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PER3 promoter hypermethylation correlates

to the progression of pan-cancer
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Abstract

Background Malignant cells exhibit reduced period circadian regulator 3 (PER3) expression. However, the underlying
mechanisms of variations in PER3 expression in cancers and the specific function of PER3 in tumor progression remain
poorly understood.

Results We explored multiple public databases, conducted bioinformatics analyses, and performed in vitro

and in vivo experiments for validation. We found PER3 expression was decreased in most types of cancers, and PER3
downregulation was associated with a poor prognosis in 8 types of cancer. PER3 promoter methylation levels were
increased in 11 types of cancer. Promoter hypermethylation (CpG islands [CGls] cg12258811 and cg14204433)
correlated with decreased PER3 expression in six cancers (breast invasive carcinoma, colon adenocarcinoma, head
and neck squamous cell carcinoma, kidney renal papillary cell carcinoma [KIRP], lung adenocarcinoma [LUAD],

and uterine corpus endometrial carcinoma). CGl cg12258811 hypermethylation was associated with reduced sur-
vival time and advanced cancer stages. Moreover, the bisulfite pyrosequencing assay confirmed CGl cg12258811
hypermethylation and its negative correlation with PER3 expression. In vitro and in vivo experiments demonstrated
that PER3 inhibited KIRP and LUAD progression. Decitabine enhanced PER3 expression and inhibited KIRP cell func-
tions by reducing promoter (cg12258811) methylation level.

Conclusions Our findings advanced the mechanistic understanding of variations in PER3 expression in cancers
and confirmed the tumor-associated function of PER3 hypermethylation and downregulation.

Keywords Period circadian regulator 3, Promoter, Methylation, Pan-cancer, Kidney renal papillary cell carcinoma,
Lung adenocarcinoma
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Introduction

Cancer is the leading cause of morbidity and mortality,
limiting global life expectancy. In 2022, International
Agency for Research on Cancer reported approximately
20 million new cancer cases and an estimated 9.7 mil-
lion cancer-related deaths worldwide [1]. Despite signifi-
cant advances in clinical cancer treatment strategies such
as surgery, radiochemotherapy, and targeted therapy,
the prognosis and survival rate for patients with can-
cer remain inadequate [2]. Therefore, discovering novel,
effective biomarkers for diagnosis and potential thera-
peutic targets for treatment is critical [3].

Circadian clock genes are closely related to tumori-
genesis and tumor advance [4]. Period circadian regula-
tor 3 (PER3) is a member of Period genes involved in the
circadian clock autoregulatory negative feedback tran-
scriptional network. PER3 is upregulated by transcrip-
tional activators CLOCK/BMALI1 heterodimers at the
beginning of the cycle. Then, it binds with other Period
(PER1/2) and Cryptochrome (CRY1/2) proteins via the
PER-ARNT-SIM domains to form dimers, which interact
with CLOCK and BMALI and repress the expressions
of their own and other core clock genes and clock-con-
trolled genes [5, 6].

Generally, expression levels of PER3 are altered in a
range of cancers, and PER3 downregulation is associated
with oncogenesis, tumor progress, and worse prognosis
in some cancers, such as colon and rectal cancer, breast
cancer, head and neck squamous carcinoma (HNSC), and
kidney renal clear cell carcinoma (KIRC) [7-12]. More
specifically, PER3 correlates with immune infiltrations,
suppresses stemness, chemotherapy resistance, prolif-
eration, and metastasis, and promotes autophagy and
apoptosis of cancer cells [11, 13-16]. The downstream
mechanisms involve regulating WNT/[B-catenin, Notch,
and MEK/ERK signaling pathways [9, 14, 17]. Moreover,
PER3 gene mutations like variable number of tandem
repeats and single nucleotide polymorphism increase the
incidence of cancers [18—20].

However, the causes of altered PER3 expression in can-
cers and the specific molecular mechanism in PER3 regu-
lating tumor progress remain poorly understood.

Epigenetic alterations are common during the onset
and progression of cancer [21]. DNA methylation is a
common epigenetic alteration that regulates gene expres-
sion by altering chromatin structure, DNA conformation,
DNA stability, and the interaction between DNA and
protein without modifying the nucleotide sequence [22,
23]. Hypermethylation of CpG islands (CGIs) in the gene
promoter region results in gene silencing, whereas DNA
hypomethylation in the same region causes gene reacti-
vation [22]. Because DNA methylation is dynamic and
reversible, it is a potential therapeutic target for cancer
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[24]. Consequently, the methylation of the promoter
region of tumor suppressor genes has been extensively
explored in recent years [25]. The tumor-suppressive
action of PER3 has been confirmed in many cancers,
however, its epigenetic alterations in cancers have
received less attention [18]. In non-small cell lung can-
cer, reduced PER3 expression is associated with promoter
region hypermethylation [26]. Whether PER3 expression
is regulated by methylation alterations in the promoter
region and the effect of such alterations on cancer prog-
nosis in pan-cancer remains unclear and requires further
investigations.

