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ARTICLE INFO ABSTRACT

Keywords: Regulation of chromosome condensation 2 (RCC2) is associated with the cell cycle and is a crucial
RCC2 regulator of the chromatin condensation 1 (RCC1) family. The members of this family were
Prognosis

normally regulators in the process of DNA replication and nucleocytoplasmic transport. RCC2
overexpression may lead to tumor formation and poor prognosis in some tumors including breast
cancer and lung adenocarcinoma. However, the possible role of RCC2 in tumor formation and its
prognostic function remains unclear. In this study, expression analysis from databases including
The Cancer Genome Atlas (TCGA) and Clinical Proteomic Tumor Analysis Consortium (CPTAC)
were combined to perform the first integrative and comprehensive analysis of RCC2 in human
pan-cancer. RCC2 was highly expressed in most tumors which may lead to a poor prognosis. RCC2
expression was associated with immune/stromal infiltration, immune checkpoints, tumor muta-
tional burden, and microsatellite instability. Thus, RCC2 could be a novel biomarker for prognosis
and a promising cancer therapy target.

Immune infiltration
Enrichment analysis
Immune checkpoint inhibitor
Pan-cancer analysis

1. Introduction

Regulator of chromosome condensation 2 (RCC2) is a crucial member of the regulator of chromatin condensation 1 (RCC1) family
and comprises of four RCC1-like domains. Genes in this family are normally involved in cell cycle, DNA replication, and nucleocy-
toplasmic transport [1-3]. RCC2 was first recognized as telophase disc-60 (TD60), a protein involved in mitosis [4]. RCC2 may be a
crucial regulator of the cell cycle during interphase since it binds the nucleotide-free form of the small G protein Racl and is a
Raclguanine exchange factor, and regulates kinetochore-microtubule interactions during the G2 transition [5-8].

RCC2 promotes breast cancer tumors by regulating Wnt signaling and inducing epithelial-mesenchymal transition (EMT) [9].
Similarly, it induces EMT in lung tissue and leads to lung adenocarcinoma (LUAD) formation and tumor metastasis [10]. RCC2
overexpression activates Racl and promotes tumor metastasis, and it was proposed that the p53/RCC2/Racl axis may be a possible
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Fig. 1. Genetic alternation of regulation of chromosome condensation 2 (RCC2) in different tumors. (A) Alteration frequency with mutation type.
(B) Mutation types, sites and case number of RCC2 genetic alternation.

cancer therapy target [11]. This was supported by a study showing that blocking Rac1 signaling overcomes drug resistance by RCC2
overexpression [12]. Meanwhile, RCC2 may be related to cisplatin resistance and contribute to tumor invasion in liver hepatocellular
carcinoma (LIHC) [13,14]. These studies suggest that the RCC2 expression level may result in tumor formation, resistance to treat-
ment, and tumor metastasis.

Although many studies have focused on special tumor types such as LIHC and LUAD, it is essential to perform a pan-cancer analysis
of RCC2 to identify its general role in this disease. This study aimed to explore the potential role and mechanism of RCC2 in human
pan-cancer through a systemic analysis of several databases to enable future studies. Data from The Cancer Genome Atlas (TCGA) and
Clinical Proteomic Tumor Analysis Consortium (CPTAC) were combined to perform the first integrative and comprehensive analysis of
RCC2 in human pan-cancer. Additionally, RCC2 alteration data, RCC2 expression at the transcriptional and translational levels,
prognostic capability, and immune-related analysis were explored across various tumor categories. Furthermore, gene enrichment
analysis of a combination of RCC2-related and RCC2-interacted genes was conducted to investigate the possible role of RCC2 in human
tumors.

2. Materials and methods
2.1. Genetic alteration analysis and transcriptional and translational gene expression analyses

RCC2 genetic alteration analysis was performed using the cBioPortal tool (https://www.cbioportal.org/) [15]. The module “TCGA
Pan cancer Atlas studies” was employed to achieve the RCC2 alteration data across various of tumors. In addition, data regarding the
mutation sites of RCC2 were acquired from cBioPortal.

