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ABSTRACT
The biological basis underlying cognitive dysfunction in women with early-stage breast cancer
(BC) remains unclear, but could reflect gene expression changes that arise from the acquisition
and long-term retention of soma-wide alterations in DNA methylation in response to chemother-
apy. In this longitudinal study, we identified differences in peripheral methylation patterns present
in women prior to treatment (T1) and 1 year after receiving chemotherapy (T4) and evaluated
relationships among the differential methylation (DM) ratios with changes in cognitive function.
A total of 58 paired (T1 and T4) blood specimens were evaluated. Methylation values were
determined for DNA isolated from whole blood using a genome-wide array . Cognitive function
was measured using the validated, computerized CNS Vital Signs platform. Relationships between
methylation patterns and cognitive domain scores were compared using a stepwise linear
regression analysis, with demographic variables as covariates. The symptom comparison analysis
was restricted to 2,199 CpG positions showing significant methylation ratio changes between T1
and T4. The positions with DM were enriched for genes involved in the modulation of cytokine
concentrations. Significant DM ratios were associated with memory domain (56 CpGs). Eight of the
ten largest DM ratio changes associated with lack of memory improvement were localized to
genes involved in either neural function (ECE2, PPFIBP2) or signalling processes (USP6NL, RIPOR2,
KLF5, UBE2V1, DGKA, RPS6KA1). These results suggest that epigenetic changes acquired and
retained for at least one year in non-tumour cells following chemotherapy may be associated
with a lack of memory improvement following treatment in BC survivors.
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Introduction

The five-year survival rate for women with early-
stage breast cancer (BC) has risen markedly from
75% in 1976 to 90% in 2016 [1]. Although the
survival gains are quite notable, BC survivors con-
tinue to report long-term treatment/disease-
associated side effects, including perceived deficits
in cognition. While the percentage of BC survivors
having objective decrements in cognition remains
controversial, at least a subset of these women
have been shown to have clear decrements in
functional status and quality of life [2].
Therefore, the biological basis underlying the
development and persistence of cognitive dysfunc-
tion in women with early-stage BC remains an

important focus of survivorship research.
Multiple biological pathways have been explored
to identify factors that could provide a logical
explanation for the cognitive changes reported
over the BC treatment trajectory and in survivor-
ship [3–5] but, to date, no clear causal associations
have emerged.

We and others have hypothesized that soma-wide
epigenetic alterations acquired following chemother-
apy could contribute to cognitive dysfunction [6–8].
While epigenetic alterations in tumour tissue have
been studied for over 20 years, with identified altera-
tions showing regions with global/local hypomethyla-
tion, as well as regions with hypermethylation [9–12],
there is a paucity of studies evaluating ‘bystander’
alterations in methylation patterns in healthy somatic
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cells following chemotherapy [13–18]. Epigenetic
alterations can include post-translational changes
involving histones, higher-order chromatin organiza-
tional changes, and DNA methylation, with DNA
methylation being the most commonly studied epige-
neticmodification in humans [19]. An emerging body
of evidence implicates DNA methylation as a critical
mechanism of learning and memory, with gene-
specific modifications observed in the development
of cognitive dysfunction [20]. For example, in the
study of Haberman and colleagues (2012), CpG island
DNA methylation in the promotor region of Gabra5
gene, which is highly expressed in the hippocampus,
correlates with memory and learning, but its mRNA
expression levels decrease with age in a rat model of
neurocognitive ageing [20]. Given that DNA methy-
lation is potentially reversible and may be
a therapeutic target for some forms of cognitive dys-
function, the primary aim of this longitudinal study
was to determine if: (1) changes in DNA methylation
patterns were present among women with early-stage
BC that were acquired and retained one year post
inception of chemotherapy; and (2) differential
DNA methylation was associated with cognitive
function.

Methods

Study procedures have been reported elsewhere [21].
In the parent study (EPIGEN),womendiagnosedwith
early-stage BC were evaluated across 5 time points:
prior to their receipt of chemotherapy (T1), at the time
of their 4th chemotherapy treatment (T2), 6 months
after the initiation of chemotherapy (T3), one year
after the initiation of chemotherapy (T4) and two
years after the initiation of chemotherapy (T5). The
research team prospectively characterized psycho-
neurological symptoms (i.e. anxiety, depression, cog-
nitive dysfunction, fatigue, pain, sleep disturbances),
inflammatory biomarkers, and epigenetic alterations.
For this report, we examined modifications in DNA
methylation at two time points (T1 and T4).