This study aimed to investigate the expression patterns,
distinct prognostic values, and potential functions of
PER3, as well as the methylation of its promoter region
in pan-cancer. Specifically, we analyzed the differential
expression and promoter methylation status of PER3
and their associated clinical parameters, prognostic pre-
diction functions, immune infiltrations, and molecular
mechanisms in pan-cancer cases using multilevel data
from 33 cancers in the Cancer Genome Atlas (TCGA)
and other large public databases. Furthermore, in vitro
and in vivo validation experiments were conducted on
kidney renal papillary cell carcinoma (KIRP) and lung
adenocarcinoma (LUAD).

Materials and methods

mRNA expression of PER3 and prognostic analysis

The dysregulation of PER3, CLOCK, and BMAL1 expres-
sion across various types of cancer and normal tissues
was investigated by combining the RNASeqV2 data of
33 cancers from TCGA (https://tcga.xenahubs.net) and
data for 31 different normal tissues from the genotype-
tissue expression (GTEx) database (http://commonfund.
nih.gov/GTEx/) [27]. Prognosis analyses related to PER3
expression, including overall survival (OS), disease-spe-
cific survival (DSS), and progression-free interval (PFI),
were performed in various cancers using Kaplan—Meier
(K-M) curves based on COX regression analysis. Addi-
tionally, the correlations between mRNA expression of
PER3 and tumor (T), node (N), and metastasis (M) stages
were analyzed. The gene expression data were further
standardized by log2 conversion, and the “survminer”
and “ggplot2” R packages were used for survival analysis
and visualizations, respectively.

UALCAN analysis

The UALCAN portal (http://ualcan.path.uab.edu/index.
html) was used to investigate PER3 promoter methyla-
tion levels in different cancers and their corresponding
normal tissues. Additionally, the associations between
individual cancer stages and PER3 promoter methylation
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levels and mRNA expressions were analyzed using the
UALCAN portal [28].

Region-specific methylation analysis of the PER3 promoter
The MEXPRESS database (https://mexpress.be/) was
used to study the relationship between the methyla-
tion levels of specific promoter probe-associated CGlIs
and PER3 mRNA expression [29]. RNAseq and Illumina
human methylation 450 data downloaded from TCGA
were analyzed and visualized using the “ggplot2” R pack-
age to validate the MEXPRESS database results. Moreo-
ver, the Epigenome-Wide Association Study (EWAS)
Data Hub database (https://ngdc.cncb.ac.cn/ewas/datah
ub/index) was used to investigate differences in promoter
CGI methylation levels between multiple cancers and
normal tissues [30].

Prognostic analysis of the methylation level of promoters
and specific CGls

The relationship between OS of patients with breast inva-
sive carcinoma (BRCA), colon adenocarcinoma (COAD),
head and neck squamous cell carcinoma (HNSC), KIRP,
LUAD, and uterine corpus endometrial carcinoma
(UCEC) and methylation levels of promoter and CGI
were analyzed using the EWAS Data Hub database. Addi-
tionally, the MethSurv database (https://biit.cs.ut.ee/
methsurv/) was used as a backup when data was unavail-
able in the EWAS Data Hub database [31].

Immune cell infiltration analysis

The original level 3 HTSeq-FPKM RNAseq data for
BRCA, COAD, HNSC, KIRP, LUAD, and UCEC were
downloaded from TCGA. Subsequently, the “gene set
variation analysis” R package was used to perform the
infiltration analysis of 24 immune cell markers [32, 33].

Gene enrichment analysis

The top 200 differentially expressed genes (DEGs) asso-
ciated with PER3 expression in BRCA, COAD, HNSC,
KIRP, LUAD, and UCEC from TCGA were obtained
using the “DESeq2” R package. The Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway analysis and
Gene Ontology (GO) enrichment analysis of the top 200
DEGs associated with PER3 were performed by the “clus-
terProfiler” R package.

