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Abnormal methylation characteristics e

predict chemoresistance and poor prognosis
in advanced high-grade serous ovarian cancer
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Abstract

Background: Primary or acquired chemoresistance is a key link in the high mortality rate of ovarian cancer. There is
no reliable method to predict chemoresistance in ovarian cancer. We hypothesized that specific methylation charac-
teristics could distinguish chemoresistant and chemosensitive ovarian cancer patients.

Methods: In this study, we used 450 K Infinium Methylation BeadChip to detect the different methylation CpGs
between ovarian cancer patients. The differential methylation genes were analyzed by GO and KEGG Pathway bioin-
formatics analysis. The candidate CpGs were confirmed by pyrosequencing. The expression of abnormal methylation
gene was identified by QRT-PCR and IHC. ROC analysis confirmed the ability to predict chemotherapy outcomes.
Prognosis was evaluated using Kaplan—Meier.

Results: In advanced high-grade serous ovarian cancer, 8 CpGs (ITGB6:cg21105318, cg07896068, cg18437633;
NCALD: cg27637873, cg26782361, cg16265707; LAMA3: cg20937934, cg13270625) remained hypermethylated in
chemoresistant patients. The sensitivity, specificity and AUC of 8 CpGs (ITGB6:cg21105318, cg07896068, cg18437633;
NCALD: cg27637873, cg26782361, cg16265707; LAMA3: cg20937934, cg13270625) methylation to predict chemo-
therapy sensitivity were 63.60-97.00%, 46.40-89.30% and 0.774-0.846. PFS of 6 candidate genes (ITGB6:cg21105318,
€g07896068; NCALD: cg27637873, cg26782361, cg16265707; LAMA3: cg20937934) hypermethylation patients was
significantly shorter. The expression of NCALD and LAMA3 in chemoresistant patients was lower than that of chemo-
sensitive patients. Spearman analysis showed that NCALD and LAMA3 methylations were negatively correlated with
their expression.

Conclusions: As a new biomarker of chemotherapy sensitivity, hypermethylation of NCALD and LAMA3 is associated
with poor PFS in advanced high-grade serous ovarian cancer. In the future, further research on NCALD and LAMA3
will be needed to provide guidance for clinical stratification of demethylation therapy.
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Prognosis
Background
Ovarian cancer is the most lethal cancer of the female
reproductive system. In 2019, 22,530 new cases and
13,980 death occurred in the USA [1]. For the first diag-
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and the 5-year survival rate has remained below 30% [3,
4]. Primary or acquired chemoresistance is a key link
in the high mortality rate of ovarian cancer [5, 6]. If the
patient’s sensitivity to traditional chemotherapy can be
assessed before treatment, doctors can guide chemore-
sistant patients to undergo clinical trials to seek survival
opportunities. Therefore, it is necessary to use robust and
sensitive biomarkers to predict chemotherapy outcome
in ovarian cancer patients.

At present, there is no reliable method to predict chem-
oresistance in ovarian cancer. DNA methylation as a bio-
marker has the following advantages: chemical stability,
quantitative detection, chemoresistance-related methyla-
tion changes usually occur before the start of chemore-
sistance, noninvasive detection (can be detected in the
patient’s body fluids) [7]. With the update of DNA meth-
ylation detection platform and technology, more and
more genes involved in ovarian cancer chemoresistance
have been reported. Except BRCA1, DNA damage repair
pathway-related genes, PTEN, RASSF1, MDR1 and
FANCEF gene hypermethylation were positively corre-
lated with chemotherapy sensitivity. In recent years, new
DNA methylation studies related to chemotherapy resist-
ance of ovarian cancer include at least MLH1 [8], SER-
PINEL1 [9], TRIB2 [10], KLF4 [11], FZD10 [12], ZNF671
[13], ABCB1 [14], hMSH2 [15] and other genes. This
shows that the regulatory mechanism of DNA methyla-
tion in ovarian cancer chemotherapy resistance is com-
plex and diverse. A variety of methylated genes interact
with each other, which together leads to chemotherapy
resistance in ovarian cancer.

Relative to genetic mutations, DNA methylation can
be reversed. Demethylation drugs can reverse abnormal
methylation, improve the sensitivity of ovarian cancer
patients to chemotherapy drugs, improve efficacy and
prolong survival [16—18]. Currently, there are few results
on genome-wide methylation in chemoresistant ovarian
cancer patients. Here, we used 450 K Infinium Methyla-
tion BeadChip to study the genome-wide methylation
characteristics of chemotherapy resistance in ovarian
cancer.

Materials and methods

Patients

We collected the initial surgical samples of ovarian can-
cer patients (only carcinomas and not borderline tumors)
from the Guangxi Medical University Cancer Hospital.
A total of 108 frozen samples (epithelial ovarian cancer)
were used for 450 K Infinium Methylation BeadChip,
pyrosequencing and QRT-PCR. 132 paraffin samples
(advanced high-grade serous ovarian carcinoma) were
used for immunohistochemistry. All patients had com-
plete chemotherapy outcome records and postoperative
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pathological diagnosis. All patients provided written
informed consent and were approved by the institutional
review committee of Guangxi Medical University Cancer
Hospital.

