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Abnormal DNA methylation contributes to breast cancer (BC). Immune-related genes play
crucial roles in BC development and progression. This study aims to investigate the effect
of methylation of immune-related genes in peripheral blood leukocytes (PBLs) on BC risk.
GSE51032 and GSE104942 datasets were used to identify significantly differentially
methylated CpG sites (DMCs) of immune-related genes. A case-control study was
conducted using MethylTarget sequencing to validate the relationship between the
methylation levels of the screened genes and BC risk. We also evaluated the
association between methylation haplotypes of screened genes and BC risk. Moreover,
we sorted the blood leukocytes into T cells, B cells, and monocytes to detect the
difference of DNA methylation in different cell subtypes. A total of five DMCs were
screened from GEO datasets, including cg01760846 (PSMCT), cg07141527 (SPPL3),
cg15658543 (CARD11), cg21568368 (PSMBS8), and ¢g24045276 (NCF2). In the case-
control study, there were significant associations between methylation of the CpG sites in
the five genes and BC risk. Methylation haplotype burdens of PSMC1, CARD11, and
PSMBS8 were associated with reduced BC risk. Moreover, there were heterogeneities in
the methylation levels of the genes in different cell subtypes. In conclusion, methylation of
PSMC1, SPPL3, CARD11, PSMBS8, and NCF2 in PBLs were associated with BC risk. The
five-gene methylation could be the potential biomarkers for predicting BC risk.

Keywords: breast cancer, immune, DNA methylation, peripheral blood leukocytes, risk

INTRODUCTION

Breast cancer (BC) is one of the most common malignant tumors in women worldwide, accounting
for an estimated 2,261,419 new cases and 684,996 cancer deaths in 2020 (1). In China, BC ranks first
in terms of incidence and fifth in terms of mortality in women, with an increasing trend in both
incidence and mortality (2).

Accumulating evidence proves that the occurrence and progression of BC result from
environmental factors and genetic and epigenetic alterations (3). DNA methylation, as one of the
essential epigenetic modifications, has an important impact on normal cell physiology (4, 5).
Changes in DNA methylation involve focal hypermethylation and global hypomethylation.
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Inappropriate DNA methylation can lead to aberrant
transcriptional regulation that affects the expression patterns of
the crucial genes involved in cellular proliferation and
differentiation (6). Abnormalities in DNA methylation may
cause various diseases, including BC. Moreover, it has been
proposed that abnormal methylation often occurs in the early
stage of cancer development and correlates with cancer
predisposition (6, 7).

Immune system plays a vital role in cancer biology. The
hypothesis of “cancer immunoediting” proposed by Schreiber
indicates that the immune system can both eliminate tumor cells
and promote tumor growth (8). The process of cancer
immunoediting includes three phases: elimination, equilibrium,
and escape, involving complex regulatory mechanisms and
cooperation of various immune cells and molecules in the
process of immune response. Dysregulated immune system can
help tumor cells escape from immune surveillance and
inextricably relate to tumor growth. The causes that can lead
to immune system dysregulation include the loss of major
histocompatibility complex (MHC) class I, defects in antigen
processing and T-cell receptor (TCR) signaling and abnormal
regulation of immune checkpoint, relating to disorders of various
immune-related genes (9-11). Studies suggested that the
functional status of immune system is implicated in BC risk
and prognosis. Moreover, a growing numbers of evidence
revealed that aberrant DNA methylation could influence the
crucial immune processes and facilitate evasion of
immunosurveillance through regulating the expression of
immune genes (12). Therefore, it is necessary to explore the
effects of DNA methylation in immune-related genes on BC risk
and discover the potential biomarkers for BC.

To now, many studies focused on the relationship between the
methylation of immune-related genes and BC in tumor tissues
and cell lines. Compared with tissues, blood sampling is accessible
and noninvasive, which makes it more readily to assess tumor risk
and prognosis in population-based studies. The patterns of DNA

GSE51032 dataset | | GSE104942 dataset

~

methylation in peripheral blood leukocytes (PBLs) can be the
potential epigenetic biomarkers for the early detection, risk
assessment, and prognosis evaluation of BC.

We therefore carried out this study to explore the relationship
between methylation of immune-related genes in PBLs and BC
risk from the public data of the GEO database and the results of
targeted sequencing in a case-control study. We also explored the
association between DNA methylation haplotypes of the genes
and BC risk. Moreover, considering the heterogeneity of DNA
methylation in different cell types, we sorted the cells into T cells,
B cells, and monocytes to detect the difference of DNA
methylation in cell subtypes.

MATERIALS AND METHODS

Data Source of Public Data

The workflow of the study is summarized in Figure 1. The public
data of methylation in peripheral blood leukocytes for BC were
obtained from the GEO database (https://www.ncbi.nlm.nih.gov/
geo/) with the GEO accession numbers GSE51032 and
GSE104942. The data of GSE51032 from the EPIC-Italy cohort
were created by Human Genetics Foundation in Italy, including
233 BC patients and 340 cancer-free controls to screen
methylation markers correlating with BC risk. The GSE104942
dataset with 87 BC patients and 123 healthy controls was
conducted to explore the association between genome-wide
gene methylation in PBLs and BC susceptibility. Among the
two GEO datasets, the samples in GSE51032 dataset were
collected before the onset of BC. Genome-wide methylation of
GSE51032 and GSE104942 was assessed using the Infinium
HumanMethylation450K platform. The methylation level of
each CpG site was represented by the ratio between methylated
probe intensities and total intensities (beta-value), and the range
of that was 0 to 1.

‘ A case-control study ‘

}

Significantly differentially methylated
CpG sites (DMCs) in PBLs

Immune gene dataset
InnateDB /ImmPort

) l

’ 418 BC cases ‘ ‘ 511 controls ‘

) l

‘ DNA Extraction and Bisulfate Conversion; Leukocyte sorting

’ DMCs of immune-related genes |

’ Methylation sequencing assay ‘

1.Validate the association between methylation of immune-related genes and BC risk
2. Detect the difference of DNA methylation in different cell subtypes
3. Explored the relationship between methylation haplotype burdens and BC risk.

