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Background. Cancer is a major threat to human health worldwide. Although recent innovations and advances in early detection
and effective therapies such as targeted drugs and immune checkpoint inhibitors have saved more lives of cancer patients and
improved their quality of life, our knowledge about cancer remains largely unknown. CCNA2 belongs to the cell cyclin family
and has been demonstrated to be a tumorigenic gene in multiple solid tumor types. The aim of the present study was to make
a comprehensive analysis on the role of CCNA2 at a pancancer level. Methods. Multidatabases were collected to evaluate the
different expression, prognostic value, DNA methylation, tumor mutation burden, microsatellite instability, mismatch repair,
tumor immune microenvironment, and drug sensitivity of CCNA2 across pancancer. IHC was utilized to validate the
expression and prognostic value of CCNA2 in c¢cRCC patients from SMMU cohort. Results. CCNA2 was differentially
expressed in most cancer types vs. normal tissues. CCNA2 may significantly influence the prognosis of multiple cancer types,
especially clear cell renal cell carcinoma (ccRCC). CCNA2 was also frequently mutated in most cancer types. Notably, CCNA2
was significantly correlated with immune cell infiltration and immune checkpoint inhibitory genes. In addition, CCNA2 was
also strongly related to drug resistance. Conclusion. CCNA2 may prove to be a new biomarker for prognostic prediction,

tumor immunity assessment, and drug susceptibility evaluation in pancancer level, especially in ccRCC.

1. Introduction

Cancer is one of the major diseases threatening human health
[1]. With the continuous development of medical technology,
the screening and treatment of cancer have improved con-
stantly and remarkably [2]. However, only a few malignant
tumor types could be completely cured at present due to the
concealment and complexity of cancer occurrence and pro-
gression [3]. The application of targeted drugs has offered rel-
atively good oncological outcomes in some tumors, but a
considerable number of patients have innate drug resistance
(DR) or develop DR after receiving treatment for a certain
period [4, 5]. In recent years, immunotherapy has become

an important means of cancer treatment. Immune checkpoint
inhibitors bring hope to more patients [6, 7]. In the face of het-
erogeneity of cancer, target and immune therapy have limita-
tion to control the progression of cancers once resistance or
metastasis happens, leaving patients with few therapies to
employ [8, 9]. Therefore, it is urgent to find new effective ther-
apeutic targets.

CCNA2 (Cell cyclin A2) is located on the human chromo-
some 4, Q27 region, with a full length of 7489 bp, which is
expressed in almost all tissues in the human body [10]. Gener-
ally, the protein coded by CCNA2 can activate cyclin-
dependent kinase 2 (CDK2), thus promoting transition through
G1/S and G2/M [11]; however, some studies have reported that
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Figure 1: Continued.
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FIGURE 1: CCNA2 expression level in pancancer. (a) CCNA2 was increased in tumor tissues vs. normal tissues in Oncomine database. (b)
Comparison of CCNA2 expression between tumor and normal tissues in TCGA database, *p < 0.05, **p <0.01, ***p <0.001, and ****p
<0.0001. (c) The expression level of CCNA2 was different in paired tumor and normal tissues of 22 cancer types from TCGA database,
*p<0.05 **p<0.01, ***p<0.001, and ****p <0.0001. (d) CCNA2 expression was different in 6 ccRCC immune types: C1 (wound
healing), C2 (IFN-gamma dominant), C3 (inflammatory), C4 (lymphocyte depleted), C5 (immunologically quiet), and C6 (TGF-b

dominant)). (e) RT-PCR results of CCNA2 expression in the samples from SMMU cohort, n = 32.
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FiGure 2: CCNA2 protein is highly expressed in tumor tissues vs. normal tissues. (a) Representative IHC images of CCNA2 expression
retrieved from HPA database. (b) Representative immunohistochemical images of CCNA2 expression in ¢ccRCC and adjacent tissues,

scale bar =50 pm.

CCNA2 might participate in the occurrence and progression of
multiple tumors via affecting epithelial-mesenchymal transfor-
mation (EMT) and metastasis [12]. Recently, several studies
have identified that CCNA2 might enhance cancer aggressive
behavior, relapse, metastasis, and chemoresistance [13]. How-
ever, there is still no pancancer level analysis of the role of
CCNA2 in various cancers, and the exact role of CCNA2 in
tumorigenesis remains incompletely understood.

The aim of the present study was to explore the potential
role of CCNA2 in tumor proliferation and analyze its corre-
lation with the immune microenvironment in pancancer set-

tings, especially in clear cell renal cell carcinoma (ccRCC) by
conducting a comprehensive analysis of CCNA2 using sev-
eral publicly available databases and inhouse datasets via
bioinformatics and experiments.

2. Materials and Methods

2.1. Public Dataset Collection. The Cancer Genome Atlas
(TCGA) database(http://cancergenome.nih.gov) is a compre-
hensive dataset containing multiple omics data of various can-
cers [14, 15]. TCGA database was utilized to download
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Ficure 3: Continued.
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FiGure 3: CCNA2 mutation landscape. (a and b) The mutation frequency and mutation count of CCNA2 in pancancer by cBioPortal
database. (c) Mutation diagram of CCNA2 in different cancer types across protein domains. (d) The different mutation landscape in

CCNA2 high- and low-expression groups in ccRCC.

expression profiles, clinical information, mutation data, tumor
mutation burden (TMB), and microsatellite instability (MSI)
data of 33 cancer types. Oncomine (https://www.oncomine
.org/resource/login.html) is a web-based data mining platform
that assembles 86,733 samples and 715 gene expression data-
sets together [16]. In this study, it was employed to detect
the expression level of CCNA2 in pancancer in this study.
HPA (http://www.proteinatlas.org/) database was used to
evaluate differences in CCNA2 expression at the protein level
in pancancer. cBioPortal database (http://www.cbioportal.org)
was applied to investigate the copy number alteration and
mutation landscape of CCNA2 in pancancer. Patients were

excluded if they (1) did not have prognostic information and
(2) died within 30 days.

2.2. Differential Expression of CCNA2 in TCGA and SMMU
Cohorts. Analysis of CCNA2 expression in multiple cancers
was performed in Oncomine and TCGA databases, using p
value < 0.05 and absolute fold change > 1.5 as the threshold.
The above obtained results were validated by quantitative
real-time PCR (RT-qPCR) and immunohistochemical
(IHC) staining to compare differences in mRNA and protein
expressions. Informed consent about the tissue sample use
was obtained from each patient before initiation of the
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FIGURE 4: DNA methylation and RNA modification in CCNA2. (a) The correlation of CCNA2 expression and methylation degree in
pancancer. (c) The correlation of CCNA2 expression and RNA modification regulator expression in pancancer.

research, and the study protocol was approved by the Insti-
tutional Review Board of the Second Military Medical Uni-
versity (Shanghai, China) Cancer Center. Altogether, 32
paired tumor and normal tissues were collected to perform
a validation experiment. The primer sequences of CCNA2
are as follows: CGCTGGCGGTACTGAAGTC (forward
primer) and GAGGAACGGTGACATGCTCAT (reverse
primer). Antibodies for detecting CCNA2 expression were
purchased from Abcam Company (CCNA2: ab181591).

2.3. Prognosis Analysis of CCNA2 in TCGA Cohort. The sur-
vival information of pancancer including overall survival
(OS), progression-free interval (PFI), disease-free interval

(DFI), and disease-free survival (DSS) was downloaded from
TCGA database for evaluating the prognostic significance of
CCNA2. Additionally, ccRCC patients were divided into
CCNA2-high and CCNA2-low groups based on the median
expression level of CCNA2. R packages “survival” and “surv-
miner” were used, and the Cox analysis was applied to ana-
lyze the relationship between the expression of CCNA2 and
patient prognosis.

2.4. Enrichment Analysis of CCNA2. Based on the guilt of
association of a single gene in tumors, Pearson’s correlation
of expression between CCNA2 and other mRNAs retrieved
from TCGA transcriptome data was analyzed. Sorted by
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F1GuRre 5: The prognostic significance of CCNA2 in various cancer types. (a) The impact of CCNA2 on OS, PFI, DFI, and DSS in pancancer
using the Cox proportional hazard models. (b) The impact of CCNA2 on OS, PFI, DFJ, and DSS in ccRCC using the Kaplan-Meier analysis.

the level of the association index between genes and CCNA2,
those genes most related to CCNA2 expression were selected
for enrichment analysis. R package “clusterProfiler” was
used to perform Gene Ontology (GO) analysis, Kyoto Ency-
clopedia of Genes and Genomes (KEGG) analysis, and Gene
Set Enrichment Analysis (GSEA) [17].

