interactive analysis [19]. For the
comparison of PTTG1 mRNA expression in normal and cancer tissues,
kidney renal clear cell carcinoma (KIRC) and match normal datasets
were selected. For the impact of PTTG1 on ccRCC patients’ overall
survival, KIRC datasets were selected. The parameter “Group Cutoff”
was set to “Median”. Other parameters not mentioned were set as de-
fault.

2.3. Oncomine analysis
The Oncomine (https://www.oncomine.org/) database collects and

standardizes cancer gene expression profiles, and provides analytic
modules for data assessment [20]. For the comparison of PTTG1 mRNA
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expression in RCC subtypes, “Beroukhim Renal” and “Jones Renal”
datasets were selected [21,22].

2.4. Functional enrichment

FunRich software version 3.1.3 [23] was downloaded from http://
funrich.org/. It is used for functional enrichment and interaction net-
work analysis of genes and proteins. Both up- and down-regulated
genes in Table S1 were inputted independently for query. The func-
tional module “Enrichment analysis (compare multiple datasets” was
used for “Biological pathway” enrichment. The “Number of items to
show on chart” was set to “5”.

2.5. Search Tool for the Retrieval of Interacting Genes/Proteins (STRING)
analysis

The STRING (http://string-db.org/) is a database that collects and
integrates functional interactions beween the expressed proteins based
on text-mining, and known and predicted protein—protein association
data for a large number of organisms [24]. The upregulated genes in
Table S1 were inputted into the STRING for query. The “Organism” was
set to “Homo sapiens”. The “meaning of network edges” was set to
“evidence”. The “active interaction source” was set to “Experiments”
and “Databases”. The “minimum required interaction score” was set to
“high confidence (0.700)”. The “max number of interactors to show”
was set to “none”. The “network display mode” was set to “interactive
svg”. The “display simplifications” was set to “hide disconnected nodes
in the network”.

2.6. Cancer Therapeutics Response Portal (CTRP) analysis

The CTRP version 2 (https://portals.broadinstitute.org/ctrp.v2.1/)
links genetic, lineage, and other cellular features of cancer cell lines to
small-molecule sensitivity, which can be used to identify cancer de-
pendencies with small molecules [25-27]. For the drugs correlated with
PTTG1 mRNA expression in ccRCC, the feature “PTTG1” was selected.
Sensitivity correlation with gene-expression levels was selected. The
filter was set to ccRCC cell lines with adherent growth mode for cal-
culation.

2.7. CellMinerCDB analysis

The CellMinerCDB (https://discover.nci.nih.gov/cellminercdb/) is
an interactive web-based portal for querying the relationship between
genomic and pharmacological data from large-scale cancer cell lines
[28]. For the correlation between PTTG1 mRNA and NSC23766 drug
activity, both “x- and y-Axis Cell Line Set” was set to “CTRP”. The “x-
Axis Data Type” and “y-Axis Data Type” were set to “exp: mRNA Ex-
pression (log2)” and “act: Drug Activity (AUC)”, respectively. The
identifiers for x- and y-axis were set to “PTTG1” and “NSC23766”, re-
spectively. The “Kidney: Renal Cell Carcinoma (RCC): Renal Clear Cell
Carcinoma (CCRCC)” was selected for analysis.

2.8. Statistical analysis

Statistical analysis was performed by built-in programs in each
database or software used in this study, and p values of < 0.05 were
considered significant.

3. Results

3.1. PTTG1 copy number amplification is not associated with its mRNA
expression and overall patients’ survival in ccRCC

Due to the advances of cancer genomics provided by The Cancer
Genome Atlas (TCGA), a comprehensive gene analysis across various
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Fig. 1. Copy number amplification of PTTG1 gene in ccRCC. (A) PTTG1 gene was analyzed for copy number alterations and mutation status in various cancer types
using “TCGA, PanCancer Atlas” and “TCGA, Provisional (ccRCC, pRCC, and chRCC)” data in the cBioPortal cancer genomics database. (B) A bar code plot for the
comparison of PTTG1 copy number amplification and mRNA expression in ccRCC. (C) A scatter plot for the comparison of PTTG1 copy number amplification and
mRNA expression in ccRCC. Diploid, two alleles present; Gain, low-level gene amplification event; Amp, high-level gene amplification. (D) The impact of PTTG1 copy

number amplification on the overall survival of ccRCC patients.

cancer types becomes feasible nowadays. To gain more insights into the
role of PTTG1 in cancers, a pan-cancer analysis was performed using
“TCGA, PanCancer Atlas” data in the cBioPortal website (http://www.
cbioportal.org/) for the frequency of copy number alterations and
mutation status of PTTG1 gene [17,18]. As shown in Fig. 1A (the left
part), the copy number of PTTG1 gene was mostly amplified in 31
(6.05%) out of 512 cases in the kidney renal clear cell carcinoma (KIRC)
data. When different RCC subtypes were compared using “TCGA, Pro-
visional” data, we found that 14.13% (76 out of 538 cases) of PTTG1
copy number amplification in ccRCC and low frequency in pRCC and
chRCC (Fig. 1A, the right part). These results indicate that PTTG1 gene
is frequently amplified in ccRCC.

Previous studies on the role of PTTG1 in ccRCC is limited. It is
identified as an oncogene amplified on chromosome 5q and over-
expressed in ccRCC [29]. Overexpression of PTTG1 is associated with
aggressiveness and poor prognosis in ccRCC [29,30]. Our analysis was

consistent with Wondergem’s study showing the copy number ampli-
fication of PTTG1 in ccRCC [29]. However, we found that copy number
amplification of PTTG1 genes was not positively correlated with its
mRNA expression (Fig. 1B and C). In addition, ccRCC patients with
PTTG1 copy number amplification had similar overall survival rate
with those without PTTG1 copy number alterations (Fig. 1D). There-
fore, PTTG1 copy number amplification in ccRCC does not result in the
increased expression of PTTG1 mRNA and cannot predict patients’

survival.

3.2. Overexpression of PTTG1 mRNA is associated with a poor overall
survival in ccRCC patients
Overexpression of PTTG1 mRNA has been shown in a previous study

[29]. Consistently, TCGA analysis also indicated that PTTG1 mRNA was
significantly upregulated in KIRC data (Fig. 2A, the left part). In
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Fig. 2. Overexpression of PTTG1 mRNA in renal cancer. (A) PTTG1 mRNA expression in renal cancer and normal renal tissues and in different tumor stages in renal
cancer was analyzed using the cBioPortal cancer genomics database. (B) The impact of PTTG1 mRNA on the overall survival of renal cancer patents. (C) A summary
view of PTTG1 gene expression profiles in human tumors using published human cancer microarray database (Oncomine). The number in each cell under “Cancer vs.
Normal” corresponded to the amount of cancer types that contained a significantly different level of PTTG1 compared to normal corresponding tissue. Thresholds for
significance were: fold expression > 2; p-value < 0.05 and ranking of gene in the analyses > top 10%. Red signified the gene overexpression in the analyses; blue
represented the gene underexpression. Intensity of color signified the best rank of gene in those analyses. (D) PTTG1 mRNA expression in tissues of various types of
renal cancer patients were obtained from the Oncomine database (http://www.oncomine.org/).

addition, the mRNA level of PTTG1 was increased during the progres-
sion stage of KIRC (Fig. 2A, the right part), suggesting that PTTG1 plays
a role in the tumorigenesis of RCC. Furthermore, RCC patients with
higher PTTG1 mRNA expression had a lower overall survival (Fig. 2B),
which was consistent with the previous studies [29,30].