FIGURE 1 | Flow chart of the study.
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Data Source of Inmune-Related

Gene Dataset

Immune-related genes were downloaded from InnateDB database
(https://www.innatedb.com) and ImmPort database (https://
immport.niaid.nih.gov/home). A total of 6,148 immune-related
genes were collected that are involved in various aspects of
immune function, such as antigen processing and presentation,
cytokines, and the regulation of T-cell and B-cell signal
transduction pathway.

Data Preprocessing and DMC Selection
Firstly, the CpG sites with missing values greater than 10% in the
total sample were removed and all missing data were imputed by
the k-nearest neighbor imputation method. Secondly, probes
were filtered based on the following conditions using the
“chAMP” package of Bioconductor: (1) probes with <3 beads
in at least 5% of samples examined; (2) probes with a detection
p > 0.01; (3) non-CpG probes; (4) single-nucleotide
polymorphism (SNP)-related probes; (5) multihit probes; and
(6) probes located in X and Y chromosome. Beta-mixture
quantile normalization (BMIQ) was applied for normalization.
Thirdly, all the CpG sites were annotated and combined with the
immune-related gene dataset to obtain the CpG sites of immune-
related genes. DMCs related to BC were identified using t-test
with p-value less than 0.05 and the absolute value of the average
methylation difference between cases and controls (|AB|) greater
than 0.015. We integrated the immune-related DMCs associated
with BC risk from the two GEO datasets and identified the final
immune-related DMCs for the following study.

Participants of the Case-Control Study

A hospital-based case-control study consisting of 418 BC cases
and 511 controls was conducted. All the patients of BC identified
by pathological diagnosis were enrolled at the Third Affiliated
Hospital of Harbin Medical University from 2010 to 2014. The
cancer-free controls were collected from the Second Affiliated
Hospital of Harbin Medical University and the community of
Xiangfang in Harbin during the same period. Peripheral blood
(5 ml) of every participant was collected before surgery or before
treatment and immediately stored at —80°C.

Data Collection

Through in-person interviews, all subjects completed a
structured questionnaire with information on demographic
characteristics, environmental factors, and family history of
cancers. We received informed consent from all subjects. All
the procedures were in accordance with the ethical standards
of the Ethics Committee in Harbin Medical University, as well as
the 1964 Declaration of Helsinki and its subsequent revisions.

DNA Extraction, Bisulfate Conversion,

and Leukocyte Sorting

The genomic DNA was extracted using the QIAamp DNA Blood
Mini kit (Qiagen, Hilden, Germany). Bisulfite modification of
DNA was conducted using the EpiTect Plus DNA Bisulfite Kit
(Qiagen). To analyze the difference of methylation levels in
different cell subtypes, we sorted the white blood cells from 26

BC cases and 25 controls into T cells, B cells, and monocytes
using a commercial kit (Solarbio, Beijing, China). All the
operations followed with the manufacturer’s instructions.

Methylation Sequencing Assay

We detected the DNA methylation levels and methylation
haplotype using MethylTatget " (Genesky Biotechnologies Inc.,
Shanghai, China), an NGS-based multiple targeted CpG
methylation analysis method. The optimized primer sets were
used for multiplex PCR. After constructing the library, samples
were sequenced on the Illumina MiSeq platform (Illumina MiSeq
Benchtop Sequencer, San Diego, CA, USA) with 2 x 150 bp
paired-end model according to the manufacturer’s protocol. The
methylation levels of the region within 150 bp adjacent to the
screened CpG sites were detected. Moreover, repeated samples
were set, and correlation analysis was conducted between DNA
methylation levels of the initial samples and repeated samples to
ensure the accuracy of the experiment. The detail information of
primer sequences is shown in Supplementary Table S1.

Quality Control

The procedure of quality control was conducted for the sequencing
data. Firstly, samples with the bisulfite conversion rate lower than
95% after sequencing were deleted. Secondly, the CpG sites with
ratios of missing value greater than 30% were filtered out. Finally,
the samples with sequencing depth of less than 100x were removed.

Comethylation Analyses

DNA methylation levels at nearby CpG sites may be highly
correlated (also known as comethylation) (13). “coMET”
package was applied to analyze and visualize comethylation of
CpG sites. The correlations are calculated by Spearman’s
analysis. When comethylation existed among adjacent CpG
sites, weighted methylation level (WML) of the gene region
was calculated using the following formula:

WML = 3 Ci/SCi+ Ti
=1 =l

where C is the read supporting methylated cytosine; T the read
supporting unmethylated cytosine; i the position of cytosine; n
the total number of cytosine positions; XL, Ci the sum of
methylated reads at all CpG sites in the targeted region; and X |
Ci+ Ti the sum of total reads at all CpG sites in the
targeted region.

DNA Methylation Haplotype Analysis

To evaluate the patterns of methylation haplotype, we defined a
metric called methylation haplotype burden (MHB), which is
weighted by the frequency of methylation in the targeted
sequencing region (Supplementary Figure S1).

n
MHB = S(f: x P))
i=1
Where f; is the frequency of DNA methylation at the CpG sites in
the haplotype pattern and P; is the reads of the haplotype divided
by the total number of reads in the targeted region.
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Statistical Analysis

The homogeneity between cases and controls were evaluated using
Student’s ¢-test and Chi-square test. ROC curves and cutoff values
determined by Youden index were applied for categorizing all
participants into hypomethylation group and hypermethylation
group. Univariate and multivariate logistic regression analyses
were used to estimate the association between the methylation of
immune-related genes and BC risk with corresponding odds ratios
(OR) and 95% confidence interval (CI). In the logistic regressing
analyses, BC status of samples (Yes/No) and the methylation level of
genes were considered the dependent and independent variables,
respectively. In addition, we adjusted for the variables that were
different in the distribution of demographic information between
cases and controls in multivariate regression analysis. We
performed all the statistical analyses using R version 3.5.1. All the
statistical tests were two sided, p-values <0.05 were considered
statistically significant in the overall analysis, and p-values in the
subgroup analyses were adjusted by Bonferroni correction.

