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Abstract: Renal cell carcinoma (RCC) is the most common type of kidney cancer and includes
more than 10 subtypes. Compared to the intensively investigated clear cell RCC (ccRCC), the
underlying mechanisms and treatment options of other subtypes, including papillary RCC (pRCC)
and chromogenic RCC (chRCC), are limited. In this study, we analyzed the public databases for
ccRCC, pRCC, and chRCC and found that BIRC5 was commonly overexpressed in a large cohort of
pRCC and chRCC patients as well as ccRCC and was closely related to the progression of RCCs. We
investigated the potential of BIRC5 as a therapeutic target for these three types of RCCs. Loss and
gain of function studies showed the critical role of BIRC5 in cancer growth. YM155, a BIRC5 inhibitor,
induced a potent tumor-suppressive effect in the three types of RCC cells and xenograft models.
To determine the mechanism underlying the anti-tumor effects of YM155, we examined epigenetic
modifications in the BIRC5 promoter and found that histone H3 lysine 27 acetylation (H3K27Ac)
was highly enriched on the promoter region of BIRC5. Chromatin-immunoprecipitation analysis
revealed that H3K27Ac enrichment was significantly decreased by YM155. Immunohistochemistry of
xenografted tissue showed that overexpression of BIRC5 plays an important role in malignancy in
RCC. Furthermore, high expression of P300 was significantly associated with the progression of RCC.
Our findings demonstrate the P300-H3K27Ac-BIRC5 cascade in three types of RCC and provide a
therapeutic path for future research on RCC.

Keywords: renal cell carcinoma; BIRC5; YM155; histone acetylation

1. Introduction

Renal cell carcinoma (RCC), which accounts for more than 90% of all kidney cancers,
is one of the most lethal malignancies [1,2]. RCC is classified into 20 types, and the most
common are clear cell RCC (ccRCC; 75%), papillary RCC (pRCC; 10%), and chromophobe
RCC (chRCC; 5%) [3]. Most of the research on kidney cancer has mostly focused on
ccRCC. According to the National Comprehensive Cancer Network (NCCN) guidelines,
the recommended current standard treatments for pRCC and chRCC are not different from
those for ccRCC because there have been no specific medications designed for pRCC or
chRCC, and they recommend participation in clinical trials [4]. The incidence of RCC
is increasing every year and effective targets of RCC are limited; there are also practical
difficulties in treating various non-ccRCCs. Early diagnosis of RCC is difficult because
there are no symptoms or representative markers; thus, without accidental finding of renal
mass on abdominal image work up, RCC is easily missed. Additionally, the 5-year survival
rate is very low once metastatic disease is diagnosed [5,6]. The standard treatment for
organ-confined RCC is surgical excision; however, metastasis and recurrence are frequent,
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and RCC is resistant to most therapy such as conventional chemotherapy, radiation therapy,
and hormone therapy [7–11]. Sunitinib, a tyrosine kinase inhibitor that blocks growth
of blood vessels, has been used as a first-line treatment for RCC for over 10 years, but it
only inhibits angiogenesis without effects on the tumor itself; therefore, it only extends
the lifespan by several months [12]. Recently, immune therapeutics, such as nivolumab
and ipilimumab, are being used in RCC treatment; however, little is known of the efficacy
of these medications, and they have not been recommended for pRCC and chRCC [13].
Therefore, a novel effective treatment for all major subtypes of RCC, including ccRCC,
pRCC, and chRCC, is urgently needed.

Inhibitor of apoptosis (IAP) is a highly conserved gene family present in most or-
ganisms in which the encoded proteins suppress apoptosis by regulating caspase activ-
ity [11,14,15]. The IAP family contains eight proteins, BIRC1, BIRC2, BIRC3, BIRC4, BIRC5,
BIRC6, BIRC7, and BIRC8, according to the composition of approximately 8 domains BIR,
NACHT, UBA, CARD, RING, Coiled-Coil, UBC, and LRR [11,16]. BIRC5, also known
as survivin, inhibits caspase-3 and -7 and interferes with caspase-9 activity, thereby sup-
pressing the release of cytochrome c from mitochondria [16–18]. BIRC5 is significantly
upregulated in most tumors, and its dysregulation affects cancer aggressiveness, recurrence,
drug resistance, and patient survival [19–21]. The induction of apoptosis via inhibition of
BIRC5 is a promising target for the treatment of various cancers [22–27]. However, limited
studies have been performed in RCC.

In this study, we explored potential therapeutic targets that can induce cell death of
ccRCC, pRCC, and chRCC by performing IAP expression analysis and we investigated the
underlying mechanism of a potential drug aimed at the novel target.

2. Results
2.1. Correlation between Overexpressed BIRC5 and RCC Tumor Progression

To find a potential therapeutic target for the three main subtypes of RCCs, we analyzed
TCGA data for ccRCC, pRCC, and chRCC (Figure 1). We examined genes that changed
by 2-fold or more in all three RCCs and identified 1118 genes that were low-expressed
and 191 genes were high-expressed. With the aim of identifying a target that may induce
death of cancer cells, we selected transcription factors related to apoptosis from the genes
overexpressed in RCC. We selected BIRC5 as BIRC5 was significantly increased by more
than 2-fold in tumors compared with non-tumor samples; similar patterns were observed
in paired analysis of the 3 major RCC subtypes (Figure 1a,b). We then analyzed the mRNA
expression of the eight members of the BIRC family and found that only BIRC5 and BIRC7
were overexpressed in tumor tissues (Figure 1c). Similar to BIRC5, BIRC7 was significantly
overexpressed in tumors, and a significant difference was also found in the paired analysis
(Figure 1d,f).

To examine the relationship between cancer development and BIRC5 and BIRC7,
we compared the expression levels in patients at various stages. In TCGA data for three
RCCs, high stages (stage III and IV) were associated with increased expression of BIRC5
(Figure 1f). Thus, BIRC5 was found to have a close correlation with cancer progression.
The expression of BIRC7 was not consistently correlated with high stage in the three RCC
groups (Figure 1g).
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Figure 1. Overexpressed BIRC5 is associated with tumor progression in ccRCC, pRCC, and chRCC. 
(a) The relative BIRC5 mRNA expression levels in non-tumor (NT) and tumor (T) in TCGA datasets. 
The median expression level is indicated by horizontal lines (mean ± SD; *** p < 0.001 vs. non-tumor). 
(b) mRNA expression of BIRC5 in matched pairs of TCGA data. Data are shown as mean ± SEM. *** 
p < 0.001 by paired Student’s t-test. (c) Heat map of gene expression profiling for BIRC family in 
TCGA data for the three types of RCCs. (d) The relative BIRC7 mRNA expression levels in NT and 
T in TCGA datasets. The median expression level is indicated by horizontal lines (mean ± SD; *** p 
< 0.001 and ** p < 0.01 vs. NT). (e) mRNA expression of BIRC7 in matched pairs of TCGA data (mean 
± SEM; *** p < 0.001 vs. NT). (f,g) Distribution of the clinical stages in RCCs with low and high (f) 
BIRC5 and (g) BIRC7 mRNA expression. 

2.2. Evaluation of Function by BIRC5 Knockdown in RCC Cells 
To evaluate the function of BIRC5 in RCC cells, a loss of function test was performed 

using siRNA for BIRC5. Caki-1, 786-O, and A498 ccRCC cell lines, Caki-2 and ACHN 
pRCC cell lines, and the UOK-276 chRCC cell line were used. 

