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Abstract 

 

Long-Term Epigenetic Impact of Chemotherapy in Breast Cancer Patients 

 

By Chaojie Zhong 

 

Breast cancer is one of the most prevalent cancers among females. Chemotherapy remains an 

efficacious mainline treatment option, although it is found to be highly toxic and contributes to 

Cancer Related Fatigue (CRF). The mechanism through which chemotherapy may lower quality 

of life among breast cancer survivors warrants investigation for its implication in healthcare 

decisions. Previously, DNA methylation in 3 regions proximal to genes ubiquitin specific 

peptidase 2 (USP2), SMAD3, and vacuole membrane protein 1 (VMP1) have been associated 

with prior chemotherapy in breast cancer patients. The difference in DNA methylation was also 

associated with inflammation, which correlated with CRF. The differential DNA methylation 

persisted 6 months post treatment as did its association with prior chemotherapy and 

inflammation. We developed a targeted bisulfite sequencing technique to interrogate specific 

genomic regions and examined whether significant difference in DNA methylation at these 

previously identified regions remained 12 months post treatment and whether the difference in 

DNA methylation was still associated with chemotherapy and inflammation in breast cancer 

patients from the same cohort. We found that DNA methylation levels at the 3 genomic regions 

trended lower in patients who received chemotherapy than in those who did not 12 months post 

treatment, and the difference was statistically significant at 1 region in the gene USP2. DNA 

methylation at the 3 regions in patients who exhibited higher levels of inflammation and CRF 

also trended lower 12 months post treatment, but there was no statistically significant association 

between DNA methylation level and inflammation or CRF. Our findings were consistent with 

lower levels of DNA methylation at the 3 regions associated with prior chemotherapy, but the 

difference decayed at 6 months post treatment and further at 12 months post treatment. The 

results indicate that chemotherapy contributes to persistent CRF in breast cancer patients and 

imprints the epigenome of peripheral blood mononuclear cells at putative regulatory regions. 

 

Keywords: Breast cancer; Chemotherapy; DNA methylation; Inflammation; Cancer related 

fatigue; Targeted Bisulfite Sequencing 
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1. Breast Cancer Overview 

Breast cancer is one of the most prevalent types of cancer among females. It occurs in 

males as well at a much lower rate. The American Cancer Society estimates that in 2017 (Table 

1), there were 316,120 new cases of breast cancer diagnosed in American Women and 40610 

deaths resulting from breast cancer (American Cancer Society, 2017). It is estimated that there 

will be 266,120 new cases and 40,920 deaths in 2018 (American Cancer Society, 2018). Not 

only is breast cancer a common malignancy, it is also a heterogeneous disease that is challenging 

to target and control. It is often categorized into various subtypes that have clinical implications 

(Anderson et al., 2014). 

 

Table 1: Estimated new female breast cancer cases and deaths by age, US, 2017 (American Cancer Society, 

2017). 

 

Breast cancers are divided into different stages. There are 5 stages in total: 0, I, II, III, and 

IV. The noninvasive breast cancers, namely ductal carcinoma in situ and lobular carcinoma in 

situ, belong to stage 0 and have a good prognosis but only approximately 20% of all breast 
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cancers are detected at this stage. Stage I denotes early-stage invasive cancer, while stage IV 

denotes advanced cancer with distant metastasis (American Cancer Society, 2018). Invasive 

breast cancers can be further divided into various histological subtypes based on cell 

morphology, growth, and structure patterns (Malhotra et al., 2010; Dieci et al., 2014). Some 

examples include mucinous carcinoma, cribriform carcinoma, and apocrine carcinoma. With the 

advancement of gene expression profiling technologies, 4 main molecular subtypes have been 

identified and examined: Luminal A, Luminal B, Her-2 Enriched, and Basal-like (Prat et al., 

2015). 

However, novel molecular classification remains limited in practice. The clinical 

treatment of breast cancers primarily focuses on therapeutic groups: the estrogen receptor (ER) 

positive group, the human epidermal growth factor receptor 2 (Her-2) amplified group, and the 

triple negative breast cancers (TNBC) (The Cancer Genome Atlas Network, 2012). 