“RCC2” was inputted into the “Gene_DE” module of the Tumor Immune Estimation Resource version2 (TIMER2) website (http://
timer.cistrome.org/) [16]. The difference between the RCC2 expression in the tumor tissues and the adjacent normal tissues in
different tumors, or specific tumor subtypes, was evaluated in the TCGA database [17]. Moreover, the RCC2 expression data was also
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Fig. 2. RCC2 gene and protein expression in different tumors. (A) RCC2 expression in different tumors or specific tumor subtypes. (B) RCC2 total
protein in normal tissue and tumorous tissue. ***p < 0.001.

analyzed based on the Gene Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/geo/). Breast cancer (GSE42568),
ewing sarcoma (GSE17674, GSE6798 and GSE3526) and ovarian cancer (GSE12470) were chosen to validate the finding from TCGA
cohort [18-22].

The difference in RCC2 expression between normal and tumor tissues at the translational level was analyzed using the user-friendly
online tool UALCAN (http://ualcan.path.uab.edu/analysis-prot.html) which provides protein expression data based on the CPTAC
dataset [23]. A total of ten available tumor types were analyzed: breast carcinoma (BRCA), colon adenocarcinoma (COAD), head and
neck squamous cell carcinoma (HNSC), liver hepatocellular carcinoma (LIHC), lung adenocarcinoma (LUAD), kidney renal clear cell
carcinoma (KIRC), glioblastoma multiforme (GBM), ovarian carcinoma (OV), pancreatic adenocarcinoma (PAAD), and uterine corpus
endometrial carcinoma (UCEC). The Human Protein Atlas (HPA) cohort was used to explore RCC2 gene translational expression in
different tissues, single cells, and tumors. RCC2 immunohistochemical staining across different tumor types was acquired from the
HPA database.

2.2. Survival analysis

The overall survival (OS) and disease-free survival (DFS) of all tumors were analyzed using GEPIA2 (http://gepia2.cancer-pku.cn/
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Fig. 3. RCC2 expression in different tumors at the translation level: three tumor types were shown (COAD, LIHC and STAD) compared to the
correlating normal tissues (colon, live and stoma).

), an online tool providing high-quality analysis of TCGA and the GTEx database [24]. The RCC2 expression cut-off was set at 50%-—
50% across all tumors to divide the patients into two groups: “high RCC2” and “low RCC2” expression. Prognosis analysis between
these two groups was used to generate a survival heatmap and Kaplan-Meier survival curves. The log-rank p-value and hazard ratio
(HR) were calculated using the GEPIA2 tool.

Survival outcome data for the TCGA database was obtained to further analyze the relationship between RCC2 expression and
prognosis of various tumors [25]. The SangerBox (http://sangerbox.com/) online platform was used to perform the hazards model and
analyze the relationship between RCC2 expression and prognosis across different tumors. Moreover, R package “survminer” and
“survival” were used to achieve the Disease Specific Survival (DSS) analysis based on TCGA database.

2.3. Construction of related gene networks

The protein-protein interaction (PPI) network of RCC2 was constructed using the STRING tool (https://string-db.org/). Fifty RCC2
interacting proteins were harvested which were previously known or predicted. Additionally, the top 100 RCC2-correlated genes
related to RCC2 genes were obtained based on the data from all the tumor tissues in the TCGA database using the GEPIA2 tool. The co-
expression of RCC2 and the top five related genes in all patients were selected to further analyze the potential relationship between
RCC2 expression and related genes using the GEPIA2 tool. The TIMER2 tool was used to investigate the co-expression status of RCC2
and the five genes in each tumor type.

2.4. Gene enrichment analysis

The R package “clusterProfiler” was used to analyze RCC2-related genes and RCC2-interaction genes using Gene Ontology (GO)
enrichment and the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway. Gene set enrichment analysis (GSEA) was performed
on the low- and high-expression groups based on the mean expression values of RCC2 in tumors of TCGA dataset. The R package
“clusterProfiler” was used to perform C6 (oncogenic signature gene sets) enrichment analyses. The gene sets with [NES| > 1, FDR
<0.25, and p. adjust <0.05, were considered to be significantly enriched.
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Fig. 4. Correlation between RCC2 gene expression in tumors and survival prognosis in TCGA dataset. (A) Correlation between RCC2 expression and
overall survival (OS) of different tumor patients. (B) Correlation between RCC2 expression and disease-free survival (DFS) of different tumor pa-
tients. *p < 0.05.