Follow-up

OS (overall survival) was defined as the time from the
diagnosis to the death from ovarian cancer, and the sur-
vival data of the last follow-up survivors were recorded
as censored data. PFS (progression-free survival) was
defined as the time from initial treatment to tumor pro-
gression. Response to treatment was evaluated using the
Response Evaluation Criteria In Solid Tumors (RECIST
1.1 criteria) [19]. Platinum-resistant and refractory ovar-
ian cancer was defined as those whose disease had pro-
gressed during first-line platinum-based chemotherapy
or relapsed within 6 months after the last platinum treat-
ment [20]. Platinum-sensitive ovarian cancer was defined
as relapse more than 6 months after platinum-based
chemotherapy [21].

Study design

In this study, we included two stages to identify and
validate chemoresistance-related CpGs in ovarian can-
cer. In the discovery stage, 450 K Infinium Methylation
BeadChip was used for screening, and enrichment anal-
ysis was used to select biologically meaningful CpGs.
The relationship between abnormal methylation and
chemotherapy resistance and prognosis was analyzed.
In the verification stage, candidate CpGs were verified
by pyrosequencing. To clarify whether differential CpGs
play a biological function, we used QRT-PCR and immu-
nohistochemistry to detect gene expression.

450K Infinium Methylation BeadChip

Qualified DNA was extracted from 108 samples. DNA
was modified by Epitect bisulfite kit (Qiagen, Cat. No.
59110, Germany) and analyzed by 450 K Infinium Meth-
ylation BeadChip (Illumina, San Diego, CA, USA) in
Shanghai Jingneng company. The methylation level was
scored with standardized beta score values ranging from
0 (unmethylated) to 1 (fully methylated). Limma pack-
age (R) calculates differential methylation sites between
chemotherapy-resistant and chemotherapy-sensitive
patients (P<0.01, |Diff Beta Score|>0.1). Go (http://
geneontology.org/) and KEGG (http://www.genome.
jp/kegg/) databases were used to enrich the differential
methylation genes. The candidate CpGs were selected
according to the Diff Beta Score value and biological
function.
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Literature search strategy

Gene search strategies were based on Yan’s article [22].
Used ‘ovarian cancer’ or ‘ovarian carcinoma, ‘DNA
methylation’ or ‘methylation, ‘resistant’ or ‘resistance’
or ‘chemoresistance’ as keywords, we screened methyl-
ated genes associated with the regulation of drug resist-
ance in ovarian cancer from an advanced search in the
PubMed database (http://www.ncbi.nlm.nih.gov/pub-
med/). The search date was updated to May 4, 2021.

Pyrosequencing

We used pyrosequencing to quantitatively determine
the methylation level of candidate CpGs. Pyrosequenc-
ing primers were designed using PyroMark Assay
Design 2.0 software. The primer sequences are shown
in Additional file 1: Table S1. Bisulfite modified DNA
amplified by PyroMark PCR Kit (Qiagen, Cat. No.
978703, Germany). The reaction steps were as follows:
polymerase activation (95°, 3 min), 40 cycles of dena-
turation (94°, 30 s), annealing (52°, 30 s), extension (72°,
1 min) and final extension 72°, 7 min. The PCR prod-
ucts were qualitatively and quantitatively analyzed by
1% agarose gel electrophoresis.

QRT-PCR

RNA extraction kit (Thermo Scientific, Cat. No. K0731,
USA) for RNA extraction. Reverse transcription kit
(Thermo Scientific, Cat. No. K1622, USA) for reverse
transcription of cDNA. The polymerase chain reac-
tion was performed used a fluorescent quantitative PCR
kit (Taraka, Cat. No. DRR820A, Japan). The primer
sequences are shown in Additional file 1: Table S2. The
274¢ method calculated the relative expression levels of
candidate genes. GAPDH was used as an internal control,
and all experiments were repeated three times.

Immunohistochemistry

NCALD, ITGB6 and LAMA3 concentration were 1:400
(Abcam, Cat. No.ab155161, UK), 1:20 (Abcam, Cat. No.
ab197672, UK) and 1:50 (Abcam, Cat. No. ab217213,
UK). NCALD, ITGB6, LAMA3 were mainly expressed
in the cytoplasm, and a small amount was expressed in
the cell membrane. Two pathologists read the pathologi-
cal sections independently. The score criteria were as fol-
lows: Positive cell ratio of<1, 1-25%, 25-50%, 50—-75%
and 75-100% were assigned 0, 1, 2, 3, 4 points, respec-
tively. Stain intensity of no coloring, light yellow, yel-
low, brown was assigned 0, 1, 2, 3 points, respectively.
The product of positive cell ratio and stain intensity was
stain index. Stain index <6 points were classified as a
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low expression, while >6 points were classified as a high
expression [23].

Statistical analysis

Except for 450 K Infinium Methylation BeadChip, the
rest of the statistical analysis was performed using SPSS
17.0. ROC analysis confirmed the ability to predict
chemotherapy outcomes. The cutoff point correspond-
ing to the maximum Youden’s index was the cutoff value.
According to the cutoff value, patients with ovarian can-
cer were divided into hypermethylation and hypometh-
ylation. T test (measurement data) and chi-square test
(categorical data) were used for comparison between the
two groups. The association between CpGs and progno-
sis was assessed by the Kaplan—Meier plotter. Spearman
analyzed the relationship between two variables. 2<0.05
was considered statistically significant.