RESULTS

Identification of DMCs

After integrating the annotated CpG sites in the GEO and
immune-related gene datasets, 94,700 immune-related CpG
sites in the GSE51032 and 103559 in GSE104942 datasets were
selected. Based on the criteria of p < 0.05 and |AB| >0.015 in the
differential methylation analysis, we preliminarily selected 1,857
DMCs of immune-related genes from the GSE51032 dataset and
3,844 DMCs from the GSE104942 dataset. After taking the
intersection of the DMCs in the two GEO datasets, a total of
91 immune-related DMCs were defined in the two GEO datasets,
including 85 hypomethylated CpG sites and 6 hypermethylated

CpG sites (Supplementary Table S2 and Supplementary
Figures S2, S3).

Go Enrichment Analysis

GO enrichment analysis was performed on the 86 genes covered
by 91 CpG sites using DAVID software to further understand the
function of the DMCs. The results showed that DMCs were
mainly associated with 57 Go terms (Supplementary Figure S4).
The top 5 significantly enriched GO terms of biological process
included T-cell receptor signaling pathway, signal transduction,
insulin-like growth factor receptor signaling pathway, positive
regulation of apoptotic process and antigen processing,
and presentation.

We selected the DMCs related to immune regulation
mechanism for further study based on the results of the top 5
significant Go terms. Finally, a total of five DMCs that played the
roles in T-cell receptor signaling pathway and antigen processing
and presentation were determined as the candidate CpG sites,
including cg01760846 [Proteasome 26S subunit, ATPase, 1
(PSMC1I)], cg07141527 (SPPL3), cgl5658543 (CARDII),
cg21568368 (PSMBS), and cg24045276 (NCF2).

The Association Between the Methylation
of the Five CpG Sites and BC Risk in the
GSE51032 Dataset

Table 1 shows the relationship between the methylation of
cg01760846, cg07141527, cg24045276, cgl5658543, and
cg21568368 and BC risk. Hypermethylation of cg01760846 was
associated with increased risk of BC (OR,4; = 2.262, 95% CI: 1.590-
3.218, p < 0.001). Moreover, there were significant associations
between hypermethylation of ¢g07141527, cgl5658543,
cg21568368, and cg24045276 and reduced risk of BC
(OR,q; = 0433, 95% CI:0.301-0.625, p < 0.001; OR,4; = 0.470, 95%

TABLE 1 | The association between methylation of five CpG sites and the risk of BC in GSE51032.

CpG Site GSE51032 GSE104942

Case (%) Control (%) Univariate Analysis Multivariate Analysis Case (%) Control (%) Univariate Analysis

OR (95% CI) p* OR (95% CI)? p* OR (95% CI) p*

cg01760846
Hypo 127 (54.51%) 248 (72.94%) 2.250 (1.583-3.198) <0.001 2.262 (1.590-3.218) <0.001 34 (45.33%) 79 (67.52%) 2.507 (1.380-4.554) 0.003
Hyper 106 (45.49%) 92 (27.06%) 41 (54.67%) 38 (32.48%)
cg07141527
Hypo 93 (39.91%) 76 (22.35%) 0.433 (0.301-0.625) <0.001 0.434 (0.301-0.626) <0.001 65 (86.67%) 77 (65.81%) 0.296 (0.137-0.638) 0.002
Hyper 140 (40.09%) 264 (77.65%) 10 (13.33%) 40 (34.19%)
cg15658543
Hypo 153 (65.67%) 161 (47.35%) 0.470 (0.333-0.663) <0.001 0.470 (0.333-0.663) <0.001 61 (81.33%) 71 (60.68%) 0.354 (0.178-0.706) 0.003
Hyper 80 (34.33%) 179 (52.65%) 14 (18.67%) 46 (39.32%)
€g21568368
Hypo 158 (67.81%) 188 (55.29%) 0.587 (0.414-0.832) 0.003 0.586 (0.414-0.830) 0.003 42 (56.00%) 31 (26.50%) 0.283 (0.153-0.523) <0.001
Hyper 75 (32.19%) 152 (44.71%) 33 (44.00%) 86 (73.50%)
€g24045276
Hypo 92 (39.48%) 86 (25.29%) 0.519 (0.362-0.743) <0.001 0.513(0.3568-0.736) <0.001 47 (62.67%) 46 (39.32%) 0.386 (0.212-0.701) 0.002
Hyper 141 (60.52%) 254 (74.71%) 28 (37.33%) 71 (60.68%)
A0Rs adjusted for age.

*p-values <0.05 were considered statistically significant.
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CL: 0.333-0.663, p < 0.001; OR,q; = 0.586, 95% CI: 0.414-0.830,
p=0.003; OR,4;=0.513,95% CI: 0.358-0.736, p < 0.001, respectively).

Basic Information of Subjects in the
Case-Control Study

The basic characteristics of all the participants are shown in Table 2.
There were significant statistical differences of family history of BC
and other cancers between cases and controls. Considering age is
the known confounding factor, we adjusted for age and family
history of BC and other cancers in the following analysis.

Quality Control

For the PSMCI (cg01760846) region, a total of 25 samples with
sequencing depth less than 100x were deleted, including 9 cases and
16 controls. For the SPPL3 (cg07141527) region, 122 samples were
deleted, including 45 cases and 77 controls. For the CARDII
(cg15658543) region, a total of 54 samples were deleted, including
17 cases and 37 controls. For the PSMBS8 (cg21568368) region, 9
samples were deleted, including 5 cases and 4 controls. For the
NCF2 (cg24045276) region, 8 samples were deleted, including 5
cases and 3 controls (Supplementary Figure S5). The basic
characteristics of the subjects for each gene are shown in
Supplementary Tables S3-S7.

The Association Between Gene
Methylation and BC Risk

Supplementary Table S1 shows the basic information of
targeted regions in the five genes. In the targeted regions of
PSMCI, SPPL3, CARD11, PSMBS, and NCF2, the number of the
CpG sites detected by MethylTarget sequencing were 14, 6, 14, 6,

and 5. Cutoft values of each CpG site is listed in Supplementary
Table S8.