To further support the prognostic value of PTTG1l gene, a pan-
cancer analysis was performed using the Oncomine (https://www.
oncomine.org) that is a database collecting human cancer microarray
data [20]. As shown in Fig. 2C, PTTG1 mRNA was frequently over-
expressed in 82 out of 422 cancer microarray data (cancer vs. normal),
especially in breast (17 analyses) and lung (12 analyses) cancers. Al-
though only 2 kidney cancer analyses showed overexpression of PTTG1,
there was an outlier in 8 renal cancer analyses, suggesting that PTTG1
mRNA serves as a good biomarker for kidney cancer. Again, we com-
pared PTTG1 mRNA expression in various kidney cancer types in two
microarray data of the Oncomine database. As shown in Fig. 2D, PTTG1
mRNA was mostly upregulated in ccRCC, including hereditary and

nonhereditary subtypes. Therefore, ours and previous studies suggest
that PTTG1 mRNA, but not copy number alterations, is a prognosis
marker for ccRCC, and may serve as a therapeutic target for treating
ccRCC.

3.3. Genetic alterations of mitotic cell cycle progression in ccRCC

To investigate the impact of PTTG1 overexpression, 15 ccRCC pa-
tients with the highest PTTG1 mRNA (mRNA z-scores more than 2) was
selected, and then the most significant coexpressed genes with PTTG1
(as indicated in the red boxes in Fig. 3A and the full gene list was shown
in Table S1) in these patients were obtained using the “enrichments”
tool of the cBioPortal website. Pathway enrichment of these genes were
performed by the Functional Enrichment (FunRich) software [23]. As
shown in Fig. 3B, the pathways enriched in downregulated genes were
not statistically significant. However, pathways related to cell cycle,
especially mitosis, were enriched in upregulated genes. The network of
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pathway analysis by the FunRich v3.1.3 (B). The network of over-expressed genes were further constructed by the STRING v10.5 (C).

the upregulated genes, together with PTTG1, was constructed using the
Search Tool for the Retrieval of Interacting Genes/Proteins (STRING;
https://string-db.org) [24]. As shown in Fig. 3C, the major network
consisted many genes which play essential roles during mitosis. For
example, cell division cycle 20 (CDC20) activates anaphase promoting
complex (APC) that initiates chromatid separation through UBE2C-

mediated PTTG1/Securin degradation, then promoting the entrance
into anaphase [31]. Several kinases for mitotic entry, including cyclin-
dependent kinase 1 (CDK1), polo-like kinase 1 (PLK1), and aurora ki-
nase A and B (AURKA/AURKB) were also upregulated. Their upregu-
lation may result in chromosome instability [32]. Thus, PTTG1 over-
expression may be associated with the mitotic defects in ccRCC.
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3.4. Higher PTTG1 mRNA expression is sensitive to a Rac1 inhibitor
NSC23766 in ccRCC cell lines

So far, no specific PTTG1 small-molecule inhibitors are developed.
However, its expression could be suppressed by several therapeutic
agents, including the Chinese herbal medicine berberine [33], the BRAF
inhibitor dabrafenib [34], the Hsp90 inhibitor dicoumarol [35], and the
CDK inhibitor PHA-848125 [36]. Whether these agents could be used to
target PTTG1 and selectively treat PTTG1-high expressing ccRCC is
unknown. Here we attempted to search novel therapeutic drugs to se-
lectively kill PTTG1-high expressing ccRCC cells by mining the Cancer
Therapeutics Response Portal (CTRP; https://portals.broadinstitute.
org/ctrp.v2.1/) [25-27]. The CTRP is developed based on the idea
that differential basal gene expression in cancer cell lines could be
correlated with the patterns of drug sensitivity. Thus, it is suitable for
the prediction of unknown or novel mechanisms of action (MoA) of
small molecules [25-27]. As shown in Fig. 4A, higher PTTG1 mRNA
expression was positively correlated with the sensitivity of ccRCC cell
lines to a Racl inhibitor NSC23766 (its chemical structure was shown
in Fig. 4B). A scatter plot further visualized the strong positive corre-
lation (Pearson’s correlation coefficient r = 0.9 and p value = 0.0025)
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between PTTG1 mRNA expression and NSC23766 drug activity.
Therefore, our results identify and repurpose the Racl inhibitor
NSC23766 for treating PTTG1-high expressing ccRCC.

Whether PTTG1 serves as a target of NSC23766 is unclear.
Connectivity Map (CMap) database collects gene signatures from
human cancer cell lines treated with small molecules and can be used to
explore MoA of drugs by comparing the similarity of gene signatures
[37]. By querying the L1000-based CMap data via an online website,
the L1000FWD (http://amp.pharm.mssm.edu/L1000FWD) [38], we
found that inhibition of CDK is a potential MoA of NSC23766 (Table
S2). Supportively, a CDK inhibitor PHA-848125 has been shown to
downregulate PTTG1 expression that is partially dependent on the p53
function [36]. Whether NSC23766 inhibits CDK activity and suppresses
PTTG1 expression warrants further investigation.

4. Discussion

ccRCC is characterized by chromosome 3p deletions and chromo-
some 5q amplifications. Chromosome 3p harbors several tumor sup-
pressor genes including VHL, BRCAl-associated protein-1 (BAP1), and
SET domain containing 2 (SETD2). These three genes have been re-
ported to participate in the regulation of mitosis. It has been found that
VHL functions in the control of mitotic fidelity in mouse kidney cells.
Loss of VHL results in mitotic checkpoint impairment such as spindle
misorientation and aneuploidy. Moreover, VHL-deficient kidney dis-
plays ccRCC precursor lesions [39]. SETD2 methylates microtubule
during mitosis and its loss causes mitotic spindle and cytokinesis de-
fects, micronuclei, and polyploidy [40]. In ccRCC, loss of a single allele
of SETD2 is sufficient to serve as an early driver of chromosome in-
stability and promote oncogenesis [41]. BAP1 is a deubiquitination
enzyme of y-tubulin that is required for microtubule nucleation, which
is required to prevent mitotic defects and chromosome instability [42].
In addition, BAP1 is essential for kidney function and cooperates with
VHL in renal tumorigenesis [43]. Therefore, the defects of these tumor
suppressor genes in ccRCC imply that mitotic defects might be the
driver for ccRCC tumorigenesis. PTTG1 is located in chromosome 5q
and, as a Securin protein, its overexpression can also interfere mitosis,
leading to aneuploidy [44]. However, the relationship between PTTG1
and these tumor suppressor genes is still unknown.