Sample and data collection

A total of 75 women with early stage (I to IIIA) BC
initiated data collection following their recruitment
through a National Cancer Institute designated can-
cer centre in Central Virginia and multiple

collaborative sites statewide. The study eligibility
criteria were: (a) age (at least 21 years old); and
(b) a diagnosis of early stage BC with a scheduled
clinic appointment to receive chemotherapy.
Exclusion criteria were: (a) a history of a previous
cancer, or chemotherapy; (b) a diagnosis of demen-
tia; (c) active psychosis; or (d) immune-related
diagnoses (e.g., multiple sclerosis, systemic lupus
erythematosus). All methods and protocols were
approved by the institutional review board for the
university health system cancer centre and affiliated
institutions. A signed consent form was obtained
from each study participant. After obtaining
informed consent, participants were asked to com-
plete questionnaires, undergo performance-based
cognitive testing via a computerized system and
have their blood drawn.

Measures

Covariates
Demographic characteristics, concurrent symp-
toms, and blood cell compositions (i.e. leukocyte
heterogeneity [indirectly inferred using the
Houseman et al.’s statistical method [22]]) were
included in this analysis as covariates.
Comprehensive questionnaires, medical record
review and participant interviews were performed
at baseline and at subsequent data points for
demographic, cancer and cancer treatment-
related variables, and concurrent symptoms (per-
ceived stress, anxiety and depressive symptoms,
fatigue, and pain) (Table 1). The major cell com-
position was estimated using the R package ‘minfi’.

Cognitive function
A performance-based computerized neurocogni-
tive testing system, CNS Vital SignsTM (CNSVS,
https://www.cnsvs.com), was used to evaluate mul-
tiple cognitive domains [23]. Test results were
obtained in subject (raw) scores, age-matched
standard scores, and percentile ranks. The
CNSVS scores individual tests and calculates
a report of the clinical domains of neurocognitive
functioning. In this analysis, memory, psychomo-
tor speed (e.g., finger tapping, symbol digit cod-
ing), reaction time (i.e. how quickly subject
responds), complex attention (i.e. continuous per-
formance, shifting attention), and cognitive
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flexibility (i.e. shifting attention) domains were
assessed. Descriptions of these domains and their
relevance are given in Supplementary Table 1. The
subscales of the CNSVS have good test-retest relia-
bility: correlation coefficients for attention, mem-
ory, psychomotor speed, cognitive flexibility, and
reaction time were 0.65, 0.66, 0.88, 0.71, and 0.75,
respectively [23]. This test has been commonly
used in women with BC [24,25].

Biological samples
Genomic DNA was isolated from whole blood
using the Puregene DNA isolation kit (Qiagen,
Valencia, CA). An aliquot of 500 μg of DNA per
specimen was bisulfite converted using an EZ

DNA Methylation Kit (Zymo Research, Irvine,
CA) and then hybridized to a genome-wide
Infinium HumanMethylation450K BeadChip
(HM450K; Illumina, San Diego, CA), with both
of these procedures being performed according to
the manufacturer’s protocols (at HudsonAlpha
Institute for Biotechnology).

Statistical analysis

Statistical analyses were performed inR statistical soft-
ware v3.5.2. Descriptive statistics were presented for
demographic data and outcomes, with means, stan-
dard deviations (SDs) and ranges. If CNSVS scores
were smaller than 40, they were replaced with 40 [23].
As higher scores on reaction time and complex atten-
tion domains indicate lower cognitive function, they
were reversed scored for the analysis. To determine
the changes over time in each cognitive domain, linear
mixed effects models were fit to model each domain
separately. Raw methylation sequencing data were
processed using the R programming environment
‘minfi’ Bioconductor package. There were 61 subjects
with methylation data available for both T1 and T4.
Following a quality control workflow with R package
‘MethylAid’ [26], three subjects were excluded, to
yield a total sample size of 58 paired specimens.
These subjects were excluded because they had CpG
positions with probe detection call rates of less than
95% (pre-established quality control criteria). For the
485,512 CpG positions which remained eligible for
analysis, methylation ratio intensities (β-values) were
calculated using the following formula: M divided by
U+M+ α, whereM=methylated; U= unmethylated;
and α = 100. Wilcoxon signed rank tests were used to
compare paired methylation ratios at each CpG posi-
tion, followed by a Bonferroni adjustment for 485,512
separate statistical tests on P-values. Significant differ-
entiallymethylated positions (DMPs)with an adjusted
P-value of less than 0.05were selected.Next, amultiple
linear regressionmodel was used to examine potential
association between the change of each cognitive
domain from T1 to T4 as the outcome variable and
the change of each of the selected methylation CpG
positions as the predictor variable of interest while
controlling for effects of demographic covariates as
well as change of major cell type proportions. Due to
the relatively small sample size, the model size was
reduced by excluding irrelevant covariates via stepwise