2.5. Assessment of Clinical Significance of CCNA2 Expression.
Clinical characteristics including the tumor stage and drug
sensitivity were introduced, and the relationship between
CCNA2 expression and clinical characteristics was analyzed.
The datasets including IC50 (half maximal inhibitory con-
centration) and gene expression of cancer cell lines were
downloaded from CellMiner database (https://discover.nci
.nih.gov/cellminer/home.do) and GDSC (https://www
.cancerrxgene.org/) database [18].

2.6. Differences in the Tumor Microenvironment (TME) and
Therapy Response. R package “ESTIMATE” was introduced
to evaluate the relationship between the degree of immune
and stromal cell infiltration and the expression of CCNA2
in pancancer. Coexpression analysis of immune-related

genes and CCNA2 was performed via R package “ggpubr”
and “ggcor.” R package “CIBERSORT” was used to quantify
the immune cell infiltration scores in pancancer, and then
the correlation of the degree of immune cell infiltration
and CCNA2 expression was calculated [19]. In addition,
correlations between the neoantigen count, TMB, MSI and
expression of T cell exhaustion marker genes, DNA mis-
match repair (MMR) system genes (including MLHI,
MSH2, MSH6, PMS2, and EPCAM), DNA methyltransfer-
ase (including DNMT1, DNMT2, DNMT3A, and DNMT3),
ESTIMATE scores, and CCNA2 expression were analyzed.
The immune infiltration scores were also calculated using
the ssGSEA algorithm, and the correlation and difference
between the immune cell infiltration and CCNA2 expression
in ccRCC were analyzed. The impact of CCNA2 mutation
on immune cell infiltration in ccRCC was analyzed by
TIMER website (http://timer.cistrome.org/) [20]. CellMiner
database  (https://discover.nci.nih.gov/cellminer/home.do)
and CCLE database (https://portals.broadinstitute.org/ccle)
were implied to investigate the role of CCNA2 expression
in therapy response [21, 22].


https://discover.nci.nih.gov/cellminer/home.do
https://discover.nci.nih.gov/cellminer/home.do
https://www.cancerrxgene.org/
https://www.cancerrxgene.org/
http://timer.cistrome.org/
https://discover.nci.nih.gov/cellminer/home.do
https://portals.broadinstitute.org/ccle

12 Oxidative Medicine and Cellular Longevity

IARK_XENOBIOTIC_METABOLISM o0 ® 0 © 0060

HALLMARK > ) ®000
HALLMARK_WNT BETA_CATENIN_SIGNALING
H

® [<)e]

b 3

H g $ e

: 8 o o § o
(VARK SPERITOGENESSS | © © ®e go °0 ocoo 8 80 08%c0e

HALLMARK?REAC::/& i'OA)(';’G(EL'I SPECII ATHWAY

ES_PATHI
'ROTEIN_SECRETION 8 8
HALLMAR&PI:K»AKLMTDR_SIGNQI{.)ING (o] (<] © o o
HALLMARK_PANCREAS BETA CELLS (o] @« °
8 8 (o] s o

TH TR R B

HALLMARK_OXIDATIVE_PHOSPH (-]
HALLM
®
(=]
(<] 8 ®©s0 Oe
o ®

(<]
LMARK_UV_RESPONSE_ UP (O © © ] o o oQo
HALLMARK UV NSE T o
HALLMARK_UNFOLDED_PROTEIN_RESPONSE [© ~ © ® o oo 8
HALLIARIC TNFA SICNA FKB s
1

IORYLATION
AR NOTCH. SIGNALING
S|

5
£
z
5
H
3
L
3
3
3
245
8BzEanszs
<
000000

HALLMARK
HALLMARK ¥
HALLMARK_INTERFERON_GAMMA RESPONSE o
R \ RESPONSE | ©
HALLMARK_ INFLAMMATORY RESPONSE o
HALLMARK IL6_JAK_STAT3_SIGNALING (o] 8 o °
HALLMARK_IL2_STAT5_SIGNALING | © (<] 3
HALLMARK_HYPOXIA o (o]
HALLMARK_HEME_METABOLISM o o 8 oo d
HALLMARK_HEDGEHOG_SIGNALING o o
HALLMARK_GLYCOLYSIS @ g
mme,szM,cnscKPomros (- X< ....8:8. 8 Qe 88... 8 ®
HALLMARK_FATTY ACID_METABOLISM
LMARK_ESTROGEN_RESPONSE_LATE o
HALLMARK ESTROGEN RESPONSE_EARLY o ] (=] ° o o
HALLMARK_EPITHELIAL_MESENCHYMAL TRANSITION
HALLMARK,E:FJARGETS&....S.. .8... .88 eoo0e ®o0 8 8
HALLMARK_DNA REPAIR
HALLMARK_GOMPLEMENT o [ ] o
HALLMARK COAGULATION o o o oo |

HALLMARK_CHOLESTEROL_HOMEOSTASIS 4 (o] e -] *
HALLMW,BI’I‘LEAWAIER Mm;lg 8 oo @ o ° oe® 000 8 -] oo oeo
HALLMARK_APICAL_SURFACE [} @ o o ° e _o0o0Qe |
HALLMARK_APICAL_JUNCTION 8 (o] (<] 8 (o] [*] ce
C ANGIOGENESIS @0 ° 8 o
JLALIAICANBROOEN Respones | 8 o 2 o g
HALLMARK_ADIPOGENESIS (o] 8 09 c0e Q@ O 8 8
< ) < [ = <
§338938730208782253538335325558
BF858aloExxR =3S3% EEEGSPPrFES

Correlation - -

-0.50.0 0.5

()

(8 ¥ ¢ fe s W ¥ g o i D
™oE o o oo -] o =] g g Dgﬂ °o o8 8 8
mile s o i%33°80:: 308 ® s:-e3 s o A e i ° 882
s ° Sis &b b ol (8 o 2*8%¢ 8+%igi8.0 Sl B
3 P
i $3c oo _ge’ 385 o ° 230 °  @Elfscy fiboniingitdelnttitifet
apct § os ose o e o & o
- g o e o 00%0 ailfo $§g080080 8 2.0 o8 o
e ) o ° el 8 8 e %83 ° 803
PTBNS ° o o0 o0 o . 8o o oo ] °
FrocH ° . ] s“ﬁl‘t'og ste ° ° 84 soooo0 o
e e o o0 H 83 rrtatel 2 $ 23
| o o 8 T ° WP'C-=§8 a felti tre E SRR URE
— H (I ® i ks Dgo
Twira e © ° oo e § 8o 8 §B86Bocsosdo ? oo 8eo080 8
marls L b4 ®0 LEFTYE ° °g
. Wilge o o . o o

T S BT a A wnﬂ‘%g 5 °e gt e ,000
| o g.05.1% o 08 oo 8 i e o .t
o 3 s — e »5‘.;‘@%58 8 uEno-c © 000 g‘- °e osﬁ ge
S oz ®is ° 9. il § o 1 0 fregegrgteri,g gdit ¢t
i | © ° ° ° e a gililee o . oo ° e 0 -000e ®
e H o H o= : i il o b4 8
g : g (R 8e 8,5, ¢of 3y
e o 2 coo oo oo s (8 o o Bo'oe & o o%0 & °
soil@ e o o oo L aa

