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Abstract

Inflammation has been associated with fatigue during and after various types of breast cancer 

treatments. We examined whether prior chemotherapy was associated with DNA methylation 

patterns that could explain persisting inflammation and/or fatigue in women treated for breast 

cancer. Prior to breast radiation therapy, DNA was extracted from peripheral blood mononuclear 

cells (PBMCs) of 61 Stage 0-IIIA breast cancer patients who had received partial mastectomy 

with or without chemotherapy. DNA methylation was assessed at >485,000 CpG sites across the 

genome along with fatigue and plasma inflammatory markers previously associated with fatigue. 

Compared to non-chemotherapy-treated, women who had received chemotherapy exhibited 

significantly decreased methylation at eight CpG sites (p < 1.03 × 10−7) including four in exon 11 

of transmembrane protein 49 (TMEM49), which demonstrated the largest decreases in 

methylation. Lower methylation at each identified CpG site was associated with increased plasma 

soluble tumor necrosis factor receptor 2 (sTNFR2) and interleukin (IL)-6 and mediated the 

relationship between chemotherapy and increases in these inflammatory biomarkers adjusting for 

multiple clinical and treatment characteristics. sTNFR2, but not CpG methylation status, was 

correlated with fatigue. Six months after breast radiation therapy, DNA methylation, inflammatory 
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biomarkers and fatigue assessments were repeated in a subset of subjects (N = 39). Reduced 

methylation in 4 of the 8 identified CpG sites was still observed in chemotherapy versus non-

chemotherapy-treated patients, albeit with some decay indicating the dynamic and potentially 

reversible nature of the changes. Reduced methylation in these 4 CpG sites also continued to 

correlate with either increased sTNFR2 or IL-6, but not fatigue. In conclusion, prior chemotherapy 

treatment was associated with decreased methylation of CpG sites in DNA from PBMCs of breast 

cancer patients, which correlated with increased inflammatory markers prior to and 6 months after 

radiation therapy. Persisting epigenetic changes secondary to chemotherapy may be one factor that 

contributes to inflammation and its consequences including cancer-related fatigue in vulnerable 

breast cancer patients.
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1. Introduction

Cancer-related fatigue is one of the most common long-term debilitating toxicities 

experienced by approximately 30% of women previously treated for breast cancer (Bower et 

al., 2009; Geinitz et al., 2001; Giese-Davis et al., 2011; Kesler et al., 2012; Shapiro and 

Recht, 2001; Tevaarwerk et al., 2013; Wratten et al., 2004). Increasing data suggest that 

cancer-related fatigue is associated with a heightened inflammatory response (Bower et al., 

2011; Wang et al., 2012). Breast cancer survivors with fatigue exhibit increased 

inflammatory markers, and similar findings have been reported during breast cancer 

treatment (Liu et al., 2012; Torres et al., 2013). Inflammatory cytokines have been shown to 

access the brain and interact with neurocircuits and neurotransmitters that regulate motor 

activity and motivation leading to fatigue (Raison et al., 2009).

Breast cancer patients often undergo multimodality treatment which is based upon tumor 

stage and patient tolerance for potentially toxic therapies. Women with breast cancer 

generally require surgical removal of the tumor, and patients who choose to undergo 

lumpectomy, also known as breast conserving surgery, are treated with post-lumpectomy 

breast radiation to significantly decrease the likelihood of disease recurrence. Patients with 

aggressive subtypes of breast cancer or advanced stage disease are also recommended 

chemotherapy which may be given before (neoadjuvant) or after (adjuvant) surgery, but 

almost always before radiation. We and others have shown that chemotherapy-treated breast 

cancer patients experience significantly more cancer-related fatigue than non-chemotherapy-

treated subjects (Torres et al., 2013). For example, in our previous study of women assessed 

immediately before, during and 6 weeks after whole breast radiation, prior chemotherapy 

was associated with increased markers of inflammation including plasma concentrations of 

soluble tumor necrosis factor receptor 2 (sTNFR2; a marker of TNF activity) and interleukin 

(IL)-6, both of which correlated with fatigue and have been associated with fatigue in breast 

cancer patients during and after treatment in previous studies (Bower et al., 2011; Liu et al., 

2012; Torres et al., 2013). Interestingly, we found that increased fatigue severity in 

chemotherapy-treated patients prior to radiation therapy was similar regardless of whether 
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patients received chemotherapy before (neoadjuvant) or after (adjuvant) surgery and thus 

was independent of time since the last cycle of treatment (up to 22 weeks) (Torres et al., 

2013). Similar results were found with inflammatory markers (Torres et al., 2013). These 

findings indicated that inflammation and fatigue in chemotherapy-treated patients lingered 

for several months after chemotherapy treatment, raising the possibility that persistent 

alterations in the inflammatory response may be involved.