Figure 1. Overexpressed BIRC5 is associated with tumor progression in ccRCC, pRCC, and chRCC.
(a) The relative BIRC5 mRNA expression levels in non-tumor (NT) and tumor (T) in TCGA datasets.
The median expression level is indicated by horizontal lines (mean ± SD; *** p < 0.001 vs. non-tumor).
(b) mRNA expression of BIRC5 in matched pairs of TCGA data. Data are shown as mean ± SEM.
*** p < 0.001 by paired Student’s t-test. (c) Heat map of gene expression profiling for BIRC family
in TCGA data for the three types of RCCs. (d) The relative BIRC7 mRNA expression levels in NT
and T in TCGA datasets. The median expression level is indicated by horizontal lines (mean ± SD;
*** p < 0.001 and ** p < 0.01 vs. NT). (e) mRNA expression of BIRC7 in matched pairs of TCGA data
(mean ± SEM; *** p < 0.001 vs. NT). (f,g) Distribution of the clinical stages in RCCs with low and
high (f) BIRC5 and (g) BIRC7 mRNA expression.

2.2. Evaluation of Function by BIRC5 Knockdown in RCC Cells

To evaluate the function of BIRC5 in RCC cells, a loss of function test was performed
using siRNA for BIRC5. Caki-1, 786-O, and A498 ccRCC cell lines, Caki-2 and ACHN pRCC
cell lines, and the UOK-276 chRCC cell line were used.
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Reduced mRNA expression of BIRC5 was confirmed after siRNA-mediated BIRC5
knockdown in Caki-1 (ccRCC) and ACHN (pRCC) by qRT-PCR (Figure 2a). In addition,
to support the universality of the BIRC5 knockdown effect in all RCC cells, the BIRC5
knockdown effect was also confirmed by evaluating BIRC5 mRNA levels in the second
ccRCC cell line Caki-2 and the second pRCC cell line A498 (Supplementary Figure S1). In
cells with loss of BIRC5, cell viability was significantly reduced (11.2% of Caki-1, 10.8% of
786-O, 32.6% of A498, 28.4% of Caki-2, 22.6% of ACHN, and 33.7% of UOK-276 cells were
still viable) and apoptosis was increased (Caki-1: early/late apoptosis: 9.00%/0.51%, 786-O:
11.50%/0.36%, A498: 10.5%/0.23%, Caki-2: 12.6%/0.7%, ACHN: 10.6%/2.04%, UOK-276:
1.81%/1.48%, respectively) (Figure 2b–d). We also performed wound healing and invasion
assays. BIRC5 knockdown suppressed recovery of the scratched gap and invasive capacity
of the RCC cell lines (Figure 2e–g). Therefore, inhibition of BIRC5 results in anti-cancer
effects in cell lines of the three RCC subtypes.
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Figure 2. Loss of BIRC5 induced anti-cancer effect in ccRCC, pRCC, and chRCC cells. (a) BIRC5
mRNA levels were evaluated by qRT-PCR in Caki-1, 786-O, A498, Caki-2, ACHN, and UOK-276
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cells transfected with the indicated siRNAs. Data are presented as the mean ± S.E.M. (*** p < 0.001
versus siCon). (b) Relative cell viability data are presented as the mean ± S.E.M (*** p < 0.001).
(c,d) Annexin V-FITC/PI staining assay and representative images for FACS analysis were performed
in BIRC5 knockdown Caki-1, 786-O, A498, Caki-2, ACHN, and UOK-276 cells. (e,f) Wound healing
analysis after BIRC5 knockdown in Caki-1, 786-O, A498, Caki-2, ACHN, and UOK-276 cells. Data
represent mean ± SD of three independent experiments (* p < 0.05 and ** p < 0.01 versus siCon, t-test).
(g) Representative images of invasion assay results.

2.3. Evaluation of Function by BIRC5 Overexpression in RCC Cells

To confirm the oncogenic effect of BIRC5 in RCCs, we performed a gain of function
study using a BIRC5 overexpression plasmid. Through qRT-PCR, we confirmed that
the expression of BIRC5 was increased 10,000-fold or more by transfection of the BIRC5
overexpression vector in Caki-1, ACHN, and UOK-276 cells compared with empty vector
(EV) transfection (Figure 3a). In HK-2 cells, normal renal proximal tubular cells, cell viability
was significantly increased by overexpression of BIRC5 (Figure 3a). BIRC5 induced an
increase in cell viability of four cell lines (Figure 3b). In all cell lines, overexpression of
BIRC5 led to reduced apoptosis compared with EV cells (EV and BIRC5 overexpression:
3.02% and 0.92% for Caki-1; 0.85% and 0.16% for ACHN; 0.83% and 0.26% for UOK-276;
and 2.406% and 1.129 for HK-2, respectively) (Figure 3c,d).
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Figure 3. Ectopic overexpression of BIRC5 promoted the aggressive behavior of RCC cells. (a) BIRC5
mRNA levels were determined by qRT-PCR in Caki-1, ACHN, UOK-276, and HK-2 (normal renal
proximal tubular cells) transfected with the indicated overexpression plasmids. Data are presented as
the mean ± S.E.M. (*** p < 0.001 versus empty vector). (b) Relative cell viability data are presented
as the mean ± S.E.M (ns; non—significant, *** p < 0.001 and * p < 0.05 versus empty). (c,d) Annexin
V-FITC/PI staining assay and representative images for FACS analysis in BIRC5 overexpression
Caki-1, ACHN, UOK-276, and HK-2 cells. (e,f) Wound healing analysis in Caki-1, ACHN, UOK-
276, and HK-2 cells transfected as indicated. Graphs are shown to represent the mean represent
mean ± SD of three independent experiments (ns; non—significant). (g) Representative images of
invasion assay results.

We further evaluated the effect of overexpressed BIRC5 on cell migration and invasion.
BIRC5 overexpression slightly increased the wound healing and invasive capacity of Caki-1,
ACHN, UOK-276, and HK-2 cells compared with EV transfection (Figure 3e–g). Thus,
overexpression of BIRC5 caused cancer-promoting effects in the three types of RCC cells
and normal kidney cells.

2.4. Confirmation of Anti-Cancer Effect by BIRC5 Inhibition Using YM155

To investigate the potential therapeutic effect of inhibition of BIRC5, we tested the
effect of the BIRC5 inhibitor YM155, a drug that increases apoptosis by inducing cleavage
of caspase-3 suppressed by BIRC5 [16]. YM155 dose-dependently decreased cell viability
in three RCC cell lines and normal kidney cells (Figure 4a). In response to treatment with
50 nM YM155, cell viability was effectively reduced in Caki-1 cells by 77%, ACHN cells
by 78%, and UOK-276 cells by 75%. HK-2 cells showed a lower response, with reduction
of 33%. Next, we investigated whether apoptosis was induced by YM155 treatment for
24 h. In all three RCC cell lines, apoptosis was promoted by YM155 treatment (0 nM and
50 nM: 7.76% and 48.38% for Caki-1 cells; 2.12% and 20.37% for ACHN cells; and 1.68% and
7.68% for UOK-276 cells, respectively) (Figure 4b,c). YM155 also inhibited both migration
and invasion ability of RCC cell lines (Figure 4d,e). Therefore, these results indicate that
inhibition of BIRC5 using YM155 induces cancer-specific anti-cancer effects for ccRCC,
pRCC, and chRCC in vitro.
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Figure 4. YM155 induced cancer-specific inhibition of cell growth in threetypes of RCCs. (a) Cell
viability assay in HK-2, Caki-1, ACHN, UOK-276, and HK-2 cells. Cells were treated with increasing
doses of YM155 (ns; non—significant, ** p < 0.01, *** p < 0.001 versus 0 nM). (b,c) Annexin V-FITC/PI
staining assay and representative images for FACS analysis in Caki-1, ACHN, and UOK-276 cells
treated with 50 nM YM155 for 24 h. (d,e) Wound-healing analysis in Caki-1, ACHN, and UOK-276
cells after treatment with YM155. Data represent mean ± SD of three independent experiments
(* p < 0.05 compared to control, t-test). (f) Representative images of invasion assay results.