Cell cultures and reagents

Human Kidney-2 (HK-2) cells, KIRP cell lines 786-O and
Caki-2, and LUAD cell line A549 were obtained from
Wuhan Pricella Biotechnology Co., Ltd. (Wuhan, China).
All cell lines were identified by short tandem repeat
sequence analysis and confirmed to be mycoplasma con-
tamination-free. HK-2 and A549 cells were cultured with
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Dulbecco’s Modified Eagle Medium (Gibco, USA). 786-O
and Caki-1 cells were incubated in Roswell Park Memo-
rial Institute-1640 (Pricella, China) and McCoy’s 5A (Pri-
cella, China), respectively. Subsequently, all the cells were
incubated in a medium mixture comprising 89% medium,
10% fetal bovine serum (FBS) (PAN-biotech, Germany),
and 1% penicillin—streptomycin (Pricella, China) at 37 °C
with 5% CO.,.

Quantitative real-time polymerase chain reaction
(RT-qPCR)

Total RNA was extracted using an RNA Isolation Total
RNA Extraction Reagent (R401-01, Vazyme, China)
following the instruction manual. RNA purity and
concentration were evaluated using microscopic spec-
trophotometry (Nanodrop, Thermo Fisher Scientific,
USA), followed by reverse transcription into cDNA using
the RT Master Mix for qPCR II (gDNA digester plus)
kit (HY-KO511A, MedChemExpress, USA). RT-qPCR
was performed on the CFX Connect Real-Time System
(1,855,201, BIO-RAD, USA) using the SYBR Green qPCR
Master Mix (No ROX) (HY-K0523, MedChemExpress,
USA). Primers for PCR analysis were designed using
Oligo (version 7.0) software. The sequences are presented
in Supplemental Table S1.

Western blotting

The cell protein was extracted using a 100:1 mixture of
RIPA lysis solution (P0013B, Beyotime, China) and phe-
nylmethanesulfonyl fluoride (ST506, Beyotime, China).
The wet transfer method was used to transfer protein to
polyvinylidene fluoride (PVDF) membranes (IPVHO00010,
Millipore, USA). The PVDF membranes were soaked in
5% skimmed milk at 25 °C for 2 h, incubated in the pri-
mary antibody working solutions at 4 °C overnight, and
incubated in secondary antibodies at RT for 1 h. The pro-
teins on the PVDF membranes were visualized using a
chemiluminescence imaging system (FUSION FX, VIL-
BER, France). Details of the antibodies are displayed in
Supplemental Table S2. GAPDH was used as a loading
control. Protein band gray values were analyzed using
Image ] (version 5.0) software.

Construction of stable PER3-overexpressed

and PER3-silenced cell lines

The PER3 overexpressed and silenced vectors and their
corresponding control vectors were designed and syn-
thesized by Hanbio (Shanghai, China). Primers for PER3
amplification and deletion were constructed based
on the PER3 mRNA sequence (GenBank Accession:
NM_016831). The primer sequences are provided in Sup-
plemental Table S3. 786-0O, Caki-1, and A549 cells were
infected with PER3-overexpressed (PER3) or PER3-free
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(Vector) lentivirus. HK-2 cells were infected with PER3-
silenced (sh-PER3#1 and sh-PER3#2) or the control (sh-
NC) lentivirus.

The cells were screened with 2 pg/mL puromycin to
obtain stable PER3-overexpressed and PER3-silenced
cells and their corresponding negative controls.

Colony formation assay

786-0, Caki-1, HK-2, and A549 cells were seeded into
6-well plates. The 786-O, HK-2, and A549 cells were cul-
tured for 10 days (1000 cells per well), and the Caki-1
cells were cultured for 14 days (2000 cells per well). Sub-
sequently, the cells were fixed and stained with crystal
violet for 30 min. Images were captured using a chemilu-
minescence imaging system.

CCK-8 assay

The cell counting Kit-8 (HY-K0301, MedChemEx-
press, USA) was used to evaluate cell proliferation. A
100 uL cell suspension (1x10* cells/mL) was added to
the 96-well plate and incubated overnight at 37 °C with
5% CO,. Subsequently, 100 pL of medium (10% CCK-8
reagent) was added to each well at 24, 48, 72, and 96 h.
The plate was incubated for 2 h before being measured
for optical density at 450 nm using an enzyme labeling
instrument (BioTek, USA).

Wound healing assay

The cells were seeded in a serum-free medium and
starved for 24 h. Subsequently, the cell monolayers were
scratched with a sterile 200-mL pipette tip and starved
for another 24 h. Images of the scratches were cap-
tured using a microscope (IX73, Olympus, Japan) (x40
and x 100) at 0 and 24 h.