Although chromosome 5q gain is the second most common cyto-
genetic abnormality in ccRCC, its clinical significance is less clear than
chromosome 3p loss that is an early event and is involved in tumor
initiation. More and more oncogenes on chromosome 5q are dis-
covered, such as sequestosome 1 (SQSTM1; also known as p62) [45],
lysyl oxidase (LOX) [46], PTTG1 [29], transforming growth factor,
beta-induced gene (TGFBI) [47], collagen type XXIII alpha 1 chain
(COL23 A1) [48], and versican (VCAN) [49]. These findings support the
role of chromosome 5q gain in tumor progression. However, it has been
reported that gain of chromosome 5q31-qter has a favorable outcome
[50]. It is possible that chromosome 5q gain is statistically significant in
VHL-mutated ccRCC and VHL mutations in chromosome 3p are asso-
ciated with good prognosis [47,51,52]. Furthermore, VHL deficiency
has been viewed as therapeutic target for ccRCC. Several agents tar-
geting to HIF proteins and their transcriptional targets such as VEGF,
VEGF receptor (VEGFR), and platelet-derived growth factor receptors
(PDGFR), have been approved or investigated [53-56]. In addition,
VHL-deficient ccRCC is more sensitive to chemotherapy such as an-
thracyclines [57]. The association between the oncogenes on chromo-
some 5q and VHL deficiency is still unclear. Further investigation of this
concept may shed light on precision therapy for ccRCC.

PTTG1 upregulation in other cancer types can be directly regulated
by transcription factors such as E2F1, Spl, nuclear factor-Y (NF-Y), -
catenin/T cell factor (TCF), signal transducer and activator of tran-
scription 3 (STAT3), androgen receptor (AR), forkhead box M1 (FoxM1)
[58-65]. However, the mechanism for PTTG1 upregulation in ccRCC is
still unresolved. Whether these transcription factors also involve in the
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upregulation of PTTG1 in ccRCC warrant further investigation. Re-
cently, PTTG1 has been identified as a novel target gene of sterol reg-
ulatory element-binding protein 1c (SREBP1c) that is a key transcrip-
tion factor in de novo lipogenesis, and SREBP1c/PTTG1 signaling may
serve as a bridge between aberrant lipid metabolism and cell cycle
progression in ccRCC [66,67]. Because ectopic lipid accumulation is a
hallmark of ccRCC [68], upregulation of SREBP1c may be responsible
for PTTG1 overexpression during ccRCC tumorigenesis.

This study conducts an in silico bioinformatics analysis to investigate
the role of PTTG1 in ccRCC. Our results suggest that both copy number
and mRNA of PTTG1 are frequently increased in ccRCC; however, only
PTTG1 mRNA overexpression predicts a poor prognosis in ccRCC pa-
tients. The PTTG1 is coexpressed with several mitotic regulators, which
may lead to mitotic defects in ccRCC. In addition, a Racl inhibitor
NSC23766 is repurposed for treating PTTG1-high expressing ccRCC.
Taken together, our study provides an in silico insight into the role of
PTTG1 in ccRCC and repurposes the Racl inhibitor NSC23766 for
treating PTTG1-high expressing ccRCC.

Conflict of interests
The authors declare that there is no conflict of interest.
Funding

This work was supported by the Ministry of Education of Taiwan
[grant number DP2-107-21121-02-C-03]; the Ministry of Science and
Technology of Taiwan [MOST108-2314-B-038-010]; the Mackay
Memorial Hospital of Taiwan [grant numbers MMH-107-86, MMH-108-
86]; and the Taipei Medical University of Taiwan [grant number
TMU106-F-005].

Acknowledgements

We thank the financial supported by the “TMU Research Center of
Cancer Translational Medicine” from The Featured Areas Research
Center Program within the framework of the Higher Education Sprout
Project by the Ministry of Education (MOE) in Taiwan.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.prp.2019.03.002.

References

[1] J.J. Hsieh, M.P. Purdue, S. Signoretti, C. Swanton, L. Albiges, M. Schmidinger,
D.Y. Heng, J. Larkin, V. Ficarra, Renal cell carcinoma, Nat. Rev. Dis. Primers 3
(2017) 17009, https://doi.org/10.1038/nrdp.2017.9.

[2] D.J. Sanchez, M.C. Simon, Genetic and metabolic hallmarks of clear cell renal cell
carcinoma, Biochim. Biophys. Acta Rev. Cancer 1870 (2018) 23-31, https://doi.
org/10.1016/j.bbcan.2018.06.003.

[3] P.Makhov, S. Joshi, P. Ghatalia, A. Kutikov, R.G. Uzzo, V.M. Kolenko, Resistance to
systemic therapies in clear cell renal cell carcinoma: mechanisms and management
strategies, Mol. Cancer Ther. 17 (2018) 1355-1364, https://doi.org/10.1158/1535-
7163.MCT-17-1299.

[4] R.L. Siegel, K.D. Miller, A. Jemal, Cancer Statistics, 2017, CA Cancer J. Clin. 67
(2017) 7-30, https://doi.org/10.3322/caac.21387.

[5] L. Pei, S. Melmed, Isolation and characterization of a pituitary tumor-transforming
gene (PTTG), Mol. Endocrinol. 11 (1997) 433-441, https://doi.org/10.1210/mend.
11.4.9911.

[6] H. Zou, T.J. McGarry, T. Bernal, M.W. Kirschner, Identification of a vertebrate
sister-chromatid separation inhibitor involved in transformation and tumorigenesis,
Science 285 (1999) 418-422, https://doi.org/10.1126/science.285.5426.418.

[7] F.Romero, M.C. Multon, F. Ramos-Morales, A. Dominguez, J.A. Bernal, J.A. Pintor-
Toro, M. Tortolero, Human securin, hPTTG, is associated with Ku heterodimer, the
regulatory subunit of the DNA-dependent protein kinase, Nucleic Acids Res. 29
(2001) 1300-1307, https://doi.org/10.1093/nar/29.6.1300.

[8] Y. Tong, T. Eigler, Transcriptional targets for pituitary tumor-transforming gene-1,
J. Mol. Endocrinol. 43 (2009) 179-185, https://doi.org/10.1677/JME-08-0176.