2.5. Immune-related analysis

RCC2 expression was normalized and log2 (x+1) was transformed in all involved tumors. The SangerBox online platform was
employed to gain the StromalScore, InmuneScore, and ESTIMATEScore for all involved cancers [26]. The relationship between RCC2
expression and 60 immune checkpoint (ICP) genes (24 inhibitory genes and 36 stimulatory genes) was also analyzed [27]. The
SangerBox platform was then used to calculate the tumor mutation burden (TMB) [28]. The microsatellite instability (MSI) score data
for all tumors obtained from a previous study was re-analyzed to determine a correlation between RCC2 expression [29]. In addition,
the TIMER2 tool was used to explore the relationship between RCC2 expression and cancer-associated fibroblasts (CAFs) across
different cancers based on the TCGA database by using a purity-adjusted Spearman’s rho.

3. Results
3.1. Genetic alteration analysis

The cBioPortal tool showed that RCC2 genetic variation type and frequency was significant with a deep delete rate of 5.56%,
2.25%, 1.15% and 0.67% in cholangiocarcinoma (CHOL), pheochromocytoma and paraganglioma (PCPG), mesothelioma (MESO) and
testicular germ cell tumors (TGCT), respectively (Fig. 1A). There was no other kind of variation in these tumors. There is only one
mutation type in diffuse large B-cell lymphoma (DLBC) and acute myeloid leukemia (LAML) with frequencies of 2.08% and 0.5%,
respectively. The amplification rate was 1.96% in sarcoma (SARC), and the types of alterations were the combination of two or more
types of alterations in other involved tumors. There were 101 variants of uncertain significance (VUS) in RCC2 in various tumors
(Fig. 1B and Supplementary Table S1). The transcriptional expression of RCC2 categorized by different copy number and mutation in
TCGA cohort was shown Supplementary Fig. S1.



S. Gong et al. Heliyon 9 (2023) e13599

Speaman_Cor
wl

o

[]
8
2

EEE

wan
son
osan
vosa
2810

avoo

o1

e

2

Aune
cone
wstz

| Tveess
g woro1

™
]
EEEN

Log, (AUNIP TPM)

e P sz« s sz« s s
- Log; (RCC2 TPM) Log, (RCC2 TPM)
Correlated Interacted B
__"RrR=071 |R=0.71
g S P <0.001 _|p<o0.001
© [ 3 Z-
= a [=
= a e
g- g g
4 -
98 2 8 g g- z
& E. 2=
S* @ 8.
=7 s
Logz (RCC2 TPM) Logz (RCC2 TPM) Logz (RCC2 TPM)

RRP1B, SERBP1

Fig. 5. RCC2-related gene enrichment analysis. (A) A protein-protein interaction network of 50 experimentally verified RCC2-interacting proteins.
(B) Heatmap showing the correlation between RCC2 and the top 5 RCC2-correlated genes in the detailed tumor types. (C) Correlation between RCC2
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3.2. Gene expression analysis

Comparison of RCC2 expression between different healthy tissues, single cell types, and tumors was performed based on the system
analysis of HPA, GTEx, and functional annotation of mammalian genome 5 (FANTOMS5) cohorts. RCC2 expression was highest in the
esophagus in normal tissues; however, there was low RNA tissue specificity in all normal tissues (Supplementary Fig. S2). In addition,
RCC2 expression showed low cell-type specificity in RNA single cell type analysis and low cancer specificity in RNA cancer category
analysis (Supplementary Fig. S2).

RCC2 transcriptional expression across different tumor types was analyzed according to the TCGA and GTEx databases. RCC2 was
highly expressed in most tumors compared to that in the corresponding normal tissues (Fig. 2A). However, RCC2 expression was higher
in normal tissues than in kidney chromophobe tumors (KICH) (p < 0.05). Additionally, RCC2 expression was similar in normal and
tumor tissues in PAAD and PCPG. RCC2 protein expression within tumor tissues was significantly higher than the corresponding
normal tissues in BRCA, COAD, HNSC, LIHC, LUAD, KIRC, GBM, OV, PAAD and UCEC based on the CPTAC database (Fig. 2B and
Supplementary Fig. S3, all p < 0.001). Additionally, RCC2 was high expressed in tumor than normal tissue in breast cancer, ewing
sarcoma and ovarian cancer based on GEO database (Supplementary Fig. S4). Immunohistochemical staining for the expression of
RCC2 in COAD, LIHC, and stomach adenocarcinoma (STAD) based on HPA database is shown (Fig. 3).