Transwell migration and invasion assays

Transwell assays were conducted using Transwell cham-
bers (3422, Corning, USA) precoated with Matrigel
(356,234, Corning, USA) for invasion or without Matrigel
for migration. The lower chambers were plated with 10%
FBS (600 pL), whereas the upper chambers were filled
with FBS-free medium containing 1x10° cells (200 pL).
After culturing for 24 h, cells on the surface of the Tran-
swell chambers were fixed with methyl alcohol, stained
with crystal violet, and counted using a microscope
at x40 and X 200 magnifications.

In vivo xenograft tumor models

All procedures were approved by the Institutional Animal
Care and Use Committee of Chongqing Medical Uni-
versity (approval number: IACUC-CQMU-2024-0462).
Male BALB/c nude mice (age: 5-6 weeks old, weight:
18-21 g) were sourced from Changzhou Cavens
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Laboratory Animal Co., Ltd. (China) and housed under
specific-pathogen-free conditions. The mice were ran-
domly divided into two groups (n=5 per group) and
injected subcutaneously with vector-786-O (control
group) or PER3-786-O cells (experimental group). After
feeding for 25 days, the mice were euthanized by cervi-
cal dislocation, and tumors were excised. Tumors were
measured for their maximum diameter (a), minimum
diameter (b), and weight. Tumor volume was calculated
as 0.5 x axb? The harvested tumors were used for immu-
nohistochemistry (IHC) and hematoxylin—eosin (H&E)
staining.

IHC staining

IHC staining was conducted using a DA1010 IHC detec-
tion kit (Solarbio, Beijing, China). Routinely treated par-
affin sections were incubated with the PER3 primary
antibody overnight at 4 °C and incubated with the sec-
ondary antibody at RT for 2 h. Details of the antibod-
ies are provided in Supplemental Table S2. The sections
were dehydrated and sealed following diaminobenzidine
development and hematoxylin redyeing. Images were
captured using microscopy, and results were analyzed
using semiquantitative and double-grading methods [34].

Decitabine (DAC) treatment and bisulfite pyrosequencing
(BSP) analysis

Cells (1.5x10°) were seeded on 6 cm dishes, incubated
overnight at 37 °C, and treated with 10 uM DAC (HY-
A0004, MCE, USA) for 72 h, with the medium and drug
replaced every 24 h. DMSO was used in the control
group. The MethPrimer website (https://urogene.org/
cgi-bin/methprimer/methprimer.cgi) was used to predict
the PER3 promoter CGIs [35]. BSP was performed with
the assistance of Sangon Biotech (Shanghai, China) using
HK-2, 786-0, and Caki-1 cells. Primer sequences for BSP
are displayed in Supplemental Table S4.

Statistical analysis

R language software [R-3.6.3, 64-bit] was used for all
R-related analyses. Results from more than three inde-
pendent repetitions are presented as mean +standard
deviation (SD). The Student’s t-test was used to com-
pare two groups of independent samples. In all analy-
ses, P<0.05 was considered statistically significant (ns
indicated not significant (2>0.05), * indicated P<0.05,
** indicated P<0.01, *** indicated P<0.001, and **** indi-
cated P<0.0001, respectively).

Results
Pan-cancer expression landscape of PER3

The transcription levels of PER3 were analyzed using the
TCGA and GTEx databases (Fig. 1A). Generally, PER3
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Fig. 1 A Dysregulated PER3 mRNA expression in pan-cancer. B Correlations between PER3 expression and OS, DSS, and PFl in pan-cancer (with
significant differences in OS or DSS and PFI). ns, not significant; *P < 0.05; **P<0.01; and ***P<0.001

mRNA expression was significantly lower in tumors
than that in normal tissues across most cancers (n=22)
(P<0.05). Specifically, in lymphoid neoplasm diffuse large
B-cell lymphoma, brain lower grade glioma (LGG), pan-
creatic adenocarcinoma, pheochromocytoma and para-
ganglioma, thyroid carcinoma, and thymoma (THYM),
PER3 expression was significantly higher in tumors than
that in normal samples (P<0.05). However, no significant
difference in PER3 expression was observed between the
tumor group and the normal tissue group in kidney chro-
mophobe and KIRC (P>0.05). Data on PER3 expression
in normal tissues corresponding to mesothelioma and
uveal melanoma were unavailable in the databases, and
the number of relevant normal tissues for sarcoma was
insufficient for analysis (n=2).

