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Abstract

Background: More than 30% of estrogen receptor-positive breast cancers are resistant to primary hormone therapy, and about
40% that initially respond to hormone therapy eventually acquire resistance. Although the mechanisms of hormone therapy
resistance remain unclear, aberrant DNA methylation has been implicated in oncogenesis and drug resistance. Purpose: We
investigated the relationship between methylome variations in circulating tumor DNA and exemestane resistance, to track
hormone therapy efficacy. Methods: We prospectively recruited |6 patients who were receiving first-line therapy in our center.
All patients received exemestane-based hormone therapy after enrollment. We collected blood samples at baseline, first follow-
up (after 2 therapeutic cycles) and at detection of disease progression. Disease that progressed within 6 months under exe-
mestane treatment was considered exemestane resistance but was considered relatively exemestane-sensitive otherwise.
We obtained circulating tumor DNA-derived methylomes using the whole-genome bisulfide sequencing method. Methylation
calling was done by BISMARK software; differentially methylated regions for exemestane resistance were calculated afterward.
Results: Median follow-up for the 16 patients was 19.0 months. We found 7 exemestane resistance-related differentially
methylated regions, located in different chromosomes, with both significantly different methylation density and methylation ratio.
Baseline methylation density and methylation ratio of chromosome 6 [32400000-32599999] were both high in exemestane
resistance. High baseline methylation ratios of chromosome 3 [67800000-67999999] (P = .013), chromosome 3 [140200000-
140399999] (P = .037), and chromosome 12 [101200000-101399999] (P = .026) could also predict exemestane resistance.
During exemestane treatment, synchronized changes in methylation density and methylation ratio in chromosome 6 [32400000-
32599999] could accurately stratify patients in terms of progression-free survival (P = .000033). Cutoff values of methy-
lation density and methylation ratio for chromosome 6 [149600000-149799999] were 0.066 and 0.076, respectively.
Conclusion: Methylation change in chromosome 6 [149600000-149799999] is an ideal predictor of exemestane resistance with
great clinical potential.
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Introduction

Breast cancer (BC) is the second leading cause of cancer-
related death among women worldwide.! However, as the use
of companion diagnostics has gained popularity among physi-
cians and researchers,” a growing body of prognostic biomar-
kers have been identified for use in BC,> such as Oncotype Dx
and PAMS0.

DNA methylation has been shown to be a valuable
biomarker.®” DNA methylation occurs mostly at 5/-C-
phosphate-G-3’ (CpG) dinucleotides and is catalyzed by
DNA methyltransferases (DNMTs), including DNMTI,
DNMT3a, and DNMT3B.® Hypermethylation of CpG
islands associated with tumor suppressor genes is rare in
normal cells, but common in cancer cells.® The effects of
DNA methylation on BC have been widely studied in the
past 3 decades.”?!?

Although hormone receptor (HR) overexpression is pre-
dictive of hormone therapy (HT) response in BC, nearly
40% of patients eventually develop resistance.'® This is
partly due to the loss of estrogen receptor (ER) expression
during HT.'*!5 Several predictors of HT sensitivity are
available besides ER expression. Widschwendter et al'®
found that ARHI methylation in tumor samples predicted
survival in nontamoxifen-treated HR™ patients with BC.
They also found that CYP/B! methylation in tumor samples
predicted tamoxifen response. Because of their easy acces-
sibility, circulating biomarkers related to HT sensitivity
have also gained much attention. Martinez-Galan and her
colleagues'’ observed a significant inverse correlation
between hypermethylation of ESR/ in circulating tumor
DNA (ctDNA) and ER expression status in primary BC
tumors. They proposed that ESR/ methylation status can
predict poor prognosis and HT resistance in luminal BC.
The relationship between methylation of the RASSFIA pro-
moter region and ER expression could indicate prognosis
during HT.'"® Although hypermethylation of certain genes
is predictive for HT response, HT resistance eventually
develops anyway, due to the multiple factors that affect
response.'®'%2% Thus, investigating methylation status at the
single-gene level is insufficient. In the present study, we
aimed to monitor and predict exemestane resistance (EXEr)
using ctDNA-based methylomes. Our findings may provide
a clue to the relationship between whole-genome ctDNA
methylation profiles and EXEr in advanced HR™ BC.