(=) .0

o FE o raiadis} o-se3 EE8.2 bedspioy aptlrtivEcists

§338F38785¢§2888383°3533832532¢8 T T ENET =¥ AL sas

I IR T EREI IR I EH

Constalion -
R Corralanon k|

Ny B B ] @ e I -2 L] |
ohi o ° B mi§8ofoo8%8ag 887§ co a8t H
e H wie 0 @ oo _o° e o0 e
Ve
rale ® . . { geie 2 $28 =i |8 3 ' ] ] e 8
snilesecceeseeeseO00e008 SB0SRECEe ale g & ° a
L) H b L] 4 wrle g o o9 _o °cgo oo .6®
merle o S oe ° LI wizs(§ 8°8 H ° 8 $ o ° H
BRASD ] [ e o8 ] o 6a e
wrelo 8 O H e e @ 9088 ® ° s 238° e °2° ° E §§"§
ot ° ° ° o
E20 %, sel0e 85 se s ool BEdelobiligoe defelach (B3 t
. Voor
wimlo 0 o 8o0:-00:-0 o0 e © e 9 9 Towiia| 8 KX TEXE] o0 °
vor 88 8 $8:-2 H H o H $ e 8o 3 8 8 £ $ H 28
w8 B c8d de 0 6" 008088 sasnn °
wiijs 8 o scose.0 oa e ecoccooc-ec_8 WK (0 8 0 0 ° e o ° ced o oe @ ®
LEF ] ° H . AZE]
Mo L AR | iR 2 H o |8 o °%c0 o8 2.0 2 oo
T Pt ) o0
= 4 o oy gl R e $:2 muc| g 0 coo0goe 8 o 008 §o
ad B ° ° g ® "hk|8e - e ec80.-0 o8 ° ceego ®
plcE . - s El © b oe
wiileee e oceseoo esse0c o oscese 08 s 3 4 2
o ce s e W 8e 8 288800 ° 800”8 H
o | o ° ° ) o @ oce AT 3 8 08 -..
e | © ° ° pr 8 ]
vz ° s ° oo anarone | & ° ° o °
erars ° ° ° touc i ° o
wmiloe o0 esooe I EREY] 0o oo O ° o | @ 2o @ o=
A e R TR B Foda, 20000
oxk: | © ] e [] ° ] upas | @ e -9 o
cwlepooeo08000C00C00 000 O 208 cuel8 0 o °0 ° ° ° °
TeET | O @ ] . o e ] ° ] 00 0e ° CHMP2A Q 3 g
Cinne | e ° ° 'R KR} ) moilo g @ g9 9 9 °
i 1B e LR Pl S| 8 PR GER L4 | 8. 00
smleo o 2-.00 o0 (R EE TR & ° oy 2 5 Ses go 8_2 o of%0 o
awir|e 8 0 8 eeo osoo ©680ese ©o:-85e00: @ JLaiz, § g i §° | § : gs -
FEER SsFss2esge uu5§c§n§zgr3§u i ' o . °
d3g 23§2ised8E3¢3 £§3323 825 2 3 i = 5 r
YIfHEfIRIsIIReCz GO ERRYGERR LY §37§239383098388398¢6583383853¢4
] g8 &® xx:g-‘A:,! 4 ¥ ﬁm:p»;
Correlaticn a2
0400 04 08 Cormiation a

(b)

FIGURE 6: Association between CCNA2 and hallmarks in pancancer. (a) Correlations of CCNA2 expression with HALLMARKS enrichment
score in 33 cancer types. (b) Correlation between CCNA2 expression and EMT, TGF, WNT, and autophagy pathway in pancancer.

2.7. Statistical Analysis. Differences in CCNA2 expression in ~ in OS and PFI between the CCNA2 high-expression and
the public datasets were compared by one-way ANOVA,  low-expression groups in ¢ccRCC patients were compared
and differences in clinical information and response to by the Kaplan-Meier method and log-rank rest. The hazard
immune checkpoint inhibitors between the two different  ratios (HRs) were calculated by the univariate Cox regres-
subgroups were compared by the chi-square test. Differences  sion and multiple Cox regression analysis. All p values were
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Figure 7: Continued.
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F1Gure 7: The biological function of CCNA2 in ccRCC. (a) Heatmap of association between estimated scores and DDX39 in TCGA c¢cRCC
patients. (b-d) GO, KEGG, and GSEA analysis of CCNA2 in ccRCC.

two-sided, with p < 0.05 as statistically significant. Adjusted ~ (ACC), bladder urothelial carcinoma (BLCA), breast inva-

P value was obtained by the Benjamini-Hochberg (BH) mul-
tiple test correction. All data processing, statistical analysis,
and plotting were conducted using R 4.0.4 software.

3. Results

3.1. CCNA2 mRNA Is Widely Upregulated in Cancers. The
expression level of CCNA2 in pancancer and normal tissues
was analyzed firstly in Oncomine database. As shown in
Figure 1(a), CCNA2 was differently expressed in most tumor
and normal tissues. We next examined the differential
expression of CCNA2 in TCGA database. Compared with
the mRNA level in normal tissues, CCNA2 mRNA level
was increased prominently in adrenocortical carcinoma

sive carcinoma (BRCA), cervical squamous cell carcinoma
and endocervical adenocarcinoma (CESC), cholangiocarci-
noma (CAC), colon adenocarcinoma (COAD), esophageal
carcinoma (ESCA), glioblastoma multiforme (GBM), head
and neck squamous cell carcinoma (HNSC), kidney chro-
mophobe (KICH), kidney renal clear cell carcinoma (KIRC),
kidney renal papillary cell carcinoma (KIRP), brain lower
grade glioma (LGG), liver hepatocellular carcinoma (LIHC),
lung adenocarcinoma (LUAD), lung squamous cell carci-
noma (LUSC), ovarian serous cystadenocarcinoma (OV),
pancreatic adenocarcinoma (PAAD), prostate adenocarci-
noma (PRAD), rectum adenocarcinoma (READ), skin cuta-
neous melanoma (SKCM), stomach adenocarcinoma
(STAD), testicular germ cell tumor (TGCT), thyroid



17

Oxidative Medicine and Cellular Longevity

adAT,

E o o
3 = =
& n
2 o
o &

o wn
g S <
£ n 3
5 1
m 0_ > o
3 > & >

— (=}
o ; o

o
s e W 5 g 3 3 £ off B
P o o ~ 9SS O ey LSRR Z4HM —— A IO.,DM\.S\SQWG
b il I L .E.FFE
X EELET T : b & &

*E® “4* 41‘4* [TTTTITIT] 4.4.‘ 4 * 41**%*1*** HHRKKRRRR RN 4#**** **‘ 44# * **11*“ a****4 HREEE EREREER *

~$4 * * * * % At‘ A > A‘ A4* EE KRR K *EE X “ ! * 4 ‘ A* t““ : ‘ A‘A EEEE X X 4&# * ‘ *‘ 4
ARY P ERE R ATUURLUL Y Aﬁﬁﬁ AR MDA DA Bl B A LR B il | A A A AMAR D A\ b b i 1t \ & YN

A AL RAL VIR RER ) A\l 44‘1 i\

froes x xxe exwns Werrxxwxnxs Yxx

LA R TIRR SRR T AA

44* :* ‘4#‘ 4 EREEREE R XXE i..»‘t *
XXX REER ***‘ 4. ﬂ.“ **‘ * * 44* L A ‘tt****\***t 4.:.*.-. * XX 4*
ATTIIIT Y 4 ' ©} AR BB BAABMAMAMALAIR) *N AMABAR 44144444 I e vy

AAAAAALIEREIIIIE B TIIEE A0 ARSI IA SRAA ARl i at s IRt it i it 224 A AETALEIRA | ) SRS A VAR AR AR WaA VA

W o+ LRI 23 L £ ROt N OE xws AR B3R | | RO I ] * ¥ 4* X% % * wAA.. A RA & A LA EA |

THAMARIA B\ DR L AN RSR IR B SRR ABAA AL :
ke % ERRERERE RN * ‘ ‘A 4.»' “ 4# ‘A‘ A‘ t“-“ A‘ 4 * ‘ 4 A 4 ‘4“*“‘?“ “lt.» * A‘, ‘ A“v ‘
TR LA VA LR\ R LR TR A R A AL R BER L EnAi L B GER RL RELA
DI AWLSIITO EAA B) AMRARIRSA VMR D A AAABA SSSSVMER AR S| 4« AR\

Freesesssennsnnn  x rxxaxrrrs B

t*“
:
K
:
.
:
*
>
-l

414 NIVIY

E2 U TUITY V2% YNQNN  #% % mae & N Y\ %24 & % s ARSI A L LR VAR |\ | * * LTS YU\ ¥V
g * A B LA LA | A AIELLEN LA AR T WA WA ATEE VAT AL A IR S R RT3 ErEEE X LA IR A3
O AAAYAR S AR R ER VA WE B AV VW N AR AR VTS VTS L VA VT G EREE R HEEE X EREEEEE  REEE