Although a number of studies, including our own, have shown that breast cancer and its 

treatment are associated with activation of inflammatory pathways (Bower et al., 2011; Liu 

et al., 2012; Torres et al., 2013), a central question is how does inflammation persist into 

survivorship. One possibility is that cancer or its treatment leads to epigenetic changes that 

predispose to chronic inflammation. Epigenetic alterations as a consequence of multiple 

chemotherapy regimens have been reported in numerous genes in DNA samples extracted 

from both breast cancer and peripheral blood cells (Ari et al., 2011; Avraham et al., 2012; 

Sharma et al., 2012; Swisher et al., 2009). However, the impact of chemotherapy-induced 

epigenetic changes has not been related to systemic inflammation and/or behavior.

To further explore the relationship among potential chemotherapy-induced epigenetic 

changes, inflammation, and fatigue, DNA methylation patterns from peripheral blood 

mononuclear cells (PBMCs) were assessed along with plasma sTNFR2 and IL-6 and fatigue 

in an overlapping cohort of the breast cancer patients noted above. These women were 

enrolled in a prospective study of fatigue after partial mastectomy with or without previous 

chemotherapy treatment and underwent assessments before and 6 months after completing 

radiation. The goal of the study was to identify epigenetic differences related to 

chemotherapy that were associated with increased inflammation and/or cancer-related 

fatigue.

2. Methods

2.1. Participants and data collection

After obtaining Emory Institutional Review Board approval, consecutive breast cancer 

patients presenting to the Winship Cancer Institute between March 2010 and November 

2011 were approached for participation. Eligible subjects were women with Stage 0-IIIA 

breast cancer between ages 18–75. All subjects were treated with standard breast conserving 

surgery and lymph node evaluation and enrolled prior to radiation after providing written 

informed consent (see Fig. 1 for Flow Diagram). Due to advanced stage or aggressive 

subtype (e.g. triple negative breast cancer), twenty-two (36%) participating subjects also 

received neoadjuvant (N = 15) or adjuvant (N = 7) chemotherapy, which was completed 

before or after surgery, respectively, and prior to radiation treatment and enrollment.

Exclusion criteria included medical conditions that might influence the relationship between 

fatigue and inflammation including autoimmune or inflammatory disorders, chronic 

infectious diseases, and uncontrolled cardiovascular, metabolic, pulmonary or renal disease. 

Subjects with a history of schizophrenia, bipolar disorder or a diagnosis of substance abuse/

dependence within the past year were also excluded. Drugs known to affect the immune 

system (e.g. glucocorticoids, methotrexate), excluding over-the-counter anti-inflammatory 
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medications were not permitted. Enrollment was limited to Caucasians and African 

Americans, who represent the majority of women treated at Emory. All patients were 

required to have a hemoglobin ≥ 10 g/dl. Of note, the majority of subjects included in the 

current study overlap with the individuals included in a previous study on depression, 

fatigue and inflammation in breast cancer patients (Torres et al., 2013).

All chemotherapy-treated patients received standard anthracycline- and/or taxane-based 

regimens. The time between the last cycle of chemotherapy and first assessment ranged 

from 3.7 to 18.0 weeks. Subjects underwent baseline fatigue assessments and peripheral 

blood sampling before radiation [after surgery and chemotherapy (if applicable)]. A subset 

of patients (N = 39) consented to undergo assessments again 6 months after completing 

radiation. Clinical and psychosocial variables were also collected.

2.1.1. Fatigue—Fatigue was assessed using the 20-item Multidimensional Fatigue 

Inventory (MFI) (Smets et al., 1995). The MFI measures general, physical, and mental 

fatigue as well as reduced activity and motivation. A clinically meaningful difference in 

MFI scores is 10 points based on studies of cancer patients (Purcell et al., 2010).

2.1.2. Biological samples—Peripheral blood samples were drawn into EDTA tubes 

between 8–11am (to reduce potential circadian effects) during the fatigue assessment. 

Plasma was separated and stored at −80 °C. Genomic DNA was isolated from buffy coat 

samples using Omega Bio-Tek chemistry and Kingfisher liquid handling device. DNA was 

quantified using Nanodrop and PicoGreen. A white blood cell count (WBC) with differential 

was performed to assess granulocyte and lymphocyte proportions in each sample.

For each subject, 485,513 CpG sites across the genome were interrogated using the 

HumanMethylation450 BeadChip (Illumina, San Diego, CA). 1ug of DNA was converted 

with sodium bisulfite, amplified, fragmented, and hybridized to the BeadChip per 

manufacturer’s instructions. One sample of male DNA was included on each BeadChip as a 

technical control and assessed for reproducibility using the Pearson correlation coefficient. 