Material and Method

Patients and Samples

The study was approved by the Medical Ethical Committee of
Peking University Cancer Hospital & Institute (Approval No.
2016KT47). We recruited 16 patients with HR™ BC who were
treated at the Peking Cancer Hospital & Institute between April
2009 and June 2017. Their tumors’ ER status was evaluated by
applying antibodies to ER to archival formalin-fixed paraffin-
embedded tissue. A sample was considered ER™ if at least 1% of
its tumor cells showed positive staining.>' All scoring was per-
formed by pathologists, according to the American Society of
Clinical Oncology/College of American Pathologists guidelines.**

Inclusion criteria for every patient were (1) pathologically
ER™" primary tumor; (2) treatment with EXE, with or without
chemotherapy and/or target therapy after relapse; (3) complete
clinical, pathological, and follow-up data available; and
(4) provision of written and informed consent.

In the present study, cancers that progressed within 6 months
of starting EXE treatment were defined as EXEr; otherwise,
tumors were defined as relatively exemestane sensitive (EXEs).
Plasma DNA samples from each patient were collected at (1) the
beginning of EXE therapy (baseline); (2) first follow-up (after 2
therapeutic cycles); and (3) when disease progression (PD) was
diagnosed. Such blood draws collected 8.0 mL peripheral blood
in BD Vacutainer tubes (Becton, Dickinson and Co, Franklin
Lakes, New Jersey). Samples were stored at room temperature
and analyzed within 24 hours. Progression-free survival (PFS)
was defined as the time from EXE interference to PD or death.

Cell Lines and Reagents

The BC cell line MCF7 was purchased from the American
Type Culture Collection (Manassas, Virginia) and cultured in
Dulbecco’s modified Eagle medium/high-glucose medium
(Gibco-BRL, Rockville, Indiana) supplemented with 10% fetal
bovine serum (Corning CellGro, Virginia), 100 U/mL penicil-
lin, and 100 pg/mL streptomycin in 5% CO, at 37°C. Exemes-
tane (high-performance liquid chromatography purity > 98%)
was purchased from Energy Chemical Co, Ltd (Energy Chem-
ical, Shanghai, China). CellTiter 96 Aqueous One Solution
Reagent was purchased from Biotech Co, Ltd (Promega, Beij-
ing, China). Wild-type MCF-7 cells were exposed stepwise to
increased concentrations of EXE (100-1000 pM) to develop the
resistant cell line, MCF-7/ADM. Resistance index (RI) was
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determined by cell viability assays and calculated as (ICso-R)/
(ICs0-W) = RI, where ICs R is ICsq of resistant cells and ICs
W is ICs( of wild-type cells. Cells for which RI >5 were con-
sidered resistant. Resistant cells were not used after more than
2 passages after being cultured.

Cell Viability Assay

The ICs( for each cell line was measured using CellTiter 96
Aqueous One Solution Cell Proliferation Assay (MTS). Breast
cancer cells (2 x 10° cells/well) were cultured overnight in
96-well plates. The medium was then replaced with medium
that contained various concentrations of EXE (0, 30, 60, 90, or
120 uM). After incubation for 72 hours, 20 pL of MTS +
100 pL complete medium were added to each well and the
cells were incubated at 37°C for 3 to 4 hours in a humidified,
5% CO, atmosphere. Supernatants were carefully discarded,
and 100 pL dimethyl sulfoxide was added to each well. Absor-
bance values were read in a Microplate Reader (Bio-Rad,
Hercules, California) at 490 nm. Each data point represents
the mean + standard deviation (SD) of 4 replications.