2. Breast Cancer Treatment 

Clinically, there are 4 overarching therapies used to treat breast cancer: surgery, 

chemotherapy, radiotherapy, and hormonal therapy (Matsen and Neumayer, 2013). There are 

novel therapies in clinical trials such as immunotherapy (Ernst and Anderson, 2015), which is 

not widely available to general patients. 

Surgery has been the primary breast cancer treatment option. William Halsted introduced 

radical mastectomy, which was the prevalent surgical method against breast cancer since the late 

19th century until recent decades. Since then, less radical surgeries and breast-conserving 

procedures that are equivalent to radical mastectomy in terms of efficacy have developed and 

gained recognition. Surgery also gives access to the tumor itself, allowing for more accurate 

staging and molecular analysis  (Matsen and Neumayer, 2013). 
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Chemotherapy remains widely used against breast cancer despite cancer heterogeneity. In 

particular, breast cancers that lack distinct markers, namely the TNBCs, are presented with only 

chemotherapy options. Chemotherapy is divided into neoadjuvant and adjuvant chemotherapies. 

Neoadjuvant chemotherapy is administered before surgery, while adjuvant chemotherapy is the 

same agent administered after surgery. The most common chemotherapy agent regardless of 

administration timing is anthracycline based. Studies suggest that Basal-like breast cancers, 

which have the poorest prognosis among all molecular subtypes, are more sensitive to 

neoadjuvant chemotherapy than Luminal breast cancers are (Carey et al., 2007), although breast 

cancers that received neoadjuvant chemotherapy may have higher local recurrence after surgery 

than those that did not receive neoadjuvant chemotherapy (Early Breast Cancer Trialists’ 

Collaborative Group, 2018). 

Radiotherapy is also a common treatment option that is used in nearly half of breast 

cancer patients (Taylor and Kirby, 2015). Radiotherapy uses ionizing radiation to target and 

eliminate cancer cells. Radiotherapy has been shown to lower both the recurrence and death rate 

in patients that received breast-conserving surgery (Early Breast Cancer Trialists’ Collaborative 

Group, 2011). The combination of radiation therapy and breast-conserving surgery also proves to 

be at least equivalent to mastectomy in terms of survival (van Maaren et al., 2016).  

Hormonal therapy has been in use to treat breast cancers with distinct markers such as 

ER. Hormonal therapy such as aromatase inhibitor aims to block ER pathways that drive 

proliferation, thereby controlling cancer progression. Other targeted therapies, such as Her-2 

directed therapy, are also available and under further development (Ahmed et al., 2015). 

Together, hormonal and targeted therapies present more accurate therapeutic strategies relative to 
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traditional chemotherapy and radiotherapy, although the reliance on distinct markers also limits 

their application. 

Last but not least, although therapy options are listed as individual topics, in practice, due 

to the heterogeneous nature of breast cancer and adaptation by the tumor over time, treatment 

plans must contend with two major issues: 1, various combinations of drugs are necessary to 

effectively target and control the tumor, and 2, even if the tumor responds well to the treatment 

at first, it may still develop resistance to the treatment regimen and increases risk of relapse. To 

summarize, due to the multitude of theoretical and clinical limitations, mainline treatment plans 

targeting breast cancers still mostly consist of surgery, chemotherapy, radiotherapy, and 

hormonal and targeted therapies. They are frequently used in combination for best result. 

3. Breast Cancer Survivorship 

Breast cancer survivorship begins at diagnosis and continues after the end of treatment. 

Broadly speaking, as long as a patient is alive, the patient can be considered a survivor. The 

current study will restrict the scope of breast cancer survivorship to the patient wellbeing after 

treatment, which consists of a number of factors beyond the cancer itself. These factors range 

from physical symptoms such as pain and infections to emotional issues such as anxiety resulting 

from diagnosis and surgical procedures such as mastectomy. Breast cancer survivorship can be 

particularly complicated by the various side effects of therapies which lower quality of life and 

are difficult to alleviate. 

The mainline chemotherapy agents such as anthracycline based ones are known to induce 

a number of side effects. Notably, doxorubicin may cause cardiomyopathy, which is a highly 

lethal condition (Chatterjee et al., 2010). Radiotherapy is itself a powerful carcinogen, and can 

raise the risk of secondary cancers in patients (Burt et al., 2017). Due to the known toxicity of 
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the prevalent therapy options, some have questioned the necessity of chemotherapy treatment. It 

has been suggested that depending on the gene-expression profile of patients, harsh 

chemotherapy agents may not be necessary because some patients may not respond to the drug 

and exposure to side effects would be unwarranted (Sparano et al., 2015). 