CpGassoc (Barfield et al., 2012) was used to perform quality control and calculate β-values. 

Data points with probe detection p-values >0.001 were set to missing, and CpG sites with 

missing data for > 10% of samples were excluded from analysis. Samples with probe 

detection call rates <95% and those with an average intensity value of either <50% of the 

experiment-wide sample mean or <2000 arbitrary units (AU) were also excluded. 484,489 

CpG sites remained eligible for analysis. For each individual sample and CpG site, the 

signals from methylated (M) and unmethylated (U) bead types were used to calculate a β-

value [β = M/(U + M)] to approximate proportion of DNA methylated at a particular site. 

Samples from all subjects were included in the methylation analyses at baseline (N = 61). To 

determine the reproducibility and persistence of the findings, a subset of 39 of the original 

sample agreed to be evaluated again 6 months post radiation (range 162 to 239 days, mean 

199.7 days, SD 18.8 days).

2.1.3. Inflammatory markers—Plasma concentrations of sTNFR2 and IL-6 were 

determined using sandwich ELISA according to manufacturer’s protocol (R&D Systems, 

Minneapolis, MN). All samples were assayed in duplicate. Quality controls (Randox 
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Laboratories, Antrim, Northern Ireland) and plasma of low and high cytokine concentrations 

were included with every assay. The mean inter- and intra-assay coefficients of variation 

were ≤ 10%.

2.2. Statistical analysis

Chi-square tests were used to compare categorical variables between chemotherapy- and 

non-chemotherapy-treated patients. T-tests or Wilcoxon rank-sum tests were used to 

compare continuous variables with normal or non-normal distributions, respectively. To 

identify CpG sites that were differentially methylated in subjects receiving chemotherapy, 

MethLAB (Kilaru et al., 2012) was used to fit regression models that modeled β-values as a 

linear function of chemotherapy, adjusting for age, race, chip and row on chip, and 

proportions of granulocytes and lymphocytes. Secondary analyses were performed 

covarying for body mass index (BMI), smoking status, tumor stage and receptor status. The 

impact of additional covariates on DNA methylation was also evaluated including endocrine 

therapy, co-morbid medical conditions, concomitant medications (including those known to 

affect the immune system), and time since surgery. To adjust for the 484,489 tests 

performed, a strict Bonferroni criterion for significance was employed (p < 1.03 × 10−7).

To examine the relationship among chemotherapy, methylation status, inflammation and 

fatigue, outcome variables used were fatigue, as measured by MFI score, and log-

transformed concentrations of sTNFR2 and IL-6, based on their association with fatigue in 

previous studies including our own (Bower et al., 2011; Liu et al., 2012; Torres et al., 2013). 

Each outcome was tested for association with chemotherapy and with methylation level (β-

values) of CpG sites passing Bonferroni significance in the chemotherapy-methylation 

association tests. Each outcome variable was modeled as a linear function of (1) 

chemotherapy, adjusting for covariates and (2) chemotherapy and methylation level (β-

value) at a specific CpG site, adjusting for covariates. Age, self-reported race, and 

proportions of granulocytes and lymphocytes were included in all initial models followed by 

secondary analyses including the clinical covariates noted above. To test whether the 

methylation status of CpG sites associated with chemotherapy (p < 1.03 × 10−7) mediated 

the association between chemotherapy and inflammation as well as fatigue, mediation 

analysis was performed using Sobel tests (Sobel, 1982). For each outcome, significance was 

determined using the Bonferroni–Holm (step-down) method to adjust for the multiple CpG 

sites tested (Holm, 1979). Finally, a follow-up analysis of the methylation status of CpG 

sites found to be significant at the baseline assessment and their relationship with 

inflammation and fatigue were repeated 6 months after radiation using the procedures 

described above. The Bonferroni– Holm method was used to determine significance of this 

follow- up analysis of reduced methylation.

3. Results

Sixty-one women agreed to participate in the study. No significant differences in clinical or 

treatment-related characteristics were found between patients who did and did not enroll in 

the protocol. Study cohort characteristics are summarized in Table 1. Chemotherapy-treated 

subjects (N = 22) were significantly younger and had more advanced stage tumors than non-
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chemotherapy- treated subjects (N = 39). There were no significant differences in race, BMI, 

smoking status or differential WBC. Half of the chemotherapy patients (N = 11) were treated 

with an anthracycline-based regimen (with the most common regimen being dose–dense 

adriamycin and cyclophosphamide for four cycles followed by paclitaxel for four cycles) 

(see Supplementary Table 1 for exact chemotherapy regimens of all subjects). The 

remaining patients (N = 11) were treated with non-antracycline-based regimens including 

docetaxol and cyclophosphamide for four cycles (N = 5 patients) and docetaxol, carboplatin, 

and trastuzumab for six cycles followed by one year of trastuzumab (N = 6).