Pan-cancer analysis of the multifaceted prognostic value

of PER3

Based on the 28 cancers exhibiting significant differen-
tial PER3 expression between tumors and correspond-
ing normal tissues, the survival curves of OS, DSS, and
PFI were used to confirm the effects of PER3 expression
levels on patient prognosis. Cancers exhibiting significant
differences in OS or DSS and PFI were considered for

further studies (Fig. 1B). The results demonstrated that
higher PER3 expression can improve patient prognosis in
eight cancer types (hazard ratio [HR] < 1; P<0.05): BRCA,
cervical squamous cell carcinoma and endocervical ade-
nocarcinoma (CESC), esophageal carcinoma (ESCA),
HNSC, KIRP, LGG, LUAD, and uterine carcinosarcoma
(UCS). Conversely, high PER3 expression was associ-
ated with unfavorable OS or DSS and PFI in adrenocorti-
cal carcinoma (ACC), COAD, stomach adenocarcinoma
(STAD), THYM, and UCEC (HR<1; P<0.05). Notably,
the OS result for THYM differed from that of DSS and
PFI. Detailed K—-M curves for OS, DSS, and PFI are pre-
sented in Supplemental Fig. S1.

Pan-cancer promoter methylation landscape of PER3

Because promoter methylation regulates gene expres-
sion in cancer, we investigated PER3 promoter methyla-
tion levels in pan-cancer. Results revealed significantly
higher PER3 promoter methylation levels in 11 cancers
(P<0.05) (BRCA, CHOL, COAD, GBM, HNSC, KIRP,
LUAD, LUSC, PRAD, READ, and UCEC) compared with
their corresponding normal tissues (Fig. 2). Considering
the effects of PER3 on prognosis of patients with ACC,
BRCA, CESC, COAD, ESCA, HNSC, KIRP, LGG, LUAD,
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Fig. 2 Hypermethylation of PER3 promoter in pan-cancer. Data are presented as mean +SD. *P < 0.05; **P<0.01; and ***P <0.001

STAD, THYM, UCEC, and UCS, subsequent analyses
focused on six cancers (BRCA, COAD, HNSC, KIRP,
LUAD, and UCEC). We also investigated the expres-
sion levels of PER3’s transcription factors CLOCK and
BMAL1 in pan-cancer (Supplemental Fig. S2A-B).
Downregulation of CLOCK or BMALL1 occurred in blad-
der urothelial carcinoma (BLCA), BRCA, COAD, KICH,
KIRC, KIRP, LUAD, PCPG, PRAD, THCA, and UCEC.
The simultaneous CLOCK and BMALI expression
increase occurred only in LIHC and STAD (P<0.05).

Promoter CGI methylation correlates

with the downregulation of PER3 mRNA expression

To further investigate PER3 promoter methylation lev-
els in the aforementioned six cancers, the promoter
CGI methylation levels and their relationships with
PER3 mRNA expression were studied (Fig. 3). Results
revealed a negative association between PER3 expres-
sion and the methylation levels of CGIs c¢g12258811 and
cg14204433 in BRCA, COAD, HNSC, KIRP, LUAD, and
UCEC (P<0.05). Furthermore, the hypermethylation of
CGI cgl1753033 correlated with reduced PER3 expres-
sion in HNSC, KIRP, and UCEC (P<0.05). Additionally,
CGI ¢g11843502 methylation inhibited PER3 expression

in LUAD and UCEC (P<0.05). In UCEC, higher meth-
ylation levels of CGI cg06487986 or cg23927002 were
associated with reduced PER3 expression (P<0.05). The
methylation profiles of these promoter regions in BRCA,
COAD, HNSC, KIRP, LUAD, and UCEC, as well as their
corresponding normal tissues, are displayed in Supple-
mental Fig. S3.

Prognostic value of methylation in the PER3 promoter

We evaluated the relationship between patient OS and
the methylation level of promoter and PER3 expression-
related promoter CGlIs in the six cancers. Figure 4 depicts
the results for all promoters and OS-related promoter
CGIs. Additionally, Supplemental Fig. S4 presents the
results of promoter CGIs that were non-significantly cor-
related with OS (P>0.05). Except for Fig. 4G and S4C
and F (from MethSurv), all analyses were performed
using the EWAS Data Hub database. Higher promoter
methylation was associated with poor OS in BRCA and
LUAD (P<0.05) (Fig. 4A and E). Moreover, high methyla-
tion levels of CGIs cg12258811 in KIRP and ¢g11843502
in LUAD reduced OS (P<0.05) (Fig. 4G—H). However,
increased methylation levels of the CGI c¢g14204433
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in UCEC were associated with improved OS (P<0.05)
(Fig. 41).