The Region of PSMC1

Hypermethylation of 12 CpG sites were associated with
increased risk of BC. Among the 12 CpG sites, the genomic
position at 90722706 corresponded to the cg01760846 of the
Mumina 450K BeadChip in the GEO dataset. We observed a
significant association between the methylation of the CpG site
and increased BC risk, which is consistent with the result of the
GEO dataset (Table 3 and Supplementary Table S9).
Comethylation analysis showed that the methylation levels of
the 12 CpG sites were highly correlated. Therefore, we calculated
the weighted methylation level of PSMCI (PSMCI_DMR) and
found that hypermethylation of PSMCI_DMR still correlated
with increased BC risk (OR,g = 1.693, 95% CI = 1.286-2.230,
p < 0.001) (Table 4).

The Region of SPPL3

Multivariate logistic regression analysis showed that
hypermethylation of the CpG sites located at 121202552 and
121202554 were associated with reduced BC risk (OR,g; = 0.658,
95% CI = 0.493-0.879, p = 0.005; OR,4; = 0.660, 95%
CI = 0.479-0.909, p = 0.011). The hypermethylation of the CpG
sites located at 121202602 was statistically associated with a higher
risk of BC (OR,gj = 1.411, 95% CI = 1.049-1.898, p = 0.017). In
addition, the genomic position at 121202554 corresponded to the
cg07141527 in the GEO dataset, and the relationship between this
CpG site and BC risk was similar to the result of the GEO dataset
(Table 3 and Supplementary Table S9).

TABLE 2 | Demographic characteristics of BC patients and controls in case-control study.

Characteristics® Case (%) Control (%) p*
No. of participants 418 511

Age (year) (mean + SD) 51.98 + 9.46 52.06 + 10.60 0.813
<50 202 (49.03%) 245 (48.80%) 0.075
50— 134 (32.52%) 133 (26.50%)

60— 63 (15.29%) 103 (20.72%)

>70 13 (3.16%) 20 (3.98%)

BMI (kg/m?) (mean = SD) 23.76 + 3.48 23.85 + 3.52 0.866
<185 12 (2.91%) 22 (4.54%) 0.418
18.5- 221 (53.64%) 244 (50.30%)

24—~ 111 (26.94%) 127 (26.19%)

>27 68 (16.51%) 92 (18.97%)

Race 0.236
Han 4083 (97.82%) 479 (95.42%)

Other 9 (2.18%) 23 (4.58%)

Family history of other cancers <0.001
No 310 (75.06%) 425 (84.66%)

Yes 103 (24.94%) 77 (15.34%)

Family history of breast cancer <0.001
No 388 (93.95%) 495 (98.61%)

Yes 25 (6.05%) 7 (1.39%)

AMissing value of age, 6 cases and 9 controls; BMI, 6 cases and 26 controls; race, 6 cases and 9 controls; family history of BC, 5 cases and 9 controls; family history of other cancers, 5

cases and 9 controls.
SD, standard deviation; BMI, body mass index.
*p-values <0.05 were considered statistically significant.
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TABLE 3 | The association between methylation of the CpG sites from five genes and the risk of BC.

CpG_Position Case (%) Control (%) x"’ p* Univariate Analysis Multivariate Analysis
OR (95%Cl) p* OR (95%ClI)" p*

PSMC1_90722706
Hypo 200 (40.40%) 134 (32.68%) 5.741 0.017 1.396 (1.062-1.836) 0.017 1.385 (1.048-1.831) 0.022
Hyper 295 (59.60%) 276 (67.32%)
PSMC1_90722716
Hypo 289 (58.38%) 205 (50.00%) 6.359 0.012 1.403 (1.078-1.826) 0.012 1.403 (1.071-1.838) 0.014
Hyper 206 (41.62%) 205 (50.00%)
PSMC1_90722782
Hypo 271 (64.75%) 189 (46.10%) 6.713 0.010 1.415 (1.088-1.840) 0.010 1.466 (1.119-1.921) 0.005
Hyper 224 (45.25%) 221 (63.90%)
PSMC1_90722795
Hypo 295 (59.60%) 209 (50.98%) 6.753 0.009 1.419 (1.089-1.847) 0.009 1.471 (1.123-1.928) 0.005
Hyper 200 (40.40%) 201 (49.02%)
PSMC1_90722799
Hypo 226 (45.66%) 165 (40.24%) 2.677 0.102 1.247 (0.957-1.626) 0.102 1.184 (0.903-1.553) 0.222
Hyper 269 (54.34%) 245 (59.76%)
PSMC1_90722830
Hypo 308 (62.22%) 238 (58.05%) 2.051 0.201 1.190 (0.911-1.555) 0.202 1.168 (0.888-1.535) 0.267
Hyper 187 (37.78%) 172 (41.95%)
PSMC1_90722856
Hypo 254 (51.31%) 169 (41.22%) 9.178 0.002 1.503 (1.154-1.957) 0.002 1.492 (1.139-1.954) 0.004
Hyper 241 (48.69%) 241 (58.78%)
PSMC1_90722861
Hypo 376 (75.96%) 283 (69.02%) 5.449 0.020 1.418 (1.057-1.902) 0.02 1.360 (1.007-1.836) 0.045
Hyper 119 (24.04%) 127 (30.98%)
PSMC1_90722870
Hypo 248 (50.1%) 162 (39.51%) 10.147 0.001 1.537 (1.179-2.004) 0.001 1.534 (1.169-2.013) 0.002
Hyper 247 (49.9%) 248 (60.49%)
PSMC1_90722877
Hypo 238 (48.08%) 143 (34.88%) 16.037 <0.001 1.729 (1.321-2.263) <0.001 1.682 (1.278-2.215) <0.001
Hyper 257 (51.92%) 267 (65.12%)
PSMC1_90722886
Hypo 217 (43.84%) 139 (33.9%) 9.278 0.002 1.522 (1.1610-1.995) 0.002 1.511 (1.145-1.9993) 0.004
Hyper 278 (56.16%) 271 (66.1%)
PSMC1_90722891
Hypo 96 (19.39%) 53 (12.93%) 6.819 0.009 1.621 (1.126-2.333) 0.009 1.703 (1.168-2.483) 0.006
Hyper 399 (80.61%) 357 (87.07%)
PSMC1_90722911
Hypo 242 (48.89%) 140 (34.15%) 19.981 <0.001 1.845 (1.409-2.416) <0.001 1.844 (1.400-2.429) <0.001
Hyper 253 (51.11%) 270 (65.85%)
PSMC1_90722917
Hypo 381 (76.97%) 278 (67.8%) 9.516 0.002 1.587 (1.182-2.130) 0.002 1.604 (1.187-2.167) 0.002
Hyper 114 (23.03%) 132 (32.2%)
SPPL3_121202409
Hypo 101 (23.27%) 64 (17.16%) 4.690 0.030 1.469 (1.036-2.083) 0.031 1.400 (0.979-2.001) 0.065
Hyper 333 (76.73%) 309 (82.84%)
SPPL3_121202464
Hypo 115 (26.5%) 76 (20.38%) 4.246 0.039 1.414 (1.016-1.966) 0.040 1.359 (0.968-1.908) 0.076
Hyper 319 (73.5%) 297 (79.62%)
SPPL3_121202539
Hypo 150 (34.56%) 103 (27.61%) 4.606 0.082 1.390 (1.028-1.878) 0.032 1.320 (0.970-1.795) 0.077
Hyper 284 (65.44%) 270 (72.39%)
SPPL3_121202552
Hypo 158 (36.41%) 172 (46.11%) 7.637 0.006 0.672 (0.507-0.891) 0.006 0.658 (0.493-0.879) 0.005
Hyper 276 (63.59%) 201 (53.89%)
SPPL3_121202554
Hypo 295 (67.97%) 283 (75.87%) 6.273 0.012 0.673 (0.493-0.918) 0.012 0.660 (0.479-0.909) 0.011
Hyper 139 (32.03%) 90 (24.13%)
SPPL3_121202602
Hypo 297 (68.43%) 225 (60.32%) 5.639 0.018 1.420 (1.063-1.897) 0.018 1.411 (1.049-1.898) 0.017
Hyper 137 (31.57%) 148 (39.68%)
CARD11_3026478