[9] Z. Wang, R. Yu, S. Melmed, Mice lacking pituitary tumor transforming gene show
testicular and splenic hypoplasia, thymic hyperplasia, thrombocytopenia, aberrant
cell cycle progression, and premature centromere division, Mol. Endocrinol. 15

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

Pathology - Research and Practice 215 (2019) 152373

(2001) 1870-1879, https://doi.org/10.1210/mend.15.11.0729.

Z. Wang, E. Moro, K. Kovacs, R. Yu, S. Melmed, Pituitary tumor transforming gene-
null male mice exhibit impaired pancreatic beta cell proliferation and diabetes,
Proc. Natl. Acad. Sci. U. S. A. 100 (2003) 3428-3432, https://doi.org/10.1073/
pnas.0638052100.

P.Y. Lum, Y. Chen, J. Zhu, J. Lamb, S. Melmed, S. Wang, T.A. Drake, A.J. Lusis,
E.E. Schadt, Elucidating the murine brain transcriptional network in a segregating
mouse population to identify core functional modules for obesity and diabetes, J.
Neurochem. 97 (Suppl 1) (2006) 50-62, https://doi.org/10.1111/j.1471-4159.
2006.03661.x.

G. Vlotides, T. Eigler, S. Melmed, Pituitary tumor-transforming gene: physiology
and implications for tumorigenesis, Endocr. Rev. 28 (2007) 165-186, https://doi.
org/10.1210/er.2006-0042.

Y. Tong, W. Zhao, C. Zhou, K. Wawrowsky, S. Melmed, PTTG1 attenuates drug-
induced cellular senescence, PLoS One 6 (2011) 23754, , https://doi.org/10.1371/
journal.pone.0023754.

J.A. Bernal, M. Roche, C. Mendez-Vidal, A. Espina, M. Tortolero, J.A. Pintor-Toro,
Proliferative potential after DNA damage and non-homologous end joining are af-
fected by loss of securin, Cell Death Differ. 15 (2008) 202-212, https://doi.org/10.
1038/sj.cdd.4402254.

1. Nakachi, B.A. Helfrich, M.A. Spillman, E.A. Mickler, C.J. Olson, J.L. Rice,

C.D. Coldren, L.E. Heasley, M.W. Geraci, R.S. Stearman, PTTG1 Levels Are
Predictive of Saracatinib Sensitivity in Ovarian Cancer Cell Lines, Clin. Transl. Sci. 9
(2016) 293-301, https://doi.org/10.1111/cts.12413.

S.Y. Yu, H.F. Liu, S.P. Wang, C.C. Chang, C.M. Tsai, J.I. Chao, Evidence of securin-
mediated resistance to gefitinib-induced apoptosis in human cancer cells, Chem.
Biol. Interact. 203 (2013) 412-422, https://doi.org/10.1016/j.cbi.2013.03.011.

E. Cerami, J. Gao, U. Dogrusoz, B.E. Gross, S.0. Sumer, B.A. Aksoy, A. Jacobsen,
C.J. Byrne, M.L. Heuer, E. Larsson, Y. Antipin, B. Reva, A.P. Goldberg, C. Sander,
N. Schultz, The cBio cancer genomics portal: an open platform for exploring mul-
tidimensional cancer genomics data, Cancer Discov. 2 (2012) 401-404, https://doi.
org/10.1158/2159-8290.CD-12-0095.

J. Gao, B.A. Aksoy, U. Dogrusoz, G. Dresdner, B. Gross, S.0. Sumer, Y. Sun,

A. Jacobsen, R. Sinha, E. Larsson, E. Cerami, C. Sander, N. Schultz, Integrative
analysis of complex cancer genomics and clinical profiles using the cBioPortal, Sci.
Signal. 6 (2013) pl1, https://doi.org/10.1126/scisignal.2004088.

Z. Tang, C. Li, B. Kang, G. Gao, C. Li, Z. Zhang, GEPIA: a web server for cancer and
normal gene expression profiling and interactive analyses, Nucleic Acids Res. 45
(2017) W98-W102, https://doi.org/10.1093/nar/gkx247.

D.R. Rhodes, S. Kalyana-Sundaram, V. Mahavisno, R. Varambally, J. Yu,

B.B. Briggs, T.R. Barrette, M.J. Anstet, C. Kincead-Beal, P. Kulkarni, S. Varambally,
D. Ghosh, A.M. Chinnaiyan, Oncomine 3.0: genes, pathways, and networks in a
collection of 18,000 cancer gene expression profiles, Neoplasia 9 (2007) 166-180,
https://doi.org/10.1593/neo.07112.

R. Beroukhim, J.P. Brunet, A. Di Napoli, K.D. Mertz, A. Seeley, M.M. Pires,

D. Linhart, R.A. Worrell, H. Moch, M.A. Rubin, W.R. Sellers, M. Meyerson,

W.M. Linehan, W.G. Kaelin Jr., S. Signoretti, Patterns of gene expression and copy-
number alterations in von-hippel lindau disease-associated and sporadic clear cell
carcinoma of the kidney, Cancer Res. 69 (2009) 4674-4681, https://doi.org/10.
1158/0008-5472.CAN-09-0146.

J. Jones, H. Otu, D. Spentzos, S. Kolia, M. Inan, W.D. Beecken, C. Fellbaum, X. Gu,
M. Joseph, A.J. Pantuck, D. Jonas, T.A. Libermann, Gene signatures of progression
and metastasis in renal cell cancer, Clin. Cancer Res. 11 (2005) 5730-5739, https://
doi.org/10.1158/1078-0432.CCR-04-2225.

M. Pathan, S. Keerthikumar, C.S. Ang, L. Gangoda, C.Y. Quek, N.A. Williamson,
D. Mouradov, O.M. Sieber, R.J. Simpson, A. Salim, A. Bacic, A.F. Hill, D.A. Stroud,
M.T. Ryan, J.I. Agbinya, J.M. Mariadason, A.W. Burgess, S. Mathivanan, FunRich:
an open access standalone functional enrichment and interaction network analysis
tool, Proteomics 15 (2015) 2597-2601, https://doi.org/10.1002/pmic.201400515.
D. Szklarczyk, J.H. Morris, H. Cook, M. Kuhn, S. Wyder, M. Simonovic, A. Santos,
N.T. Doncheva, A. Roth, P. Bork, L.J. Jensen, C. von Mering, The STRING database
in 2017: quality-controlled protein-protein association networks, made broadly
accessible, Nucleic Acids Res. 45 (2017) D362-D368, https://doi.org/10.1093/nar/
gkw937.