ARV E VA R\ AL LEAMES SURLETA W) SR A R AMLE TR AL L BA SR AL AL A RAESA ML TR B B
LoAdAL A DURAM AL B ALV RRAL S VAN i G IR AR AR M RRAMAMAANEARMAED ) SERAM AR AW
* t.:.**** LR R ] * % A#t k4‘4* 4******&* kXN ER EXEER * Xk w * XXX 4********* 4*******#***&#** Bk n ek 4*****&*&* % w ‘4** 4*
MAR S VCHCEIR TR B\ B FRRR L R BN T R R LK\ BT\ A LIV REE L 5 A\ SRESA L O IR B\ B RS B BV
*xx x 4.» 4* 4 ‘ ] * 4**“ 4‘ ‘ ‘4 At* A4*t**44‘*$ * EEER 4‘****** A4$** * $4. 4.* LR RS L e S ‘
Att ‘A‘ * 414‘*4 At‘t*t 41& * A : * % ‘ ‘ AA ‘:**t ‘ ‘ *ax ® e t‘ 4#* *xx A ‘ ‘ ‘t*t* 4*&**&‘* Exx * A‘Tv

FRERRXREERERRERRRERRS * % 4* *‘ *R EEER FRREERE RN tit*‘ *% % #4‘4* 4,&*#& HEEEE DERERRERRE HX XXRERRERXERR * X EEX ® it*kt*kt4 * X% * X%
R B e B [ e I L I A B SR L B
fresrrnnnnne x| I B R B e e B B Lt IS LI LT TR ST I S [
froxes s Jorrrrnne § Wrrrrrrrrn exxrns .:::::::.4 R AR I L b S LR

A LA 2AAICVR | & T B \\ESTI 260 \ S0 AERAR BAA VAR LB TR0 B EARCH \ B B siesi U A\ \ B |\ 3 SR8\ 30 3 SR
AR QAR R IRAVWATRA RRANY W T v e e Y e e T
4*‘* - w 4 * 4*# A‘ A ‘ A4‘ e * t*‘*‘ “‘ - t‘.‘ A*tt* #‘4 LR L L *‘4 t‘.‘ * %% .»Att 4‘*‘*#**3‘*‘ *43* * * % A

At ELA BELIE AN RS RASISEe ERA | Aates I:; A R e A AL LIl AL R A SRttt A L
WARRRERRRRRR ISR * LA LA AR L AR AR L S At bt AR LA AR S A R A A VISR S LS At AL SRS LSS LI Wit AR At AR AR B AESTAR AEA it
AL S B ESEL * % ALadh BREAR L\ EEA || AGA | A TR B AAA 32 3 A A TR TR Sad A A4 A 20 L IR 3 1450 L 420 b A4V T A3 Ol Rid G B
FoRERERRINRNRRRE PAREE FRAE KA RRAFEEAEARRIEEE KAEAEAS ARBREAETARAR AR NS Faxanrnnnrnnrs Prrwes Parne [ rrerrxrnnnerns (Pr \* txxnensrcnsronnns Prrss
A I A e A R R *rE %

T T T TS
R I e R
A Shbadadodadd it LIRS AL L LI AL AL IR SRR it A e e e R A R A A IR S S A M A A A e A A A At

43.4..44.::..43.‘4 A AL KA A L ARaiadad LAl IEAR R *a wwwmwnnun Ger Parrwens | % Ernwenax * wx | HEEEREEEEEREE RAREREAR

N
5
@® Immunoinhibitor

R
&
Type:
Chemokine
@ Receptor
® MHC

Immunostimulator

()

: Continued.

FIGURE 8



18

R TSSO DR A DD PR S T DD
O ERDN < SZOAN(TABXNNON)
@\'0‘90 \ﬁfl\{.@h\o\@%{-"&ﬂ\x Q“’\)Qi-\z‘*%\’@%fz’cz‘@ \9@“%0; S
& e

Chemokine
Receptor

OO 0 4 « e
* AR L0 ‘* ‘w** * % “*****‘
i WV GGV A4V AT AL

Y Yy Sy v
IV i ddd- P PrelVy

v dddd 1dd - Vdd 444
Y.y . . V. dd
LSBT 4k T L 4T ddd
VIV TV Al Ve 4 V-V ddd -ddd
V. ATV ddddd
L AL LA LT a0 O *“‘
» afaPauaPaPel *“‘ ‘* Ry B
VI VYTV o - Vid d4-dd
vy W gl voao. L4
. VEIVYVALL: . -4 &7rV dddd
SVVIIY. Sddr- Vi iddr . VP dd-ddd 4
i Ad- dddd -4 444 V.4 444
A1 A AR A AA AA A A AR AN A AR A AR
VY. A Y. 4 oy
Ve WYV LAV ML T VVA dddd- -
i T Teeidddd A VA 4
* *111’*‘*1‘**** » 4V Y
~*****~**‘*** « ****‘
ﬁ*****t**‘*** *‘******
AL a A OOy L ar VY P
Y ‘* ax»xw**‘ *“‘
ARy ey B L Py
VYV YVE VIV 4 A Vddd V.
V. FYVIIN G A -V dddddd
ey VYRR T
YWV ATV e Tid e A -d VAL
ey N HPrrPrm
L TVVIT dd d-ddd VIl dddd-
o VIV AL - 4 -dddd- YV A 44
L TV VIR ALL T k-4 - VY4 -4
t‘*s«mtw** * * ‘ wm*t‘ \J’l‘**
Yy iiidm Y
k% & *“ ‘*w*“***w*‘**
0.0 VY. dd AL AAT- A FVE T
VY. VYL A AV VALY a4

el AL AAL T TVl 4

s d FVV Adddd - y aryelyry s
4 44. 44 vy 7Viee
*

()

Figure 8: Continued.

Oxidative Medicine and Cellular Longevity

Correlation coefficient

=

-1.0-15 0.0 0.5 1.0
p Value



Oxidative Medicine and Cellular Longevity

0.46 0.52 0.46 0.13 0.53
sesfeoskok sk sk dok ek
****0'64****m Wz **m

0.36 0.31 0.45 0.53 0.32 0.56
sesfeoskok ek sk sk sk ek

0.36 0.16 0.14 0.21 0.14 0.21
seskeokok S EEd eskeoskok dok eskeoskok

0.27 0.14 0.12 0.21 0.20 0.22
ok Y *x Hokk Hkkk Hokkok

-0.21 -0.13 0.12 0.28
ek EES EEd esfeskok

0.23 0.18 0.14 0.30 0.24 0.34
Hkkk *kk *x Hkk Hkkk Hkkk

-0.22 0.16

ke ek
-0.24 -0.18
EE
0.32 0.25 0.32 0.40
*x * * *kok
0.10 0.43 0.16 0.12 0.13
ok sk esfeskeok dok sdeokok
-0.12 -0.19 -0.28 -0.17
* sdeskeoskok sk sdeokok
0.19 0.18 0.26 0.35
* *okk *kkk
0.23 0.13 0.19 -0.19
B * dk EEEd
-0.39 -0.24 -0.23 -0.28
*kkk *k *% *k
0.09 0.18 0.11
* Hokk
0.22 0.28 0.23 0.22
sk ek sk ek
0.27 0.25
*%
0.17
0.2 0.1
esfeoskok eskeoskok
0.09 0.22
* Hokk
-0.25 -0.29
sdesfeoskok sk
0.32 0.33 0.11 0.34
*kkk Hkk * Hkkk
-0.27 0.31
EEd
0.25 0.29 0.28
* *
0.24
ek
0.19 -0.12
EEE
0.34
*
-0.21 0.12
B *
0.49
*kk
0.30
-0.25 0.27 -0.31 -0.26
EEd B B
N\ NS
& CQb\ QQ% > 7 Qo
Q N N & N
& & & &
< S <~ K\
(©

TCGA-THCA(N=503)
TCGA-THYM(N=118)
TCGA-KIRC(N=528)
TCGA-PRAD(N=495)
TCGA-LGG(N=504)
TCGA-LUAD(N=500)
TCGA-LIHC(N=363)
TCGA-CESC(N=291)
TCGA-ESCA(N=181)
TCGA-MESO(N=85)
TCGA-GBMLGG(N=656)
TCGA-LUSC(N=491)
TCGA-PAAD(N=177)
TCGA-KIRP(N=285)
TCGA-TGCT(N=132)

+| TCGA-HNSC(N=517)

TCGA-OV(N=417)
TCGA-SKCM-P(N=101)
TCGA-COADREAD(N=373)
TCGA-COAD(N=282)

+| TCGA-PCPG(N=177)

TCGA-BRCA(N=1077)
TCGA-SKCM (N=452)
TCGA-STAD(N=388)
TCGA-BLCAN=405)
TCGA-READ(N=91)
TCGA-UVM(N=79)
TCGA-KICH(N=65)
TCGA-UCEC(N=178)
TCGA-SKCM-M(N=351)
TCGA-CHOL(N=36)
TCGA-SARC(N=258)
TCGA-DLBC(N=46)
TCGA-UCS(N=56)
TCGA-GBM(N=152)
TCGA-ACC(N=77)

FiGure 8: Continued.