At baseline, among the 485,513 CpG sites tested, the methylation status of eight CpG sites 

were associated with chemotherapy treatment following Bonferroni adjustment for multiple 

tests (p < 1.03 × 10−7) (Figs. 2 and 3; Table 2). Significant CpG sites included cg26077811 

in the body of ubiquitin carboxyl-terminal hydrolase 2 (USP2), cg25446789 in the body of 

dystrobrevin beta (DTNB), cg05438378 in the body of SMAD family member 3 (SMAD3), 

one CpG site (cg13518625) in an uncharacterized, non-genic region of chromosome 8, and 

four sites in exon 11 of trans-membrane protein 49 (TMEM49; Figs. 2 and 3). For each of 

these eight CpG sites, methylation was significantly lower in subjects who had been treated 

with chemotherapy; the four sites in TMEM49 demonstrated the largest difference in 

methylation between chemotherapy and non-chemotherapy-treated subjects (Fig. 3; Table 

2). Of note, there were no significant associations between methylation and (1) time since 

chemotherapy or (2) type of chemotherapy categorized as anthracycline-based (yes/no) or 

treatment with trastuzumab (yes/no); this was true if all CpG sites across the genome were 

considered or just the 8 CpG sites that were found to differ between chemotherapy versus 

non-chemotherapy-treated patients.

Secondary analyses were performed to further verify that differences in methylation 

associated with chemotherapy were not due to additional differences in patient and tumor 

characteristics. For the eight CpG sites in Table 2, each of the following covariates was 

added to the model: BMI, smoking status, tumor stage and tumor receptor status. In all 

cases, the estimated decrease in methylation attributed to chemotherapy was unaffected, and 

none of the additional covariates were significantly associated with methylation. In addition, 

no significant associations with genome-wide DNA methylation status or the methylation 

status of the 8 identified CpG sites were found for endocrine therapy, co-morbid medical 

conditions, and concomitant medications (including those known to affect the immune 

system). Of note, time since surgery (surgery to baseline) differed significantly between 

chemotherapy and non-chemotherapy-treated patients (79.5 SD 51.0 versus 54.0 SD 12.0 

days; t = 3.0, df = 59, p < 0.005; driven by patients who received adjuvant chemotherapy). 

Time since surgery was significantly associated with significantly reduced methylation at 4 

CpG sites after Bonferroni correction (p < 1.03 × 10−7), although none of these overlapped 

with the 8 identified CpG sites described above. However, controlling for chemotherapy 

treatment as an additional covariate eliminated the association with time since surgery, 

suggesting that this variable was a surrogate marker for having received chemotherapy.

As shown in Table 1, chemotherapy-treated patients at baseline exhibited significantly 

higher plasma sTNFR2 concentrations (p < 0.001) and marginally increased plasma IL-6 (p 

= 0.069) than non-chemotherapy-treated patients after adjusting for age, race, and cell type 
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proportions. Similar results were obtained when controlling for BMI, smoking status, tumor 

stage and receptor status. Chemotherapy-treated subjects also had significantly higher 

fatigue scores compared to non-chemotherapy-treated patients (p < 0.001). Similar results 

were obtained when controlling for BMI, smoking status, tumor stage and receptor status. 

No differences in fatigue (MFI scores) were found as a function of chemotherapy regimen 

(anthracycline-based, yes versus no: mean 54.3 SD 17.5 versus 57.9 SD 19.4, respectively, t 

= 0.46, df = 20, p = 0.65; or trastuzumab treatment, yes versus no: mean 58.2 SD 12.7 

versus 55.6 SD 20.2, respectively, t = 0.29, df = 20, p = 0.77). sTNFR2 and IL-6 

concentrations were positively correlated with fatigue in bivariate analyses (r = 0.31; p < 

0.01 and r = 0.35; p = 0.015, respectively) and multivariate analyses controlling for BMI, 

smoking status, tumor stage and receptor status (both p < 0.05).