Results

Study population

The median age of patients was 50.98 +10.40 years old.
The clinical characteristics are shown in Table 1. Among
the frozen samples, 85 patients had FIGO stage III-
IV and 23 patients had FIGO stage I-II. There were 91
patients with serous type, 14 patients with mucinous type
and 3 patients with endometrioid histology types. There
were 74 patients with high-grade serous carcinoma and
17 patients with low-grade serous carcinoma. There were
11 patients with grade 3 and 6 patients with grade 1-2
in mucinous carcinoma and endometrioid carcinoma.
According to the postoperative chemotherapy scheme,
there were 57 patients with TP (paclitaxel plus cisplatin)
and 51 patients with TC (paclitaxel plus carboplatin).
CpGs were verified in FIGO stage III-IV high-grade
serous ovarian cancer, so the corresponding gene expres-
sion detection was carried out in advanced high-grade
serous paraffin samples.

Genome-wide DNA methylation between chemoresistant
patients and chemosensitive patients in epithelial ovarian
cancer

The 450 K Infinium Methylation BeadChip contains
450,000 CpGs, covering 96% of CpG islands. Almost
all the methylation genes annotated by NCBI are cov-
ered. Since most functionally related DNA methylation
occurs on the CpG island of gene promoters, we prefer to
select candidate CpG in the promoter region. 7263 CpGs
showed significant differences between chemoresistant
and chemosensitive epithelial ovarian cancer patients
(55 chemoresistant and 53 chemosensitive patients), cor-
responding to 2654 genes. See Fig. 1la. Compared with
chemosensitive patients, there are 6051 hypermethyl-
ated CpG loci (corresponding to 2162 genes) and 1212
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Table 1 Clinical characteristics of patients

Clinical characteristics Frozen samples (N =108) Paraffin samples (N=132) All (N=240)
Age 481241147 5332+879 50.98+10.40
FIGO stage

[=I1 23 - 23

-V 85 132 217

Grade (serous)

3 74 132 206

1 17 - 17

Grade (mucinous and endometrioid)

3 1 - 1

2 1 - 1

1 5 - 5

Histology types

Serous 91 132 223
Mucinous 14 - 14
Endometrioid 3 - 3

Surgical debulking

Optimal 76 96 172
Suboptimal 32 36 68
Chemotherapy outcome

Chemoresistant 55 56 111
Chemosensitive 53 76 129
Postoperative chemotherapy scheme

TP (paclitaxel plus cisplatin) 57 58 115

TC (paclitaxel plus carboplatin) 51 74 125

hypomethylated CpG loci (corresponding to 452 genes)
in chemoresistant patients. The difference CpGs in pro-
moter region corresponds to 1058 genes, and the dif-
ference CpGs in the 5'UTR region corresponds to 305
genes. The signal pathways of differential methylation
genes enriched in KEGG include drug metabolism-
cytochrome P450, focal adhesion, calcium signaling
pathway, PI3K-Akt signaling pathway and ErbB signaling
pathway. Similarly, the biological process of GO enrich-
ment includes the multicellular organismal process, cell
adhesion, cell migration and calcium ion binding. See
Fig. 1b, c and Additional file 1: Tables S3—S4.

We systematically searched the literature in the
PubMed database and obtained 53 methylated genes
related to chemotherapy resistance in ovarian cancer.
Among them, 22 methylation genes related to ovar-
ian resistance reported in the literature are enriched
in our Methylation BeadChip results. The difference of
BRCA1, CD133, ASS1, ABCG2, TGFBI, RGS10, UCHLI,
CLDN4, HOXA10, DOK2, AGR2 and OXCT1 gene in
our 450 K Infinium Methylation BeadChip is consist-
ent with that reported in the literature. The difference
of DNAJC15, RASSF1, HOXA9 and SFRP5 gene in our
450 K Infinium Methylation BeadChip is contrary to that

reported in the literature. There is no significant differ-
ence in MLH1, FBXO32, PTEN, MAL, TUBB3, FANCF
gene in our Methylation BeadChip, see Table 2 [9-12,
15, 24—65]. Because there are few studies on hypometh-
ylation, we prefer to study hypermethylation genes in
ovarian cancer chemoresistance. Based on the Diff Beta
Score value, CpG region, KEGG and GO analysis, we
selected 9 candidate CpGs with fewer reports in the cur-
rent research literature, corresponding to 4 methylated
genes (ITGB6:cg21105318, ¢g07896068, cgl18437633;
NCALD: ¢g27637873, cg26782361, cgl6265707; PIK3R3:
€g27584146; LAMA3: ¢g20937934, cgl13270625). Diff
Beta Score is given in Table 3.

Genome-wide DNA methylation between chemoresistant
patients and chemosensitive patients in advanced
high-grade serous ovarian cancer

High-grade serous ovarian cancer (HGSOC) is the most
common ovarian cancer subtype and accounts for 80%
of the deaths caused by the disease. Advanced (FIGO
stage III and IV) HGSOC is one of the hardest human
malignancies to treat. We performed genome-wide
methylation analysis in advanced high-grade serous ovar-
ian cancer (33 chemoresistant and 28 chemosensitive



Feng et al. Clin Epigenet ~ (2021) 13:141

Page 5 of 18

3
2
1
0

-2
-3

BB Resistance
Wl Sensitivity

-log(Pvalue)

Morphine additon
Gitamatergic synapse
Pathways i cancer
Focaladhesion

‘Small cellung cancer
Insuin secreion

(Calcium signaling pathway

§
g
2
§

Estogen sigralng patay

Hypertiophi cardiomyopathy (HCM)

Mucintype O~Glycan biosynthesis

Neuroactive igand-receptor nteracior
Drug metabolism - cylochrome P40
Retograde endocannabinoid signaing
Ascorbate and aldarate metabolism
letaboismof xenobiois b ctochrome P40