Table 1. Demographics of the study participants undergoing
treatment for early stage breast cancer (N = 58).
Variable N (%) or mean ± SD (range)

Age 51.48 ± 10.52 (23, 69)
Race
African-American 19 (32.8%)
Caucasian 39 (67.2%)
Others 0 (0.0%)

BMI (kg/m2) 30.27 ± 7.31 (19.11, 54.34)
Current smoking status
Yes 11 (19.0%)
No 47 (81.0%)

Stage
I 16 (27.6%)
IIA 26 (44.8%)
IIB 11 (19.0%)
IIIA 5 (8.6%)

Triple negative
Yes 19 (32.8%)
No 39 (67.2%)

Neoadjuvant
Yes 6 (10.3%)
No 52 (89.7%)

Radiation treatment
Yes 44 (75.9%)
No 14 (24.1%)

Chemotherapy regimen
AC 1 (1.7%)
CMF 2 (3.4%)
TAC 25 (43.1%)
TC 19 (32.8%)
TCH 11 (19.0%)

BFI (Total) 2.25 ± 2.71 (0, 9.5)
PSS 2.15 ± 0.35 (1.5, 3)
HADS 5.67 ± 2.69 (0, 12)
BPI (Pain severity) 1.69 ± 2.27 (0, 7)

Abbreviations: AC, doxorubicin (Adriamycin), cyclophosphamide
(Cytoxan); BFI, brief fatigue inventory; BMI, body mass index; BPI,
brief pain inventory; CMF, cyclophosphamide, methotrexate and
fluorouracil; HADS, hospital anxiety and depression scale; PSS, per-
ceived stress scale; SD, standard deviation; TAC, docetaxel (Taxotere),
doxorubicin (Adriamycin), cyclophosphamide (Cytoxan); TC, docetaxel
(Taxotere) and cyclophosphamide (Cytoxan); TCH, docetaxel
(Taxotere), carboplatin (Paraplatin), trastuzumab (Herceptin).
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model selection. Covariates selected for inclusion in
the model were based on reports of potential relation-
ships from the extant literature, and included age, race,
current smoking status, body mass index (BMI),
tumour stage, hormone receptor status, neoadjuvant,
radiation therapy, fatigue, perceived stress, anxiety,
depressive symptoms, and pain. In addition, to
account for the impact of cell composition, we added
the changes of six major cell proportions between T1
and T4, to the covariate list, including CD8 + T cells,
CD4 + T cells, Natural Killer Cells, B Cells, Monocyte,
and Granulocyte, with the values for these cell types
being estimated using the R package ‘minfi’. The
Akaike information criterion (AIC) was used for
model selection procedures [27]. Potential relation-
ships between DMPs and multiple cognitive function
domains were identified using a false discovery rate
(FDR) control at q < 0.1. The DMPs were annotated
and mapped to the nearest genes using R package
‘IlluminaHumanMethylation450kanno.ilmn12.hg19’
and ‘FDb.InfiniumMethylation.hg19’ from
Bioconductor. In addition, gene set enrichment ana-
lysis for biological functions was conducted using the
genomic regions enrichment of annotations tool
(GREAT) online software (http://great.stanford.edu/
great/public/html/). The background was set to the
total Illumina 450K array. Only CpG positions with
methylation Δβ value > 5% at a FDR rate < 0.05 were
included in the annotation analysis. Lastly, we pre-
dicted transcription factors located near 10 top-
ranked DMPs through in silico analysis. The DNA
sequences around the methylation locations were
obtained using ENSENBL, and the promotor binding
sites located near the methylated points were deter-
mined using Alibaba 2.1 [28].