2.5. Identification of the Mechanism Underlying the Antitumor Effect of YM155

To examine the mechanism of the effects of YM155 treatment more closely in the three
types of RCCs, we first examined the mRNA levels of BIRC5. The level of BIRC5 mRNA
was clearly inhibited by YM155 in RCC (Figure 5a). Thus, we hypothesized that YM155
may epigenetically regulate the promoter region of BIRC5. To investigate acetylation, which
is involved in gene regulation, we analyzed the genome browser database from University
of California Santa Cruz (UCSC) genomic institute. In the UCSC genomic data analysis,
we found that acetylated lysine 27 of histone H3 (H3K27Ac) was highly enriched in the
promoter region of BIRC5 (Figure 5b). To examine whether YM155 influenced H3K27Ac
enrichment of the BIRC5 promoter, we performed a chromatin-immunoprecipitation (ChIP)
assay and found that YM155 decreased the enrichment of H3K27Ac in the BIRC5 promoter
in all three cell lines (Figure 5c). We then speculated that the mRNA expression of EP300,
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an acetyltransferase that catalyzes H3K27Ac, may be affected by YM155 treatment. Con-
sistent with our hypothesis, RT-PCR data showed that the mRNA expression of EP300
was decreased by YM155 (Figure 5d). These findings suggest that YM155 may control the
expression of BIRC5 through regulating the expression of the EP300 acetyltransferase.
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Figure 5. YM155 epigenetically interfered with histone acetylation in the promoter of BIRC5 and
inhibited its expression. (a) BIRC5 mRNA levels were determined by qRT-PCR in 6 RCC cell lines
after the treatment of YM155. Data are presented as the mean ± S.E.M. (*** p < 0.001 versus empty
vector). (b) The promoter region of BIRC5 obtained from the UCSC database. H3K27Ac Mark (often
found near active regulatory elements) on 7 cell lines from ENCODE. Navy blue; K562, sky blue;
HUVEC, pink; NHLF, purple; NHEK, green; HSMM, yellow; H1-hESC, Orange; GM12878. (c) ChIP
assays in Caki-1, ACHN, and UOK-276 cells. Crosslinked complexes were immunoprecipitated
with anti-H3K27Ac antibody, followed by qPCR with the BIRC5-specific primers (mean ± SEM;
*** p < 0.001 compared to control). (d) RT-PCR of EP300 and GAPDH mRNA levels in Caki-1, ACHN,
and UOK-276 cells.

2.6. Confirmation of Antitumor Effect of YM155 on RCC Cells In Vivo

To confirm the effect of YM155 treatment on RCC cells in vivo, a subcutaneous
xenograft tumor model was established by inoculating Caki-1, ACHN, and UOK-276
cells into athymic nude mice. When the tumor size reached 300 mm3, YM155 (5 mg/kg)
was injected intraperitoneally, and the tumor size was measured for 4 weeks. As shown in
Figure 6a, YM155 significantly reduced tumor growth of tumors derived from the three
RCC cell lines in comparison with the control group (Supplementary Figure S2).
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Figure 6. YM155 suppressed tumor growth through repressing levels of P300 and H3K27Ac in the
three types of RCCs. (a) Xenografted tumor size was measured in BALB/c mice injected with cells
and subjected to YM155 treatment. Data are presented as the mean ± S.E.M. (*** p < 0.001 vs. Con)
(b) Immunohistochemical staining of P300 and H3K27Ac in xenograft tumors from BALB/c mice
injected with Caki-1, ACHN, and UOK-276 cells and treated with YM155. *** p < 0.001 and ** p < 0.01
in unpaired t-test in the measurement of positive areas for P300 and H3K27Ac.

Immunohistochemistry showed that P300 and H3K27Ac protein expression in xenografted
tumors was reduced by YM155 treatment (percent of P300-positive areas in Caki-1: Con/
YM155: 42.1%/9.9%, ACHN: 37.6%/14.0%, UOK-276: 29.3%/12.8%; percent of H3K27Ac-
positive areas in Caki-1: Con/YM155: 66.8%/26.0%, ACHN: 51.0%/13.6%, UOK-276:
70.9%/36.9%; Figure 6b). Therefore, these findings suggest that BIRC5 exerts a cancer-
promoting function in the three RCC subtypes and YM155 effectively suppressed three
types of RCC by inhibiting histone acetylation at the BIRC5 promoter.

3. Discussion

Most studies on RCC have focused on the treatment options of ccRCC, as more
than two-thirds of patients with metastatic renal cancer have ccRCC. However, treatment
methods for pRCC and chRCC, which account for 15% of all RCCs, are limited. To overcome
this limitation, we analyzed TCGA data for ccRCC, pRCC, and chRCC and found that BIRC5
was significantly increased in tumors of the three major tumor subtypes compared with
non-tumor tissues and that elevated expression correlated with tumor progression. Loss-
and gain-of-function studies for BIRC5 showed that BIRC5 regulates growth, apoptosis,
and migration of RCCs. The therapeutic effect of YM155, a BIRC5 inhibitor, has been
shown in several cancers; however, the effect and underlying mechanism in RCC subtypes
were not previously understood. We investigated whether YM155 had an inhibitory effect
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in the three types of RCC. Anti-cancer effects of YM155 were also verified in cell lines
and xenograft models derived from cells of the three types of RCCs. Additionally, since
the epigenetic control is at the top of gene expression, we investigated what epigenetic
alteration occurred by YM155. According to the UCSC database, H3K27Ac was highly
enriched in the BIRC5 promoter region. We examined the level of P300, an acetyltransferase,
and found that YM155 treatment decreased mRNA expression of P300. Additionally, the
expressions of P300 and H3K27Ac were effectively suppressed by YM155 in xenografted
tissues (Figure 7).
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Figure 7. Schematic model for epigenetic regulation of YM155. BIRC5, which is abundant in three
subtypes of RCCs, inhibits apoptosis of RCCs. YM155 inhibits BIRC5 by inhibiting an epigenetic
enzyme and induces apoptosis in the three major subtypes of RCCs (blue arrow; suppression, red
arrow; induction).

The mRNA expression of BIRC7 showed significantly higher expression in tumors
compared to non-tumor in the three RCC subtypes (Figure 1e,f). However, BIRC7 had no
correlation with tumor grade (Figure 1g). Several studies investigated BIRC7 as a potential
therapeutic target for XX. Kitamura et al. reported that positive expression in only 60% of
all RCC patients, so BIRC7 is not attractive as a target, but since it is recognized in blood, it
may be an immune therapy target [28]. In addition, Chen et al. discovered that the long
non-coding RNA CCAT1 as an upstream factor of BIRC7 and BIRC7 can regulate RCC cell
viability and apoptosis by interacting with CCAT [29]. Various studies have identified the
possibility of BIRC7 as a therapeutic target, but more research is needed on whether it can
be a practical target in RCC.