Methylation status at each of the 8 identified CpG sites associated with chemotherapy 

treatment at baseline was significantly correlated with sTNFR2 in the sample as a whole (N 

= 61), and all but one CpG site (cg13518625) correlated with sTNFR2 in patients treated 

with chemotherapy (N = 22) (see Table 3, Fig. 4 and Supplementary Fig. 1). Methylation 

status at 7 of the 8 chemotherapy-associated CpG sites significantly correlated with IL-6 in 

the sample as a whole, and in the patients treated with chemotherapy, similar correlations 

coefficients for the majority of the CpG sites were found, although they reached statistical 

significance for only 3 of the 8 CpG sites (see Table 3, Fig. 4 and Supplementary Fig. 2). No 

correlations were found between baseline methylation status and fatigue. To examine 

whether methylation changes at the eight significant CpG sites mediated the relationship 

among chemotherapy, inflammation, and fatigue, Sobel tests for mediation were performed 

(Sobel, 1982). Methylation at each of the identified CpG sites was found to mediate the 

relationship between chemotherapy and sTNFR2 and IL-6 concentrations (Table 3). For 

example, lower methylation status of the TMEM49 and USP2 CpG sites was associated with 

increased plasma sTNFR2 and IL-6 (Fig. 4; Supplementary Figs. 1 and 2). In contrast, 

methylation status of the identified CpG sites did not appear to mediate the relationship 

between chemotherapy and fatigue (Table 3). However, as expected, sTNFR2 (but not IL-6) 

concentrations mediated the relationship between chemotherapy and fatigue (p = 0.03).

To examine the reproducibility and persistence of the findings, a subset of 39 patients from 

the original sample was studied 6 months after completion of radiation treatment (see 

Methods and Fig. 1). The mean time interval from the end of radiation to the 6 month 

sampling point was 199.7 days SD 18.8 days, range 162–239 days. There was decay in the 

methylation differences between groups at follow-up, however after Holm-adjustment for 8 

sites, 4 of the 8 CpG sites identified at baseline continued to exhibit reduced methylation in 

the subset of chemotherapy (N = 13) versus non-chemotherapy-treated (N = 26) patients 

(Fig. 3, Table 4). As noted in the methods section, a Bonferonni–Holm correction for 8 

comparisons was used in this analysis, because it was a follow- up analysis of only the 8 

CpG sites identified by the genome- wide analysis at baseline which involved 450,000 CpG 

sites and required a much more stringent correction: cut off of p < 1.03 × 10−7. Similar to 

baseline, methylation status at 6 months post radiation in these 4 CpG sites correlated with 

either sTNFR2 or IL-6 in the sample as a whole (Fig. 4, Supplementary Table 2 – see pCpG 

for log IL-6 and log sTNFR2). In chemotherapy-treated patients alone (n = 13), no 
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significant correlations were found between methylation status and either sTNFR2 or IL-6, 

although similar correlation coefficients were found in chemotherapy-treated patients and 

the group as a whole in all but one of these 4 CpG sites. There was also a significant 

correlation between methylation levels in all 8 identified CpG sites at baseline and 6 months 

post radiation in the sample as a whole (Fig. 5, Supplementary Fig. 3). When chemotherapy 

patients were analyzed alone (N = 13), the correlation coefficients between methylation 

status at baseline and 6 months were similar, albeit lower, than in the group as a whole and 

did not reach statistical significance (Fig. 5, Supplementary Fig. 3).

Changes in methylation (β-values) between baseline and 6 months post radiation were also 

inversely correlated with changes in either sTNFR2 or IL-6 over the same time period in all 

but one of the 8 identified CpG sites in the sample as a whole (p < 0.05; Supplementary 

Table 3). Thus, as methylation status increased or decreased from baseline to 6 months, 

plasma cytokine concentrations decreased or increased, respectively. In addition, Sobel tests 

confirmed that reduced methylation at 4 of the identified sites continued to mediate the 

relationship between chemotherapy and sTNFR2 (cg12054453 only) and/or IL-6 (4 sites, p 

< 0.05) 6 months post radiation (Supplementary Table 2 – see pSobel for log IL-6 and log 

sTNFR2). Controlling for time since radiation did not affect these results. Of note, no 

relationship was found between inflammatory mediators and fatigue at 6 months in this 

patient subset, and fatigue levels did not differ between chemotherapy and non-

chemotherapy-treated patients at 6 months.

4. Discussion

The current data indicate that prior chemotherapy was associated with decreased DNA 

methylation in specific CpG sites which was associated with increased inflammatory 

markers up to 6 months after initial evaluation. It is well known that chemotherapy induces 

epigenetic changes in a variety of cancer cell lines and malignant tumors, including breast 

carcinomas, and epigenetic changes are believed to be one mechanism responsible for the 

development of cancer treatment resistance and poor outcome (Baker et al., 2005; Calcagno 

et al., 2008; Chekhun et al., 2007; Ogawa et al., 2012). This is the first study, however, to 

identify differentially methylated CpG sites in DNA extracted from noncancerous 

mononuclear cells circulating in the peripheral blood of chemotherapy versus non-

chemotherapy-treated breast cancer patients that are associated with inflammatory markers. 