Results

Sample characteristics

All 58 participants received chemotherapy. Nearly
half of the chemotherapy participants (N = 25,
43.1%) were treated with a docetaxel (Taxotere),
doxorubicin (Adriamycin) and cyclophosphamide
(Cytoxan) (TAC) regimen. Nineteen (32.8%)
received a docetaxel and cyclophosphamide (TC)
regimen. Eleven (19.0%) were treated with doce-
taxel, carboplatin (Paraplatin) and trastuzumab
(Herceptin) (TCH) regimen. The remaining

participants (N = 3) were treated with doxorubicin
and cyclophosphamide (AC) regimen or cyclopho-
sphamide, methotrexate and fluorouracil (CMF)
regimen. The study sample consisted of
a majority of Caucasian non-Hispanic women
(67.2%), with an average age of
51.48 ± 10.52 years. Cancer stages of participants
were Stage I (27.6%), Stage IIA (44.8%), Stage IIB
(19.0%), and Stage IIIA (8.6%). A majority of
participants were diagnosed with non-triple
negative BC (67.2%), did not receive neoadjuvant
therapy (89.7%), but did receive radiation treat-
ment (75.9%), and were non-smokers (81.0%). The
average BMI of the participants was
30.27 ± 7.31 kg/m2, which falls within the obese
range (Table 1).

Cognitive domain outcomes

As shown in Table 2, five cognitive domain out-
comes, i.e. memory, psychomotor speed, reaction
time, complex attention, and cognitive flexibility,
were assessed at baseline, 6-months, and 1-year
after the initiation of chemotherapy. Except for
psychomotor speed, mean scores of all cognitive
domains were below 100 at T1. Over one year,
significant improvements from baseline were
observed for psychomotor speed (F = 7.180,
P = .001), reaction time (F = 18.193, P < .001),
complex attention (F = 6.775, P = .002), and cog-
nitive flexibility (F = 21.673, P < .001). The great-
est difference occurred in cognitive flexibility
(improved). Moderate increases in scores were
observed in psychomotor speed, complex atten-
tion, and reaction time, suggesting that they
showed improved perception, attention, response
and coordination, and increased complex attention
over time, as well as quicker reaction at T4 com-
pared to T1. However, the mean score for the
memory domain was not significantly different
across timepoints (F = 0.102, P = .903), indicating
a lack of improvement/change for this component.

Association between CpG methylation levels and
cognitive function

DNA methylation ratios at 485,512 CpG dinu-
cleotides were evaluated and identified 2,199
DMPs in the T1 (baseline) compared to T4
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(one year after chemotherapy initiation) speci-
mens (P = 1.03 × 10−7), as shown in Figure 1a.
The mean value of methylation ratio changes for
the 2,199 CpG positions was −0.0367, suggesting
that the overall methylation ratios decreased by

3.67% over one year (consistent with hypo-
methylation changes). The majority of CpG
positions with significant changes showed
a decrease in DNA methylation ratios
(N = 2,113 [96%]). Biological functions for the

Table 2. Cognitive domain outcomes (N = 58).
Cognitive
domain

Baseline (prior to their receipt of
chemotherapy)

6-month after the initiation of
chemotherapy

1-year after the initiation of
chemotherapy F (P-value)

Memory 97.4 (13.9)
[67, 127]

98.2 (19.6)
[41, 140]

98.5 (17.6)
[51, 126]

0.102
(.903)

Psychomotor
speed

114.0 (23.5)
[62, 172]

117.4 (27.1)
[39, 186]

120.8 (26.4)
[39, 190]

7.180
(.001)

Reaction time 99.3 (17.1)
[39, 126]

103.0 (15.6)
[36, 130]

105.9 (12.9)
[54, 133]

18.193
(<.001)

Complex
attention

99.8 (13.8)
[64, 121]

101.9 (19.1)
[38, 121]

106.0 (12.5)
[39, 121]

6.775
(.002)

Cognitive
flexibility

98.4 (16.4)
[58, 127]

104.2 (20.3)
[27, 126]

108.2 (14.8)
[40, 131]

21.673
(< .001)

Values are standardized scores and presented as mean and standard deviation (SD). The minimum and maximum values
(range) were presented under the mean scores. As higher scores on reaction time and complex attention domains indicate
lower cognitive function, they were reversed scored for the analysis.

P < .05 denotes significant differences between three time points.