BIRC5 is a member of IAP that participates in cell cycle regulation, inhibition of
apoptosis, promotion of angiogenesis, and other biological effects, and BIRC5 is involved
in the occurrence and development of tumors along with vimentin and p53. In particular,
the expression of vimentin and BIRC5 showed higher expression levels in RCC compared
to adjacent normal kidney tissue [30,31]. In RCC patients, BIRC5 has been identified as
a prognostic biomarker for RCC survival in several studies evaluating the association
between candidate gene expression and overall survival. The expression of BIRC5 was
correlated with pathological grade and clinical stage and was also associated with the
progression and poor survival of RCC patients [32–35]. Recently, a study examining
the early diagnosis and prognostic value of BIRC5 in ccRCC based on Cancer Genome
Atlas database and Human Protein Atlas database also showed that BIRC5 expression
was significantly higher in ccRCC than in normal kidney tissue and correlated with the
clinical stage and pathologic grade of ccRCC [36]. Therefore, high expression inhibition
of BIRC5 is an effective indicator for predicting the poor prognosis of patients in RCC
and may affect the overall survival rate of patients. BIRC5 inhibits apoptosis by blocking
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caspase activation and the main effect of YM155 is to induce apoptosis. Recent studies
have reported the various mechanisms of YM155. YM155 induces apoptosis by autophagy-
dependent DNA damage, not apoptosis that simply interferes inactivation of caspase in
lung, breast, and prostate cancer [37–39]. In addition, it plays a role as a key regulator
of mitosis and the transition from G2M phase to G1 in the cell cycle and the transition
from G1 to S phase [40]. YM155 thus causes G1 or G2M arrest [41]. Kuo et al. found that
the expression of BIRC5 and its upstream regulator, OX40, was increased in HIV patients,
and YM155 selectively reduced HIV-infected CD4+ T cells, thus supporting the long-term
survival of infected cells [42]. Carew et al. explored several strategies for therapeutic
inhibition of BIRC5/Survivin function in RCC. Treatment with temsirolimus, an mTOR
inhibitor, reduced BIRC5/Survivin levels partially; however, the level of BIRC/Survivin
was increased by further treatment of YM155. YM155 has been confirmed to significantly
improve anticancer activity in vitro RCC cell line panels and in vivo xenotransplantation
models [43]. Sim et al. verified that in RCC cells, YM155 reduced the nuclear levels of p65
and phosphorylated p65 and attenuated the transcriptional ability of p65/p50 heterodimers.
YM155 reduced the transcription of the NF-κB target gene BIRC5/Survivin, resulting in
anticancer therapeutic effects. The ability of YM155 to block major transcriptional pathways,
such as NF-κB, would have a significant impact on pharmacological effects [44].

Reduction of P300 by YM155 can inhibit acetylation in the promoter region of other
genes as well as BIRC5, and the transcription of these genes might also be inhibited. In
addition, since H3K27Ac is an active enhancer marker [45], it is possible to discover an
important DNA regulatory region for regulating the expression of downstream targets of
BIRC5, so further study on wide genomic regions is required. In addition, H3K27Ac was
enriched in the BIRC5 promoter region, and there was a CpG island [46]. Most CpG islands
exist in promoter regions and suppress gene expression [47,48]. However, in RCC, since
CpG is in a suppressive state, it is presumed that overexpression of BIRC5 is maintained.
While our results illustrate the mechanism of YM155 by P300-H3K27Ac enrichment, a
study examining the selective increase of DNA methylation as another way to control the
expression of BIRC5 is also needed.

With the discovery of diagnostic markers for various cancers, including prostate cancer,
liver cancer, colon cancer, pancreatic cancer, and ovarian cancer, the promise of strategies
for the early diagnosis of cancer is increasing [49–53]. However, the heterogeneity of RCC
is the biggest obstacle to the development of diagnostic markers. The representative genetic
mutation of RCC is VHL mutation, but this mutation is limited to ccRCC and is not common
to pRCC and chRCC. While pRCC is associated with mutations for cMET and fumarate
hydratase, these mutations are not related to ccRCC [54–57]. In addition, in the case of
RCC, except for three types of RCC, it is very difficult to analyze the patient’s pathology
because these cases are very rare. However, a diagnostic marker that would target 90%
of all RCCs (ccRCC; 75%, pRCC; 10%, chRCC; 5%) would enable the early diagnosis of
numerous patients and increase patient survival rate, so the development of a diagnostic
marker is essential.

In this study, our results suggest BIRC5 as a key factor that can target ccRCC, pRCC,
and chRCC. Our findings demonstrated the anti-tumor effect and epigenetic mechanism
of YM155, a BIRC5 inhibitor, through in vitro and in vivo experiments. We believe that
YM155 might be a therapeutic strategy for the three major subtypes of RCC.

4. Materials and Methods
4.1. Cell Culture

The human RCC cell lines Caki-1, Caki-2, 786-O, A498, and ACHN were purchased
from Korean Cell Line Bank (Seoul, Republic of Korea). The immortalized human chRCC
cell line UOK-276 was kindly provided by Dr. W. Marston Linehan (National Cancer
Institute, Bethesda, MD, USA). Cell lines were cultured in RPMI-1640 or DMEM (Sigma-
Aldrich, St. Louis, MO, USA) containing 10% fetal bovine serum (FBS; Sigma-Aldrich)
and 1% antibiotic-antimycotic (Thermo-Fisher Scientific, Waltham, MA, USA). All cells
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were maintained in an incubator designed to maintain a 5% CO2 atmosphere, constant
temperature, and humidity suitable for cell growth.

4.2. siRNA Transfection

RCC cells in 6-well plates were transiently transfected with 100 nmol/mL siRNA
(Bioneer, Daejeon, Republic of Korea) using Turbofect Reagent from Thermo Fisher Sci-
entific (Waltham, MA, USA). At 16 h after transfection, Opti-MEM was changed with
growth media.

4.3. Transfection of Plasmids into Cells

Cells were seeded to an even cell density and grown to 70% confluency in 6-well
cell culture plates and then and then transfected with empty pcDNA 3.1+ C-DYK vector
and a vector containing cDNA of human BIRC5 (pcDNA3.1+ C-DYK BIRC5, GenScript,
#OHu23310D) using Turbofect Reagent.

4.4. RNA Extraction and Reverse Transcription PCR

Total RNA was extracted from cells using TRIzol reagent, and AccuPower RT Premix
(Bioneer, Daejeon, Republic of Korea) was used to perform reverse transcription of the
extracted RNA. For qRT-PCR for amplification of cDNA, a LightCycler® 480II (Roche,
Basel, Switzerland) and the LightCycler® 480 SYBR Green I Master (Roche, #04887352001)
were used following the manufacturer’s recommendations. Amplification of cDNA was
performed using the gene-specific primers listed in Supplementary Table S1.