In fact, only 8 of the 485,513 CpG sites interrogated were associated with prior 

chemotherapy treatment. The results of this study support the hypothesis that chemotherapy 

may promote changes in DNA methylation, not only in cancer cells but in normal cells, and 

that these differentially methylated genes may contribute to an inflammatory state. Although 

not directly related to fatigue, these methylation changes through their effects on 

inflammatory mediators may set the stage for the development of co-morbidities related to 

inflammation including cancer-related fatigue in vulnerable individuals.

Several mechanisms may account for the DNA methylation differences observed in 

chemotherapy-treated patients. As previously suggested, chemotherapy may directly alter 

the methylation status of the identified CpG sites. Alternatively, the observed methylation 

differences between chemotherapy versus non-chemotherapy-treated patients may result 
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from the inflammatory response to chemotherapy-related tissue injury and cell death. 

Indeed, inflammatory markers including IL-6 have been shown to directly impact DNA 

methylation status in a variety of cell types including nonmalignant and malignant cells such 

as breast cancer cells (D’Anello et al., 2010; Papageorgis et al., 2010; Shanmugam and 

Sethi, 2012; Soltanpour et al., 2013). A third possibility is that the differences in methylation 

as a function of chemotherapy are not related to chemotherapy itself but are related to 

factors associated with chemotherapy treatment. However, all analyses adjusted for 

differences in age, race and differential WBC as well as BMI, smoking status, cancer stage, 

and tumor receptor status, and no effects on methylation status were found for type. In 

addition, time since chemotherapy, endocrine therapy, co-morbid medical conditions, and 

concomitant medications (including those known to affect the immune system).

Consistent with previous studies, increased sTNFR2 and IL-6 were associated with cancer-

related fatigue at baseline. Moreover, as we have previously shown, increases in sTNFR2 

and IL-6 were associated with prior chemotherapy exposure (Torres et al., 2013). 

Chemotherapy was associated with differential methylation of several CpG sites, which 

appeared to mediate the relationship between chemotherapy and increases in these 

inflammatory markers. Nevertheless, the epigenetic changes seen in chemotherapy patients 

did not mediate the relationship between chemotherapy and fatigue. Thus, there appears to 

be a more proximal and direct relationship between the observed DNA methylation changes 

and inflammation, while additional intervening factors may influence the relationship 

between inflammation and fatigue, thereby obscuring the relationship between DNA 

methylation and fatigue as a function of chemotherapy. One of the factors that may 

contribute to this observation is genetic vulnerability. For example, although clear 

relationships exist between the administration of interferon-alpha and the induction of 

inflammation, only a subset of IFN-alpha-treated subjects are vulnerable to symptoms of 

depression including fatigue. Recent data have identified several genetic factors that 

contribute to this susceptibility including polymorphisms in the genes for the serotonin 

transporter and indoleamine 2,3 dioxygenase (Bull et al., 2009; Lotrich, 2009; Smith et al., 

2012). Taken together with our findings, these data suggest that there are additional factors 

including genetic vulnerability that may contribute to the relationship between inflammation 

and fatigue, and thus the relationship between DNA methylation and fatigue may only be 

revealed in individuals with genetic and/or environmentally-derived neural sensitivity to the 

behavioral effects of inflammatory states.

The biologic mechanisms linking the identified epigenetic changes to inflammation are 

currently unknown, and did not involve methylation changes within inflammatory cytokine 

genes or inflammatory transcription factors. Nevertheless, each of the identified CpG sites, 

excluding those in DTNB, has been implicated in the inflammatory response. For example, 

the largest chemotherapy-associated decrease in DNA methylation, involving 4 of the 8 

identified CpG sites, was found in a region within TMEM49, which lies in close proximity to 

the reported promoter for the primary miRNA (pri-miR) transcript that gives rise to the 

mature oncomiR, miR-21, (Cai et al., 2004) a well-characterized oncogenic miRNA that is 

upregulated in many tumor types, including breast cancer (Cancer Genome Atlas Research 

Network, 2013; Kumarswamy et al., 2011; Ozsolak et al., 2008; Tsujiura et al., 2010; Xu et 
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al., 2011). In cancer and non-cancer cell lines, miR-21 has been found to downregulate 

PTEN and PDCD4, which results in increased activation of nuclear factor kappa B (NF-kB) 

and IL-6. In turn, IL-6 has been shown to activate STAT3, which can bind to and regulate 

the promoter of miR-21, resulting in a positive feedback loop that drives further NF-kB 

activation and inflammation (Iliopoulos et al., 2010; Yasuda et al., 2010; Young et al., 