Adosterone-reguiated sodum reabsorpion

i
e

BB Hypermethylation
B8 Hypomethylation

passive transmembrane transporter actvty
substrate-specific channel acivty

fon channel activy

signal transducer actvty

‘molecular transducer activity

receptor activity

signaling receptor activty

G-protein coupled receptor actvty

transmembrane signaling receptor activity

olfactory receptor actvity
cell projection part —|
synapse —

plasma membrane part —|
celljunction ]

integral to membrane |

intrinsic o membrane —{ |

membrane part —| |

e | |

plastma membrane —|

cell periphery —|

detection of stmulus involved in sensory peroeption

system process

sensory perception of chemical stimulus

detection of chemical stimulus involved in sensory perception
detection of chemical stmulus

neurologicalsystem process

10t chemical stimulus involved in sensory perception of smell
‘sensory perception of smell

multicellular organismal process

single-multiceluar orgarism process

o 0 o 0 o ' o
- - N N ™
~log(Pvalue)

Fig. 1 Genome-wide DNA methylation in epithelial ovarian cancer: a heat map of differential methylated genes. b The biological process of
differential methylation genes (GO). ¢ The signal pathways of differential methylation genes (KEGG)

patients). In advanced high-grade serous ovarian cancer,
3446 CpGs showed significant differences between chem-
oresistant and chemosensitive patients, corresponding to
855 genes. Compared with chemosensitive patients, there
are 2707 hypermethylated CpGs (corresponding to 1611
genes) and 739 hypomethylated CpGs (corresponding to
344 genes) in advanced high-grade serous chemoresist-
ant patients. In advanced high-grade serous ovarian can-
cer, 8 CpGs remained hypermethylated in chemoresistant
patients (ITGB6:cg21105318, cg07896068, cgl8437633;
NCALD: cg27637873, cg26782361, cgl16265707; LAMA3:
€g20937934, ¢gl13270625).The difference between the
6 CpGs (ITGB6:cg21105318, cg07896068, cgl8437633;
NCALD: ¢g27637873, ¢g26782361, cgl6265707) in
chemoresistant patients and sensitive patients is more
than 0.2.

The ability of candidate CpGs to predict chemotherapy
sensitivity in advanced high-grade serous ovarian cancer
There is a need to develop and validate biomarkers
for chemotherapy response and survival in advanced

high-grade serous ovarian cancer (N=61). The sensitiv-
ity, specificity and AUC of 8 candidate CpGs methylation
to predict chemotherapy sensitivity were 63.60-97.00%,
46.40-89.30% and 0.774-0.846. In SPSS, 8 CpGs were
included in binary logistic regression to produce a pre-
dicted value. ROC analysis was performed on the pre-
dicted value. The sensitivity, specificity and AUC of 8
candidate CpGs methylation combined to predict chem-
otherapy sensitivity were 69.70%, 92.90% and 0.867 (95%
CI 0.774-0.960, P<0.001), see Table 4. ROC curve is
shown in Fig. 2.

Hypermethylation of CpGs are associated with poor PFS

in advanced high-grade serous ovarian cancer (the total
group)

According to the ROC analysis result of the 450 K
Infinium Methylation BeadChip, the cutoff values of 8
CpGs (ITGB6:cg21105318, ¢g07896068, cgl8437633;
NCALD: ¢g27637873, ¢g26782361, cgl6265707;
LAMA3: ¢g20937934, cgl3270625) methylation were
42.77, 78.21, 81.02, 77.79, 74.21, 72.26, 63.65 and
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Table 3 Hypermethylated genes in chemoresistant ovarian cancer patients (epithelial ovarian cancer)

Genes Gene description Diff beta score P value
NCALD Neurocalcin delta 0.202116802 2.16E-08
SLC1A6 Solute carrier family 1 0.169488766 3.19E-08
RXRG Retinoid X receptor, gamma 0.165189407 6.28E—06
[TGB6 Integrin, beta 6 0.162725093 1.07E-05
DLG2 Disks, large homolog 2 (Drosophila) 0.161362933 1.22E—-03
CTBP2 C-terminal binding protein 2 0.156564368 4.62E—06
LAMA3 Laminin, alpha 3 0.15511936 1.84E-07
OR1E2 Olfactory receptor, family 1, subfamily E, member 2 0.151817648 8.27E—-08
OR5T3 Olfactory receptor, family 5, subfamily T, member 3 0.151025609 1.57E—07
OR4B1 Olfactory receptor, family 4, subfamily B, member 1 0.150708678 4.06E—08
EPB41L1 Erythrocyte membrane protein band 4.1-like 1 0.149492829 3.13E-05
OR8H3 Olfactory receptor, family 8, subfamily H, member 3 0.149428771 8.58E—08
GABRA6 Gamma-aminobutyric acid (GABA) A receptor, alpha 6 0.14743259 1.24E-07
OR10A5 Olfactory receptor, family 10, subfamily A, member 5 0.146965271 2.03E—06
RIMS1 Regulating synaptic membrane exocytosis 1 0.146489176 6.40E—07
GCNT3 Glucosaminyl (N-acetyl) transferase 3, mucin type 0.144933199 731E-06
MYH4 Myosin, heavy chain 4, skeletal muscle 0.14130487 1.29E—06
PIK3R3 Phosphoinositide-3-kinase, regulatory subunit 3 (gamma) 0.13020729 1.13E-03
Table 4 The ability of CpGs to predict chemotherapy sensitivity in advanced HGSOC