4.5. Chomatin Immunoprecipitation (ChIP)

ChIP assays were performed using the Pierce™ Agarose ChIP kit (Thermo Fisher,
#26156). following the instructions from the manufacturer. Briefly, 50 µg DNA fragmented
to 200–500 bp in size by enzymatic digestion was pre-cleared with protein A magnetic
beads. The pre-cleared DNA was immunoprecipitated with H3K27Ac (Abcam, #ab4729).
DNA extraction was performed for chromatin fragments, and qPCR was performed on the
DNA bound to each target protein. Immunoglobin G (IgG) was used as the negative control.
The qPCR results were calculated as IP/1% input as follows: (IP − IgG)/(Input − IgG).
ChIP primers are listed in Supplementary Table S1.

4.6. Wound Healing Assay

Cells were seeded to an even cell density and grown to 80% confluency in 6-well
cell culture plates. After overnight incubation in a serum-free medium, cell layers were
scratched with sterile yellow tips. Images for the width of the initial gap (0 h) and the
residual gap at 24 h after wounding were captured and measured using an optical micro-
scope at 40× magnification (Olympus, Shinjuku, Japan). For scratch image analysis, the
average distance was manually collected by measuring 4 spots between the edges of the
gap. Data are presented as mean ± SD. Three replicates were included in the analysis and
an unpaired Student’s t-test was performed. Significance was considered at p < 0.05.

4.7. Invasion Assay

Cell motility was measured using a transwell chamber (BD Biosciences). The up-
per surface of the transwell chamber was coated with 100 µL Matrigel (0.3 mg/mL, BD
Biosciences). After incubation for 3 h at 37 ◦C, the supernatant was removed; a 500 µL
cell suspension was placed in the top chamber; as a chemoattractant, 700 µL 20% FBS
medium was added to the bottom chamber. The chambers were placed in a 24-well plate
and incubated overnight. The next day, the membrane was stained using 0.4% crystal violet.
Images of the invaded cells were examined using a microscope at 40× magnification, and
the number of cells were quantitated.
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4.8. Annexin V/Propidium Iodide Staining Assay

The apoptosis rate was assessed using an Annexin V–fluorescein isothiocyanate (FITC)
apoptosis detection kit (BD Biosciences, #556547, Franklin Lakes, NJ, USA). Cells were
transfected with siBIRC5 and treated with various concentrations of YM155 for a further
period of 24 h. The supernatant and trypsinized cells were rinsed in Dulbecco’s phosphate-
buffered saline and suspended in 1× binding buffer at a concentration of 1 × 106 cells/mL.
Then, 5 µL FITC-conjugated Annexin V and 2 µL propidium iodide were added to 100 µL
containing 1 × 105 cells and incubated for 15 min at room temperature in the dark. After
incubation, 400 µL binding buffer (1×) was added to each tube, and the cells were analyzed
using a FACSCanto flow cytometer (BD Biosciences).

4.9. In Vivo Tumor Growth Experiment

BALB/c nude mice (female, 4 weeks old, 20 g) were purchased from Orient Bio and
raised under appropriate conditions. Caki-1, ACHN, and UOK-276 cells (5 × 106 cells/
0.1 mL Hank’s Balanced Salt Solution) were injected subcutaneously in the left flank.
YM155 was administered intraperitoneally 3 times per week for 4 weeks. The tumor
sizes were measured every 2 to 3 days by a digital caliper, and tumor volumes were
calculated using the formula volume = π/6 (length × width2). All experimental procedures
were performed in accordance with the institutional guidelines approved by the Hanyang
University Institutional Animal Care and Use Committee (approval number: 2020-0024A).
All procedures related to the in vivo experiments and animal care were carried out in
accordance with the approved guidelines. The study is compliant with the ARRIVE
guidelines 2.0.

4.10. Immunohistochemistry

Paraffin-embedded tumor tissue specimens were sliced into 3-µm thick sections and
mounted onto slides. The slide of each section was deparaffinized with xylene and hydrated
by alcohol. The slide was washed in 0.6% H2O2 in methanol for 15 min then, the slides
were treated with 0.1% Triton-X 100, washed three times with phosphate-buffered saline,
and blocked with 10% goat serum. To examine the expressions of P300 (1:100, Invitrogen,
#MA1-16622) and H3K27Ac (1:100) the slides were treated with a corresponding primary
antibody overnight at 4 ◦C, and the next day, were incubated with a secondary antibody at
room temperature. After staining with diaminobenzidine (DAB), the tumor sections were
visualized under an optical microscope (Leica DM s00B microscope, Leica Microsystems
Inc., Bufalo Grove, IL, USA) at ×200 magnification. Using software LEICA APPLICATION
SUITE version 4.1.0, the stained area relative to the area of total tissue was calculated and
quantified as a percentage.

4.11. The Cancer Genome Atlas (TCGA) Data Analysis

To investigate the expression of IAP genes including BIRC5 in a large cohort for RCCs,
we obtained RNAseq-based gene expression profiling data from The Cancer Genome Atlas
(TCGA) renal cell carcinoma project (KIRC; ccRCC, KIRP; pRCC, and KICH; chRCC). A
log2 transformation for raw data of RNAseq was applied. The fold change for expression
of the tumor and the normal tissues was compared.

4.12. Statistical Analysis

The results are expressed as the mean ± SEM. Most statistical comparisons were
calculated by one-way ANOVA followed by Bonferroni’s post hoc test using Prism 7
(GraphPad, San Diego, CA, USA) to compare groups. p < 0.05 was considered to be
statistically significant.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms25010216/s1.
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https://www.mdpi.com/article/10.3390/ijms25010216/s1


Int. J. Mol. Sci. 2024, 25, 216 14 of 16

Author Contributions: Research conception and design, S.H.H. and Y.E.Y.; Data acquisition, S.H.H.,
H.J.H. and E.B.J.; Statistical analysis, H.J.H. and E.B.J.; Data analysis and interpretation, D.H.S., E.S.K.,
Y.J.L., S.Y.P., H.S.M. and Y.E.Y.; Drafting of the manuscript, S.H.H., Y.J.L. and Y.E.Y.; Critical revision
of the manuscript, S.H.H., Y.J.L. and Y.E.Y.; Supervision, Y.E.Y. All authors have read and agreed to
the published version of the manuscript.

Funding: This work was supported by the research fund of Hanyang University (HY-2019).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that supports the findings of this study are available within
the article.

Conflicts of Interest: The authors have no competing interest to declare.

References
1. Beksac, A.T.; Paulucci, D.J.; Blum, K.A.; Yadav, S.S.; Sfakianos, J.P.; Badani, K.K. Heterogeneity in renal cell carcinoma. Urol. Oncol.

2017, 35, 507–515. [CrossRef] [PubMed]
2. Ferlay, J.; Soerjomataram, I.; Dikshit, R.; Eser, S.; Mathers, C.; Rebelo, M.; Parkin, D.M.; Forman, D.; Bray, F. Cancer incidence and

mortality worldwide: Sources, methods and major patterns in GLOBOCAN 2012. Int. J. Cancer 2015, 136, E359–E386. [CrossRef]
3. Moch, H. An overview of renal cell cancer: Pathology and genetics. Semin. Cancer Biol. 2013, 23, 3–9. [CrossRef] [PubMed]
4. Ito, K. Recent advances in the systemic treatment of metastatic non-clear cell renal cell carcinomas. Int. J. Urol. 2019, 26, 868–877.