DNA Preparation and Whole-Genome Bisulfide
Sequencing Library Preparation

The 8-mL specimens of patients’ peripheral blood were spun
into plasma and frozen at —80°C until extraction. Cell-free DNA
(cfDNA) was extracted from 600 pL plasma with the MagMAX
Cell-Free DNA Isolation Kit (A29319; ThermoFisher, Massa-
chusetts, USA), following the manufacturer’s protocols. The
cfDNA was then quantified by quantitative polymerase chain
reaction with iTaq Universal SYBR Green Supermix
#1725121 (Bio-Rad, California, USA) with primers ALU115
and ALU247. Genomic DNA of MCF-7 and of MCF-7/EXE
was extracted using QIAamp DNA Mini Kit 50T (Lot 51304
QIAGEN, Diisseldorf, Germany).

Bisulfite conversion of DNA was performed with an EZ
DNA Methylation-gold kit (D5005; Zymo Research, Califor-
nia, USA), according to the manufacturer’s protocols. The
methyl-seq lib preparation was followed by the cfDNA proto-
col of Accel-NGS Methyl-Seq DNA Library Kit (Cat No.
30096; Swift Biosciences, Michigan, USA). We conducted
high-throughput sequencing using an Illumina HiSeq XTEN
(Illumina, San Diego, California, USA).

Sequence Analysis Methods

Cutadapt (version 1.14) was used to trim the sequence barcode
from the original FastQC sequence data. FastQC (version 0.11.5)
was then used to check the whole sequence quality and the GC
content. Bismark (version 0.18.1) was used to align the trimmed
reads to the human genome (version hg19) with the recommended
parameters. A customized C*™" program was used to summarize
the methylation ratio (MR) and methylation density (MD). A
sliding window of 200 kB was used to calculate methylation index
across the genome. Methylation indices for specified blocks of all

Table 1. Clinicopathological Characteristics of 16 Patients.

Characteristic n (%)
Age at diagnosis (years)
>45 11 (68.8)
<45 5(31.2)
Unknown 0
Whether received adjuvant HT
Yes 11 (68.8)
No 5(1.2)
Unknown 0
Therapeutic status of adjuvant HT
Relapse within 2 years while on adjuvant HT 0 (0.0)
Relapse after 2 years while on adjuvant HT 4 (36.4)
Relapse within 1 year of completing adjuvant HT 0 (0.0)
Relapse after 1 year of completing adjuvant HT 7 (63.6)

Not applicable 5
Regimens prior to exemestane in first line

Antharcycline and/or Taxanes 9 (56.25)
Trastuzumab and/or pertuzumab 2 (12.5)
None 7 (43.75)
Unknown 0
Histology of primary tumor
Ductal 15 (93.8)
Lobular 1(6.2)
Others 0 (0.0)
Unknown 0
Initial HER2 status
Positive 3 (20.0)
Negative 12 (80.0)
Unknown 1
Initial TNM stage
I 1(6.2)
I 8 (50.0)
11 2 (12.5)
v 5(1.3)
Unknown 0
Sites of metastases at relapse
Liver 3 (18.8)
Lung 8 (50.0)
Brain 1(6.3)
Bone 5@31.3)
Lymph node 7 (43.8)
Chest wall 1(6.3)
Unknown 0

Abbreviation: HT, hormone therapy; TNM, Tumor Node Metastasis.

the samples were determined using the methods described above.
They were then combined into a matrix. Regions with large
amounts of missing data and 0 values were removed from the
matrix. All the pathological parameters of 16 patients were con-
verted to the standard numerical format. The linear mixed model
of the R software package (version 3.3.1) was used to associate
methylation indices with methylation data. Customized Perl
scripts were used to draw association maps and related heatmaps.
The hclust package of the R software (version 3.3.1) was used to
cluster the samples. The default complete linkage method was
used in this clustering process. The amounts of sequencing data
and the percentages of uniquely mapped reads were both similar
in different samples. The quality of all sequencing data was Q20>
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Figure 1. Methylome variations during exemestane (EXE) treatment. Four of the 16 patients were exemestane resistant (EXEr), and 12 were
exemestane sensitive (EXEs). Differential variations in methylation regions between samples taken at different time points (baseline [upper],
first follow-up [middle], and diagnosis of disease progression [lower]) are shown. Each value is calculated using the formula: 2 x ([methylation
rate] — methylome variations during EXE treatment. Four of the 16 patients were EXEr and depicted in different colors (orange or green).