(Continued)
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TABLE 3 | Continued

CpG_Position Case (%) Control (%) )f p* Univariate Analysis Multivariate Analysis

OR (95%Cl) p* OR (95%Cl)’ p*
Hypo 306 (64.56%) 284 (70.65%) 3.669 0.055 0.757 (0.569-1.007) 0.056 0.747 (0.558-1.000) 0.050
Hyper 168 (35.44%) 118 (29.35%)
CARD11_3026468
Hypo 378 (79.75%) 338 (84.08%) 2.735 0.098 0.746 (0.526-1.057) 0.099 0.759 (0.532-1.083) 0.128
Hyper 96 (20.25%) 64 (15.92%)
CARD11_3026460
Hypo 393 (82.91%) 363 (90.30%) 10.040 0.002 0.521 (0.347-0.784) 0.002 0.498 (0.327-0.758) 0.001
Hyper 81 (17.09%) 39 (9.70%)
CARD11_3026436
Hypo 142 (29.96%) 88 (21.89%) 7.311 0.007 1.526 (1.122-2.075) 0.007 1.510 (1.101-2.072) 0.011
Hyper 332 (70.04%) 314 (78.11%)
CARD11_3026433
Hypo 161 (33.97%) 111 (27.61%) 4102 0.043 1.349 (1.009-1.802) 0.043 1.375 (1.022-1.849) 0.035
Hyper 313 (66.03%) 291(72.39%)
CARD11_3026413
Hypo 172 (36.29%) 166 (41.29%) 2.301 0.129 0.810 (0.616-1.064) 0.130 0.753 (0.568-0.996) 0.050
Hyper 302 (63.71%) 236 (58.71%)
CARD11_3026389
Hypo 70 (14.77%) 34 (8.46%) 8.278 0.004 1.875 (1.216-2.893) 0.004 1.896 (1.217-2.9593) 0.005
Hyper 404 (85.23%) 368 (91.54%)
CARD11_3026380
Hypo 226 (47.68%) 213 (52.99%) 2.449 0.118 0.809 (0.620-1.055) 0.118 0.806 (0.614-1.058) 0.120
Hyper 248 (52.32%) 189 (47.01%)
CARD11_3026375
Hypo 124 (26.16%) 81 (20.15%) 4.385 0.036 1.404 (1.021-1.930) 0.037 1.484 (1.070-2.058) 0.018
Hyper 350 (73.84%) 321 (79.85%)
CARD11_3026348
Hypo 154 (32.49%) 145 (36.07%) 1.240 0.265 0.853 (0.645-1.129) 0.266 0.858 (0.644-1.143) 0.295
Hyper 320 (67.51%) 257 (63.93%)
CARD11_3026326
Hypo 250 (562.74%) 191 (47.51%) 2.380 0.123 1.233 (0.945-1.609) 0.123 1.248 (0.951-1.638) 0.111
Hyper 224 (47.26%) 211 (52.49%)
CARD11_3026321
Hypo 70 (14.77%) 39 (9.70%) 5.125 0.024 1.613 (1.063-2.446) 0.025 1.657 (1.082-2.537) 0.020
Hyper 404 (85.23%) 363 (90.30%)
CARD11_3026317
Hypo 364 (76.79%) 339 (84.33%) 7.793 0.005 0.615 (0.436-0.867) 0.005 0.614 (0.432-0.872) 0.007
Hyper 110 (23.21%) 63 (15.67%)
CARD11_3026310
Hypo 325 (68.57%) 302 (75.12%) 4.600 0.032 0.722 (0.536-0.973) 0.032 0.749 (0.552-1.017) 0.064
Hyper 149 (31.43%) 100 (24.88%)
PSMB8_32812098
Hypo 152 (29.98%) 81 (19.57%) 13.081 <0.001 1.760 (1.293-2.396) <0.001 1.768 (1.289-2.425) <0.001
Hyper 355 (70.02%) 333 (80.43%)
PSMB8_32812113
Hypo 223 (43.98%) 147 (35.51%) 6.814 0.009 1.426 (1.092-1.863) 0.009 1.455 (1.106-1.914) 0.007
Hyper 284 (56.02%) 267 (64.49%)
PSMB8_32812165
Hypo 334 (65.88%) 249 (60.14%) 3.224 0.073 1.279 (0.977-1.674) 0.073 1.228 (0.931-1.618) 0.146
Hyper 173 (34.12%) 165 (39.86%)
PSMB8_32812167
Hypo 331 (65.29%) 243 (58.70%) 4.215 0.040 1.323 (1.013-1.730) 0.040 1.8311 (0.997-1.725) 0.053
Hyper 176 (34.71%) 171 (41.30%)
PSMB8_32812213
Hypo 345 (68.05%) 255 (61.59%) 4.180 0.041 1.328 (1.011-1.743) 0.041 1.348 (1.020-1.781) 0.036
Hyper 162 (31.95%) 159 (38.41%)
PSMB8_32812221
Hypo 370 (72.98%) 270 (65.22%) 6.475 0.011 1.440 (1.087-1.909) 0.011 1.469 (1.101-1.959) 0.009
Hyper 137 (27.02%) 144 (34.78%)
NCF2_183551942
Hypo 163 (32.09%) 164 (39.61%) 5.646 0.017 0.720 (0.549-0.944) 0.018 0.706 (0.533-0.935) 0.015