[CrossRef] [PubMed]
5. Padala, S.A.; Barsouk, A.; Thandra, K.C.; Saginala, K.; Mohammed, A.; Vakiti, A.; Rawla, P.; Barsouk, A. Epidemiology of Renal

Cell Carcinoma. World J. Oncol. 2020, 11, 79–87. [CrossRef] [PubMed]
6. Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer Statistics, 2017. CA Cancer J. Clin. 2017, 67, 7–30. [CrossRef] [PubMed]
7. Rini, B.I. Metastatic renal cell carcinoma: Many treatment options, one patient. J. Clin. Oncol. 2009, 27, 3225–3234. [CrossRef]
8. Rini, B.I. New strategies in kidney cancer: Therapeutic advances through understanding the molecular basis of response and

resistance. Clin. Cancer Res. 2010, 16, 1348–1354. [CrossRef]
9. Sorbellini, M.; Kattan, M.W.; Snyder, M.E.; Reuter, V.; Motzer, R.; Goetzl, M.; McKiernan, J.; Russo, P. A postoperative prognostic

nomogram predicting recurrence for patients with conventional clear cell renal cell carcinoma. J. Urol. 2005, 173, 48–51. [CrossRef]
10. Goyal, R.; Gersbach, E.; Yang, X.J.; Rohan, S.M. Differential diagnosis of renal tumors with clear cytoplasm: Clinical relevance

of renal tumor subclassification in the era of targeted therapies and personalized medicine. Arch. Pathol. Lab. Med. 2013, 137,
467–480. [CrossRef]

11. Yang, Y.L.; Li, X.M. The IAP family: Endogenous caspase inhibitors with multiple biological activities. Cell Res. 2000, 10, 169–177.
[CrossRef] [PubMed]

12. Molina, A.M.; Lin, X.; Korytowsky, B.; Matczak, E.; Lechuga, M.J.; Wiltshire, R.; Motzer, R.J. Sunitinib objective response in
metastatic renal cell carcinoma: Analysis of 1059 patients treated on clinical trials. Eur. J. Cancer 2014, 50, 351–358. [CrossRef]
[PubMed]

13. Papanikolaou, D.; Ioannidou, P.; Koukourikis, P.; Moysidis, K.; Meditskou, S.; Koutsoumparis, D.; Hatzimouratidis, K.; Hatzivas-
siliou, E. Systemic therapy for chromophobe renal cell carcinoma: A systematic review. Urol. Oncol. 2020, 38, 137–149. [CrossRef]
[PubMed]

14. Deveraux, Q.L.; Reed, J.C. IAP family proteins--suppressors of apoptosis. Genes Dev. 1999, 13, 239–252. [CrossRef]
15. Miller, L.K. An exegesis of IAPs: Salvation and surprises from BIR motifs. Trends Cell Biol. 1999, 9, 323–328. [CrossRef]
16. Altieri, D.C. Targeting survivin in cancer. Cancer Lett. 2013, 332, 225–228. [CrossRef]
17. Li, F.; Ambrosini, G.; Chu, E.Y.; Plescia, J.; Tognin, S.; Marchisio, P.C.; Altieri, D.C. Control of apoptosis and mitotic spindle

checkpoint by survivin. Nature 1998, 396, 580–584. [CrossRef]
18. Garg, H.; Suri, P.; Gupta, J.C.; Talwar, G.P.; Dubey, S. Survivin: A unique target for tumor therapy. Cancer Cell Int. 2016, 16, 49.

[CrossRef]
19. Salz, W.; Eisenberg, D.; Plescia, J.; Garlick, D.S.; Weiss, R.M.; Wu, X.R.; Sun, T.T.; Altieri, D.C. A survivin gene signature predicts

aggressive tumor behavior. Cancer Res. 2005, 65, 3531–3534. [CrossRef]
20. Ye, C.P.; Qiu, C.Z.; Huang, Z.X.; Su, Q.C.; Zhuang, W.; Wu, R.L.; Li, X.F. Relationship between survivin expression and recurrence,

and prognosis in hepatocellular carcinoma. World J. Gastroenterol. 2007, 13, 6264–6268. [CrossRef]
21. Park, E.; Gang, E.J.; Hsieh, Y.T.; Schaefer, P.; Chae, S.; Klemm, L.; Huantes, S.; Loh, M.; Conway, E.M.; Kang, E.S.; et al. Targeting

survivin overcomes drug resistance in acute lymphoblastic leukemia. Blood 2011, 118, 2191–2199. [CrossRef] [PubMed]
22. Dai, J.B.; Zhu, B.; Lin, W.J.; Gao, H.Y.; Dai, H.; Zheng, L.; Shi, W.H.; Chen, W.X. Identification of prognostic significance of BIRC5

in breast cancer using integrative bioinformatics analysis. Biosci. Rep. 2020, 40, BSR20193678. [CrossRef] [PubMed]

https://doi.org/10.1016/j.urolonc.2017.05.006
https://www.ncbi.nlm.nih.gov/pubmed/28551412
https://doi.org/10.1002/ijc.29210
https://doi.org/10.1016/j.semcancer.2012.06.006
https://www.ncbi.nlm.nih.gov/pubmed/22722066
https://doi.org/10.1111/iju.14027
https://www.ncbi.nlm.nih.gov/pubmed/31183903
https://doi.org/10.14740/wjon1279
https://www.ncbi.nlm.nih.gov/pubmed/32494314
https://doi.org/10.3322/caac.21387
https://www.ncbi.nlm.nih.gov/pubmed/28055103
https://doi.org/10.1200/JCO.2008.19.9836
https://doi.org/10.1158/1078-0432.CCR-09-2273
https://doi.org/10.1097/01.ju.0000148261.19532.2c
https://doi.org/10.5858/arpa.2012-0085-RA
https://doi.org/10.1038/sj.cr.7290046
https://www.ncbi.nlm.nih.gov/pubmed/11032169
https://doi.org/10.1016/j.ejca.2013.08.021
https://www.ncbi.nlm.nih.gov/pubmed/24051327
https://doi.org/10.1016/j.urolonc.2019.11.006
https://www.ncbi.nlm.nih.gov/pubmed/31953002
https://doi.org/10.1101/gad.13.3.239
https://doi.org/10.1016/S0962-8924(99)01609-8
https://doi.org/10.1016/j.canlet.2012.03.005
https://doi.org/10.1038/25141
https://doi.org/10.1186/s12935-016-0326-1
https://doi.org/10.1158/0008-5472.CAN-04-4284
https://doi.org/10.3748/wjg.v13.i46.6264
https://doi.org/10.1182/blood-2011-04-351239
https://www.ncbi.nlm.nih.gov/pubmed/21715311
https://doi.org/10.1042/BSR20193678
https://www.ncbi.nlm.nih.gov/pubmed/32043523


Int. J. Mol. Sci. 2024, 25, 216 15 of 16

23. Hennigs, J.K.; Minner, S.; Tennstedt, P.; Loser, R.; Huland, H.; Klose, H.; Graefen, M.; Schlomm, T.; Sauter, G.; Bokemeyer, C.; et al.
Subcellular Compartmentalization of Survivin is Associated with Biological Aggressiveness and Prognosis in Prostate Cancer.
Sci. Rep. 2020, 10, 3250. [CrossRef] [PubMed]

24. Shang, X.; Liu, G.; Zhang, Y.; Tang, P.; Zhang, H.; Jiang, H.; Yu, Z. Downregulation of BIRC5 inhibits the migration and invasion
of esophageal cancer cells by interacting with the PI3K/Akt signaling pathway. Oncol. Lett. 2018, 16, 3373–3379. [CrossRef]
[PubMed]