3.3. Survival analysis

RCC2 expression from TCGA was positively correlated with OS in some tumors such as ACC, lower grade glioma (LGG), SARC, and
UVM, but negatively correlated with OS in cervical squamous cell carcinoma and endocervical adenocarcinoma (CESC) (Fig. 4A, all p
< 0.05). Individuals with higher RCC2 expression were linked to poor DFS in ACC, LGG, and prostate adenocarcinoma (PRAD), but
linked to good DFS in COAD (Fig. 4B, all p < 0.05).

The relation between RCC2 expression and prognosis across various tumors based on TCGA cohort. RCC2 overexpression was
associated with poor prognosis in LAML, PAAD, KIRC, and KICH for OS and linked to poor prognosis in LIHC and PAAD for DFS
(Supplementary Figs. S5 and S6). Addtionnally, the high-expression of RCC2 was also linked to poor DSS in some tumors such as LIHC
(Supplementary Fig. S7).

3.4. Gene enrichment analysis

RCC2-interacting genes and RCC2-correlated genes were obtained using the STRING and GEPIA2 tools, respectively to investigate



S. Gong et al. Heliyon 9 (2023) e13599

Cell cycle - [ ) catalytic activity, acting on DNA - [ )
p_adj;sés p.adjust
& i p—
Spliceosome @® e single-stranded DNA binding - [ ) 7.56-08
0.04 5.0e-08
i 002 ‘. 25608
DNA replication ® - DNA-dependent ATPase activity ( J -
03 o s
Qs Omn
Homologous recombination | ® (O DNA helicase activity O«
Mismatch repair | ® DNA replication origin binding { ®

0.05 010 Q1S 020 0.06 007 0.08 0.09 0.10
GeneRatio GeneRatio
chromosomal region - [ ) organelle fission - [ )
p.adjust
p.adjust
9.9e-20
indle 4 B o2 J B
spindle o i nucear division [ ) e
se-12 49020
i 2e-12 i 24020
N " 5.6e-24
chromosome, centromeric region | ) chromosome segregation | o
Counts Counts
o 1 o 2
Q=2 O=»
condensed chromosome ) O= mitotic nuclear division - [ ) O
midbody { @ mitotic sister chromatid segregation - ®
0.12 0.14 0.16 0.18 0.20 016 018 020 022 024 026
GeneRatio GeneRatio
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the possible mechanism of RCC2 in the progression of cancer formation and invasion (Supplementary Table S2). The STRING PPI
network showed that the top five RCC2-correlated genes in cancer were aurora kinase A and ninein interacting protein (AUNIP), cyclin
F (CCNF), MutS homolog 2 (MSH2), timeless circadian regulator (TIMELESS), and WD repeat and HMG-box DNA binding protein 1
(WDHD1) (Fig. 5A). RCC2 was positively related to these five genes across most of the involved tumors (Fig. 5B and C). In addition, the
analysis across of RCC2-interacted and RCC2-correlated genes identified two genes: ribosomal RNA processing 1 B (RRP1B) and
serpinel mRNA binding protein 1 (SERBP1) (Fig. 5D). KEGG analysis of the RCC2-interacted and RCC2-correlated genes showed that
RCC2 was associated with cell cycle, DNA replication, and mismatch repair (Fig. 6A). GO enrichment analysis indicated that RCC2 was
associated with catalytic activity, acting on DNA and DNA helicase activity in the molecular function (MF) module and linked to
chromosomal region, spindle in cellular component (CC) module, and related to organelle fission and nuclear division in the biological
process (BP) module (Fig. 6B). In addition, the MSigDB C6 (oncogenic genes sets) analysis demonstrated that gene expression profile in
patients of TCGA cohort with high expression of RCC2 was associated with signature oncogenes, such as E2F, KRAS, and TBK1 (Fig. 7).