CpGid AUC 95% ClI P Cutoff Sensitivity Specificity
€g21105318 0.774 0.658-0.890 0.000 4277 0.970 0464
cg07896068 0.811 0.703-0918 0.000 78.21 0.636 0.893
€g18437633 0.785 0.667-0.902 0.000 81.02 0.667 0.786
€g27637873 0.846 0.749-0.944 0.000 77.79 0.818 0.786
€g26782361 0.835 0.735-0.936 0.000 74.21 0.727 0.821
€g16265707 0.814 0.708-0.919 0.000 72.26 0.636 0.857
€g20937934 0.787 0.672-0.902 0.000 63.65 0.879 0.571
cg13270625 0.787 0.672-0.901 0.000 60.16 0.758 0.714
Combined 0.867 0.774-0.960 0.000 68.63 0.697 0.929

60.16, respectively, in advanced high-grade serous
ovarian cancer (N=61). According to the cutoff
value of 8 CpGs methylation, patients were divided
into hypomethylation patients and hypermethylation
patients. Kaplan—Meier analysis showed that 6 candi-
date genes (ITGB6:cg21105318, cg07896068; NCALD:
cg27637873, ¢g26782361, cgl6265707; LAMA3:
€g20937934) hypermethylation can divide patients into
high-risk patients and low-risk patients to chemother-
apy. Compared with hypomethylation patients, PES of
6 candidate genes (ITGB6:cg21105318, cg07896068;
NCALD: ¢g27637873, ¢g26782361, cgl6265707;
LAMA3: cg20937934) hypermethylation patients was
significantly shorter, see Table 5. The survival curve is

shown in Fig. 3a—f. There was no significant difference
between OS.

Relationship between candidate CpGs methylation

and PFS in advanced HGSOC patients with different
surgical outcomes

Patients with complete debulking have a better progres-
sion-free survival. To exclude the effect of the surgical
outcome on prognosis, we analyzed the relationship
between 6 CpGs and PFS in patients with different sur-
gical outcomes. In advanced high-grade serous ovar-
ian cancer with complete debulking (N=37), PES
of 3 candidate CpGs (ITGB6:cg07896068; NCALD:
cg27637873, cgl6265707) hypermethylation patients
was significantly shorter. The survival curve is shown in
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Fig. 2 ROC curve of candidate CpGs to predict chemotherapy
sensitivity in advanced HGSOC

Fig. 4a—c. There was no significant difference between
PFS in advanced high-grade serous ovarian cancer with
incomplete debulking (N =24), see Table 5.
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Identification of candidate CpGs by pyrosequencing

in advanced high-grade serous ovarian cancer
Considering that there are certain false positives on
the 450 K Infinjum Methylation BeadChip, we fur-
ther verified the 8 candidate CpGs (ITGB6:cg21105318,
cg07896068,  cgl8437633; NCALD: cg27637873,
€g26782361, cgl6265707; LAMA3:  cg20937934,
cg13270625) used pyrosequencing in advanced high-
grade serous ovarian cancer. In the pyrosequencing
results, the methylation of 7 CpGs (ITGB6:cg21105318,
cg07896068, cgl8437633; NCALD: cg27637873,
€g26782361, cgl6265707; LAMA3: ¢g20937934) in the
chemoresistant patients were still higher than that in the
chemosensitive patients. There was no statistically sig-
nificant difference in c¢g13270625 (LAMA3) methylation
level between chemoresistant patients and chemosensi-
tive patients. The methylation rate is shown in Fig. 5a.

Low expression of NCALD and LAMA3 in advanced
high-grade serous ovarian cancer

In advanced high-grade serous ovarian cancer, 8
CpGs hypermethylated in chemoresistant patients
(ITGB6:cg21105318, cg07896068, cg18437633; NCALD:
cg27637873,  cg26782361, ¢gl6265707; LAMAS3:
€g20937934, cg13270625). The mRNA and protein expres-
sions of the corresponding 3 hypermethylated genes
(ITGB6, NCALD and LAMAS3) in advanced high-grade

Table 5 The relationship between CpGs methylation and PFS in advanced HGSOC

CpGid Advanced HGSOC (the total group) Advanced HGSOC with complete Advanced HGSOC with incomplete
debulking debulking

Mean (months) 95% Cl P Mean (months) 95% Cl P Mean (months) 95% Cl P
cg21105318
Hypomethylation 2298 1943-26.52 0020 2563 22.65-2860 0.086 20.33 12.63-28.04 0.08
Hypermethylation ~ 16.18 13.13-19.23 18.07 14.00-22.14 12.39 9.00-15.78
€g07896068
Hypomethylation 20.55 1744-2366 0.006 23.50 19.92-2709 0.004 16.14 11.04-2125 0343
Hypermethylation  13.66 9.74-17.57 14.14 843-19.86 12.30 8.04-16.56
€g27637873
Hypomethylation  21.36 18.02-24.70 0010  23.89 20.20-27.58 0015 1667 1043-2291 0437
Hypermethylation  15.18 11.59-18.78 16.27 11.00-21.53 13.00 9.10-16.90
€g26782361
Hypomethylation — 20.66 1733-2399 0019 2286 18.89-26.83 0.068 17.17 1155-22.79  0.168
Hypermethylation  15.08 11.35-18.81 17.18 11.84-22.51 11.25 8.04-14.46
cg16265707
Hypomethylation 20.37 1721-2352 0013 2289 19.27-26.52 0022 1623 10.76-21.71 0309
Hypermethylation ~ 14.37 1041-18.33 16.14 10.22-22.06 12.55 8.56-16.53
€g20937934
Hypomethylation 2197 18.07-2587 0.023 2430 20.15-2845 0073 18.00 10.04-2596 0212
Hypermethylation 1563 12.35-18.91 16.80 12.19-21.42 12.88 9.44-16.33