25. Liu, B.B.; Wang, W.H. Survivin and pancreatic cancer. World J. Clin. Oncol. 2011, 2, 164–168. [CrossRef] [PubMed]
26. Tong, X.; Yang, P.; Wang, K.; Liu, Y.; Liu, X.; Shan, X.; Huang, R.; Zhang, K.; Wang, J. Survivin is a prognostic indicator in

glioblastoma and may be a target of microRNA-218. Oncol. Lett. 2019, 18, 359–367. [CrossRef]
27. Cao, Y.; Zhu, W.; Chen, W.; Wu, J.; Hou, G.; Li, Y. Prognostic Value of BIRC5 in Lung Adenocarcinoma Lacking EGFR, KRAS, and

ALK Mutations by Integrated Bioinformatics Analysis. Dis. Markers 2019, 2019, 5451290. [CrossRef]
28. Kitamura, H.; Honma, I.; Torigoe, T.; Hariu, H.; Asanuma, H.; Hirohashi, Y.; Sato, E.; Sato, N.; Tsukamoto, T. Expression of livin in

renal cell carcinoma and detection of anti-livin autoantibody in patients. Urology 2007, 70, 38–42. [CrossRef]
29. Chen, S.; Ma, P.; Li, B.; Zhu, D.; Chen, X.; Xiang, Y.; Wang, T.; Ren, X.; Liu, C.; Jin, X. LncRNA CCAT1 inhibits cell apoptosis of

renal cell carcinoma through up-regulation of Livin protein. Mol. Cell. Biochem. 2017, 434, 135–142. [CrossRef]
30. Shi, Z.G.; Li, S.Q.; Li, Z.J.; Zhu, X.J.; Xu, P.; Liu, G. Expression of vimentin and survivin in clear cell renal cell carcinoma and

correlation with p53. Clin. Transl. Oncol. 2015, 17, 65–73. [CrossRef]
31. Oto, O.A.; Paydas, S.; Tanriverdi, K.; Seydaoglu, G.; Yavuz, S.; Disel, U. Survivin and EPR-1 expression in acute leukemias:

Prognostic significance and review of the literature. Leuk. Res. 2007, 31, 1495–1501. [CrossRef] [PubMed]
32. Berglund, A.; Amankwah, E.K.; Kim, Y.C.; Spiess, P.E.; Sexton, W.J.; Manley, B.; Park, H.Y.; Wang, L.; Chahoud, J.; Chakrabarti, R.;

et al. Influence of gene expression on survival of clear cell renal cell carcinoma. Cancer Med. 2020, 9, 8662–8675. [CrossRef]
33. Ma, C.; Lu, B.; Sun, E. Clinicopathological and prognostic significance of survivin expression in renal cancer patients: A

meta-analysis. Postgrad. Med. J. 2017, 93, 186–192. [CrossRef] [PubMed]
34. Petitprez, F.; Ayadi, M.; Reyniès, A.; Fridman, W.H.; Fridman, C.; Job, S. Review of Prognostic Expression Markers for Clear Cell

Renal Cell Carcinoma. Front. Oncol. 2021, 11, 643065. [CrossRef]
35. Pu, Z.; Wang, Q.; Xie, H.; Wang, G.; Hao, H. Clinicalpathological and prognostic significance of survivin expression in renal cell

carcinoma: A meta-analysis. Oncotarget 2017, 8, 19825–19833. [CrossRef] [PubMed]
36. Wang, J.; Chen, M.; Dang, C.; Zhang, H.; Wang, X.; Yin, J.; Jia, R.; Zhang, Y. The Early Diagnostic and Prognostic Value of BIRC5

in Clear-Cell Renal Cell Carcinoma Based on the Cancer Genome Atlas Data. Urol. Int. 2022, 106, 344–351. [CrossRef] [PubMed]
37. Dai, C.H.; Shu, Y.; Chen, P.; Wu, J.N.; Zhu, L.H.; Yuan, R.X.; Long, W.G.; Zhu, Y.M.; Li, J. YM155 sensitizes non-small cell lung

cancer cells to EGFR-tyrosine kinase inhibitors through the mechanism of autophagy induction. Biochim. Biophys. Acta Mol. Basis
Dis. 2018, 1864, 3786–3798. [CrossRef] [PubMed]

38. Cheng, S.M.; Chang, Y.C.; Liu, C.Y.; Lee, J.Y.; Chan, H.H.; Kuo, C.W.; Lin, K.Y.; Tsai, S.L.; Chen, S.H.; Li, C.F.; et al. YM155
down-regulates survivin and XIAP, modulates autophagy and induces autophagy-dependent DNA damage in breast cancer cells.
Br. J. Pharmacol. 2015, 172, 214–234. [CrossRef]

39. Wang, Q.; Chen, Z.; Diao, X.; Huang, S. Induction of autophagy-dependent apoptosis by the survivin suppressant YM155 in
prostate cancer cells. Cancer Lett. 2011, 302, 29–36. [CrossRef]

40. Mita, A.C.; Mita, M.M.; Nawrocki, S.T.; Giles, F.J. Survivin: Key regulator of mitosis and apoptosis and novel target for cancer
therapeutics. Clin. Cancer Res. 2008, 14, 5000–5005. [CrossRef]

41. Hong, M.; Ren, M.Q.; Silva, J.; Paul, A.; Wilson, W.D.; Schroeder, C.; Weinberger, P.; Janik, J.; Hao, Z. YM155 inhibits topoisomerase
function. Anticancer Drugs 2017, 28, 142–152. [CrossRef] [PubMed]

42. Kuo, H.H.; Ahmad, R.; Lee, G.Q.; Gao, C.; Chen, H.R.; Ouyang, Z.; Szucs, M.J.; Kim, D.; Tsibris, A.; Chun, T.W.; et al. Anti-
apoptotic Protein BIRC5 Maintains Survival of HIV-1-Infected CD4(+) T Cells. Immunity 2018, 48, 1183–1194.e5. [CrossRef]

43. Jennifer, S.; Carew, J.S.; Claudia, M.; Espitia, C.M.; Weiguo Zhao, W.; Mita, M.M.; Mita, A.C.; Nawrocki, S.T. Targeting Survivin
Inhibits Renal Cell Carcinoma Progression and Enhances the Activity of Temsirolimus. Mol. Cancer Ther. 2015, 14, 1404–1413.
[CrossRef]

44. Sim, M.Y.; Shyi, J.S.; Yuen, P.; Go, M.G. Anti-survivin effect of the small molecule inhibitor YM155 in RCC cells is mediated by
time-dependent inhibition of the NF-κB pathway. Sci. Rep. 2018, 8, 10289. [CrossRef] [PubMed]

45. Creyghton, M.P.; Cheng, A.W.; Welstead, G.G.; Kooistra, T.; Carey, B.W.; Steine, E.J.; Hanna, J.; Lodato, M.A.; Frampton, G.M.;
Sharp, P.A.; et al. Histone H3K27ac separates active from poised enhancers and predicts developmental state. Proc. Natl. Acad.
Sci. USA 2010, 107, 21931–21936. [CrossRef] [PubMed]

46. Jabbari, K.; Bernardi, G. Cytosine methylation and CpG, TpG (CpA) and TpA frequencies. Gene 2004, 333, 143–149. [CrossRef]
[PubMed]

47. Saxonov, S.; Berg, P.; Brutlag, D.L. A genome-wide analysis of CpG dinucleotides in the human genome distinguishes two distinct
classes of promoters. Proc. Natl. Acad. Sci. USA 2006, 103, 1412–1417. [CrossRef] [PubMed]

48. Deaton, A.M.; Bird, A. CpG islands and the regulation of transcription. Genes Dev. 2011, 25, 1010–1022. [CrossRef]
49. Pezaro, C.; Woo, H.H.; Davis, I.D. Prostate cancer: Measuring PSA. Intern. Med. J. 2014, 44, 433–440. [CrossRef]
50. Yang, J.D.; Heimbach, J.K. New advances in the diagnosis and management of hepatocellular carcinoma. BMJ 2020, 371, m3544.