2010). Interestingly, lower methylation of CpG sites in SMAD3, a transcription factor known 

to directly upregulate miR-21 (Zhong et al., 2011), was also found in the chemotherapy- 

versus non-chemotherapy treated patients. Finally, the epigenetic changes noted in USP may 

also contribute to NF-KB activation, based on a recent report demonstrating that USP2 is a 

modulator of TNF-alpha-induced NF-kB signaling (Metzig et al., 2011). Data on the 

expression of miRNA was not available for the current study sample. Therefore, we 

examined the relationship between methylation of the 4 sites in TMEM49 and the 1 site in 

SMAD3 and miR-21 expression in 276 breast cancer samples analyzed as part of The Cancer 

Genome Atlas project (http://cancergenome.nih.gov/). Interestingly, there was a significant 

inverse relationship between methylation of the sites in exon 11 of TMEM49 as well as an 

intron in SMAD3 and miR-21 expression (all p < 0.05; Supplementary Fig. 4). These data 

support a relationship between chemotherapy-associated epigenetic changes and 

inflammation possibly mediated by upregulation of miR-21 and NF-kB activity.

Limitations of the study warrant consideration. Patients were not assessed before 

chemotherapy and therefore, a cause and effect relationship between chemotherapy and the 

observed epigenetic changes cannot be definitively established. Nevertheless, other factors 

that contribute to the decision to administer chemotherapy were controlled for in the 

analyses and did not influence the findings. Moreover, the diversity of the sample (40% 

African American) suggests that the findings were not a function of race. In addition, all 

patients had breast conserving surgery prior to study entry, and therefore the potential 

influence of diverse surgical treatments on study outcomes were minimized. The relatively 

small number of subjects limits the power and generalizability of the findings. However, the 

unexpectedly large effect size of the methylation changes in this small sample reflects the 

potential significance of the findings. Indeed, among the 485,513 CpG sites tested, 8 were 

significantly associated with chemotherapy and four were in exon 11 of transmembrane 

protein 49 (TMEM49). Of note these findings were subjected to strict Bonferroni correction 

methods requiring a significance level of p < 1.03 × 10−7. Reduced methylation in 4 of the 8 

identified CpG sites was also reproduced 6 months after radiation, limiting the likelihood of 

spurious results. Reduced methylation in all of the 8 CpG sites also continued to correlate 

with peripheral inflammatory markers, although due to the limited number of chemotherapy-

treated patients at 6 months, correlations between methylation status and plasma 

inflammatory markers in chemotherapy-treated patients alone did not reach statistical 

significance. Furthermore, differences in absolute levels of inflammatory markers in 

chemotherapy- versus non-chemotherapy-treated patients were not apparent at 6 months, 

possibly reflecting the small number of chemotherapy patients and the decay in methylation 

changes at 6 months. This decay in the methylation changes in chemotherapy-treated 

patients 6 months post radiation suggests a dynamic (and potentially reversible), treatment- 

related effect (e.g. chemotherapy) on DNA methylation patterns that may contribute to 

individual variability in responses to cancer therapy. Other examples of reversible 
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methylation changes in peripheral tissues have been observed after environmental exposures 

including exercise and dietary manipulations (Barres et al., 2012; Jacobsen et al., 2012). No 

correlation was found between inflammatory markers and fatigue 6 months post radiation, 

although this may be explained by the relatively small number of patients assessed at this 

time point (N = 39) as well as the relatively low and variable levels of fatigue. Finally, DNA 

samples were extracted from a mix of PBMCs, and although leukocyte subtypes 

(granulocytes and lymphocytes) were controlled for in the analysis, it remains possible that 

chemotherapy-induced changes in cell type distribution, including the percentages or 

numbers of specific lymphocyte subsets may account for the findings. Moreover, which cell 

type may be most sensitive to chemotherapy-associated epigenetic changes remains 

unknown. Monocyte and T cell lymphocyte lineages constitute the greatest fraction of 

PBMCs under normal conditions, and both of these cell types have been shown to produce 

and to respond to IL-6 and TNF and express sTNFR2 (Gehr et al., 1992; Khalaf et al., 2010; 

Suzuki and Mihara, 2012; Tartaglia et al., 1993).

The notion that chemotherapy may leave an epigenetic imprint in non-malignant peripheral 

immune cells that is associated with inflammation represents a novel development in 

understanding how some breast cancer survivors may experience persistent inflammation 

months to years after treatment completion. Prospective studies are needed to determine 

which cancer therapies impart the greatest epigenetic burden, how long these changes 

persist, whether they are reversible and what mechanisms are involved.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 

Flow diagram of study participants. *Although 61 patients were enrolled at baseline, in 

order to confirm the observed epigenetic changes, we decided to consent patients for follow-

up assessments at 6 months. Once Emory IRB approval for the follow-up was obtained, 39 

of the 61 patients were eligible for assessments at this timepoint.
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Fig. 2. 

Manhattan plot depicting the association of all CpG sites with chemotherapy.
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Fig. 3. 