Figure 1. (a). Manhattan plot showing P values for changes in methylation at the individual CpG positions from baseline to one year
after the initiation of chemotherapy. The Y axis shows log transformed P values. The X axis shows the chromosomal location of the
485,512 CpG positions evaluated. The dotted horizontal line indicates the threshold for significance (P = 1.03 × 10−7). (b). Manhattan
plot for P values for associations between CpG methylation ratio differences and memory domain score. The Y axis shows log
transformed P values. The X axis shows the chromosomal location of the 2,199 positions with significant differences in methylation
ratios from baseline to 1 year post chemotherapy induction. The dotted horizontal line indicates the threshold for significance
(P = 4.91 × 10−3) in associations between memory domain scores and methylation ratio differences, with these 56 CpG sites being
highlighted in dark green.
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2,199 significant DMPs were investigated using
the GREAT online tool [29]. These regions
showing significant changes corresponded with
a total of five clusters related to: (a) negative
regulation of cytoplasmic mRNA processing
body assembly (P = 9.22 × 10−7); (b) regulation
of interleukin-8 (IL-8) production
(P = 2.31 × 10−5); (c) dimethylallyl diphosphate
biosynthetic process (P = 3.98 × 10−5); (d) posi-
tive regulation of chemokine biosynthetic pro-
cess (P = 5.21 × 10−5); and (e) regulation of
cellular senescence (P = 5.36 × 10−5). The bio-
logical process with the highest degree of enrich-
ment was ‘negative regulation of cytoplasmic
mRNA processing body assembly’, and the bio-
logical function with the highest number of total
regions and genes involved was ‘regulation of
interleukin-8 production’. A list of significant
genes that emerged from this assessment for
each of these biological function clusters is pro-
vided in Table 3.

To evaluate potential associations between differen-
tial methylation and cognitive function (e.g., memory,
complex attention, psychomotor speed, reaction time,
cognitive flexibility) over one year following
a diagnosis/treatment for BC, a stepwise selection ana-
lysis was used, with each model of the five cognitive

domains being adjusted for covariates. No significant
associations with acquired/persistent methylation dif-
ferences were observed for psychomotor speed (cov-
ariates in the model included current smoking status
and hormone receptor status), reaction time domain
(covariates were race, tumour stage, perceived stress
scale [PSS], and white cell proportions [change of
B cells]), complex attention domain (covariates were
age, race, BMI, tumour stage, neoadjuvant status, hos-
pital anxiety and depression scale [HADS], PSS, and
change of B cells andmonocyte) or cognitive flexibility
domain (covariates were age, BMI, tumour stage, cur-
rent smoking status, neoadjuvant, HADS, PSS, and
change of CD4 + T cells and natural killer cells) .
However, for memory domain (covariates were age,
race, and hormone receptor status), 56 DMPs were
identified (P = 4.91 × 10−3) as shown in Figure 1b.
For some outcomes, cell proportion differences were
identified as significantly contributing to the outcome,
including reaction time domain, complex attention
domain, and cognitive flexibility domain, while cell
proportion differences were not retained by the step-
wise procedure for memory domain or psychomotor
speed domain models. These 56 CpG positions (at
a P-value < .001) (Supplementary Table 2), showed
a reduction of DNA methylation at one year post-
chemotherapy, with the methylation ratio change

Table 3. Lists of significant biological functions among the genomic regions that include 2,199 differentially methylated CpG
positions between baseline (prior to their receipt of chemotherapy [T1]) and one year after the initiation of chemotherapy (T4).