3.5. Immune-related analysis

Significant differences were observed between RCC2 expression and the immune infiltration score (ImmuneScore, StromalScore,
and ESTIMATEScore) in most of the tumors (Fig. 8). RCC2 expression was positively related to all three scores in KICH, KIRC, LGG,
PAAD, and PCPG, but negatively related to bladder urothelial carcinoma (BLCA), esophageal carcinoma (ESCA), GBM, LUAD, lung
squamous cell carcinoma (LUSC), OV, skin cutaneous melanoma (SKCM), STAD, and urothelial carcinoma (UCEC) (Fig. 8A, all p <
0.05). RCC2 expression was positively associated with CAF in some involved tumors and negatively associated with that in TGCT
(Supplementary Fig. S8). Dot plots for the BLCA and pan-kidney cohorts are shown (Fig. 8B and C).

RCC2 was positively related to MSI in GBM, LUAD, LUSC, and SARC, but negatively related to MSI in DLBC, HNSC, and PAAD.
RCC2 expression was positively related to TMB in ACC, KICH, LUAD, rectal adenocarcinoma (READ), SARC, and STAD, but negatively
related to TMB in CHOL and HNSC (Fig. 9A). ICP analysis showed that RCC2 was positively linked to most ICPs in thymoma (THYM),
LIHC, PAAD, UVM, KICH, KIRC, LGG, and thyroid carcinoma (THCA). RCC2 is positively related to programmed cell death protein-1
(PDCD1, also known as PD-1), CD274 (also known as PD-L1), and cytotoxic T-lymphocyte-associated protein 4 (CTLA4, also known as
CD152) in many tumors including BRCA, KIRC, and LIHC (Fig. 9B, Supplementary Fig. S9).
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Fig. 7. Gene set enrichment analysis of RCC2. Oncogenic signature gene sets enriched in high RCC2 expression group. ES: enrichment score; NES:
normalized enrichment score; FDR: false discovery rate.

4. Discussion

RCC2 regulates the cell cycle and may be associated with EMT [9,10,30]. Its overexpression can lead to tumor formation and poor
prognosis in various cancers [3,13]. In this study, R software and several gene-related analysis online-tools such as cBioPortal were
employed to analyze over 10,000 samples based on TCGA, GTEx, GEO and CPTAC cohorts across many cancer types. The data analyzed
RCC2 genetic alteration, gene expression, prognosis, and immune infiltration. In addition, gene enrichment analysis was performed
using the combined RCC2-interacted and RCC2-correlated genes, which could be helpful in exploring the possible mechanism between
RCC2 expression and cancer formation.

RCC2 was overexpressed in most tumors including BRCA, ESCA, and LIHC, which correlated with previous studies [9,13,31].
However, RCC2 expression in normal tissues was higher than that in KICH and LAML tumorous tissues. Consequently, RCC2 might be a
“double-edged sword” across all tumors because it may be an oncogene in most cancers, and a tumor suppressor gene in tumors such as
KICH. Despite RCC2 was overexpressed in both lung cancer subtypes (LUAD and LUSC), it was linked to poor OS only in LUAD. This
indicates that the prognostic ability of RCC2 may depend on the lung cancer subtype, or may also be present in other cancers. Further
studies are required to confirm this hypothesis. OS was previously viewed as one of the best indices in cancer treatment as it might be
used to evaluate treatment outcome, with DFS playing an important role in surgical treatment together with radiotherapy [25]. The
present study indicated that RCC2 was positively associated with OS and DFS in some tumors such as ACC. Hence, RCC2 may be a
promising biomarker for those tumors. Of note, the overexpression of RCC2 was associated with poor OS, DFS and DSS in some tumors
such as LGG, which might suggest that RCC2 could be a potential target for the treatment for those tumors.