PER3 promoter methylation level and mRNA expression
vary in different cancer stages

Figure 5D depicts that stages 3 and 4 of KIRP exhibited
significantly higher PER3 promoter methylation levels
than stage 1 (P<0.05). Conversely, LUAD and UCEC
exhibited decreased PER3 promoter methylation levels
in the advanced stage (P<0.05) (Fig. 5E—F). Furthermore,
stage 3 PER3 expression was significantly lower than that
of stage 1 in BRCA and LUAD (P<0.05) (Fig. 5G and
K). However, stage 3 PER3 expression was significantly
higher than that of stage 1 in UCEC (P<0.05) (Fig. 5L). In
KIRP, stage 4 PER3 expression was significantly reduced
compared with those of stages 1 and 3 (P<0.05) (Fig. 5]).
In COAD, stage 3 PER3 expression was significantly
higher than that of stages 2 and 4 (P<0.05) (Fig. 5H).
However, PER3 promoter methylation levels of patients
with BRCA, COAD, and HNSC and PER3 expression

in HNSC were uncorrelated to individual cancer stages
(P>0.05) (Figs. 5A—C and I). Moreover, the correlation
between the cancer stages and PER3 expression was ana-
lyzed in six cancers, excluding UCEC, due to the lack of
corresponding data in TCGA (Supplemental Fig. S2C).
The reduced PER3 was associated with advanced T stages
in BRCA, HNSC, and LUAD (P<0.05). In KIRP and
LUAD, PER3 downregulation correlated with worse N
stages (P<0.05). However, PER3 expression was uncorre-
lated with the T, N, or M stage of COAD (P>0.05).

PER3 expression and immune cell infiltration

The results of PER3 expression-related infiltration anal-
ysis of immune cells are displayed in Fig. 6 and S5. In
all six cancers, we discovered a significant positive cor-
relation between PER3 expression and central memory
T cell (TCM) and T helper cell infiltration (P<0.05).
Moreover, higher eosinophil and mast cell infiltra-
tions were associated with increased PER3 expression
in all six cancers except UCEC (P<0.05). Furthermore,
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Fig. 6 PER3 expression correlates with immune infiltration in six cancers. A BRCA; B COAD; C HNSG; D KIRP; E LUAD; F UCEC

elevated PER3 expression was strongly associated with ~ with regulatory T (Treg) cell infiltration (Fig. 6A and
natural killer (NK) cell infiltration in BRCA, COAD, D).

HNSC, and LUAD (P<0.05). Specifically, high PER3

expression was associated with increased infiltration of ~ Enrichment analysis of PER3 expression-related DEGs
most immune cells in COAD and HNSC (Fig. 6B—C). In  We further investigated the molecular mechanism in
BRCA and KIRP, PER3 levels were negatively correlated ~ which PER3 was involved (Fig. 7). “humoral immune
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Fig. 7 Distributions of PER3-associated GO and KEGG pathways in six cancers

response” and “defense response to bacterium” were
enriched in biological processes (BP) of BRCA, LUAD,
and UCEC. Hormone-related BP “regulation of hor-
mone levels” and “regulation of hormone secretion” were
abundant in BRCA, COAD, LUAD, and UCEC. “neuron
migration” occurred in BP of HNSC and LUAD. Neuro-
logical function-related cellular components (CC), like
“synaptic membrane’, “synaptonemal structure’, “intrin-
sic component of postsynaptic membrane’, and “neuron
cell body” were broadly enriched in COAD, HNSC, KIRP,
and LUAD. “vesicle lumen’, “cytoplasmic vesicle lumen’,
and “secretory granule lumen” correlated with PER3
regulation in BRCA and LUAD. Moreover, in molecular
functions (MF) analysis, PER3 was correlated with func-
tions related to signal transduction and ion transport,
such as “signaling receptor activator activity’, “receptor
ligand activity’, and “passive transmembrane transporter
activity” in COAD, HNSC, KIRP, LUAD, and UCEC.

“hormone activity” was associated with PER3 function

in COAD, KIRP, and LUAD. Universally, “neuroactive
ligand-receptor interaction” was extensively enriched
in KEGG pathway analysis of COAD, KIRP, LUAD, and
UCEC. “IL-17 signaling pathway” was correlated with
PER3 in BRCA and UCEC.