95%, and Q30 = 90%, indicating that the data were of sufficiently
high quality to provide stable results for the intended analysis.

Statistical Analysis

Associations between different pathological features were exam-
ined by contingency tables. Correlations between the methylation
status (MD or MR) and patients’ clinical parameters was evalu-
ated by Spearman rank correlation coefficient. Differences in
MD and MR between the EXEr and EXEs groups were evaluated
using Student 7 test or the Mann-Whitney U test. Kaplan-Meier
survival curves were calculated according to baseline methyla-
tion status of differentially methylated regions (DMRs) or
changes in methylation status during EXE treatment. The PFS
of each group was compared using log-rank tests. For all analy-
ses, P <.05 was considered significant. Area under the curve
(AUC) was calculated by receiver operating characteristic (ROC)
curve analysis. Cutoff values for relevant parameters were based
on the Youden index, calculated as (sensitivity + specificity) —
1. Data are expressed as mean + SD. All analyses were per-
formed on SPSS version 22.0. All statistical tests were 2 sided.

Results

Patient Characteristics

We carried out ctDNA methylation analyses on blood samples
from 16 patients who received EXE-based therapy until their
relapses. Of these patients, 15 (93.8%) had more than 2 blood
samples collected at baseline, first follow-up, and/or PD,
respectively, and 1 (6.2%) patient had only 1 sample at base-
line. Their median age at diagnosis was 53.0 years (range: 31.0-
70.0 years). Their median follow-up period was 19.0 months

Table 2. Summary of the EXE Resistance-Related DMRs in Terms of
Methylation Density and Methylation Ratio.

Methylation Methylation

Genomic Location ~ Density Ratio
of DMRs (P Value) (P Value) Overlap Genes
Chr1[149600000- .026 .050 LINC00623;
149799999] LINC00869;
LOC103091866
Chr3 [67800000- .026 .049 SUCLG2-4S1
67999999]
Chr3 [140200000- .029 .038 CLSTN2; CLSTN2-
140399999] ASI; TRIM42
Chr6 [32400000- .005 .013 HLA-DRA; HLA-
32599999] DRB5; HLA-
DRBG6; HLA-DRBI
Chr9 [46800000- .019 .002 FAM7441
46999999]
Chr10 [46400000- .019 .034 PTPN20
46599999]
Chr12 .016 .041 ANO4
[101200000-
101399999]

Abbreviations: DMRs, differentially methylated regions; EXE, exemestane.

(range: 2.0-35.6 months). Four (25.0%) patients were con-
firmed to have EXEr disease. Their clinicopathologic charac-
teristics are shown in Table 1.

Methylomes Variation During the Course of EXE
Treatment

We first focused on DNA methylome variations (among all 23
chromosomes) during EXE treatment. Whole-genomic DNA
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Figure 2. Comparison of baseline methylation status of 7 selected DMRs between EXEr and EXEs patients. Comparison of baseline MD of
certain DMRs between EXEr and EXEs group (A, C, E, G); comparison of baseline MR of certain DMRs between EXEr and EXEs groups (B, D,
F, H). Receiver operating characteristic curve analysis for 7 selected DMRs in terms of MD (I) and MR (J). Kaplan-Meier survival analysis for
baseline MR of Chr3 [67800000-67999999] (K), Chr3 [140200000-140399999] (L), and Chr12 [101200000-101399999] (M). “Resistant”
indicates EXEr patients, “sensitive” indicates EXEs patients. Chr indicates chromosome; DMRs, differential methylation regions; EXEr,
exemestane resistance; EXEs, exemestane sensitive; MD, methylation density; MR, methylation ratio.

methylation levels at baseline, first follow-up (if any), and
progression were measured for each patient. We found ongoing
genome-wide demethylation to occur during EXE treatment in
all 16 patients, including large-scale genome-wide demethyla-
tion in both the EXEs group and the EXEr group. Therefore,
overall DNA demethylation seems to be associated with EXE
treatment rather than EXE response (Figure 1).