A. Basu, N.E. Bodycombe, J.H. Cheah, E.V. Price, K. Liu, G.I. Schaefer, R.Y. Ebright,
M.L. Stewart, D. Ito, S. Wang, A.L. Bracha, T. Liefeld, M. Wawer, J.C. Gilbert,
A.J. Wilson, N. Stransky, G.V. Kryukov, V. Dancik, J. Barretina, L.A. Garraway,
C.S. Hon, B. Munoz, J.A. Bittker, B.R. Stockwell, D. Khabele, A.M. Stern,

P.A. Clemons, A.F. Shamyji, S.L. Schreiber, An interactive resource to identify cancer
genetic and lineage dependencies targeted by small molecules, Cell 154 (2013)
1151-1161, https://doi.org/10.1016/j.cell.2013.08.003.

M.G. Rees, B. Seashore-Ludlow, J.H. Cheah, D.J. Adams, E.V. Price, S. Gill,

S. Javaid, M.E. Coletti, V.L. Jones, N.E. Bodycombe, C.K. Soule, B. Alexander, A. Li,
P. Montgomery, J.D. Kotz, C.S. Hon, B. Munoz, T. Liefeld, V. Dancik, D.A. Haber,
C.B. Clish, J.A. Bittker, M. Palmer, B.K. Wagner, P.A. Clemons, A.F. Shamji,

S.L. Schreiber, Correlating chemical sensitivity and basal gene expression reveals
mechanism of action, Nat. Chem. Biol. 12 (2016) 109-116, https://doi.org/10.
1038/nchembio.1986.

B. Seashore-Ludlow, M.G. Rees, J.H. Cheah, M. Cokol, E.V. Price, M.E. Coletti,

V. Jones, N.E. Bodycombe, C.K. Soule, J. Gould, B. Alexander, A. Li,

P. Montgomery, M.J. Wawer, N. Kuru, J.D. Kotz, C.S. Hon, B. Munoz, T. Liefeld,
V. Dancik, J.A. Bittker, M. Palmer, J.E. Bradner, A.F. Shamji, P.A. Clemons,

S.L. Schreiber, Harnessing connectivity in a large-scale small-molecule sensitivity
dataset, Cancer Discov. 5 (2015) 1210-1223, https://doi.org/10.1158/2159-8290.
CD-15-0235.

V.N. Rajapakse, A. Luna, M. Yamade, L. Loman, S. Varma, M. Sunshine, F. Iorio,
F.G. Sousa, F. Elloumi, M.I. Aladjem, A. Thomas, C. Sander, K.W. Kohn, C.H. Benes,
M. Garnett, W.C. Reinhold, Y. Pommier, CellMinerCDB for integrative cross-data-
base genomics and pharmacogenomics analyses of cancer cell lines, iScience 10
(2018) 247-264, https://doi.org/10.1016/].isci.2018.11.029.


https://doi.org/10.1016/j.prp.2019.03.002
https://doi.org/10.1038/nrdp.2017.9
https://doi.org/10.1016/j.bbcan.2018.06.003
https://doi.org/10.1016/j.bbcan.2018.06.003
https://doi.org/10.1158/1535-7163.MCT-17-1299
https://doi.org/10.1158/1535-7163.MCT-17-1299
https://doi.org/10.3322/caac.21387
https://doi.org/10.1210/mend.11.4.9911
https://doi.org/10.1210/mend.11.4.9911
https://doi.org/10.1126/science.285.5426.418
https://doi.org/10.1093/nar/29.6.1300
https://doi.org/10.1677/JME-08-0176
https://doi.org/10.1210/mend.15.11.0729
https://doi.org/10.1073/pnas.0638052100
https://doi.org/10.1073/pnas.0638052100
https://doi.org/10.1111/j.1471-4159.2006.03661.x
https://doi.org/10.1111/j.1471-4159.2006.03661.x
https://doi.org/10.1210/er.2006-0042
https://doi.org/10.1210/er.2006-0042
https://doi.org/10.1371/journal.pone.0023754
https://doi.org/10.1371/journal.pone.0023754
https://doi.org/10.1038/sj.cdd.4402254
https://doi.org/10.1038/sj.cdd.4402254
https://doi.org/10.1111/cts.12413
https://doi.org/10.1016/j.cbi.2013.03.011
https://doi.org/10.1158/2159-8290.CD-12-0095
https://doi.org/10.1158/2159-8290.CD-12-0095
https://doi.org/10.1126/scisignal.2004088
https://doi.org/10.1093/nar/gkx247
https://doi.org/10.1593/neo.07112
https://doi.org/10.1158/0008-5472.CAN-09-0146
https://doi.org/10.1158/0008-5472.CAN-09-0146
https://doi.org/10.1158/1078-0432.CCR-04-2225
https://doi.org/10.1158/1078-0432.CCR-04-2225
https://doi.org/10.1002/pmic.201400515
https://doi.org/10.1093/nar/gkw937
https://doi.org/10.1093/nar/gkw937
https://doi.org/10.1016/j.cell.2013.08.003
https://doi.org/10.1038/nchembio.1986
https://doi.org/10.1038/nchembio.1986
https://doi.org/10.1158/2159-8290.CD-15-0235
https://doi.org/10.1158/2159-8290.CD-15-0235
https://doi.org/10.1016/j.isci.2018.11.029

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

371

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

. Hsieh, et al.

B. Wondergem, Z. Zhang, D. Huang, C.K. Ong, J. Koeman, D.V. Hof, D. Petillo,

A. Ooi, J. Anema, B. Lane, R.J. Kahnoski, K.A. Furge, B.T. Teh, Expression of the
PTTG1 oncogene is associated with aggressive clear cell renal cell carcinoma,
Cancer Res. 72 (2012) 4361-4371, https://doi.org/10.1158/0008-5472.CAN-11-
2330.

C. Wei, X. Yang, J. Xi, W. Wu, Z. Yang, W. Wang, Z. Tang, Q. Ying, Y. Zhang, High
expression of pituitary tumor-transforming gene-1 predicts poor prognosis in clear
cell renal cell carcinoma, Mol. Clin. Oncol. 3 (2015) 387-391, https://doi.org/10.
3892/mco0.2014.478.

L.F. Chang, Z. Zhang, J. Yang, S.H. McLaughlin, D. Barford, Molecular architecture
and mechanism of the anaphase-promoting complex, Nature 513 (2014) 388-393,
https://doi.org/10.1038/nature13543.

S.M. Lens, E.E. Voest, R.H. Medema, Shared and separate functions of polo-like
kinases and aurora kinases in cancer, Nat. Rev. Cancer 10 (2010) 825-841, https://
doi.org/10.1038/nrc2964.

T.Y. Chuang, H.L. Wu, J. Min, M. Diamond, R. Azziz, Y.H. Chen, Berberine regulates
the protein expression of multiple tumorigenesis-related genes in hepatocellular
carcinoma cell lines, Cancer Cell Int. 17 (2017) 59, https://doi.org/10.1186/
§12935-017-0429-3.