RCC2 was positively related to AUNIP, CCNF, MSH2, TIMELESS, and WDHD1 in most cancers. These five genes are linked to tumor
formation, invasion, and DNA replication, with RCC2 and MSH2 previously regarded as molecular signatures for lung cancer ma-
lignancy [32-37]. In this work, RRP1B and SERBP1 oncogenes were obtained via intersection analysis of RCC2-interacted and
RCC2-correlated genes. These oncogenes may be linked to EMT in some tumors [38-41]. This might reveal the potential mechanism by
which RCC2 leads to cancer formation and metastasis. Our previous study showed that PTTGI is associated with the cell cycle and
could be linked to cancer formation via EMT [42]. RCC2 is a cell cycle regulator that promotes EMT in BRCA, LUAD and PAAD [9,10,
43,44]. EMT appears in normal tissue during wound repair or fibrosis and might be associated with tumor formation or even cancer
metastasis [45]. During EMT, normal epithelial cells invade and abandon polarity [44]. High RCC2 expression promoted cell pro-
liferation, DNA replication, and mismatch repair. In addition, the GSEA demonstrated that high expression of RCC2 was associated
with signature oncogenes, such as E2F, KRAS, and TBK1. The roles of E2F and KRAS in cancer have been extensively studied [45,46].
TBK1 was selectively essential in cells that harbor mutant KRAS [47]. Emerging evidence showed that TBK1 plays important role in the
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Fig. 8. Correlation analysis between RCC2 expression and ImmuneScore, StromalScore and ESTIMATEScore. (A) Heatmap showing the correlation
across the involved tumors. Two kinds of typical tumors were displayed: (B) BLCA and (C) Pan-kidney cohort (KICH + KIRC + KIRP). *p < 0.05; **p
< 0.01.

pathogenesis of cancer [48,49]. Thus, our findings suggested that RCC2 could be a potential oncogene in human cancer. And
experimental based validation was needed to make this hypothesis more reliable.

Immune infiltration plays a crucial role in anti-cancer therapy because it rebuilds the tumor microenvironment and regulates anti-
cancer responses [50,51]. This study indicated that RCC2 was positively related to InmuneScore, StromalScore, and ESTIMATEScore
in KICH, KIRC, LGG, PAAD, and PCPG. Thus, RCC2 overexpression was associated with the high immune and stromal cell infiltration
and low tumor purity in the tumor mass. RCC2 expression was negatively correlated with all the scores in tumors such as BLCA, ESCA,
and GBM indicating that there was poor immune infiltration. Consequently, RCC2-targeted treatment should depend on the tumor
types rather than “one for all” therapy. Further research is required into immune infiltration and the tumor microenvironment.

Insights into the immune checkpoint (ICP) in tumor treatment may lead to revolutionary outcomes [52-54]. Cytotoxic T-lym-
phocyte-associated protein-4 (CTLA-4) and PD-1 are two of the best targets for tumor therapy [55,56]. Inhibitors of these two targets
have achieved great success in tumor therapy [57,58]. This study showed that RCC2 expression was positively related to these two
targets in many cancers, including STAD, PRAD, and BRCA, indicating that RCC2 could be a potential novel biomarker for PD-1 and
CTLA-4 in those tumors. The latest findings show that TMB is a good biomarker for the assessment of the response to ICP inhibitor [59,
60]. Thus, the relationship between RCC2 expression and MSI/TMB could be a promising biomarker for ICP inhibitors, such as PD-1 or
CTLA-4. Consequently, the mixture of MSI and tumor microenvironment could be a new method for predicting the outcome of ICP
inhibitor treatment for cancers [61,62]. In this study, RCC2 expression was positively associated with TMB/MSI in LUAD and SARC but
negatively related to TMB/MSI in HNSC. Hence, RCC2 may be a promising biomarker for ICP inhibitor treatment of these tumors.
However, more experimental validations were needed to further confirmed this finding.

This study presented the results of the systemic pan-cancer analysis of RCC2. It is the first analysis combining RCC2 expression,
survival, gene enrichment, immune infiltration, ICP, and TMB/MSI analysis in human pan-cancer. This provides new insights into the
possible mechanisms of RCC2 in cancer formation, invasion, and prognostic ability.

However, there are still some limitations in this study. Many databases were included in this study, so there may be some factors
which may affect the result. Experiments base on in vivo or in vitro models could make our results more reliable and we would put our
efforts on this field in the future.

Pan-cancer analysis of RCC2 showed that its expression is associated with tumor formation, immune infiltration, and prognosis.
RCC2 may be used as a promising biomarker for ICP inhibitors across multiple tumors. This data may be helpful in understanding the
potential role of RCC2 in carcinogenesis and antitumor therapy.
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