Selection of Primary EXEr-Related DMRS Using Bismark
Analysis

As large-scale variations in patients’ methylomes occurred dur-
ing the course of EXE treatment, we next sought to identify
variations related to EXEr tumors. Using Bismark analysis
software, we evaluated correlations between methylation status
and EXEr. Differential MD and MR regions for which P < .05
are summarized in Supplementary Tables 1 and 2, respectively.
We found 79 differential MD regions (covering 175 genes) and
70 differential MR regions (covering 223 genes) that were
correlated with EXEr. The respective differential MD and

MR regions both included 7 DMRs in common. These 7 DMRs
covered genes such as the human leukocyte antigens (HLA),
which affect antitumor immune response, and tripartite motif
containing 42 (TRIM42), which affects apoptosis and cell-cycle
regulation (Table 2).

Baseline Methylation Status of the 7 Selected DMRs
in the EXEr and EXEs Groups

To validate the results of methylation profile analysis, we com-
pared the methylation status of the 7 selected DMRs in ctDNA
between baseline blood samples of EXEr and EXEs patients. In
these DMRs, baseline MDs in Chrl [149600000-149799999]
(P = .028), Chr9 [46800000-46999999] (P = .025), and Chr10
[46400000-46599999] (P = .027) were higher in the EXEr
samples than in EXEs samples (Figure 2A, C, and G); and
baseline MRs in Chr3 [67800000-67999999] (P = .01), Chr3
[140200000-140399999] (P = .003), and Chr12 [101200000-
101399999] were higher in EXEr samples than in EXEs sam-
ples (Figure 2B, D, and H). Most of these MD and MR regions
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Figure 3. Methylation status changes in EXE-resistant (EXEr) and EXE-sensitive (EXEs) groups during EXE treatment. (A), Red:
Hierarchical clustering analysis of methylation ratio (MR) variation in all 15 patients and EXEr patients. (B) and (C), Receiver operating
characteristic curve analysis shows changes in methylation density (MD) and MR for 7 selected differentially methylated regions. (D-F)
Kaplan-Meier survival analyses for MD variation (D) and MR variation (E) and synchronized MD and MR variation (F) of Chr6
[149600000-149799999]. Demethylation: synchronized decrease in MD and MR, Remethylation: synchronized increase in MD and MR.

Chr indicates chromosome.

did not overlap. However, the MD (P = .008) and MR (P =
.010) of Chr6 [32400000-32599999] were lower in EXEr sam-
ples than in EXEs samples (Figure 2E and F). Receiver oper-
ating characteristic analysis showed that the baseline MD of
Chr10 [46400000-46599999] (AUC = 0.909, P = .019, 95%
confidence interval [CI], 0.752-1.000) and baseline MRs of
Chr3 [67800000-67999999] (AUC = 0.932, P = .013, 95%
CI, 0.787-1.000), Chr3 [140200000-140399999] (AUC =
0.864, P = .037, 95% CI, 0.670-1.000), and Chrl2
[101200000-101399999] (AUC = 0.886, P = .026, 95% CI,
0.714-1.000) were predictive for EXEr (Figure 2I and J). Using
ROC curves, we calculated the Youden index of these para-
meters and set corresponding threshold values. We then strati-
fied patients by high and low MD or MR values and found that
baseline MRs of Chr3 [67800000-67999999] (P = .00014),
Chr3 [140200000-140399999] (P = .042), and Chrl2
[101200000-101399999] (P = .042) constituted a prognostic
marker for PFS after EXE treatment (Figure 2K-M). However,
we did not find a similar result for baseline MD of Chrl0
[46400000-46599999] (P = .189, data not shown).