(Continued)
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TABLE 3 | Continued

CpG_Position Case (%) Control (%) f p* Univariate Analysis Multivariate Analysis

OR (95%Cl) p* OR (95%Cl)’ p*
Hyper 345 (67.91%) 250 (60.39%)
NCF2_183551969
Hypo 387 (76.18%) 341 (82.37%) 5.254 0.022 0.685 (0.495-0.948) 0.022 0.665 (0.476-0.929) 0.017
Hyper 121 (23.82%) 73 (17.63%)
NCF2_183551986
Hypo 371 (73.03%) 331 (79.95%) 6.013 0.014 0.679 (0.498-0.926) 0.014 0.667 (0.485-0.917) 0.013
Hyper 137 (26.97%) 83 (20.05%)
NCF2_183552072
Hypo 359 (70.67%) 318 (76.81%) 4.411 0.036 0.727 (0.540-0.980) 0.036 0.740 (0.545-1.003) 0.052
Hyper 149 (29.33%) 96 (23.19%)
NCF2_183552095
Hypo 414 (81.5%) 362 (87.44%) 6.046 0.014 0.633 (0.438-0.913) 0.014 0.600 (0.410-0.878) 0.008
Hyper 94 (18.5%) 52 (12.56%)

Cl, confidence interval; OR, odds ratio.
?0Rs adjusted for age and family history of other cancers and breast cancer.
*p-values <0.05 were considered statistically significant.

The Region of CARD11

Among the 14 CpG sites, hypermethylation of 7 CpG sites were
related to BC risk. Hypermethylation of 5 CpG sites located at
3026436, 3026433, 3026389, 3026375, and 3026321 were
associated with higher risk of BC. Hypermethylation of the
other two CpG sites located at 3026460 and 3026317 had the
relationship with reduced BC risk. The CpG site that located at
3026310 corresponded to the cg15658543 in the GEO dataset.
We did not observe the significant association between the
methylation of the CpG site and BC risk (Table 3 and
Supplementary Table S9).

The Region of PSMBS8

We found that hypermethylation of 4 CpG sites were associated
with increased risk of BC. Moreover, comethylation existed
among the 4 CpG sites (Table 3). After calculating the WML
of PSMB8 (PSMB8_DMR), we observed that there was
significant association between hypermethylation of
PSMB8_DMR and increased risk of BC (OR,q; = 1.561, 95%
CI =1.194-2.041, p < 0.001) (Table 4). However, we did not find
the methylation of the CpG site in the case-control study, that
corresponded to the cg21568368 in the GEO dataset was
associated with BC risk (Table 3 and Supplementary Table S9).

The Region of NCF2

The results showed that hypermethylation of 4 CpG sites located
at 183551942, 183551969, 183551986, and 183552095 were
related to decreased risk of BC, with the ORs of 0.706 (95% CI:
0.533-0.935, p = 0.015), 0.665 (95% CI: 0.476-0.929, p = 0.017),
0.667 (95% CI: 0.485-0.917, p = 0.013), and 0.600 (95% CI:
0.410-0.878, p = 0.008), respectively. The CpG site located at
183552095 corresponded to the cg24045276 of the Illumina
450K BeadChip and correlated with lower risk of BC, which is
consistent with the result of the GEO dataset (Table 3 and
Supplementary Table S9).

Subgroup Analysis

We carried out subgroup analyses based on age (<60 and
>60 years), molecular types (Luminal A, Luminal B, Her-2,
base-like), and ER status (ER positive, ER negative). In the
subgroup analysis stratified by age, we observed significant
association between hypermethylation of PSMCI_DMR and
PSMB8_DMR and increased BC risk in young subjects
(<60 years). Hypermethylation of CARDI11 was associated with
BC risk in the subjects <60 years. The patients >60 years with the
hypermethylation of NCF2 were related to reduced BC risk
(Supplementary Table S10). Moreover, stratified by BC

TABLE 4 | The association between weighted methylation levels of PSMC1 and PSMB8 region and BC risk.

Gene Case (%) Control (%) 7 p*
PSMC1_DMR

Hypo 225 (65.01%) 337 (68.08%) 16.262 <0.001
Hyper 184 (44.99%) 158 (81.92%)

PSMBS8_DMR

Hypo 162 (39.23%) 251 (49.51%) 9.726 0.002
Hyper 251 (60.77%) 256 (50.49%)

Univariate Analysis Multivariate Analysis

OR (95% CI) p* OR (95% CI)? p*
1.744 (1.33-2.288) <0.001 1.693 (1.286-2.230) <0.001
1.519 (1.167-1.977) 0.002 1.561 (1.194-2.041) <0.001

Cl, confidence interval; OR, odds ratio.
40Rs adjusted for age and family history of other cancers and breast cancer.
*p-values <0.05 were considered statistically significant.
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molecular types and ER status, significant association between
the methylation of the five genes and BC risk in different
subgroups were observed. The detail results are shown in
Supplementary Tables S11-S13.