[CrossRef]

https://doi.org/10.1038/s41598-020-60064-9
https://www.ncbi.nlm.nih.gov/pubmed/32094363
https://doi.org/10.3892/ol.2018.8986
https://www.ncbi.nlm.nih.gov/pubmed/30127937
https://doi.org/10.5306/wjco.v2.i3.164
https://www.ncbi.nlm.nih.gov/pubmed/21611091
https://doi.org/10.3892/ol.2019.10335
https://doi.org/10.1155/2019/5451290
https://doi.org/10.1016/j.urology.2007.03.040
https://doi.org/10.1007/s11010-017-3043-8
https://doi.org/10.1007/s12094-014-1199-1
https://doi.org/10.1016/j.leukres.2007.01.005
https://www.ncbi.nlm.nih.gov/pubmed/17328950
https://doi.org/10.1002/cam4.3475
https://doi.org/10.1136/postgradmedj-2016-134105
https://www.ncbi.nlm.nih.gov/pubmed/27489375
https://doi.org/10.3389/fonc.2021.643065
https://doi.org/10.18632/oncotarget.15082
https://www.ncbi.nlm.nih.gov/pubmed/28178644
https://doi.org/10.1159/000517310
https://www.ncbi.nlm.nih.gov/pubmed/34265766
https://doi.org/10.1016/j.bbadis.2018.10.015
https://www.ncbi.nlm.nih.gov/pubmed/30315932
https://doi.org/10.1111/bph.12935
https://doi.org/10.1016/j.canlet.2010.12.007
https://doi.org/10.1158/1078-0432.CCR-08-0746
https://doi.org/10.1097/CAD.0000000000000441
https://www.ncbi.nlm.nih.gov/pubmed/27754993
https://doi.org/10.1016/j.immuni.2018.04.004
https://doi.org/10.1158/1535-7163.MCT-14-1036
https://doi.org/10.1038/s41598-018-28213-3
https://www.ncbi.nlm.nih.gov/pubmed/29980758
https://doi.org/10.1073/pnas.1016071107
https://www.ncbi.nlm.nih.gov/pubmed/21106759
https://doi.org/10.1016/j.gene.2004.02.043
https://www.ncbi.nlm.nih.gov/pubmed/15177689
https://doi.org/10.1073/pnas.0510310103
https://www.ncbi.nlm.nih.gov/pubmed/16432200
https://doi.org/10.1101/gad.2037511
https://doi.org/10.1111/imj.12407
https://doi.org/10.1136/bmj.m3544


Int. J. Mol. Sci. 2024, 25, 216 16 of 16

51. Swiderska, M.; Choromanska, B.; Dabrowska, E.; Konarzewska-Duchnowska, E.; Choromanska, K.; Szczurko, G.; Mysliwiec, P.;
Dadan, J.; Ladny, J.R.; Zwierz, K. The diagnostics of colorectal cancer. Contemp. Oncol. (Pozn.) 2014, 18, 1–6. [CrossRef] [PubMed]

52. Zhang, M.; Cheng, S.; Jin, Y.; Zhao, Y.; Wang, Y. Roles of CA125 in diagnosis, prediction, and oncogenesis of ovarian cancer.
Biochim. Biophys. Acta Rev. Cancer 2021, 1875, 188503. [CrossRef] [PubMed]

53. Luo, G.; Jin, K.; Deng, S.; Cheng, H.; Fan, Z.; Gong, Y.; Qian, Y.; Huang, Q.; Ni, Q.; Liu, C.; et al. Roles of CA19-9 in pancreatic
cancer: Biomarker, predictor and promoter. Biochim. Biophys. Acta Rev. Cancer 2021, 1875, 188409. [CrossRef] [PubMed]

54. Haake, S.M.; Weyandt, J.D.; Rathmell, W.K. Insights into the Genetic Basis of the Renal Cell Carcinomas from The Cancer Genome
Atlas. Mol. Cancer Res. 2016, 14, 589–598. [CrossRef]

55. Batavia, A.A.; Schraml, P.; Moch, H. Clear cell renal cell carcinoma with wild-type von Hippel-Lindau gene: A non-existent or
new tumour entity? Histopathology 2019, 74, 60–67. [CrossRef]

56. Lindor, N.M.; Dechet, C.B.; Greene, M.H.; Jenkins, R.B.; Zincke, M.T.; Weaver, A.L.; Wilson, M.; Zincke, H.; Liu, W. Papillary renal
cell carcinoma: Analysis of germline mutations in the MET proto-oncogene in a clinic-based population. Genet. Test. 2001, 5,
101–106. [CrossRef]

57. Casuscelli, J.; Weinhold, N.; Gundem, G.; Wang, L.; Zabor, E.C.; Drill, E.; Wang, P.I.; Nanjangud, G.J.; Redzematovic, A.; Nargund,
A.M.; et al. Genomic landscape and evolution of metastatic chromophobe renal cell carcinoma. JCI Insight 2017, 2, e92688.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.5114/wo.2013.39995
https://www.ncbi.nlm.nih.gov/pubmed/24876814
https://doi.org/10.1016/j.bbcan.2021.188503
https://www.ncbi.nlm.nih.gov/pubmed/33421585
https://doi.org/10.1016/j.bbcan.2020.188409
https://www.ncbi.nlm.nih.gov/pubmed/32827580
https://doi.org/10.1158/1541-7786.MCR-16-0115
https://doi.org/10.1111/his.13749
https://doi.org/10.1089/109065701753145547
https://doi.org/10.1172/jci.insight.92688

	Introduction 
	Results 
	Correlation between Overexpressed BIRC5 and RCC Tumor Progression 
	Evaluation of Function by BIRC5 Knockdown in RCC Cells 
	Evaluation of Function by BIRC5 Overexpression in RCC Cells 
	Confirmation of Anti-Cancer Effect by BIRC5 Inhibition Using YM155 
	Identification of the Mechanism Underlying the Antitumor Effect of YM155 
	Confirmation of Antitumor Effect of YM155 on RCC Cells In Vivo 

	Discussion 
	Materials and Methods 
	Cell Culture 
	siRNA Transfection 
	Transfection of Plasmids into Cells 
	RNA Extraction and Reverse Transcription PCR 
	Chomatin Immunoprecipitation (ChIP) 
	Wound Healing Assay 
	Invasion Assay 
	Annexin V/Propidium Iodide Staining Assay 
	In Vivo Tumor Growth Experiment 
	Immunohistochemistry 
	The Cancer Genome Atlas (TCGA) Data Analysis 
	Statistical Analysis 

	References