Methylation Changes in 7 Selected DMRs During
Therapeutic EXE Courses

As baseline MR was more relevant to primary EXEr, we inves-
tigated whether methylation changes during EXE treatment
were also predictive for acquired EXEr. We clustered the 15
patients by their MR variations for 7 DMRs. As shown in the
heatmap, the EXEr patients were largely clustered together and
shared a similar MR variation pattern in the 7 DMRs
(Figure 3A). Interestingly, only changes of MD (AUC =
0.900, P = .024, 95% CI, 0.732-1.000) and MR (AUC =
0.950, P = .011, 95% CI, 0.835-1.000) in Chr6 [32400000-
32599999] were predictive for acquired EXEr; the other 6
DMRs did not have similar prognostic power (Figure 3B and
C). Using the cutoff value calculated by Youden index, we
classified the 15 patients into those with greater or less methy-
lation of the Chr6 DMR [149600000-149799999]. Kaplan-
Meier survival analysis showed that greater MR of Chr6
[149600000-149799999] was significantly associated with
shorter PFS (7.24 + 3.519 months vs 25.71 + 3.182 months,
P = .013, Figure 3E). However, similar predictive power was
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Figure 4. Genomic methylation status in MCF-7 human breast cancer cells and in exemestane-resistant MCF-7 (MCF-7/EXE) cells. (A)
Viability assay of MCF-7 and MCF-7/EXE cells subjected to increasing concentrations of exemestane. (B) ICso of MCF-7 and MCF-7/EXE
were calculated using cell viability curve. Morphologies of (C) MCF-7 and (D) MCF-7/EXE (magnification: x200). Comparisons between
MCF-7 and MCF-7/EXE for (E) average genomic methylation ratio (MR) and (F) average genomic methylation density (MD). Comparisons
between MCF-7 and MCF-7/EXE for (G) MR and (H) MD of chromosome 6 [32400000-32599999].

not found for MD variations in Chr6 [149600000-149799999]
(13.32 + 5.776 months vs 24.15 + 3.238 months, P = .351,
Figure 3D). As ROC curve analysis suggested that both MD
and MR variations in Chr6 [149600000-149799999] could
identify EXEr, we checked if combining them could enhance
the prediction power for prognosis. As expected, the synchro-
nized increase in MD and MR in Chr6 [149600000-
149799999] was a strong predictor for shorter PFS (3.33 +
0.506 vs 26.31 + 3.003, P = .000033, Figure 2F). The

threshold values of MD and MR for Chr6 [149600000-
149799999] were 0.066 and 0.076, respectively.

Methylation Changes in EXEr MCF-7

To validate the 7 EXEr-related MDRs found in blood samples,
we developed an EXEr MCF-7 cell line (MCF-7/EXE) by sub-
jecting wild-type MCF-7 to increasing concentrations of EXE.
As the cell viability assay showed, the ICsqs of wild-type
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MCF-7 and MCF-7/EXE were 270.2 and 1743.9 uM, respec-
tively (Figure 4A and B). As the ICsq of the EXE-treated
MCF-7 was about 5 times that of wild-type MCF-7, it was
considered MCF-7/EXE. Morphologically, the MCF-7/EXE
cells were slenderer and had more pseudopodia than did wild-
type MCF-7 (Figure 4C and D). We next explored differences in
methylomes between wild-type MCF-7 and MCF-7/EXE cells.
We found that although genomic MRs of MCF-7 and MCF-7/
EXE were similar (P = .082, Figure 4E), MCF-7/EXE showed
significantly lower genomic MD (P < .001, Figure 4F), notably
in Chr6 [32400000-32599999] (P < .001, Figure 4H), compared
to MCF-7. This result was consistent with our clinical evidence:
Demethylation of Chr6 [32400000-32599999] may be a predic-
tor of EXEr in ER" BC.