Biological Process
Hyper
rank

Hyper raw
P-value

Hyper FDR
Q-value

Hyper
fold

enrichment

Hyper
total

regions

Hyper
foreground
gene hits

Total
genes

annotated Genes

Negative regulation of
cytoplasmic mRNA
processing body
assembly

1 9.2158 × 10−7 9.6213 × 10−3 132.4726 5 1 1 PATL2

Regulation of interleukin-8
production

6 2.3100 × 10−5 4.0193 × 10−2 2.8012 1734 11 43 TLR5, BCL10, TNF, AFAP1L2,
WNT5A, F2RL1, TLR4, GDF2,
NLRP10, ARRB1

Dimethylallyl diphosphate
biosynthetic process

9 3.9826 × 10−5 4.6198 × 10−2 4.5804 530 1 2 IDI1

Positive regulation of
chemokine biosynthetic
process

13 5.2148 × 10−5 4.1879 × 10−2 4.8847 452 5 10 TNF, MYD88, WNT5A, IL4,
IFNG

Regulation of cellular
senescence

14 5.3600 × 10−5 3.9970 × 10−2 3.5942 860 7 12 CDK6, NUAK1, VASH1,
HMGA1, ZKSCAN3, NEK6,
HMGA2

Abbreviations: AFAP1L2, actin filament associated protein 1 like 2; ARRB1, arrestin beta 1; BCL10, B-cell lymphoma/leukaemia 10; CDK6, cyclin-
dependent kinase 6; F2RL1, coagulation factor II (thrombin) receptor-like 1; FDR, false discovery rate; GDF2, growth differentiation factor 2; HMGA1,
high mobility group AT-hook 1; HMGA2, high mobility group AT-hook 2; IDI1, isopentenyl-diphosphate delta isomerase 1; IFNG, interferon gamma;
IL4, interleukin 4; MYD88, myeloid differentiation primary response 88; NEK6, never in mitosis gene a (NIMA)-related kinase 6; NLRP10, nucleotide-
binding oligomerization domain (NOD)-like receptor family pyrin domain containing 10; NUAK1, novel (nua) kinase family 1; PATL2, protein
associated with topoisomerase 2; TLR4, toll like receptor 4; TLR5, toll like receptor 5; TNF, tumour necrosis factor; VASH1, vasohibin 1; WNT5A, Wnt
family member 5A; ZKSCAN3, zinc-finger with Kruppel-associated box (KRAB) and soluble calcium-activated nucleotidase (SCAN) domains.
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being decreased by 4.14% on average (Figure 2a).
Seven of these CpG positions (e.g., cg01333080,
cg26452989, cg15530112, cg01450807, cg13046524,
cg14356530 and cg08034986) were heavily methylated
(i.e. B values of greater than 50%) at T1 and T4, based
on a classification criteria of greater than 0.5 as having
‘heavily methylated’ status [30]. The top 10 positions
showing the largest methylation ratio differences (T1
vs T4) are listed in Table 4. All CpG positions showed
significantly negative linear estimate effects, indicating
negative estimates of memory domain score changes
for every unit increase in methylation ratios. The CpG
position (cg26452989) that showed the largest esti-
mated coefficient of memory domain score change
for every unit increase in methylation ratio (−327.5,
standard error (SE) = 80.9; γ = −0.463, P = 6.11 × 10-8)
was localized to the USP6NL gene (Table 4 and Figure
2b). These DMPs included 5 sites localized to gene
bodies, 2 sites localized to transcription start site
regions, 1 site localized to promoter regions; and 2
sites localized to open sea regions (Table 4). Notably,
eight out of the ten positions showing the largest
methylation ratio changes were localized to genes
involved in either neural functions (ECE2, PPFIBP2)
or signalling processes (USP6NL, RIPOR2, KLF5,
UBE2V1, DGKA, RPS6KA1). Additional information
on all 56 significant DNA methylation positions
(P < .005) is shown in supplementary Table 2 and
supplementary Figure 1. We also examined putative
transcription factors located near 10 top-ranked
DMPs. Specificity protein 1 (Sp1), CCAAT/enhancer-
binding protein alpha (C/EBPα), and nuclear factor
kappa light chain enhancer of activated B cells
(NFκB) were examples of transcription factors that
were commonly shown. DMPs. Sp1, C/EBPα, and
NFκB are involved in encoding proteins related to
cellular processes, blood cell differentiation, and
inflammation/immunity, respectively. Detailed infor-
mation is provided in Supplementary Table 3.

Discussion

Given that the results of emerging data suggest that
dynamic changes in methylation (specifically,
5-methylcytosine) have implications in the regulation
of gene expression involved in learning and consoli-
dation of memory [31,32], it seems feasible that
acquired epigenetic changes could contribute to the
cognitive dysfunction frequently reported as an

adverse ‘side effect’ with BC and its treatment [6,33].
In our analysis, 2,199 DMPs were identified between
the baseline and one-year follow-up post-
chemotherapy specimens, with 56 of these positions
showing significant associations with the memory
domain values. This latter observation is of particular
interest since memory was the only cognitive domain
that did not show improvement between the T1 and
T4 specimens (lacked ‘recovery’ increases). Moreover,
when the data was examined on an individual basis,
which was feasible due to our longitudinal study
design, significant inverse correlations were observed
between differences inmemory scores and differences
in methylation patterns, with decreases in memory
scores being associated with gains in methylation (as
can be seen with gene ‘silencing’).

One of the 10 top-ranked DMPs (P < .001)
showing a significant association with memory
was a site localized to the ECE2 gene, which is
expressed in neural (as well as other) tissues
[34,35]. The results of previous studies suggest
that ECE2 is an important amyloid-β-peptide
(Aβ) degrading enzyme [36–38]. Interestingly,
this gene was the most significantly downregu-
lated gene associated with Aβ accumulation and
clearance among a gene set evaluated in speci-
mens collected from patients with AD compared
to controls and other conditions [37]. ECE2 is
also potentially related to learning and memory.
Notably, mice lacking ECE2 exhibited poor
learning and memory functions as evidenced by
poor performance on the Morris water maze test
[34]. Given the association of gene expression in
neural tissue for this gene, one might expect that
associations related to compromises in cognitive
function would result from hypermethylation
(gene silencing) rather than hypomethylation
for this region. However, in a study of breast
cancer tumours by Hon et al. (2012), genes
within regions showing global DNA hypomethy-
lation were largely silenced because the acquisi-
tion of global DNA hypomethylation was tightly
coupled to the repression of chromatin domains,
leading to decreased gene expression, as well as
alterations in histone modifications [9]. While
our results are correlative, rather than function-
ally based, given the findings of the Hon et al.’s
study, it is quite plausible that one could see
hypomethylation of the ECE2 gene associated
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with lack of memory improvement (and specu-
late that this could relate to alternations in bi-
allelic gene expression).