Correlation coefficient

L

-0.5 0.0 0.5
p Value

:

19



20

-03?:**0'!&**-02:‘:** 0'%&** 0'1«1**
0'3:}%**0'2*1**0'2*]*** -0':;:**0'2*(1**0'10 *-0'*2:**
_0'3:** _0%23**"0'1' *0'15***0'1? ok
0'%:]***0'%::1** 0'%5***0'11** -0.1! *
-0'*2;\** -0'*2:** -0'17** 0.13 3k -0'*3:** -0, =l(=\** 0'?3«%:**
_O'I*F** "0'1"** -032‘»?** -0.10 * O'%:]***
_0'3:** 'O'ﬁf** _0391?** 022 *
-0'1:**0'1? 3k .10 *-0%2*7**
-O.Zf** -0'25** -OEZ’f** -0.1¢ *
-0.1¢, 0.14
-0.1% 024 0.19°
-0.17 *'0'1<**'0'17 * -0‘;‘:** 0'%:8):**
024 * 0'4@&** O'ii** _0‘3(‘**
028
m-oé:** 'Oié:** Hokk
0.32 -0.28
*% *
0.12
0 Ziel= 01 L =007 SONS7 012 OARS"
0.17 _-0.1F -0.22 -0.17
Hk * okok *
-0.17,.-020 . -0.1°,,-0.14 0.13 021
024.. 0.15° , 0.14" =0:22
03] 0.36 . -0.1¢ 0.30
Yok ok HHREE O REE K
=080
-0.2%
_0'11** 0‘%:6***
'03:‘2** O'i(l**
0.2,
0'1:1** _0'*1:** 0‘?3#1** 0. lizk** 0.09 * _Oégf**
0335~ 030" 030
01
'O'}*I** 0"*6«:** '0'#;5:5** O'Z«i**
-0'23** -03;;:** 0'27***
_O';’;** —032:** 011 o *0.2*(1**
027 030,
N © NG NG > NG NG
o3 cﬁg & & & Q@&’% ~£~°°\ &
8 &
CQDV Rl Q}‘b S =S

(d)

Oxidative Medicine and Cellular Longevity

TCGA-GBMLGG(N=656)
TCGA-THCA(N=503)
TCGA-LGG(N=504)
TCGA-PRAD(N=495)
TCGA-LUSC(N=491)
TCGA-STES(N=569)
TCGA-TGCT(N=132)
TCGA-LUAD(N=500)
TCGA-ESCA(N=181)
TCGA-CESC(N=291)
TCGA-PCPG(N=177)
TCGA-STAD(N=388)
TCGA-UVM(N=79)
TCGA-UCS(N=56)
TCGA-THYM(N=118)
TCGA-KICH(N=65)
TCGA-OV(N=417)
TCGA-COADREAD(N=373)
TCGA-SARC(N=258)
TCGA-COAD(N=282)
TCGA-KIRP(N=285)
TCGA-KIRC(N=528)
TCGA-READ(N=91)
TCGA-ACC(N=77)
TCGA-SKCM-M(N=351)
TCGA-SKCM-P(N=101)
TCGA-HNSC(N=517)
TCGA-LIHC(N=363)
TCGA-CHOL(N=36)
TCGA-UCEC(N=178)
TCGA-KIPAN(N=878)
TCGA-DLBC(N=46)
TCGA-PAAD(N=177)
TCGA-LAML(N=149)
TCGA-BRCA(N=1077)
TCGA-GBM(N=152)
TCGA-BLCA(N=405)
TCGA-MESO(N=85)
TCGA-SKCM (N=452)

FiGure 8: Continued.

Correlation coefficient

-05 0.0 0.5
p Value

00 05 10 15 20



Oxidative Medicine and Cellular Longevity

21

TCGA-THCA(N=503) Correlation coefficient

TCGA-STES(N=569)

*| TCGA-STAD(N=388)

TCGA-PRAD(N=495)

TCGA-LGG(N=504)

*| TCGA-KICH(N=65) 705 00 05
TCGA-BLCA(N=405) P Value

TCGA-ESCA(N=181)

+| TCGA-LUAD(N=500) i

*| TCGA-GBMLGG(N=656)

TCGA-BRCA(N=1077)

TCGA-READ(N=91)

| TCGA-THYM(N=118) 00 05 10 15 20

TCGA-SKCM(N=452)
TCGA-LUSC(N=491)
TCGA-KIRP(N-285)
TCGA-TGCT(N=132)
TCGA-PAAD(N=177)
TCGA-LAML(N=149)
TCGA-ACC(N=T7)
TCGA-UCEC(N=178)
TCGA-KIRC(N=528)
TCGA-SKCM-P(N=101)
TCGA-COADREAD(N=373)
TCGA-CHOL(N=36)
TCGA-SARC(N=258)
TCGA-GBM(N=152)

*| TCGA-LIHC(N=363)
TCGA-SKCM-M(N=351)
TCGA-COAD(N=282)
TCGA-UCS(N=56)
TCGA-UVM(N=79)
TCGA-CESC(N=291)
TCGA-DLBC(N=46)

*| TCGA-KIPAN(N=878)

FIGURE 8: Association between CCNA2 and tumor immunity in pancancer. (a and b) Correlations of CCNA2 expression with immune
moderator genes and immune checkpoint-related genes in 33 cancer types. (¢, d, and e) Correlation between CCNA2 expression and
immune cell infiltration via TIMER, EPIC, and CIBERSORT algorithms.

carcinoma (THCA), uterine corpus endometrial carcinoma
(UCEC), and uterine carcinosarcoma (UCS), while it was
decreased in acute myeloid leukemia (LAML)
(Figure 1(b)). To make the result more creditable, the paired
tumor and normal tissues in TCGA were further analyzed.
As illustrated in Figure 1(c), CCNA2 was widely overex-
pressed in tumor tissues. In addition, the expression level
of CCNA2 was significantly different in the five classic
immune subtypes of ccRCC, of which C5 (immunologically
quiet) was the lowest subgroup (Figure 1(d)). Through
ccRCC and normal tissue from Changzheng Hospital,
CCNA2 was highly expressed in tumor compared to normal
tissues, which validated the above results (Figure 1(e)). To
assess whether CCNA2 was expressed at different levels in
various cancer stages, different pathological stages (I, IL, III,
and IV) of pancancer were collected. The results showed that
the expression level of CCNA2 was significantly different in
different stages of ACC, BRCA, COAD, KICH, KIRC, KIRP,
LUAD, SKCM, TGCT, and THCA (Figure S1), suggesting
that CCNA2 may play an important role in progression of
various carcinomas.

3.2. Validation of Different Expression Levels of CCNA2
Protein. To assess CCNA2 protein expression, the IHC
results from the HPA database and inhouse cohort were
analyzed and compared. As shown in Figure 2(a), the pro-
tein expression levels of CCNA2 were highly consistent with
mRNA expression above. THC staining showed that the
expression levels of CCNA2 mRNA and protein were low
in the normal brain, lung, colon, breast, liver, and prostate
but high in tumor tissues. These expression differences were
also validated by the paired renal tissues from SMMU cohort

indicating that the expression level of CCNA2 protein in
ccRCC tissues was higher than normal tissues (Figure 2(b)).

3.3. The Landscape of CCNA2 Mutation Profile in Various
Cancers. The genetic alteration and DNA methylation status
of CCNA2 in different tumor samples of TCGA cohorts
were observed, and the result is shown in Figures 3(a) and
3(b). As shown in Figure 3(a), the highest alteration fre-
quency of CCNA2 (>3%) appeared in UCEC patients with
“mutations” as the primary type. In addition, all PRAD cases
with genetic alteration (~2.5% frequency) had copy number
deletion of CCNA2 (Figure 3(b)). We further analyzed the
type, site, and case number of the CCNA2 genetic alteration.
As shown Figure 3(c), missense mutation of CCNA2 was the
main type of genetic alteration. Then, we analyzed the muta-
tion difference between CCNA2-high and CCNA2-low sub-
groups in ccRCC and found that the mutation rate of
PBRM1 in CCNA2-high subgroup was higher than that in
CCNA2-low subgroup. These two subgroups contained dif-
ferent mutation profiles: MTOR, ANK3, ATM, FLG,
KMT2C, AHNAK2, NPHP3, ROS1, SMARCA4, and SPEN
in CCNA2-high subgroup vs. DNAH9, ARID1A, DST,
PKHDI1, SYNE1l, ATRX, CSDM3, MACF1I, MUC4, and
SPTALI in CCNA2-low subgroup (Figure 3(d)).