S. Caporali, E. Alvino, P.M. Lacal, F. Ruffini, L. Levati, L. Bonmassar, A. Scoppola,
P. Marchetti, S. Mastroeni, G.C. Antonini Cappellini, S. D’Atri, Targeting the PTTG1
oncogene impairs proliferation and invasiveness of melanoma cells sensitive or with
acquired resistance to the BRAF inhibitor dabrafenib, Oncotarget 8 (2017)
113472-113493, https://doi.org/10.18632/oncotarget.23052.

A. Hernandez, G. Lopez-Lluch, J.A. Bernal, P. Navas, J.A. Pintor-Toro, Dicoumarol
down-regulates human PTTG1/Securin mRNA expression through inhibition of
Hsp90, Mol. Cancer Ther. 7 (2008) 474-482, https://doi.org/10.1158/1535-7163.
MCT-07-0457.

S. Caporali, E. Alvino, L. Levati, A.I. Esposito, M. Ciomei, M.G. Brasca, D. Del
Bufalo, M. Desideri, E. Bonmassar, U. Pfeffer, S. D’Atri, Down-regulation of the
PTTG1 proto-oncogene contributes to the melanoma suppressive effects of the cy-
clin-dependent kinase inhibitor PHA-848125, Biochem. Pharmacol. 84 (2012)
598-611, https://doi.org/10.1016/j.bcp.2012.06.004.

A. Subramanian, R. Narayan, S.M. Corsello, D.D. Peck, T.E. Natoli, X. Lu, J. Gould,
J.F. Davis, A.A. Tubelli, J.K. Asiedu, D.L. Lahr, J.E. Hirschman, Z. Liu, M. Donahue,
B. Julian, M. Khan, D. Wadden, I.C. Smith, D. Lam, A. Liberzon, C. Toder, M. Bagul,
M. Orzechowski, O.M. Enache, F. Piccioni, S.A. Johnson, N.J. Lyons, A.H. Berger,
A'F. Shamji, A.N. Brooks, A. Vrcic, C. Flynn, J. Rosains, D.Y. Takeda, R. Hu,

D. Davison, J. Lamb, K. Ardlie, L. Hogstrom, P. Greenside, N.S. Gray, P.A. Clemons,
S. Silver, X. Wu, W.N. Zhao, W. Read-Button, X. Wu, S.J. Haggarty, L.V. Ronco,
J.S. Boehm, S.L. Schreiber, J.G. Doench, J.A. Bittker, D.E. Root, B. Wong,

T.R. Golub, A next generation connectivity map: L1000 platform and the first
1,000,000 profiles, Cell 171 (2017) 1437-1452, https://doi.org/10.1016/j.cell.
2017.10.049.

Z. Wang, A. Lachmann, A.B. Keenan, A. Ma’ayan, L1000FWD: fireworks visualiza-
tion of drug-induced transcriptomic signatures, Bioinformatics 34 (2018)
2150-2152, https://doi.org/10.1093/bioinformatics/bty060.

M.P. Hell, M. Duda, T.C. Weber, H. Moch, W. Krek, Tumor suppressor VHL func-
tions in the control of mitotic fidelity, Cancer Res. 74 (2014) 2422-2431, https://
doi.org/10.1158/0008-5472.CAN-13-2040.

1.Y. Park, R.T. Powell, D.N. Tripathi, R. Dere, T.H. Ho, T.L. Blasius, Y.C. Chiang,
1.J. Davis, C.C. Fahey, K.E. Hacker, K.J. Verhey, M.T. Bedford, E. Jonasch,

W.K. Rathmell, C.L. Walker, Dual chromatin and cytoskeletal remodeling by SETD2,
Cell 166 (2016) 950-962, https://doi.org/10.1016/j.cell.2016.07.005.

Y.C. Chiang, 1.Y. Park, E.A. Terzo, D.N. Tripathi, F.M. Mason, C.C. Fahey, M. Karki,
C.B. Shuster, B.H. Sohn, P. Chowdhury, R.T. Powell, R. Ohi, Y.S. Tsai, A.A. de
Cubas, A. Khan, 1.J. Davis, B.D. Strahl, J.S. Parker, R. Dere, C.L. Walker,

W.K. Rathmell, SETD2 haploinsufficiency for microtubule methylation is an early
driver of genomic instability in renal cell carcinoma, Cancer Res. 78 (2018)
3135-3146, https://doi.org/10.1158/0008-5472.CAN-17-3460.

R. Zarrizi, J.A. Menard, M. Belting, R. Massoumi, Deubiquitination of gamma-tu-
bulin by BAP1 prevents chromosome instability in breast cancer cells, Cancer Res.
74 (2014) 6499-6508, https://doi.org/10.1158/0008-5472.CAN-14-0221.

S.S. Wang, Y.F. Gu, N. Wolff, K. Stefanius, A. Christie, A. Dey, R.E. Hammer,

X.J. Xie, D. Rakheja, I. Pedrosa, T. Carroll, R.M. McKay, P. Kapur, J. Brugarolas,
Bapl is essential for kidney function and cooperates with Vhl in renal tumorigen-
esis, Proc. Natl. Acad. Sci. U. S. A. 111 (2014) 16538-16543, https://doi.org/10.
1073/pnas.1414789111.

P.V. Jallepalli, I.C. Waizenegger, F. Bunz, S. Langer, M.R. Speicher, J.M. Peters,
K.W. Kinzler, B. Vogelstein, C. Lengauer, Securin is required for chromosomal
stability in human cells, Cell 105 (2001) 445-457, https://doi.org/10.1016/50092-
8674(01)00340-3.

L. Li, C. Shen, E. Nakamura, K. Ando, S. Signoretti, R. Beroukhim, G.S. Cowley,
P. Lizotte, E. Liberzon, S. Bair, D.E. Root, P. Tamayo, A. Tsherniak, S.C. Cheng,
B. Tabak, A. Jacobsen, A.A. Hakimi, N. Schultz, G. Ciriello, C. Sander, J.J. Hsieh,
W.G. Kaelin Jr., SQSTM1 is a pathogenic target of 5q copy number gains in kidney
cancer, Cancer Cell 24 (2013) 738-750, https://doi.org/10.1016/j.ccr.2013.10.
025.

J.T. Erler, K.L. Bennewith, M. Nicolau, N. Dornhofer, C. Kong, Q.T. Le, J.T. Chi,
S.S. Jeffrey, A.J. Giaccia, Lysyl oxidase is essential for hypoxia-induced metastasis,
Nature 440 (2006) 1222-1226, https://doi.org/10.1038/nature04695.