Feng et al. Clin Epigenet ~ (2021) 13:141

Page 11 0f 18

. hypermethylation-
censored

1 LFCAIREs

10 A = cg21105318 | B ) cg07896068 10+ Ci . cqT637873
(- Thypomethylation _hypomethylaton | - Thypomethylation
hypermethylation hypermethyiation “hypermethylation
4 hypomethylation- hypomethylation- 1 |, hypomethylation-
08 censored o RPN e censored
. hypermethylation- . L— hypermethylation-
| I prleai L nypermethaton censored
- =
= L.
06 06 + 06 | SO
.
044 04 044
029 0 0
00 00 004
T T T T T T T T T T T T T T T _ T T T T ‘V T
0.00 500 1000 15.00 2000 25.00 30.00 000 5.00 10.00 1500 2000 2500 3000 000 500 1000 1500 2000 2500 3000
PFS PFS PFS
1 D* cqBTE61 | o E, cg16265707 10 F = £g20937934
" Thypomethylation | Thypomethylation hypomethylation
5 ‘hypermethylation | hypermethylation hypermethylation
4 hypomethylation- +_hypomethylation- 4 hypomethylation-
084 —l censored &4 e censored 084 L censored

hypermethyiation-

. hypermethylation-
censored censored

o
+ 067
s

044 et ——

0.2

0.0

T
500 1500

PFS

T y T y
1500 200 2500 3000 00 50 1000

PFS

T T
0.00 1000

NCALD/cg26782361, e NCALD/cg 16265707 and f LAMA3/cg20937934)

Fig. 3 CpGs hypermethylation associated with poor PFS in advanced HGSOC (a ITGB6/cg21105318, b [TGB6/cg07896068, ¢ NCALD/cg27637873, d

T T T T
1500 2000 2500 3000

PFS

T T T T
2000 2500 3000 10.00

serous ovarian cancer were detected. QRT-PCR results
showed that the expression of NCALD and LAMA3 in
chemoresistant patients was lower than those in chemo-
sensitive patients (P =0.039, P =0.008). The expression of
ITGB6 was not statistically different between chemore-
sistant patients and chemosensitive patients, see Fig. 5b.
In the tissue array composed of 132 advanced high-grade
serous ovarian cancer patient samples, immunohisto-
chemistry also showed that the expression of NCALD
and LAMA3 in chemoresistant patients was lower than
that of chemosensitive patients (57.89% VS 39.58%,
P=0.048; 54.67% VS 42.55%, P=0.041). The expression
of ITGB6 was not statistically different between chem-
oresistant patients and chemosensitive patients (55.56%
VS 52.08%, P=0.71), which was consistent with mRNA
expression results. The staining chart is shown in Fig. 5c.

NCALD and LAMA3 expression are negatively correlated
with methylation in advanced high-grade serous ovarian
cancer

In advanced high-grade serous ovarian cancer, NCALD
and LAMA3 have hypermethylation and low expression
in chemoresistant patients. Spearman analysis showed

that there was a negative correlation between the methyl-
ation of NCALD (cg27637873, cg26782361, cgl16265707)
and LAMA3 (cg20937934, ¢gl3270625) and their
mRNA expression. The correlation coefficients between
the methylation of NCALD (cg27637873, cg26782361,
¢g16265707) and mRNA expression were -0.669, -0.636
and -0.657, respectively (P<0.05). The correlation coeffi-
cients between the methylation of LAMA3 (cg20937934,
¢g13270625) and mRNA expression were —0.726 and
—0.649, respectively (P<0.05). See Fig. 6a—e. The hyper-
methylation of NCALD and LAMA3 in promoters may
be the cause of its downregulation in chemoresistance
ovarian cancer patients.

Correlation between candidate genes in advanced
high-grade serous ovarian cancer

The regulatory mechanism of DNA methylation in the
development of chemotherapy resistance in ovarian
cancer is complex and diverse. A variety of methylation
genes interact with each other, which together leads to
chemotherapy resistance in ovarian cancer. We found
that among the 8 candidate CpGs (ITGB6:cg21105318,
cg07896068,  ¢gl8437633; NCALD: cg27637873,
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g26782361, cgl6265707; LAMA3:  cg20937934,
cg13270625) in advanced high-grade serous ovarian can-
cer, the methylation level was highly positively correlated
between any two CpGs, and the CpG correlation coeffi-
cient of the same gene was higher. See Additional file 1:
Table S5. Further analysis of gene expression correlation
revealed that NCALD protein expression was positively
correlated with LAMA3 and ITGB6 protein expression.
See Additional file 1: Table Sé.