3.4. Correlation of TREM2 Expression with DNA
Methylation and RNA Modification. To further analyze the
potential regulation effect of DNA methylation and RNA
modification in CCNA2 expression, firstly, we systematically
explored the correlation of DNA methylation level and
CCNA2 expression, which indicated that DNA methylation
could negatively regulated CCNA2 expression in BLCA via
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FiGure 9: Correlations of CCNA2 with Stemness index, TMB, MSI, MMR, and DNA methyltransferases in pancancer. (a and b)
Correlations of CCNA2 expression with DNAss and RNAss index in 33 cancer types. (c) Correlations of CCNA2 expression with TMB
in 33 cancer types. (d) Correlations of CCNA2 expression with MSI in 33 cancer types. (e) Correlations of CCNA2 expression with
expression levels of five MMR genes in 33 cancer types. (f) Correlations of CCNA2 expression with four DNA methyltransferases in 33

cancer types.

€g22219489, cg10002561, and cg07263562(Figure 4(a)); and
RNA modification-related genes (including m1A, m5C, and
m6A) were also significantly positive correlated with
CCNA2 expression (Figure 4(b)). All those results indicated
that CCNA2 expression might mainly regulated via RNA
posttranscriptional modification.

3.5. The Association between CCNA2 mRNA Expression and
Clinical Outcomes in Cancers. The association of CCNA2
expression with OS, PFI, DFI, and DSS in 33 cancer types
in TCGA is shown in Figure 5(a), demonstrating a signifi-
cant relationship between CCNA?2 expression and prognosis
in ACC, COAD, KICH, KIRC, KIRP, LGG, LIHC, LUAD,
MESO, PAAD, PRAD, SARC, THYM, and UVM. Among
them, the expression of CCNA2 was most significantly asso-
ciated with the prognosis of KIRC. As shown in Figure 5(b),
KIRC patients with high CCNA2 expression had a worse
prognosis.

3.6. The Correlation of CCNA2 Expression and Canonical
Tumorous Hallmarks. To explore the biological function of
CCNA2 in different cancer types, we firstly utilized the
GSVA to calculate the enrichment scores of 50 canonical
tumor associated pathways in pancancer level; then, the cor-
relation of those enrichment scores and CCNA2 expression
was estimated. The results indicated that CCNA2 mainly
positively regulated Myc, G2M checkpoint, and E2F_target
pathways while negatively regulated xenobiotic metabolism,

myogenesis, fatty acid metabolism, and bile acid metabolism
in most cancer types (Figure 6(a)). In addition, CCNA2 par-
ticipate nearly all the canonical hallmarks in THYM, which
indicated that CCNA2 hold a leading role in the occurrence
and development of THYM and could be treated as a prom-
ising treatment target. We also explored other aetiological
pathways determining the clinical outcomes, including
EMT, TGF, WNT, and autophagy pathways (Figure 6(b)).
Interestingly, CCNA2 could activate those signals in most
cancer types. CCNA2 might significantly activate EMT path-
ways in ACC, DLBC, LGG, MESO, PAAD, and THCA while
inhibit EMT in THYM. Among TGF signal, CCNA2 could
activate such a pathway in ACC, BLCA, CESC, DLBC,
HNSC, KICH, LGG, LIHC, MESO, PAAD, SKCM, TGCT,
and UCEC. In WNT signal, CCNA2 also stimulate this path-
way in ACC, BLCA, CESC, DLBC, ESCA, KICH, LGG,
LIHC, MESO, PAAD, TGCT, and UCEC. And CCNA2
might also participate in autophagy pathway especially in
ACC, BLCA, CESC, DLBC, ESCA, GBM, HNSC, KICH,
LIHC, MESO, PAAD, READ, TGCT, and UCEC.

3.7. The Biological Function of CCNA2 in ccRCC. Based on
the character of “guilt of association” in the controlling net-
works in tumor, we use the transcriptome data collected
from TCGA database, and the top 500 mRNAs mostly
related to CCNA2 were retrieved via Spearman’s correlation
analysis. The correlation of those genes was presented in
Figure 7(a). The enrichment function was performed based
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FiGure 10: CCNAZ2 expression and mutation are related with immune infiltration in ccRCC. (a) Association between CCNA2 and NES of
immune cells in ccRCC. (b) CCNA2 is correlated with multiple immune cell infiltration in TIMER database. (c) The different immune
infiltration degrees in CCNA2 high- and CCNA2 low-expression groups in ccRCC. (d) Impact of CCNA2 mutation on immune cell
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FiGure 11: Correlation analysis between CCNA2 expression and drug sensitivity. (a) Network of functional gene partners of CCNA2 and
mRNAs. (b) The ceRNA network of CCNA2 in cancers. (c) Correlation between CCNA2 and sensitivity of the top 9 anticancer drugs in
CellMiner database. (d) Difference of drug sensitivity between CCNA2 high- and low-expression groups in GDSC database.

on those significantly related genes. GO analysis indicated
that biological process module mainly enriched in organelle
fission, nuclear division, chromosome segregation, mitotic
nuclear division, and nuclear chromosome segregation; and
the cellular component mainly involved in chromosomal
region, spindle, and condensed chromosome; and molecular
function centered on ATPase activity, tubulin binding, and
microtubule binding (Figure 7(b)). KEGG results indicated
that series of pathways related to CCNA2 in ccRCC, includ-
ing cell cycle, DNA replication, homologous recombination,
primary immunodeficiency, p53 signaling pathways, and
natural  killer  cell-mediated  cytotoxicity =~ pathways
(Figure 7(c)). GSEA further validated that CCNA2 could
activate E2F targets, interferon alpha response, IL6-JAK-
STAT signaling, interferon gamma response, Myc targets,
G2M checkpoint, and inflammatory response while inhibit
fatty acid metabolism and bile acid metabolism pathways
in ccRCC (Figure 7(d)).

3.8. CCNA2 Is Associated with Tumor Evasion via Different
Mechanisms by Infiltration Immune Cells. To explore the

immune function of CCNA2 in pancancer types, the correla-
tion between immune-regulated genes, immune checkpoint
inhibitor genes, and CCNA2 expression was calculated
firstly (Figures 8(a) and 8(b)). CCNA2 could positively reg-
ulate chemokine, chemokine receptors, MHC, immunoinhi-
bitor, and immunostimulator in UVM, OV, THCA, KIPAN,
KIRC, PAAD, GBM, LGG, DLBC, LIHC, PARD, BLCA,
MESO, KIRP, and KICH while negatively regulate in THYM
and TGCT. In addition, CCNA2 could positively regulate
TAP1, TAP2, CD276, MICB, PVR, and ULBPI in almost
all the cancer types. We also found that CCNA2 could sig-
nificantly regulate most immunomodulators in various can-
cer types, which indicated that CCNA2 could determine
immunotherapy benefit of those cancer types. To detect
whether CCNA2 could influence the process of immune cell
infiltration degree in pancancer, we utilized three algorithms
to evaluate the immune infiltration degree and calculate the
correlation index between CCNA2 expression and immune
cell infiltration degree. As Figure 8(c) indicated, CCNA2
was most significantly related with B cell, CD4 T cell, CD8
T cell, and DC cell in THCA, THYM, and KIRC. In addition,
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CCNA2 was also significantly correlated with endothelial
cell and macrophage cell in various cancers, especially in
THYM (Figure 8(d)). Finally, CIBERSORT was employed
to evaluate the immune cell infiltration degree in pancancer,
which illustrated that CCNA2 could determine M1 macro-
phage in nearly all the cancer type, which further validated
the results above (Figure 8(e)). All those results indicated
that CCNA2 could regulate immune cell infiltration via dif-
ferent mechanism under various tumor microenvironments,
and further experiment needs to decipher the heterogeneous
mechanisms.