D. Matsuda, S.K. Khoo, A. Massie, M. Iwamura, J. Chen, D. Petillo, B. Wondergem,
M. Avallone, S.J. Kloostra, M.H. Tan, J. Koeman, Z. Zhang, R.J. Kahnoski, G. French
Kidney Cancer Study, S. Baba, B.T. Teh, Identification of copy number alterations
and its association with pathological features in clear cell and papillary RCC, Cancer
Lett. 272 (2008) 260-267, https://doi.org/10.1016/j.canlet.2008.06.015.

F. Xu, K. Chang, J. Ma, Y. Qu, H. Xie, B. Dai, H. Gan, H. Zhang, G. Shi, Y. Zhu,

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

Pathology - Research and Practice 215 (2019) 152373

Y. Zhu, Y. Shen, D. Ye, The oncogenic role of COL23A1 in clear cell renal cell
carcinoma, Sci. Rep. 7 (2017) 9846, https://doi.org/10.1038/541598-017-10134-2.
Y. Mitsui, H. Shiina, T. Kato, S. Maekawa, Y. Hashimoto, M. Shiina, M. Imai-
Sumida, P. Kulkarni, P. Dasgupta, R.K. Wong, M. Hiraki, N. Arichi, S. Fukuhara,
S. Yamamura, S. Majid, S. Saini, G. Deng, R. Dahiya, K. Nakajima, Y. Tanaka,
Versican promotes tumor progression, metastasis and predicts poor prognosis in
renal carcinoma, Mol. Cancer Res. 15 (2017) 884-895, https://doi.org/10.1158/
1541-7786.MCR-16-0444.

B. Gunawan, W. Huber, M. Holtrup, A. von Heydebreck, T. Efferth, A. Poustka,
R.H. Ringert, G. Jakse, L. Fuzesi, Prognostic impacts of cytogenetic findings in clear
cell renal cell carcinoma: gain of 5q31-qter predicts a distinct clinical phenotype
with favorable prognosis, Cancer Res. 61 (2001) 7731-7738, https://doi.org/10.
1200/JCO.2007.15.8345.

A.S. Parker, J.C. Cheville, C.M. Lohse, T. Igel, B.C. Leibovich, M.L. Blute, Loss of
expression of von Hippel-Lindau tumor suppressor protein associated with im-
proved survival in patients with early-stage clear cell renal cell carcinoma, Urology
65 (2005) 1090-1095, https://doi.org/10.1016/j.urology.2004.12.040.

M. Yao, M. Yoshida, T. Kishida, N. Nakaigawa, M. Baba, K. Kobayashi, T. Miura,
M. Moriyama, Y. Nagashima, Y. Nakatani, Y. Kubota, K. Kondo, VHL tumor sup-
pressor gene alterations associated with good prognosis in sporadic clear-cell renal
carcinoma, J. Natl. Cancer Inst. 94 (2002) 1569-1575, https://doi.org/10.1093/
jnci/94.20.1569.

W. Chen, H. Hill, A. Christie, M.S. Kim, E. Holloman, A. Pavia-Jimenez,

F. Homayoun, Y. Ma, N. Patel, P. Yell, G. Hao, Q. Yousuf, A. Joyce, 1. Pedrosa,

H. Geiger, H. Zhang, J. Chang, K.H. Gardner, R.K. Bruick, C. Reeves, T.H. Hwang,
K. Courtney, E. Frenkel, X. Sun, N. Zojwalla, T. Wong, J.P. Rizzi, E.M. Wallace,
J.A. Josey, Y. Xie, X.J. Xie, P. Kapur, R.M. McKay, J. Brugarolas, Targeting renal cell
carcinoma with a HIF-2 antagonist, Nature 539 (2016) 112-117, https://doi.org/
10.1038/nature19796.

H. Cho, X. Du, J.P. Rizzi, E. Liberzon, A.A. Chakraborty, W. Gao, I. Carvo,

S. Signoretti, R.K. Bruick, J.A. Josey, E.M. Wallace, W.G. Kaelin, On-target efficacy
of a HIF-2alpha antagonist in preclinical kidney cancer models, Nature 539 (2016)
107-111, https://doi.org/10.1038/nature19795.

P.E. Clark, The role of VHL in clear-cell renal cell carcinoma and its relation to
targeted therapy, Kidney Int. 76 (2009) 939-945, https://doi.org/10.1038/ki.2009.
296.

C.J. Ricketts, D.R. Crooks, W.M. Linehan, Targeting HIF2alpha in clear-cell renal
cell carcinoma, Cancer Cell 30 (2016) 515-517, https://doi.org/10.1016/j.ccell.
2016.09.016.

Y.H. Gao, Z.X. Wu, L.Q. Xie, C.X. Li, Y.Q. Mao, Y.T. Duan, B. Han, S.F. Han, Y. Yu,
H.J. Ly, P.Y. Yang, T.R. Xu, J.L. Xia, G.Q. Chen, L.S. Wang, VHL deficiency aug-
ments anthracycline sensitivity of clear cell renal cell carcinomas by down-reg-
ulating ALDH2, Nat. Commun. 8 (2017) 15337, https://doi.org/10.1038/
ncomms15337.

R.N. Chen, Y.H. Huang, C.T. Yeh, C.H. Liao, K.H. Lin, Thyroid hormone receptors
suppress pituitary tumor transforming gene 1 activity in hepatoma, Cancer Res. 68
(2008) 1697-1706, https://doi.org/10.1158/0008-5472.CAN-07-5492.

A.L. Clem, T. Hamid, S.S. Kakar, Characterization of the role of Spl and NF-Y in
differential regulation of PTTG/securin expression in tumor cells, Gene 322 (2003)
113-121, https://doi.org/10.1016/j.gene.2003.08.012.

F. Hlubek, S. Pfeiffer, J. Budczies, S. Spaderna, A. Jung, T. Kirchner, T. Brabletz,
Securin (hPTTG1) expression is regulated by beta-catenin/TCF in human colorectal
carcinoma, Br. J. Cancer 94 (2006) 1672-1677, https://doi.org/10.1038/sj.bjc.
6603155.

S. Huang, Q. Liu, Q. Liao, Q. Wu, B. Sun, Z. Yang, X. Hu, M. Tan, L. Li, Interleukin-
6/signal transducer and activator of transcription 3 promotes prostate cancer re-
sistance to androgen deprivation therapy via regulating pituitary tumor trans-
forming gene 1 expression, Cancer Sci. 109 (2018) 678-687, https://doi.org/10.
1111/cas.13493.

Z. Zhang, B. Jin, Y. Jin, S. Huang, X. Niu, Z. Mao, D. Xin, PTTG1, A novel androgen
responsive gene is required for androgen-induced prostate cancer cell growth and
invasion, Exp. Cell Res. 350 (2017) 1-8, https://doi.org/10.1016/j.yexcr.2016.10.
013.