Discussion

This is the first study to interrogate whole-methylome varia-
tions in advanced BC to predict therapeutic response. Abnor-
mal DNA methylation is common in many cancer types and has
emerged as potential prognostic marker in advanced
BC.!7:18.23.24 However, little is known about the mechanism
of EXEr other than the mTOR pathway>>*® and ESRI muta-
tion.”” For example, mTOR pathway has been shown to be
involved in autophagy-mediated EXE resistance.”® Several
studies suggested that global methylation changes in peripheral
blood DNA of patients with BC is associated with cancer
development, progression, and metastasis.>*>' A prospective
biomarker study (TBCRCO005) showed that high cumulative
methylation index is a predictor of worse PFS and OS for
patients with systemically treated BC.*> He ef al'' also found
that BC cell lines that developed chemoresistance in vitro all
showed massive changes in methylation patterns compared
with chemosensitive controls. Epigenetic dysregulation of the
ER signaling pathway is crucial for tumor response to HT.>*~*
For instance, ectopic methylation of ER co-regulators (such as
SRCI1, SRC3, TIF2, CBP, and NCOR1) is reportedly involved
in tamoxifen resistance.*>*¢

As DNA bisulfite treatment followed by next-generation
sequencing technology allowed us to analyze ctDNA methyla-
tion patterns at the genome-wide scale, we aim to find the
crucial DNA methylation factors that are responsible for EXEr.
Our data suggest that massive demethylation after EXE treat-
ment is inevitable in both EXEr and EXEs patients and might
contribute to the development of primary and/or acquired
EXEr. At baseline, the MD or MR of most DMRs were lower
in EXEs samples than in EXEr samples. These DMRs con-
tained coding genes that are involved in many cellular pro-
cesses such as actin polymerization (protein tyrosine
phosphatase, nonreceptor type 20), Ca**-activated Cl~ ion
channel control (anoctamin-4), apoptosis, or cell-cycle regula-
tion (7RIM42). We also found the baseline MRs—but not
baseline MDs—of Chr3 [67800000-67999999], Chr3
[140200000-140399999], and Chr12 [101200000-101399999]
could predict PFS after EXE treatment. Although MR and MD
are both important measures of DNA methylation status, either

factor alone does not wholly represent DNA methylation status.
Thus, methylation of Chr3 [67800000-67999999], Chr3
[140200000-140399999], and Chr12 [101200000-101399999]
cannot be feasibly associated with PFS. In contrast, Chr6
[149600000-149799999] is the only region that showed lower
MD and MR in both EXEr samples (Figure 2E and F). More-
over, in vitro data also showed lower MD for Chr6 [149600000-
149799999] in the MCF-7/EXE cell line (Figure 4H). We,
therefore, believe that low methylation in Chr6 [149600000-
149799999] is a particular feature of EXEr. Interestingly, upre-
gulated MD and MR of Chr6 [149600000-149799999] during
EXE treatment were also predictive for EXEr (Figure 3B and C).
When considered simultaneously, MD and MR become an ideal
prognostic factor for PFS after EXE treatment (Figure 3F). The
overlapped genes in Chr6 [149600000-149799999] all belonged
to the HLA class II o chain paralogue family (HLA-DR); they
therefore play a central role in the immune system®’ and are
reportedly associated with ER™ BC risk®® and survival.*® In 2
independent cohorts of patients with anti-PD-1-treated mela-
noma, MHC-II positivity in tumor cells was associated with
therapeutic response and PFS and OS.*° Positive MHC-II
expression, including HLA-DR in tumor cells, was associated
with better disease-free survival in patients who had triple-
negative BC with lymph node metastasis.*' Meanwhile, estra-
diol (E,) and ERa signaling pathway was found to help regulate
interferon-y-inducible HLA-II in BC cells. These findings indi-
cate a prognostically important interaction between the ER path-
way and HLA-II expression.** Our data indicate an association
between EXEr and HLA-II methylation. We believe that
remethylation of Chr6 [149600000-149799999] during EXE
therapy could be a very useful predictor for EXEr.

Our study found, for the first time, that methylation
changes during EXE treatment correlate with EXEr status.
The methylation status of certain DNA region is an ideal
predictor for EXEr. However, this study was limited by its
small cohort. Our findings and methods should be validated in
a larger patient group.
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