PER3 inhibits KIRP and LUAD progression in vitro

and in vivo

Considering the consistent tumor suppression function
demonstrated in the preceding results, we selected KIRP
and LUAD for validation in cell trials. Initially, KIRP cell
lines 786-O and Caki-1 exhibited lower PER3 expression
compared with normal HK-2 cells (P<0.05) (Fig. 8A—
B). Upon lentivirus infection, PER3 was overexpressed
in 786-O and Caki-1, while silenced in HK-2 (P<0.05)
(Figs. 8C-E and 9A-B). The results of colony formation
and CCK-8 assays demonstrated that PER3 overexpres-
sion suppressed, while PER3 silence promoted tumor
cell proliferation (P<0.05) (Figs. 8F-H and 9C-D). The
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PER3-overexpressed groups demonstrated significantly
reduced migration rates (Supplemental Fig. S6A, B) and
cell numbers for migration and invasion (Supplemental
Fig. S6C, D) compared with the control groups (P<0.05).
On the contrary, the knockdown of PER3 enhanced the
migration and invasion capacities of HK-2 (P<0.05) (Sup-
plemental Fig. S7A, B). Moreover, we also explored the
impact of PER3 overexpression in A549 cells. Cell prolif-
eration, migration, and invasion of A549 were inhibited
after PER3 was overexpressed, which coincided with KIRP
(P<0.05) (Fig. 9E-H and S7C, D). In vivo experiment
results revealed that the tumor weight and volume in the

PER3-786-O group were significantly lower than those in
the vector-786-O group (Fig. 8I-K) (P<0.05). IHC results
revealed that PER3 expression was upregulated in the
tumor of the PER3-786-O group (P<0.05), and H&E stain-
ing revealed that the tumor cell density was lower in the
PER3-786-O group (Fig. 8L—M). Accordingly, PER3 can
inhibit KIRP and LUAD progression in vitro and in vivo.

PER3 promoter CGl cg12258811 hypermethylation
suppresses PER3 expression in KIRP

BSP was performed to confirm the methylation sta-
tus of CGI ¢gl12258811 and its correlation with PER3
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expression in KIRP. The DNA sequence of CGI
cgl12258811 was examined using the MethPrimer web-
site (https://urogene.org/cgi-bin/methprimer/methp
rimer.cgi). Cg12258811, comprising three CG sites, was
situated 379-392 bp downstream of the PER3 transcrip-
tional start site (circled). The CG at 384 bp, which exhib-
ited the most significant change (underlined), was used
for statistical analysis (Fig. 10A). The methylation level
of CGI ¢g12258811 in KIRP cell lines (786-O and Caki-
1) was significantly higher than that in the HK-2 cells
(P<0.0001) (Fig. 10B-C), indicating CGI ¢g12258811
hypermethylation in KIRP. DAC treatment significantly
reduced CGI cg12258811 methylation levels (Fig. 10B-D)
while increasing PER3 mRNA levels in 786-O and Caki-1
cells (P<0.001) (Fig. 10E). These findings suggest that
CGI cgl2258811 hypermethylation is associated with
PER3 downregulation. We further assessed the effect of

DAC on the function of KIRP cells. The results indicated
that the proliferation, migration, and invasion capacities
of 786-O and Caki-1 were suppressed after DAC treat-
ment (P<0.05) (Supplemental Fig. S7E-H). This is con-
sistent with the effect of PER3 overexpression on KIRP.

Discussion

In this study, PER3 mRNA expression was down-
regulated in 22 cancers, and upregulated in 6 cancers,
consistent with previous studies [9, 15, 36]. Survival
analyses revealed that higher PER3 expression was
associated with improved prognoses in BRCA, CESC,
ESCA, CESC, HNSC, KIRP, LUAD, and UCS, whereas
high PER3 expression was associated with poor prog-
noses in ACC, COAD, STAD, and UCEC. However, the
results of DSS and PFI analyses contradicted that of the
OS analysis in THYM, indicating that the correlation
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between PER3 expression and THYM prognosis
requires further investigation. Based on the results of
PER3 expression and its association with clinical char-
acteristics and prognosis in pan-cancer, we speculate
that PER3 acts as a tumor suppressor in many cancers
but causes poor prognosis in others. We further inves-
tigated the specific reasons for PER3 expression varia-
tion in pan-cancer.

The results of PER3 promoter methylation level analy-
ses in pan-cancer revealed that the promoter meth-
ylation level of PER3 was significantly higher in 11
cancers than in normal tissues, confirming that hyper-
methylation of the PER3 promoter is common in many
cancers. However, not all tumors exhibited a correlation
between promoter hypermethylation and PER3 tran-
scriptional downregulation. We attempted to explain the
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phenomenon of reduced PER3 expression but unchanged
promoter methylation levels in some cancers by ana-
lyzing PER3 transcription factor expression profiles.
After comparison, in all tumor types with reduced PER3
expression, the only tumor type with unchanged pro-
moter methylation and low CLOCK/BMALL expres-
sion was BLCA, and there was simultaneous promoter
hypermethylation and low CLOCK/BMALIL expres-
sion in BRCA, COAD, KIRP, LUAD, PRAD, and UCEC.
These results suggest that PER3 expression in cancers
was inhibited jointly by promoter hypermethylation and
downregulation of transcription factors. In LIHC and
STAD with low PER3 expression, CLOCK and BMAL1
were simultaneously upregulated, and the methylation
levels did not change. This may involve other epigenetic
modifications of non-coding RNA and chromatin remod-
eling, which needs further study.