DNA Methylation Haplotype and BC Risk

A total of 83 methylation haplotypes were detected in the five
genes, including 22 haplotypes in the PSMCI region, 20
haplotypes in the SPPL3 region, 24 haplotypes in the CARDI1
region, 7 haplotypes in the PSMBS region, and 10 haplotypes in
the NCF2 region. The haplotypes in the region of each gene were
quantified by MHB. After adjusting for age and family history of
BC and other cancers, MHBs of PSMCI1, CARD11, and PSMB8
were found to be associated with reduced BC risk (OR,4j = 0.587,
95% CI: 0.438-0.785, p < 0.001; OR,q; = 0.584, 95% CI: 0.377-
0.905, p = 0.016; OR,q4; = 0.640, 95% CI: 0.485-0.843, p = 0.002,
respectively) (Table 5).

Gene Methylation in Different Cell Types
A total of 212 cells were successfully isolated from 53 subjects,
including 53 B cells, 53 monocytes, 53 T cells, and 53 residual
cells. MethylTarget sequencing was performed on the
methylation levels of PSMCI, SPPL3, and CARDII in the
selected cells. We compared the differences of methylation
levels in cell subtypes. The results showed that PSMCI_DMR
methylation levels were different among the three cell subtypes in
the control group. We also observed different distributions of
methylation levels in the SPPL3 and CARDI1I regions among the
different cell subtypes (Supplementary Figures S6-S8).
Moreover, we observed that the distribution of PSMCI_DMR,
SPPL3, and CARDII methylation in B cells was different
between cases and controls. In the T-cell group, there was a
statistical difference in the methylation level of CpG site in the
SPPL3 region between cases and controls. We observed

significant association between methylation of CpG sites in the
SPPL3 region (SPPL3_121202552: OR = 13.235, 95% CI = 1.535-
114.296,p=0.019; SPPL3_121202554: OR =4.250,95% CI =1.322~
13.562, p = 0.015) and CARDII region (CARDI11_3026375:
OR = 4.714, 95% CI = 1.266-17.561, p = 0.021;
CARDI11_3026321:0R = 4.792, 95% CI = 1.136-20.21, p = 0.033;
CARDI11_3026317:OR = 6.353,95% CI = 1.216-33.191, p = 0.028)
in B cells and BC risk. In the T-cell group, there was a significant
association between the CpG site in the SPPL3 region and BC risk
(SPPL3_121202552: OR = 11.000, 95% CI = 2.902-
41.690, p < 0.001).

DISCUSSION

In our study, we firstly screened the DMCs of immune-related
genes that related to BC in PBLs from the GEO public database.
A total of five immune-related genes were screened for further
study. Secondly, we conducted a case-control study to further
validate the significant correlation between the methylation of
the genes and BC risk. We observed significant associations
between the methylation of the genes and BC risk. Moreover,
the differences in the methylation levels of five immune-related
genes in T cells, B cells, and monocytes were analyzed by
sorting PBLs. There were differences in the methylation levels
of three genes in different cell subtypes. Finally, MHB was
used to explore the relationship between DNA methylation
haplotype pattern and BC risk. We found statistical differences
between methylation haplotypes of PSMCI1, CARDII, and
PSMBS8 and BC risk.

Serving as a member of the PSMC family, PSMCI is located in
the base region of the proteasome 19S regulatory particle and
participates in the formation of the 19S regulatory complex (14).
The 19S regulatory complex is essential for regulating the 26S

TABLE 5 | The association between methylation haplotype burden of five genes and BC risk.

Cpg Sites Cases (%) Controls (%) Univariate Analysis Multivariate Analysis

OR (95% CI) p* OR (95% CI)? p*
PSMC1_Haplotype
Low 149 (36.40%) 123 (24.85%) 0.577 (0.433-0.768) <0.001 0.587 (0.438-0.785) <0.001
High 260 (63.60%) 372 (75.15%)
SPPL3_Haplotype
Low 137 (36.73%) 186 (42.86%) 1.292 (0.973-1.716) 0.077 1.255 (0.941-1.674) 0.122
High 236 (63.27%) 248 (57.14%)
CARD11_Haplotype
Low 364 (90.77%) 407 (85.86%) 0.617 (0.403-0.945) 0.026 0.584 (0.377-0.905) 0.016
High 37 (9.22%) 67 (14.14%)
PSMBS8_Haplotype
Low 169 (40.92%) 157 (30.97%) 0.648 (0.493-0.850) 0.002 0.640 (0.485-0.843) 0.002
High 244 (59.08%) 350 (69.03%)
NCF2_Haplotype
Low 255 (61.74%) 290 (57.08%) 0.824 (0.632-1.074) 0.153 0.810 (0.618-1.061) 0.127
High 158 (38.26%) 218 (42.92%)

Cl, confidence interval; OR, odds ratio.
A0Rs adjusted for age and family history of other cancers and breast cancer.
*p-values <0.05 were considered statistically significant.
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proteasome, which is a multicatalytic proteinase complex and
critical for depredating various oncoproteins, transcription
factors, and other regulatory cellular proteins (15). Studies
revealed that PSMCI plays an important role in adaptive
immunity and antigen processing and is related to the
occurrence, development, and prognosis of tumors.
Christopher et al. detected the expression of PSMCI in 8 BC
tissues and normal breast tissues and found that PSMCI was
significantly overexpressed in BC patients (16). Tzu-Jen Kao
et al. explored the role of six members of the PSMC family in BC.
The results showed that PSMCI, PSMC2, PSMC3, and PSMC4
were highly expressed in triple-negative BC. In addition, high
levels of PSMCI1, PSMC3, PSMC4, PSMC5, and PSMC6
transcripts were associated with poor prognosis in BC patients
(17). To now, there was no study to discover the relationship
between methylation of PSMCI and BC risk. Our research
observed that methylation of PSMCI was related to BC risk,
which can provide more information about PSMC1 gene and
cancers from the perspective of epigenetic changes.

In addition to PSMCI, PSMBS (also known as LMP7) is a
member of proteasome B-type family, which is a 20S core beta
subunit. PSMB8 is located in the class II region of the MHC and
encoded LMP7 protein. As the member of immunoproteasome,
LMP7 participated in the antigen presentation, cell cycle
regulation, and cell signal transduction (18-20). At present,
many studies show that abnormal expression of PSMB8
correlates with multiple cancers, including BC (21-25).
However, the results obtained from different studies are not
the same. There are few studies on the relationship between
PSMBS8 methylation and BC. The results in our research found
that hypermethylation of PSMB8 was associated with BC risk.
We hypothesized that PSMB8 hypermethylation may result in
abnormal expression of PSMBS, which can affect the processing
of class I MHC peptides and antigen processing and
cause cancers.