Y. Zheng, J. Guo, J. Zhou, J. Lu, Q. Chen, C. Zhang, C. Qing, H.P. Koeffler, Y. Tong,
FoxM1 transactivates PTTG1 and promotes colorectal cancer cell migration and
invasion, BMC Med. Genomics 8 (2015) 49, https://doi.org/10.1186/512920-015-
0126-9.

C. Zhou, S. Liu, X. Zhou, L. Xue, L. Quan, N. Lu, G. Zhang, J. Bai, Y. Wang, Z. Liu,
Q. Zhan, H. Zhu, N. Xu, Overexpression of human pituitary tumor transforming
gene (hPTTQ), is regulated by beta-catenin /TCF pathway in human esophageal
squamous cell carcinoma, Int. J. Cancer 113 (2005) 891-898, https://doi.org/10.
1002/ijc.20642.

C. Zhou, K. Wawrowsky, S. Bannykh, S. Gutman, S. Melmed, E2F1 induces pituitary
tumor transforming gene (PTTG1) expression in human pituitary tumors, Mol.
Endocrinol. 23 (2009) 2000-2012, https://doi.org/10.1210/me.2009-0161.

J.H. Lee, Y.G. Jeon, K.H. Lee, H.W. Lee, J. Park, H. Jang, M. Kang, H.S. Lee,

H.J. Cho, D.H. Nam, C. Kwak, J.B. Kim, RNF20 suppresses tumorigenesis by in-
hibiting SREBP1¢-PTTG1 axis in kidney cancer, Mol. Cell. Biol. 37 (2017)
e00265-17, https://doi.org/10.1128/MCB.00265-17.

G. Sethi, M.K. Shanmugam, A.P. Kumar, SREBP-1c as a molecular bridge between
lipogenesis and cell cycle progression of clear cell renal carcinoma, Biosci. Rep. 37
(2017), https://doi.org/10.1042/BSR20171270 BSR20171270.

B. Qiu, D. Ackerman, D.J. Sanchez, B. Li, J.D. Ochocki, A. Grazioli,

E. Bobrovnikova-Marjon, J.A. Diehl, B. Keith, M.C. Simon, HIF2alpha-dependent
lipid storage promotes endoplasmic reticulum homeostasis in clear-cell renal cell
carcinoma, Cancer Discov. 5 (2015) 652-667, https://doi.org/10.1158/2159-8290.
CD-14-1507.


https://doi.org/10.1158/0008-5472.CAN-11-2330
https://doi.org/10.1158/0008-5472.CAN-11-2330
https://doi.org/10.3892/mco.2014.478
https://doi.org/10.3892/mco.2014.478
https://doi.org/10.1038/nature13543
https://doi.org/10.1038/nrc2964
https://doi.org/10.1038/nrc2964
https://doi.org/10.1186/s12935-017-0429-3
https://doi.org/10.1186/s12935-017-0429-3
https://doi.org/10.18632/oncotarget.23052
https://doi.org/10.1158/1535-7163.MCT-07-0457
https://doi.org/10.1158/1535-7163.MCT-07-0457
https://doi.org/10.1016/j.bcp.2012.06.004
https://doi.org/10.1016/j.cell.2017.10.049
https://doi.org/10.1016/j.cell.2017.10.049
https://doi.org/10.1093/bioinformatics/bty060
https://doi.org/10.1158/0008-5472.CAN-13-2040
https://doi.org/10.1158/0008-5472.CAN-13-2040
https://doi.org/10.1016/j.cell.2016.07.005
https://doi.org/10.1158/0008-5472.CAN-17-3460
https://doi.org/10.1158/0008-5472.CAN-14-0221
https://doi.org/10.1073/pnas.1414789111
https://doi.org/10.1073/pnas.1414789111
https://doi.org/10.1016/S0092-8674(01)00340-3
https://doi.org/10.1016/S0092-8674(01)00340-3
https://doi.org/10.1016/j.ccr.2013.10.025
https://doi.org/10.1016/j.ccr.2013.10.025
https://doi.org/10.1038/nature04695
https://doi.org/10.1016/j.canlet.2008.06.015
https://doi.org/10.1038/s41598-017-10134-2
https://doi.org/10.1158/1541-7786.MCR-16-0444
https://doi.org/10.1158/1541-7786.MCR-16-0444
https://doi.org/10.1200/JCO.2007.15.8345
https://doi.org/10.1200/JCO.2007.15.8345
https://doi.org/10.1016/j.urology.2004.12.040
https://doi.org/10.1093/jnci/94.20.1569
https://doi.org/10.1093/jnci/94.20.1569
https://doi.org/10.1038/nature19796
https://doi.org/10.1038/nature19796
https://doi.org/10.1038/nature19795
https://doi.org/10.1038/ki.2009.296
https://doi.org/10.1038/ki.2009.296
https://doi.org/10.1016/j.ccell.2016.09.016
https://doi.org/10.1016/j.ccell.2016.09.016
https://doi.org/10.1038/ncomms15337
https://doi.org/10.1038/ncomms15337
https://doi.org/10.1158/0008-5472.CAN-07-5492
https://doi.org/10.1016/j.gene.2003.08.012
https://doi.org/10.1038/sj.bjc.6603155
https://doi.org/10.1038/sj.bjc.6603155
https://doi.org/10.1111/cas.13493
https://doi.org/10.1111/cas.13493
https://doi.org/10.1016/j.yexcr.2016.10.013
https://doi.org/10.1016/j.yexcr.2016.10.013
https://doi.org/10.1186/s12920-015-0126-9
https://doi.org/10.1186/s12920-015-0126-9
https://doi.org/10.1002/ijc.20642
https://doi.org/10.1002/ijc.20642
https://doi.org/10.1210/me.2009-0161
https://doi.org/10.1128/MCB.00265-17
https://doi.org/10.1042/BSR20171270
https://doi.org/10.1158/2159-8290.CD-14-1507
https://doi.org/10.1158/2159-8290.CD-14-1507

	In silico repurposing the Rac1 inhibitor NSC23766 for treating PTTG1-high expressing clear cell renal carcinoma
	Introduction
	Materials and methods
	cBioPortal for cancer genomics analysis
	Gene Expression Profiling Interactive Analysis (GEPIA)
	Oncomine analysis
	Functional enrichment
	Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) analysis
	Cancer Therapeutics Response Portal (CTRP) analysis
	CellMinerCDB analysis
	Statistical analysis

	Results
	PTTG1 copy number amplification is not associated with its mRNA expression and overall patients’ survival in ccRCC
	Overexpression of PTTG1 mRNA is associated with a poor overall survival in ccRCC patients
	Genetic alterations of mitotic cell cycle progression in ccRCC
	Higher PTTG1 mRNA expression is sensitive to a Rac1 inhibitor NSC23766 in ccRCC cell lines

	Discussion
	Conflict of interests
	Funding
	Acknowledgements
	Supplementary data
	References