Discussion

Clinically, there are limited ways to treat chemotherapy
resistance in ovarian cancer. However, demethylation
drugs have been shown to resensitize ovarian cancer
patients to platinum chemotherapy. It can be seen that
abnormal methylation is a key factor in the formation of
chemotherapy resistance in ovarian cancer. In this study,
we used 450 K Infinium Methylation BeadChip to detect
7263 different CpGs in ovarian cancer chemoresistant
and chemosensitive patients. We systematically searched

the literature in the PubMed database and obtained 54
methylated genes related to chemotherapy resistance
in ovarian cancer. Among them, 22 methylation genes
related to ovarian resistance reported in the literature are
enriched in our Methylation BeadChip results. The differ-
ence of BRCA1, CD133, ASS1, ABCG2, TGFBI, RGS10,
UCHL1, CLDN4, HOXA10, DOK2, AGR2 and OXCT1
gene in our 450 K Infinium Methylation BeadChip is
consistent with that reported in the literature. BRCA1 is
a drug-related gene in ovarian cancer that has received
attention. It has been reported to be involved in many
cellular processes, including DNA repair and recombi-
nation, cell cycle regulation, chromatin remodeling and
ubiquitination [66]. Ignatov’s study showed that PFS was
significantly prolonged in patients with BRCA1 promoter
methylation in recurrent ovarian cancer (18.5 months vs
12.8 months, P=0.008) [67]. Stefansson confirmed that
BRCA1 hypermethylation increased platinum sensitivity
in ovarian cancer cell lines, xenograft tumors and clini-
cal samples [68]. However, some studies have reported
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that BRCA1 methylation reduces the sensitivity of the
tumors to platinum drugs. For example, Wang’s study
showed that with the progress of ovarian cancer, the
methylation rate of the BRCA1 promoter increased sig-
nificantly. Hypermethylation of the BRCA1 gene can lead
to the loss of BRCA1 protein and RNA, which makes the
disease of these patients develop faster and shorten the
survival time than those without BRCA1 methylation
[69]. Patch also proposed that, compared with BRCA1/2
gene mutation and expression downregulation, BRCA1
promoter methylation is related to platinum resistance
[70]. In our Methylation BeadChip results, BRCA1 is
hypomethylated in resistant patients, which is consistent
with the results of Stefansson and Ignatov. The relation-
ship between BRCA1 methylation and drug resistance
in ovarian cancer still needs further verification. In our
Methylation BeadChip results, combined with the region
of CpGs, KEGG, GO and prognosis analysis, 9 new can-
didate CpGs methylation were selected to be associated
with drug resistance of epithelial ovarian cancer. Ovar-
ian cancer is not a single disease and can be subdivided

into at least five different histological subtypes that have
different identifiable risk factors, cells of origin, molecu-
lar compositions, clinical features and treatments [71].
High-grade serous ovarian cancer (HGSOC) is the most
common ovarian cancer subtype. The vast majority of
HGSOC cases are diagnosed at advanced stages (FIGO
stage III and IV) with 5-year survival rates of approxi-
mately 39% and 17%, respectively [72]. In advanced
high-grade serous ovarian cancer, 8 CpGs remained
hypermethylated in chemoresistant patients.

Ovarian cancer is a highly heterogeneous disease char-
acterized by multiple histological subtypes. Molecular
diversity has been shown to occur within specific his-
tological subtypes of ovarian cancer, between differ-
ent tumors of an individual patient, as well as within
individual tumors. Therefore, there are no clinically
validated markers for chemotherapy sensitivity in ovar-
ian cancer. Genome-wide DNA methylation detection
helps to understand the complex characteristics of DNA
methylation mutations. At present, studies on genome-
wide DNA methylation of chemotherapy resistance in
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ovarian cancer have been largely limited to the level
of cell and animal xenografts [52, 73]. Very few stud-
ies have examined the genome-wide DNA methylation
characteristics of chemoresistant patients. Tomar [12]
detected the genome-wide methylation of 8 chemosen-
sitive ovarian cancer patients and 10 chemoresistant
ovarian cancer patients. It was found that there were 45
differentially methylated and expressed genes between
patients with two chemotherapy outcomes; In the same
patient, pyrosequencing confirmed 9 different methyla-
tion genes. In the verification set, there are 4 candidate
genes (FZD10, FAMS83A, MYO18B and MKX) that have
at least one Cp@ site with significant differences between
patients with two chemotherapy outcomes. Compared
with previous studies on the genome-wide methyla-
tion of ovarian cancer chemotherapy resistance, our
study has several advantages. First, compared with cell
or animal xenografts models, our genome-wide meth-
ylation and expression data were obtained from clini-
cal surgical specimens, with long-term follow-up and