Distribution of methylation proportions in chemotherapy and non-chemotherapy-treated 

breast cancer patients at baseline and 6 months after radiation treatment.
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Fig. 4. 

Relationship between plasma cytokine concentrations and methylation status of cg12054453 

in exon 11 of TMEM49 at baseline (N = 61) and 6 months after radiation (N = 39).
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Fig. 5. 

Relationship between methylation status of cg12054453 in exon 11 of TMEM49 at baseline 

and 6 months after radiation.
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Table 1

Sample characteristics.

Variable No chemotherapy (N = 39) Chemotherapy (N = 22) p-Value

Age, Years 58.7 ± 9.7 52.3 ± 9.5 0.02

Race

  White 25 (64%) 11 (50%) 0.29

  African American 14 (36%) 11 (50%)

BMI 29.2 ± 6.8 27.7 ± 4.3 0.35

Smoking History

  Never 33 (85%) 16 (73%)

  Former 6 (15%) 3 (14%) 0.06

  Current 0 (0%) 3 (14%)

Leukocyte Subpopulation

  Granulocytes 58.7 ± 6.7 60.3 ± 10.2 0.47

  Lymphocytes 31.4 ± 7.2 30.0 ± 13.7 0.61

  Monocytes 7.8 ± 1.7 8.2 ± 2.8 0.45

  Eosinophils 2.7 ± 2.3 2.8 ± 2.6 0.93

  Basophils 0.63 ± 0.54 0.61 ± 0.61 0.90

Stage

  0 16 (41%) 0 (0%)

  I 17 (44%) 6 (27%) <0.001

  II 6 (15%) 13 (59%)

  III 0 (0%) 3 (14%)

Endocrine Treatment 27 (69%) 12 (54%) 0.25

BL MFI (SD) 38.6 (10.1) 56.3 (18.2) <0.001

BL sTNFR2 (pg/ml)(SD) 2.8 (0.7) 4.0 (2.3) 0.01

BL IL-6 (pg/ml)(SD) 2.5 (2.4) 4.1 (3.0) 0.01

6 Month follow-up

No chemotherapy (N = 26) Chemotherapy (N = 13)

  6mo MFI (SD) 23.6 (18.8) 23.4 (29.3) 0.97

  6mo sTNFR2 (pg/ml)(SD) 3.5 (1.0) 3.7 (1.6) 0.63

  6mo IL-6 (pg/ml)(SD) 2.3 (1.7) 2.7 (2.2) 0.55

BL – baseline; BMI – body mass index; IL-6 – interleukin-6; MFI – Multidimensional Fatigue Inventory; mo – month; SD – standard deviation; 

sTNFR2 – soluble tumor necrosis factor 2.
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Table 2

Methylation differences (Δβ) between patients who received chemotherapy and those who did not, adjusted for 

age, race, and cell type proportions (N = 61).

CpG site Gene Location ∆ β p-Value

cg26077811 USP2 chr11:119232263 −.074 3.65 × 10−9

cg18942579 TMEM49 chr17:57915773 −.161 1.65 × 10−8

cg12054453 TMEM49 chr17:57915717 −.154 2.75 × 10−8

cg16936953 TMEM49 chr17:57915665 −.168 3.26 × 10−8

cg05438378 SMAD3 chr15:67383736 −.089 7.78 × 10−8

cg25446789 DTNB chr2:25810393 −.085 7.84 × 10−8

cg01409343 TMEM49 chr17:57915740 −.138 9.88 × 10−8

cg13518625 chr8:29522838 −.051 9.98 × 10−8

chr – chromosome; DTNB – dystrobrevin beta; SMAD3 - SMAD family member 3; TMEM49 – transmembrane protein 49; USP2 - ubiquitin 

carboxyl-terminal hydrolase 2.
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Table 4

Methylation differences (Δβ) between patients who received chemotherapy and those who did not at baseline 

and 6 months post radiation, adjusted for age, race, and cell type proportions (N = 39).

CpG site Gene Baseline 6 mos post-baseline

∆β p ∆β p

cg26077811 USP2 −.08 3.2 × 10−6 −.028 .045

cg18942579 TMEM49 −.22 3.6 × 10−15 −.060 .0027

cg12054453 TMEM49 −.19 3.9 × 10−9 −.088 8.4 × 10−4

cg16936953 TMEM49 −.21 1.0 × 10−10 −.061 .014

cg05438378 SMAD3 −.10 3.4 × 10−6 −.027 .12

cg25446789 DTNB −.09 1.9 × 10−7 −.039 .0095

cg01409343 TMEM49 −.18 1.5 × 10−12 −.042 .031

cg13518625 −.06 3.4 × 10−6 −.038 .0012
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