All cancer therapies, including endocrine and targeted therapies that show considerably 

less toxicity than agents such as anthracycline, can still cause systemic side effects in addition to 

local side effects in particular organs. The immune system is composed of highly replicative 

blood cells. These cells are susceptible to typical cancer therapeutics targeting cell division or 

signaling and particularly at risk, resulting in both pro-immunogenic and immune suppressive 

effects of chemotherapy (Formenti et al., 2010). The dysregulation of the immune system can 

further lead to inflammation, increased risk of secondary disease, and cancer related fatigue 

(CRF), an often persistent condition that greatly lowers the quality of life of survivors (Bower, 

2015). 

4. Cancer Related Fatigue (CRF) 

From a clinical perspective, CRF presents a unique problem in cancer research where the 

question is not about the tumor and its treatment, but the effect of therapy on non-cancerous 

tissues and the symptoms that arise as a result. Even though CRF is a singular term, it is a 

collection of symptoms in cancer survivorship characterized by pain, distress, cognitive 

variables, weakened physical performances, and health status (Figure 1). Within health status, 

the condition of peripheral blood and time after treatment are important parameters as peripheral 

blood reflects both genetic and epigenetic changes and inflammation level, while time after 

treatment shows CRF is a chronic condition that persists after the end of therapy. 
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Figure 1: The many contributing factors to fatigue (Bortolon et al., 2014). CRF is a complex condition whose 

mechanism remains unclear. 

 

It is estimated that during treatment for breast cancer, nearly 70% of patients suffer from 

CRF. Up to 30% also note persistent CRF months and even years after completing treatment 

(Bower et al., 2011). Despite the fact that CRF is a common condition, the mechanism of the 

development and persistence of it is still not well understood. Furthermore, CRF itself cannot be 

treated effectively, suggesting that CRF may be a condition that is far more complex than its 

name suggests (Barsevick and Cella, 2010). 

Although the genetic aspect of CRF has been under investigation (Bower, 2015), recent 

work by Smith et al. identified differences in epigenetic changes in DNA extracted from 

noncancerous peripheral blood mononuclear cells of patients who were treated with 

chemotherapy versus those who did not, suggesting that epigenetics may play an important role 

in the persistence of CRF (Smith et al., 2014).  

5. Epigenetics 

Epigenetics, broadly speaking, is the study of gene expression or cellular phenotype that 

occurs without changes to the DNA sequence itself. While in classical genetics phenotypic 
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changes require genetic alterations, epigenetics fills the gap as “the bridge between genotype and 

phenotype” (Goldberg et al., 2007). 

A major molecular mechanism and well characterized example of epigenetics is DNA 

methylation, the enzymatic addition of a methyl group to DNA performed by DNA 

methyltransferases (DNMT) on the 5’-carbon of the pyrimidine ring in cytosine (Miller and 

Grant, 2013). DNA methylation can perform a range of functions within a cell depending on the 

cellular context (Jones, 2013). Traditionally, DNA methylation was viewed as an important 

factor in gene expression repression, possibly by blocking transcription from promoters by 

preventing the binding of transcription factors. Currently, DNA methylation proves to be more 

complex than a mere expression repressor and it is crucial for cell differentiation and 

development (Phillips, 2008). For instance, promoter methylation can stabilize gene repression in 

imprinted genes (Jones, 2013), while the methylation of a gene body may positively correlate 

with active transcription (Hellman, 2007). In undifferentiated cells, DNA methylation maintains 

the cell pluripotency, while later in development DNA methylation is involved in maintaining 

the differentiation state, and different cell lineages exhibit different DNA methylation patterns 

(Khavari et al., 2010; Roost et al., 2017). It is also observed that during regular cell replication 

and quiescence, DNA methylation is stable in human primary fibroblasts (Vandiver et al., 2015). 