3.9. Correlation of CCNA2 Expression and Stemness, TMB,
MSI, MMR, and DNA Methyltransferases. Since tumor is
composed of heterogeneous cell clusters holding various
degrees of functional and genetic heterogeneity, cancer stem
cells (CSCs) are capable to maintain tumor survival via
genetic and epigenetic factors, accelerate tumor metastasis,
resist drug, and maintain tumor microenvironment [23].
Herein, we explored the association of CCNA2 expression
and stemness including DNAss and RNAss. CCNA2 expres-
sion was significantly positively correlated with DNAss in
GBM (r>0.5) while negatively correlated in THYM
(r <—-0.6). In addition, CCNA2 expression was positively
related to STAD, BRCA, STES, and THYM in RNAss
(r>0.6) (Figures 9(a) and 9(b)). TMB has been extensively
studied and is suggested to play a vital role in tumor-
responsiveness to immune checkpoint blockade [24]. MSI
refers to the change in microsatellite sequence length caused
by insertion or deletion mutation during DNA replication,
which is often caused by MMR defects [25]. The relationship
between CCNA?2 expression and TMB and MSI in pancan-
cer was also analyzed and displayed as a radar chart. As
shown in Figures 9(c) and 9(d), CCNA2 high expression
was positively correlated with TMB in BLCA, BRCA, CESC,
CHOL, COAD, KICH, KIRC, LGG, LUAD, LUSC, PAAD,
PRAD, SARC, SKCM, STAD, UCEC, and UCS and nega-
tively correlated with THYM. CCNA2 high expression was
also positively correlated with MSI in COAD, LIHC, PAAD,
SARC, STAD, and UCEC but negatively correlated with MSI
in DLBC and SKCM. MMR is a repair method that restores
the normal nucleotide sequence in DNA molecules contain-
ing mismatched bases [26]. It is mainly used to correct mis-
matched base pairs on DNA double helix. The correlation
between CCNA2 expression and MLH1, MSH2, MSHS,
PMS2, and EPCAM is illuminated in Figure 9(e), showing
that CCNA2 expression was positively correlated with
MLHI in 26 cancer types, with MSH2 and MSH6 in 31 can-
cer types, with PMS2 in 24 cancer types, and with EPCAM
in 15 cancer types. On the contrary, there was a negative cor-
relation between CCNA2 expression and EPCAM in LGG
and THYM. DNA methylation is one of the important
mechanisms of gene epigenetics, which is involved in the
process of regulating gene expression and cell differentiation
[27]. The relationship between four methyltransferases was
analyzed, and the results showed that the expression level
of CCNA2 was positively correlated with all four methyl-
transferases in 23 cancer types (Figure 9(f)). Meanwhile, it
was not correlated with any of the four methyltransferases
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in UCS and CHOL or with DNMT?2 in LUAD, PAAD, and
THCA, DNMT3A in DLBC, LAML, PAAD, and READ,
and DNMT3B in LAML and PAAD.

3.10. Relationship between CCNA2 and Tumor Immune
Microenvironment in ccRCC. Renal cell carcinoma (RCC)
is one of the earliest tumor types to use immunotherapy.
As early as in the 1980s, interferon was used for advanced
RCC [28]. With the emergence of immune checkpoint
inhibitors, immunotherapy has ushered in a new era in
the treatment field of RCC [29]. In view of the above pos-
itive results of CCNA2 analysis in KIRC, we comprehen-
sively analyzed the relationship between CCNA2
expression and KIRC immune cell infiltration using multi-
ple databases and found that CCNA2 expression was pos-
itively correlated with the infiltration of various immune
cells, especially with T cell cells, which includes activated
CD4 T cell, regulatory T cell, central memory CD4 T cell,
effector memory CD4 T cell, type 1 T helper cell, MDSC,
and T follicular he (Figure 10(a)). TIMER dataset indi-
cated that CCNA2 expression was negatively correlated
with tumor purity, thus enhancing infiltration of several
immune cell types in ccRCC, including B cell, CD8" T
cell, CD4+ T cell, macrophage, neutrophil, and dendritic
cell (Figure 10(b)). ssGSEA analysis also identified that
multiple immune cell types infiltrated differently between
CCNA2-high and CCNA2-low subgroups (Figure 10(c)).
Figure 10(d) shows the effect of CCNA2 mutation on the
degree of immune cell infiltration. There were significant
differences in the degree of cell infiltration between dip-
loid/normal and arm-level gain in B cell, macrophage,
neutrophil, and dendritic cell and between arm-level dele-
tion and diploid/normal in CD8+ T cell. In addition,
CCNA2 was a protective factor for OS and PFS in ccRCC
immune checkpoint inhibitor cohort (Figures 10(e) and
10(f)); CCNA2 performed better in immune response rate
than any other signature (including TIDE, MSI score,
mutation, CD274, CD8, IENG, T-Clonality, B-Clonality,
and Merck18) in ccRCC cohort (Figure 10(g)).

3.11. Correlation Analysis between CCNA2 Expression and
Drug Sensitivity. To decipher the functional partners of
CCNA2 in cancers, gene network interaction analysis was
performed in Figures 11(a) and 11(b), and the most relevant
mRNA and miRNA were detected. As shown in
Figure 11(a), CCNA2 expression was positively correlated
with resistance of INK-128, AZD-3147, and GDC-0349, as
well as with sensitivity of amonafide, pyrazoloacridine, riba-
virin, SAR-20347, 6-thioguanine, and nelarabine. According
to GDSC database, we found that high expression of CCNA2
could make cancer more sensitive to irinotecan (target at
TOP1), topetecan (target at TOPI1), TKI258 (target at
FGFR), PF2341066 (target at c-MET), paclitaxel (target at
TUBBI1), TAE684 (target at ALK), panobinostat (target at
HDAC), RAF265 (target at RAF), nutlin-3 (target at
MDM2), sorafenib (target at RTK), and PD-032991 (target
at CDK4) and resistant to AZD6244 (target at MEK)
(Figure 11(b)).
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4. Discussion

Our results indicated that CCNA2 is significantly related to
the occurrence and progresses of various cancer types. Prior
studies also reported functional relation between CCNA2
and clinical diseases, especially tumors [30]. Whether
CCNA2 involves in the tumor microenvironment and path-
ogenesis of different tumors through common or specific
mechanisms remains unclear. Our study illustrated the cor-
relation of expression level and genomic alternation of
CCNA2 with tumor staging, progression, tumor immunity,
and drug sensitivity across pancancer and subtypes, espe-
cially in ccRCC.

Based on the genomic data collected from a variety of
cancer types and a profound understanding about the biol-
ogy and pathology of pancancer, TCGA has developed a
series of therapeutic strategies for the treatment of various
cancer types [14]. CCNA2 is a cyclin present in mammals
and promotes S-phase progression and G2-M phase transi-
tion by binding CDK in the mitotic cell cycle [31]. CCNA2
is located on chromosome 4 and is encoded by human
CCNAZ2, belonging to the highly conserved cyclin family. It
is reported to be correlated with cytoskeleton dynamics
and cell motility [32]. It was found in our study that CCNA2
was involved in tumor proliferation, invasion, and differen-
tiation, thus could be treated as a novel and promising diag-
nostic also therapeutic targets for cancers.

In this study, we first disclosed that the mRNA expres-
sion of CCNA2 was upregulated in ACC, BLCA, BRCA,
CESC, CHOL, COAD, ESCA, GBM, HNSC, KICH, KIRC,
KRIP, LGG, LIHC, LUAD, LUSC, OV, PAAD, PRAD,
READ, SKCM, STAD, TGCT, THCA, UCEC, and UCS can-
cer tissues vs. normal tissues by using TCGA, which indi-
cated that CCNA2 might be an oncogenic molecule in
tumorigenesis. Based on the IHC results from HPA database
and SMMU cohort, we validate that CCNA2 expression was
more pronounced in the corresponding tumor tissues vs.
normal kidney, intestine, liver, lung, breast, prostate, and
brain tissues. Furthermore, based on survival curves, we
demonstrated CCNA2 mRNA expression as a dependable
diagnostic factor, implying that CCNA2 is a possibly prom-
ising biomarker for pancancer diagnosis. More importantly,
CCNA2 mRNA expression was significantly correlated with
the patient prognosis in ACC, COAD, KICH, KIRC, KIRP,
LGG, LIHC, LUAD, MESO, PAAD, PRAD, SARC, THYM,
and UVM, suggesting that CCNA2 plays an important role
in the progression of pancancer, especially KIRC patients
with high expression of CCNA2 holding a worse prognosis.
Our results are consistent with previous studies and clinical
trials, which concluded that CCNA2 was highly expressed in
multiple cancers and patients with high CCNA2 expression
owning high-risk features. Gao et al. reported that CCNA2
is highly expressed in breast cancer and could be treated as
a power predicative marker in BLCA patients [33]. Gan
et al. also found that CCNA2 is overexpressed and acts as
a novel biomarker in regulating the growth and apoptosis
in colorectal cancer [34].