Other genes of interest among the top 10 DMPs
(Table 4) included the RIPOR2 gene and the
PPFIBP2 gene. The RIPOR2 gene encodes a small

Figure 2. (a). Boxplot showing methylation ratios at T1 and T4 on ten significantly differentially methylated CpG sites. All of these
sites showed reduced methylation at T4. Black dots present outliers of the methylation ratios. (b). Directional associations between
changes in methylation ratios and changes of memory domain scores at 10 CpG positions. Significant inverse correlations were
observed between differences in DNA methylation values and differences in memory domain standardized scores.
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G protein that has been associated with hearing
loss/deafness. While we did not evaluate hearing
loss in this study, it is intriguing to note that
hearing loss is a side effect that has been recur-
rently reported following chemotherapy for
a variety of cancers [39,40]; however, this gene
has not been clearly associated with cognition.
The PPFIBP2 gene is thought to function in neu-
ronal synapse and axon guidance, but it has not
been clearly associated with cognitive function or
adverse side effects reported following chemother-
apy. In addition to the 10 top-ranked sites, the
total subset of 56 significant DMPs included sites
localized to genes involved in neurotransmission/
neural chemical synapses (KCNH4; CHRNB4);
inflammatory responses (IKBKE); gait or axonal
neuropathy (IER5); and DNA replication/damage
response/repair (MCM6; NUAK1) (Supplementary
Table 2). Specifically, NUAK1 is known to play
a role in regulating tau levels by phosphorylation
in mouse model, Drosophila, and human cell

systems, in which the reduction of Nuak1 levels
or activity may reverse tau accumulation in tauo-
pathies, such as AD and progressive supranuclear
palsy (PSP) [41]. While MCM6 is not directly
related to cognitive dysfunction, the last 2 genes
are interesting for this cohort, since the women
who received TAC and TC chemotherapy regi-
mens showed significantly increased frequencies
of chromosomal instability in their T4 specimens
compared to their T1 specimens [42].

An assessment of functional ontology annota-
tions, which was completed for the full set of 2,199
DMPs, identified enrichment for 5 areas of biolo-
gical function, with two of these 5 being associated
with the modulation of chemokines (‘positive reg-
ulation of chemokine biosynthetic process’ and
‘regulation of IL-8 production’). Chemokines are
known to play a major role in creating an envir-
onment which predisposes to cancer and the
development of cancer-related inflammation by
leukocyte recruitment, neo-angiogenesis, invasion,

Table 4. Ten top-ranked differentially methylated positions and the relevant information (controlled by FDR q < 0.1).
Methylation ratio

difference
(T4-T1)

Methylation
site P-value Q-value Δβ

t
(P-value)

Estimate (SE) of
memory domain score
change for every unit
increase in methylation

ratio
Chromo-
some

Chromo-
some

location Distance*
Nearest
gene

Functional
Genomic

Distribution
of DMPs+

cg01333080 0.000047 0.058493 −0.0358 −4.80
(1.19 × 10−5)

−230.5 (51.7) chr3 183,994,568 0 ECE2 Gene Body

cg26452989 0.000181 0.078529 −0.0197 −6.23
(6.11 × 10−8)

−327.5 (80.9) chr10 11,581,379 0 USP6NL Gene Body

cg16472904 0.000249 0.081212 −0.0433 −6.16
(7.73 × 10−8)

−159.8 (40.5) chr11 7,597,402 0 PPFIBP2 Gene Body

cg15530112 0.000330 0.083026 −0.0357 −7.74
(1.87 × 10−10)

−224.2 (58.1) chr14 53,929,908 309,861 DDHD1 Open Sea

cg24994319 0.000371 0.083667 −0.0673 −8.29
(2.26 × 10−11)

−133.9 (35.1) chr6 25,027,586 0 RIPOR2 Promoter

cg01450807 0.000460 0.084692 −0.0222 −6.88
(4.98 × 10−9)