Although DNA methylation can be considered stable in different cell types, it is not a static 

feature. In fact, there appears to be a rapid turnover of DNA methylation in human cells, which 

also complicates how a certain epigenetic event trigger actually induces changes in DNA 

methylation levels (Yamagata et al., 2012). 
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6. Epigenetics and Cancer 

Due to its significant involvement in cellular regulation and function, it is not surprising 

that epigenetics also plays a role in human diseases, including cancers (Baylin, 2011). A 

common epigenetic modification in breast and other cancers, for example, is the abnormal 

hypermethylation of Cytosine-phosphate-Guanine (CpG, see Figure 2) islands (CGIs, see Figure 

3) (Basse et al., 2014). A CpG dinucleotide consists of a cytosine that precedes a guanine 

(Esteller, 2008), and CGIs are successions of 500 up to 2,000 base pairs in length that are 

enriched in CpG dinucleotides mainly located in the proximal promoter region of genes (Parrella, 

2010). Hypermethylation of the promoter region leads to inappropriate silencing of tumor 

suppressors and contributes to the cancer phenotype (Jones, 2002). In fact, some CGIs in 

promoters of tumor suppressor genes are prone to methylation due to aging, increasing the risk of 

cancer naturally (Miller and Grant, 2012).  

 

Figure 2: A Cytosine-phosphate-Guanine (CpG) site. The CpG site is shown in the black box. (By Helixitta 

(Own work) [CC BY-SA 4.0 (https://creativecommons.org/licenses/by-sa/4.0)], via Wikimedia Commons) 
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Figure 3: CpG Island (CGI). In this case, the methylation landscape at the promotor region of a gene is shown. 

Promotor hypermethylation inhibits the transcription of the gene. Yellow boxes: exons; Black circles: methylated 

CpGs; White circles: unmethylated CpGs (Esteller, 2002). 

 

In concordance with the heterogeneous nature of breast cancers, array data show that the 

DNA methylation patterns vary greatly between different breast cancers (The Cancer Genome 

Atlas Network, 2012). 

However, since DNA methylation is a ubiquitous modification, the implication of it in 

breast cancers reaches far beyond the tumor itself. As noted above, radiotherapy and 

chemotherapy against cancer can be highly toxic, and even less toxic agents such as endocrine 

therapy and targeted therapy can still have systemic effects on vital parts of the body, such as the 

immune system. Ionizing radiation is detrimental on a genetic level and anthracycline agents, as 

mentioned before, can induce tissue damage. One possibility is that cancer therapies impact the 

non-cancerous tissues on an epigenetic level as well. 
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7. Thesis Objectives 

To identify epigenetic changes related to breast cancer treatment and their relationship to 

persistent inflammation and CRF in patients, Smith et al. examined DNA methylation in 

peripheral blood mononuclear cells (PBMCs) isolated from breast cancer patients undergoing 

treatment at Winship Cancer Institute between 2010 and 2011 after obtaining Emory Institutional 

Review Board approval. Women between ages 18-75 with stage 0-IIIA breast cancer were 

eligible. In total, 61 patients were treated with standard breast conserving surgery and lymph 

node evaluation. Depending on stage and subtype, 22 patients received neoadjuvant (n=15) or 

adjuvant (n=7) chemotherapy prior to radiotherapy and enrollment. Patients with medical 

conditions that may interfere with the relationship between fatigue and inflammation were 

excluded. These conditions include chronic infections, uncontrolled cardiovascular disease, 

mental issues such as bipolar disorder and schizophrenia, and medications that affect the immune 

system (Smith et al.,). 

Smith et al. discovered that patients who received chemotherapy exhibited significantly 

lower methylation at 8 CpG sites compared to those who did not receive chemotherapy. Lower 

methylation at each CpG site was further associated with increased inflammatory markers, and 

increased inflammatory markers were correlated with fatigue symptom. The comparatively lower 

methylation level in the chemotherapy treated group, the association between lower methylation 

level and increased inflammatory markers, and the correlation between increased inflammatory 

markers and fatigue symptoms all persisted after 6 months with moderate decay (Smith et al., 

2014). Interestingly, 6 of the 8 CpG sites identified by Smith et al. are located in or near 

important regulatory genes such as USP2, SMAD3, VMP1, and miR-21. This provides 3 regions 

of interest for further investigation. 
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Importantly, although Smith et al. examined 2 time points, both were cross-sectional 

studies where DNA methylation levels were aggregated and compared between chemotherapy 

and non-chemotherapy groups. There were 2 important issues: 1, although the non-chemotherapy 

group served as a negative control, chemotherapy was already administered prior to the baseline 

time point, meaning that the chemotherapy group could not compare its post-chemotherapy state 

to its pre-chemotherapy state to infer any possible causal changes induced by chemotherapy; 2, 

there could be confounding factors such as prior DNA methylation changes from a different 

source in the participants that was not directly relevant to chemotherapy. 