To establish the relationship between promoter meth-
ylation level, expression level, and PER3 prognosis, six
cancers (BRCA, COAD, HNSC, KIRP, LUAD, and UCEC)
were selected for in-depth research because all results
of promoter methylation level, expression level, and
prognosis analysis of PER3 were statistically significant.
We discovered that the hypermethylation of promoter
CGIs cgl12258811 and cgl14204433 was associated with
decreased PER3 expressions in all six cancers. Further-
more, promoter hypermethylation in BRCA and LUAD
resulted in poor OS. The hypermethylation of promoter
CGIs ¢g12258811 in KIRP and cg11843502 in LUAD was
associated with reduced OS. However, high methylation
levels of CGI ¢g14204433 improved OS in UCEC. The
expression-related prognostic analysis revealed that high
PER3 expression can improve outcomes in patients with
BRCA, HNSC, LUAD, and KIRP but can hinder progno-
sis in COAD and UCEC. As expected, the effect of pro-
moter (or specific promoter CGIs) methylation level on
OS in BRCA, LUAD, KIRP, and UCEC contradicted that
of PER3 expression.

Furthermore, the methylation level of the PER3 pro-
moter and PER3 expression were correlated with cancer
stages. In KIRP, promoter hypermethylation and low
PER3 expression resulted in advanced individual can-
cer stages. Conversely, in UCEC, hypomethylation of
the PER3 promoter and high expression were associated
with cancer stage development. The negative regulation
of PER3 expression by the CGI 12558811 methylation
level in KIRP was validated by BSP and RT-qPCR tests.
The inhibitory role of PER3 on KIRP and LUAD progres-
sion was validated in vitro and in vivo. Notably, DAC
reduced PER3 promoter (cg12258811) methylation levels,
increased its expression, and inhibited KIRP cell func-
tions, which provides a new theoretical basis for treating
tumors with epigenetic drugs.
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As a component of the tumor microenvironment,
immune cells play a critical role in the carcinogene-
sis of many cancers [37, 38]. In most of the six cancers
studied, PER3 upregulation was associated with higher
infiltrations of TCM cells, T helper cells, eosinophils,
mast cells, and NK cells. The anti-tumor effect of these
immune cells has been demonstrated in many previous
studies [39-43]. In BRCA and KIRP, PER3 levels were
negatively correlated with Treg cell infiltration. These
findings provide immunological evidence for the anti-
tumor role of PER3. Immune-related BP and the “IL-17
signaling pathway” were associated with PER3 expression
in BRCA and UCEC, which provided further evidence
that immune function is involved. Moreover, hormone-
related BP, neurological function-related CC, and signal
transduction and ion transport-related MF were identi-
fied as common PER3-triggered molecular mechanisms.
Noticeably, “neuroactive ligand-receptor interaction” was
extensively enriched in the KEGG pathway analysis, pro-
viding a valuable direction for the study of downstream
signaling pathways.

Overall, we observed strong associations between
PER3 promoter hypermethylation, especially in CGIs
cgl12258811 and ¢gl4204433, and reduced expres-
sion across the six cancers. Increased PER3 expression
improved prognosis in BRCA, HNSC, KIRP, and LUAD
but worsened outcomes in COAD and UCEC. Further-
more, a direct relationship between promoter meth-
ylation status and prognosis was discovered in BRCA,
KIRP, LUAD, and UCEC. Specifically, promoter hyper-
methylation and PER3 downregulation in KIRP, but pro-
moter hypomethylation and PER3 upregulation in UCEC
were associated with advanced individual cancer stages.
These findings suggest that promoter hypermethylation
in BRCA, HNSC, KIRP, and LUAD may promote cancer
progression by downregulating PER3 expression.

Conclusions

In conclusion, our findings identified PER3 as a prog-
nostic marker in pan-cancer and elucidated the epige-
netic mechanism underlying PER3 expression variation.
Our findings provide a valuable foundation for further
research on PER3 and its promoter methylation in cancer,
which may contribute to tumor treatment and prognosis.
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