chemotherapy outcomes. Second, genome-wide meth-
ylation was detected in 53 chemosensitive patients and
55 chemoresistant patients. The sample size was signifi-
cantly increased. Third, unlike previous studies that only
focused on screening a large number of markers, we also
compared the diagnostic efficacy of abnormal methyla-
tion markers to predict chemoresistance. This provides
a direction for the early identification of chemoresist-
ant ovarian cancer patients in clinical. We identified 3
new methylation genes (ITGB6, NCALD and LAMA3)
with different chemotherapy outcomes in advanced
high-grade serous ovarian cancer. Patients with ITGB6,
NCALD and LAMAS3 hypermethylation have a poor
prognosis. The methylation of the NCALD and LAMA3
is negatively correlated with their mRNA expression.
NCALD (neurocalcin delta) is a member of the neuron
calcium sensor family, which is involved in the calcium
signal pathway and G protein coupled receptor signal
pathway. A bioinformatics study in 2020 showed that
NCALD expression is regulated by DNA methylation
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and microRNAs. TCGA data found that the expres-
sion of NCALD in platinum-resistant patients was
lower than that in platinum-sensitive patients. Patients
with low NCALD expression have poor overall survival
(OS) and progression-free survival (PES) [74]. Our find-
ings are consistent with this report. Epigenetic inactiva-
tion of NCALD may be one of the key factors leading
to chemoresistance in ovarian cancer patients. LAMA3
(laminin, alpha 3) is an important component of the cell
basement membrane and plays an important role in the
process of cell adhesion, cell migration and embryo dif-
ferentiation. As an epigenetic inactivation gene, LAMA3
has been reported in various cancer development and
chemoresistance studies. However, there is only one
study of LAMA3 in ovarian cancer. Tang [75] found that
the methylation of LAMA3 in ovarian cancer tissues was
higher than that in adjacent tissues and normal tissues.
The expression of LAMA3 in ovarian cancer tissues was
lower than that in adjacent tissues and normal tissues.
The relationship between LAMA3 and ovarian can-
cer chemoresistance has not been reported. Our study
found for the first time that LAMA3 was abnormally
hypermethylated and silenced in chemoresistant ovar-
ian cancer patients, which may be a target gene of epige-
netic therapy. Although NCALD and LAMA3 are genes
that show both methylation and expression changes, the
methylation of the ITGB6 gene may also play a role in the
chemoresistance of ovarian cancer.

Because the mechanism of chemoresistance in ovar-
ian cancer is complex and diverse, it is very difficult to
predict the chemotherapy outcome of ovarian can-
cer. Abnormal methylation can stratify ovarian cancer
patients according to the chemotherapy outcome. In
advanced high-grade serous ovarian cancer, the sen-
sitivity, specificity and AUC of 8 CpGs methylation to
predict chemotherapy sensitivity were 63.60—97.00%,
46.40-89.30% and 0.774—0.846. PFES of 6 candidate genes
hypermethylation patients was significantly shorter.
Residual lesions after primary surgery are another impor-
tant prognostic factor in patients with advanced ovarian
cancer. Patients with complete debulking have a better
progression-free survival. Incomplete debulking can-
not improve the prognosis, and it may even lead to more
perioperative morbidity. Therefore, we analyzed the rela-
tionship between CpGs methylation and PFS in patients
who with complete debulking or incomplete debulking,
respectively. In advanced high-grade serous ovarian can-
cer with complete debulking, PFS of 3 candidate CpGs
(ITGB6:cg07896068; NCALD:cg27637873, cgl6265707)
hypermethylation patients was significantly shorter. In
advanced high-grade serous ovarian cancer with incom-
plete debulking, there was no significant difference
between candidate CpGs hypermethylation and PFS. It is
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suggested that the methylation of 3 CpGs is more valu-
able in predicting the prognosis of patients with complete
debulking.

Like Zhang'’s research, we also observed ‘batch effect’
in pyrosequencing [76]. Abnormal DNA methylation was
found to be associated not only with disease [77, 78], but
also with patient age, FIGO stage and histological type.
This suggests that we need to stratify potential clinical
factors when analyzing methylation related to chemo-
therapy resistance. Interestingly, we found that among
the 8 CpGs in advanced high-grade serous ovarian can-
cer, the methylation level was highly positively correlated
between any two CpGs, and the CpG correlation coef-
ficient of the same gene was higher. Corresponding 3
hypermethylated genes, NCALD protein expression was
positively correlated with LAMA3 and ITGB6 protein
expression. This shows that NCALD, LAMA3 and ITGB6
may influence each other and participate in the chemo-
therapy resistance of ovarian cancer together.

There are several shortcomings in our study. First,
there are challenges in the clinical collection of matching
tumor samples before and after chemotherapy. This study
is lateral study. The cancer samples selected are the initial
surgical samples. However, our data can still show that
the acquisition of these gene methylations is the potential
molecular characteristic to obtain chemotherapy resist-
ance and poor prognosis. Second, it is particularly impor-
tant to predict the response to chemotherapy in ovarian
cancer patients with incomplete debulking. Our data
reveal that candidate CpGs hypermethylation is associ-
ated with worse PFS only in advanced HGSOC patients
with complete debulking, but not in advanced HGSOC
patients with incomplete debulking. It is suggested that
the prognosis prediction of advanced HGSOC patients
with incomplete debulking is more complicated. In the
future, we will need to combine other biomarkers (such
as BRCA1/2 mutational status) or further optimize the
model for these specific populations. Third, the biological
mechanism of candidate markers such as NCALD and
LAMA3 is unclear. We speculate that there is a certain
connection between the differentially methylated genes
and the combined effect that leads to chemotherapy
resistance. This functional mechanism needs to be fur-
ther studied through confirmatory studies.

Conclusions

In summary, our study shows extensive methylation dif-
ferences in chemosensitive and chemoresistant ovarian
cancer patients. In advanced high-grade serous ovarian
cancer, ITGB6, NCALD and LAMA3 hypermethylation
indicate chemotherapy resistance and poor prognosis.
Important new findings include the identification of two
new key genes, NCALD and LAMA3, which may drive
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the acquired resistance of ovarian cancer. For the first
time, the role of DNA methylation in regulating the func-
tion of NCALD and LAMA3 genes in advanced high-
grade serous ovarian cancer was pointed out. This not
only enriches the new gene pool for chemoresistance
mechanisms of ovarian cancer, but also provides direc-
tion for finding stratified markers of epigenetic therapy.
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