To further decipher the biological role of CCNA2 in the
cancers and ccRCC, several enrichment function algorithms
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were implied. KEGG pathway results were primarily
enriched in oocyte meiosis, cell cycle, pyrimidine metabo-
lism, asthma, alpha linolenic acid metabolism, arachidonic
acid metabolism, and linoleic acid metabolism. Meanwhile,
GSEA results suggested that CCNA2 may be correlated with
coagulation, KRAS signaling, myogenesis, bile acid metabo-
lism, mtorcl signaling, E2F targets, and G2M checkpoint.
Ruan et al. found that CCNA2 could facilitate epithelial-to-
mesenchymal transition via integrin avf3 signaling in
non-small-cell lung carcinoma [35]. CCNA2 could also act
as a significant downstream facilitating tumor progression.
Chen et al. suggested that ROBO1 could promote the devel-
opment of pancreatic cancer via CCNA2/CDK axis [36].
Interestingly, our study illustrated that CCNA2 could
enhance the development of ccRCC via several immune-
related signals, including immunodeficiency, natural killer
cell-mediated cytotoxicity pathway, and IL6-JAK-STAT3
pathways. Further study is required to clarify the detailed
mechanism underlying the role of CCNA2 in impacting
those signaling pathways in cancers and ccRCC.

TMB, MSI, and neoantigen indexes are two widely stud-
ied biomarkers which may have a profound impact on the
response to tumor immunotherapy and patient survival
[37]. However, those indexes only performed well in several
types of tumors and hold high test costs. Consequently, it is
urgent to discover new and economic biomarker for predict-
ing immune therapy response. The results of our study
showed that upregulation of CCNA2 mRNA was signifi-
cantly and positively correlated with TMB, MSI, and neoan-
tigen indexes in BLCA, BRCA, CESC, CHOL, COAD,
KICH, KIRC, LGG, LUAD, LUSC, PAAD, PRAD, SARC,
SKCM, STAD, UCEC, and UCS. The levels of DNA methyl-
ation and MMR state in tumors have increasingly been rec-
ognized as a promising index for evaluating efficacy of target
and immune therapy [26, 38]. The current study also found
that CCNA2 expression was positively correlated with DNA
methylation and MMR in most cancers, which suggested
that CCNA2 might influence DNA methylation level or
MMR state, thus determining the clinical outcomes of can-
cer patients [39]. Some other interesting and relevant discov-
eries include the significant correlation between CCNA2
expression and MLH1, MSH2, MSH6, PMS2, and EPCAM,
suggesting that CCNA2 may be involved in tumor-related
developmental processes including signaling, migration,
and proliferation [40, 41]. Zhou et al. found that CCNA2
is a potential diagnostic and prognostic biomarker for
LUAD, and CCNA2 expression positively correlated with
immunity therapy efficiency in LUAD [42]. Chen et al. also
confirmed that CCNA2 is involved in hypoxia signature
affecting the clinical outcomes and immune microenviron-
ment of ACC [43]. To date, only several studies assessed
the immune role of CCNA2 in cancers. Our findings may
shed lights on the molecular mechanisms underlying tumor
progression and metastasis and provide useful clues for seek-
ing strategies for the clinical treatment and prognostic pre-
diction of cancers.

TME and tumor evasion are correlated with cancer prog-
noses and therapeutic [8]. There are two major mechanisms
of immune evasion until now, which are consisted of
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dysfunctional T cell phenotypes and T cell exclusion [7, 44].
However, considering the complex compositions and com-
munication of TME, it is necessary to identify the key mole-
cules in TME [9]. Our study indicated that CCNA2
expression was significantly and positively correlated with
the level of CD 4 T+ cell memory cells and M0 and M1 mac-
rophage infiltration across various cancer types. Interest-
ingly, CCNA2 is found significantly positively correlated
with immune therapy response in BLCA, BRCA, KIRC,
LGG, LUAD, PRAD, and THCA while negatively correlated
with ACC, GBM, and TGCT. Wang et al. found that
CCNA?2 functions as a potential immune therapy maker in
BLCA [45]; Xu et al. also confirmed that CCNA2 could acti-
vate macrophages, thus enhancing tumor immunity [46].
Also, CCNA2 expression was positively correlated with
ImmuneScore in THCA and KIRC and negatively correlated
with ImmuneScore in BRCA, LUSC, and GBM. Addition-
ally, we found that CCNA2 was significantly correlated with
immune checkpoint-related genes in KICH, KIRC, and
THCA. Considering with complex and heterogeneity of
TME and lack of robust immune biomarkers in KICH,
KIRC, and THCA, CCNA2 seemed to be new indicator for
those cancers. In a word, all these findings suggest that
CCNA2 might play a significant role in TME and could reg-
ulate several key immune cell functions, though further
study is required to verify these conclusions.

With the rapid development of immunotherapy for
ccRCC in recent years, resistance, increasing recurrence
rates, and side effects have surfaced, and there are indica-
tions that new biomarkers or therapy target for predicting
efficacy and prognosis are in urgent need of discovery [47].
Although ¢cRCC is deemed as immune cell infiltration-
high tumor, it is also notorious for immune dysfunction
and depletion [48-50]. It is urgent to comprehensively ana-
lyze the mechanism of this abrogated immunity phenome-
non in ccRCC. We utilized correlation analysis to
determine the influence of CCNA2 expression in a series
of immune cells in ccRCC. Interestingly, our results found
that CCNA2 expression significantly related most of
immune cell infiltration in ccRCC, among which CCNA2
positively correlated with several T cell types including acti-
vated CD4" T cell, regulatory T cells, central memory CD4"
T cells, and effector CD4™ T cell while negatively correlated
with immature dendritic cell and Typel7 T cells. The results
from TIMER database further validated those result. Data-
sets from Braun et al. research further proved that CCNA2
could indicate a robust prognosis in CCNA2 high-
expressed group who received immune checkpoint inhibi-
tors therapy and thus CCNA2 could work as well-
performed indicator for ICB sensitivity compared with other
reported makers or signatures [51]. All results remind us of
that CCNA2 as a valid and reliable evaluation biomarker
with the utility for easy application in ccRCC patient clinical
management.

During the past decades, chemotherapy remains the
mainline treatment choice for later stage patients, while drug
resistance is responsible for over 80% deaths in cancer
patients receiving chemotherapy or target dugs [4, 52]. Con-
sidering such phenomenon and the burden to develop new
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drugs, our study also systematically analyzed the correlation
of CCNA2 expression and drug sensitivity to explore the
potential drug target at CCNA2. We found that CCNA2
expression was positively related to amonafide, pyrazoloacri-
dine, ribavirin, SAR-20347, and 6-thioguanine. Amonafide
shows a potential therapeutic effect on breast cancer, acute
myeloid leukemia, and melanoma [53-55]. Pyrazoloacridine
holds significant antitumor effect on several cancer types
including breast cancer, neuroblastoma, and glioma
[56-58]. Hence, these candidate molecular drugs might also
possess potential efficacy for CCNA2 highly expressed can-
cer types.

However, there are still some limitations in our study.
Firstly, our study was mainly based on bioinformatics anal-
ysis, which implies that there were few experiments to con-
firm our statements, which need further systematic
experiments to validate those results. Secondly, we only per-
form THC and RT-qPCR to detect the different expression
level on ccRCC patients, which is urgent to decipher the
detailed role of CCNA2 in ccRCC patients.

5. Conclusion

To sum up, our results suggest that CCNA2 expression was
upregulated in pancancer tissues including RCC vs. normal
tissues. In addition, high CCNA2 expression was correlated
with poor clinicopathological features in various cancers,
especially for ccRCC. CCNA2 might play pivotal pathogenic
roles in the immuneoncology context of the TME. The
strong association of CCNA2 with tumor immunity suggests
that CCNA2 may prove to be a promising therapeutic target
for immunotherapy.
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