To follow up on Smith et al., the current study takes advantage of an ongoing 

longitudinal study designed to address the relationship between therapy, epigenetic changes, 

inflammation level, and CRF in the same breast cancer patient cohort. Smith et al. has covered 

the baseline and 6-month post treatment time points, and the current study focuses on the 1-year 

post treatment time point with 2 primary objectives. 

First, the current study seeks to answer 3 research questions: 

• Whether comparatively lower methylation level in the chemotherapy treated 

group observed by Smith et al. persists 1 year after treatment; 

• Whether comparatively lower methylation level, if present, remains correlated 

with chemotherapy status and inflammatory marker levels; 

• If there are individual patients with methylation data from all 3 time points, what 

their methylation trajectories may indicate. 

A second goal is to design a procedure that would allow for robust and accurate 

measurement of DNA methylation levels that can be used in future studies with similar design 

and purpose. 
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1. Selecting Methods 

The basic algorithm to select appropriate methods begins with the objective and available 

material. Based on the purpose and scope of the study, there are well established general 

approaches (Bowman et al., 2013) to be modified to meet the needs of the study. Some important 

factors to consider include the specificity of the DNA methylation inquiry, the desired 

robustness, the amount of starting material available, and last but not least, the cost-effectiveness 

of the options. 

Since the original study by Smith et al. already performed a genome-wide study of 

methylation and identified 6 particular CpG sites in 3 candidate genes, the current study can 

proceed directly to focus on these regions of interest and increase the robustness and throughput 

level of the DNA methylation analysis. 

For reference in regards to the typical algorithm used to determine the appropriate 

methodology, one can see Kurdyukov and Bullock (Kurdyukov and Bullock, 2016). 

 

Figure 4: Development of methodology. A. Since the regions of interest are known, there is no need to profile the 

whole genome and search for differentially methylated areas. The current study can proceed directly to bisulfite treat 

the regions of interest and amplify them with custom primers. B. To determine the kits necessary for the procedure, 

a number of factors must be considered to optimize the cost-effectiveness of the method. The current study has a 

limited amount of available starting material and a relatively small sample size, allowing for robust and high 

throughput methods that may be too expensive on a larger scale project. 

Known Regions of Interest
Bisulfite 

Conversion
Amplification with 

Specific Primers

Choice of 
Method

Robustness

high

Throughput 
Level:

high

Starting 
Material:

~180ng Number of 
Samples:

22

Cost per 
Sample

A 

B 
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2. Targeted Bisulfite Sequencing 

Genomic DNA of peripheral blood mononuclear cells was collected and purified from 

breast cancer patients by Winship Cancer Institute. The genomic DNA was then bisulfite treated 

with EpiTect Bisulfite Kit (Qiagen #59104) and amplified for 30 cycles using JumpStart Taq 

(Sigma P2893) and primers complementary to 3 selected regions of interest covering USP2, 

SMAD3, and VPM1 (Supplementary Table 1). The amplified product was fragmented with NEB 

dsDNA Fragmentase (#M0348A) and purified with 1.5x SPRI beads (Kapa #KK8002) following 

manufacturer’s directions. The product was then end-repaired and A-tailed and custom TruSeq 

compatible sequencing adapters synthesized by IDT (Supplementary Table 2, Barwick et al., 

2016) were ligated using the Kapa Hyper Prep Kit (#KK8501). Libraries were amplified for 8 

cycles using custom primers and Hifi HotStart ReadyMix polymerase (Kapa #KK8501) (See 

Figure 5). Adaptor-ligated libraries were quality controlled on an Agilent Bioanalyzer and 

sequenced on an Illumina HiSeq 4000 using 150bp paired-end sequencing at NYU Genome 

Technology Center. 

 

Figure 5: Workflow of Targeted Bisulfite Sequencing. Black circle indicates methylation. White circle indicates 

no methylation. Unmethylated cytosine is converted to uracil, while methylated cytosine is intact. PCR converts 

uracil to thymidine. Forked adaptors (adaptor sequence in grey; bar code sequence in red) are ligated to the amplicon 

for sequencing. 
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3. Analysis of Targeted Bisulfite Sequencing 

The raw sequencing files have low quality reads near the end of the read and adaptor 

sequences still attached, which should be removed so they do not interfere with the next steps. 