−307.9 (82.1) chr13 73,715,706 64,029 KLF5 Open Sea

cg13046524 0.000476 0.084836 −0.0461 −10.18
(1.96 × 10−14)

−217.8 (58.2) chr20 48,728,642 0 UBE2V1 Gene Body

cg14356530 0.000673 0.087461 −0.0379 −7.50
(4.62 × 10−10)

−207.9 (57.3) chr9 99,064,450 15 HSD17B3 TSS

cg20051772 0.000841 0.088787 −0.0544 −6.55
(1.78 × 10−8)

−118.3 (33.3) chr12 56,325,015 0 DGKA TSS

cg08034986 0.000860 0.088904 −0.0517 −9.34
(4.27 × 10−13)

−180.5 (50.9) chr1 26,860,677 0 RPS6KA1 Gene Body

Abbreviations: DGKA, diacylglycerol kinase alpha; ECE2, endothelin converting enzyme 2; FDR, false discovery rate; HSD17B3, hydroxysteroid 17-beta
dehydrogenase 3; KLF5, Kruppel like factor 5; RIPOR2, rho family-interacting cell polarization regulator 2; RPS6KA1, ribosomal protein S6 kinase
alpha 1; UBE2V1, ubiquitin-conjugating enzyme E2 variant 1; USP6NL, ubiquitin specific peptidases N-terminal-like protein.

*Distance from the gene is denoted in basepairs; entries with values of ‘0’ indicate that the site is localized to the gene.
+Functional location of the differentially methylated position was determined by the distance. Open sea regions are isolated CpG sites in the
genome that do not have a specific functional designation. TSS = transcription start site.
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and tumour cell proliferation and survival [43,44].
Iwamoto et al. (2011) revealed that ‘chemokine
signaling’ and ‘IL-8 signaling’ pathways were sig-
nificantly associated with chemotherapy response
in BC through a gene set analysis [45]. Notably,
cytokines have been demonstrated to have
a relationship with cognitive dysfunction [46–48].
Lyon et al. (2016) also reported that multiple cyto-
kines had significant associations with psychomo-
tor speed, complex attention, executive function,
verbal memory, cognitive flexibility, and visual
memory during and after chemotherapy treatment
[21]. Another important biological function that
was identified was regulation of cellular senes-
cence. Cellular senescence can arise in response
to therapy-induced genotoxic stress through epi-
genetic alterations, such as telomere shortening or
DNA damage [49] and has been observed in BC
specimens from patients who received neoadju-
vant chemotherapy [50]. We have also speculated
that cellular senescence could contribute to che-
motherapy-related side effects such as cognitive
dysfunction [7].

This study has several strengths, including, but
not limited to, the longitudinal design that con-
trols for inter-individual demographic and genetic
factors that could confound the interpretation of
the genome-wide DNA methylation and cognition
data [51]. However, it also has limitations, includ-
ing a relatively small sample size. Additionally, we
are reporting the results of a single cohort and not
yet have replication of these results in an indepen-
dent cohort which could potentially limit the gen-
eralizability of these findings. Another limitation
of this study is that the analysis was restricted to
DNA methylation changes, but did not include an
assessment of: (1) LINE-1 methylation patterns or
of histone (or other epigenetic) modifications; or
(2) gene expression patterns. Future studies that
explore these latter attributes for the targeted loci
identified in this analysis could provide additional
insight regarding the association of these genes
with memory in women following a diagnosis
and treatment for BC. Lastly, another limitation
of this study is the question of the relevance of
peripheral blood DNA methylation changes to
alterations that might arise in the brain (e.g., cog-
nitive function). Given that brain tissues cannot be
non-invasively obtained for assessments,

researchers studying potential epigenetic influ-
ences on behavioural traits have evaluated periph-
eral tissues as a proxy for changes that might be
relevant to those that are also present in the brain
[52–55]. In their comparison of live human brain
to concurrently collected peripheral tissues, Braun
et al. (2019) noted relatively high overall correla-
tions in DNA methylation values between brain
and blood specimens, but did caution that correla-
tion patterns can vary for individual CpGs [56].

In conclusion, this study provides novel evi-
dence of an association between changes acquired
in DNA methylation patterns and recovery of
memory function following chemotherapy in
women with early-stage BC. Clearly, future studies
are needed to confirm these results and to better
assess if this observation reflects a direct versus
indirect relationship. However, if confirmed, this
finding could lead to enhancement in our under-
standing of the mechanisms contributing to
‘chemo-brain’ in BC survivors.
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