Moreover, we observed a significant association between the
methylation of CARDI1, SPPL3, and NCF2 and BC risk. CARDI1
(known as CARMALI) is responsible for encoding a member of
proteins that belongs to the membrane-associated guanylate
kinase (MAGUK) family. CARDII plays an important role in
adaptive immunity, particularly in the activation of NF-kB
pathway mediated by TCR (26, 27). SPPL3 belonging to the
family of GxGD intramembrane proteases is important for a
variety of immune system functions (28-31). Moreover, NADPH
oxidase (NOX family protein) is composed of six subunits of
gp91phox, p22phox, p47phox, p67phox, p40phox, and Rac2.
Studies showed that most reactive oxygen species (ROS),
which are crucial for regulating immune function and cell
differentiation, are produced by the activation of NADPH
oxidase (32). NCF2 (known as P67phox), a subunit of NADPH
oxidase, plays an important role in regulating cell growth,
differentiation, and immune function (33). Studies suggested
that genetic mutation and abnormal expression of the three
genes contribute to cancers (33-40). Our study identified the
methylation of the three genes were associated with BC risk in the
GEO dataset and validated these results in the case-control study.

Our study firstly revealed the relationship between the
methylation of the three genes and BC risk in PBLs that can
further demonstrate that three-gene methylation may play vital
roles in the development of BC and are expected to be new
biomarkers for BC.

In our research, the DMCs sequenced by MethylTarget
sequencing technology were mainly located in the CpG island
shore (2 kb regions flanking CpG island) and openseas (>4 kb to
the nearest CpG island) (41, 42). Although, most studies have
indicated that functionally important DNA methylation will
occur in promoters, and that most DNA methylation changes
in cancer occur in CpG islands (42). Studies revealed that
methylation alterations in cancers also can occur in CpG
island shore, and the methylation in CpG island shore was
strongly related to gene expression. Moreover, CpG sites
located in openseas may encompass distal genomic regulatory
elements and were associated with enhancing or repressing
transcription (43). Methylation of CpGs in the shore and
openseas also play an essential role in the development of
cancers. Our study further suggested that methylation of CpG
sites located in the CpG shore and openseas were associated with
BC risk. However, the relationship between abnormal
methylation of CpGs in different locations and gene expression
remains to be further studied.

It has been revealed that adjacent CpG sites on the same DNA
molecules tend to possess similar methylation statuses, due to the
processivity of the DNA methylation and/or demethylation
enzymes. However, inconsistent DNA methylation pattern has
been observed, that is methylation haplotype (13, 44). Studies
suggested that DNA methylation haplotype signatures are
present in several cancer types and associated with cancers.
Normally, studies on DNA methylation markers are based on
a single-CpG methylation level or the average methylation levels,
which cannot reflect the DNA methylation load of patients. In
our study, DNA methylation haplotype load was defined to
quantify the DNA methylation haplotype pattern in the gene
region. Our results showed that MHBs of PSMC1, CARD11, and
PSMB8 were associated with reduced BC risk, which indicated
the role of MHBs in BC risk.

Recent research suggested that DNA methylation is
heterogeneous among different cell subtypes. The study of
Reinius showed that there were differences in the methylation
profiles in whole blood, mononuclear cells, and granulocytes.
After analyzing the 8,252 probes of 343 genes implicated in
immune-related disorders from genome-wide association study,
they observed 22% difference of CpG methylation between
mononuclear cells and granulocytes (45). In the case-control
study, it also has been found that there were heterogeneities in
the methylation levels of the five genes among different cell
subtypes by sorting PBLs, which can illustrate that the
methylation levels are affected by the proportion of cells. Since
the cell sorting was performed in a small number of the samples
in the case-control study, we did not adjust the cell proportion in
the analysis. We calculated the proportion of six subtype cells (B
cells, T cells, NK cells, CD4+T cells, CD8+T cells, monocytes,
and neutrophils) using “EpiDISH” package in the GSE51032
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dataset and adjusted for the proportion of six subtype cells when
we analyzed the association between methylation of five screened
CpG sites and BC risk. We still observed significance between
methylation of the five CpG sites and BC risk (Supplementary
Table S14), which suggested that the association between
methylation and BC risk is still significant under the influence
of the cell heterogeneity.

There are still some limits in our research. Firstly, a hospital-
based case-control study may give rise to bias such as recall bias,
Neyman bias, and Berkson’s bias. In our study, all the interviewees
were trained uniformly before collecting information, and the
quality control of questionnaire was carried out by special
personnel. Secondly, case-control study cannot provide the
temporal order of a causal relation between methylation statuses
and BC. However, the data in the GSE51032 dataset came from a
nested case-control study and all the samples in the GSE51032
dataset were collected before the onset of BC, which can directly
confirm the temporal relationship between methylation changes
and tumorigenesis. Our results about the association between
methylation of five genes and BC risk are consistent with the
GEO dataset. Moreover, studies showed that the difference of
overall methylation level in peripheral blood between cases and
controls is small and we also observed a small difference of
methylation levels of immune-related CpG sites between BC
cases and controls in public datasets. However, the |AB|
threshold set as 0.015 for DMC screening is still very small
regardless of the significant p-value. Moreover, the small
difference of overall methylation level cannot represent the
difference of methylation for an individual site. The above
viewpoint suggests that our research needs to be cautious when
drawing conclusions, and it is necessary to validate the difference
of methylation level for an individual CpG site in peripheral blood
and their association with BC risk in other public databases or
other study. In addition, the sample sizes in the subgroup analysis
and the process of sorting peripheral blood leukocytes are
relatively small, which may limit the statistical power in our
research. More studies involving larger samples may be needed
to improve the statistical power.

In conclusion, our results suggested that methylation of
immune-related genes in PBLs were associated with BC risk.
The five gene methylation could be the potential biomarkers for
predicting BC risk.
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