Fastq sequencing reads were quality trimmed using Trim Galore (Version 0.4.4, available at 

http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/) and FastQC (Version 0.11.5, 

available at https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) (Figure 6 and 7) prior 

to being mapped to the human genome (GRCh37) using Bismark (Krueger and Andrews, 2011) 

and Bowtie 2 (Langmead and Salzberg, 2012) (Figure 8). Methylation was called and compiled 

into percent methylation using Bismark. The annotated coverage files were then visualized with 

the BeeSwarm package in R (R Core Team, 2017). 

 

Figure 6: Quality control of raw sequencing files. Reads with low quality scores (<20) can pose threats to future 
steps including false positives or failure to align reads. The low quality reads that are trimmed are highlighted in the 

red box. Notice the significant improvement of quality after trimming (vast majority >20). 
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Figure 7: Removing adaptor sequences. Adaptors are artificial sequences that will interfere with read alignment 

and must be trimmed as well. Here, one can observe that after trimming, all adaptor traces have been removed, as 

highlighted in the red box (adaptor content ~0%). 

 
 

Figure 8: Read alignment and methylation calling. Reads are in silico converted and aligned to bisulfite 

converted genomes. When the different alignments are compared, one can determine the context and methylation 

status therein. In the current study, methylation status in CpG context is selected. 
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4. Statistical Analysis 

Non-parametric t-test was used to determine statistical significance due to the small 

sample size (n=22). To aggregate methylation level by region, average value of percent 

methylation at each CpG site is calculated. Linear modeling is used to plot the relationship 

between cytokine concentration and methylation status of cg12054453. All statistical functions 

are performed in R (R Core Team, 2017). Trajectories are plotted using Excel.  
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1. CRF Project Overview 

Smith et al. identified CpG sites that exhibited significantly lower methylation in the 

chemotherapy group than in the non-chemotherapy group and associated the lower methylation 

with increased inflammation markers. Increased inflammation markers were further correlated 

with fatigue symptoms. Smith et al. observed the same results of associations 6 months post 

treatment. The current study aims to complete the longitudinal tracking by analyzing data from 

the same cohort at 1 year post treatment.  

In order to accomplish this, multiple sets of data from different sources will be used. It is 

important to clarify where, when, and how each data set is obtained (Figure 9). Baseline is the 

time point when all patients (n=61) enrolled into the study. At this point, the chemotherapy 

group already received either neoadjuvant (n=15) or adjuvant (n=7) chemotherapy, while both 

the chemotherapy (n=22) and non-chemotherapy (n=39) groups had undergone surgeries already 

and were waiting for radiotherapy regimen. Among the information collected at this time, 

surveys and blood work provide the fatigue, inflammation, and DNA methylation assessment. 

The baseline time point was established by Smith et al. and DNA methylation assessment was 

completed using Illumina HumanMethylation 450K. 

Following the baseline time point is the 6 months post treatment time point. At this point, 

of the original participants (n=61), a subset (n=39) consented to participate further. The 

chemotherapy group (n=13) and non-chemotherapy group (n=26) were assessed for  fatigue, 

inflammation, and DNA methylation again through surveys and blood work. The 6 months post 

treatment time point was established by Smith et al. and DNA methylation assessment was 

completed using Illumina HumanMethylation 450K. 
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The current study examines the 1 year post treatment time point. At this point, samples 

from 22 patients are available, of whom 10 received chemotherapy and 12 did not. However, 

only 14 of the 22 patients were among the original 61 participants, and only 8 of the patients 

have complete DNA methylation data from all 3 time points, while missing parts of 

inflammation marker assessments as well. Of the 8 patients who have complete DNA 

methylation data, 2 received chemotherapy and 6 did not. Although all the patients belong to the 

same overarching cohort, the inconsistency in subgrouping may cause errors. Furthermore, the 

DNA methylation assessment was completed using a new targeted bisulfite sequencing method 

developed by the lab instead of the Illumina HumanMethylation 450K, which introduces another 

possible source of error due to inconsistent methodology.  
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2. Regions of Interest 

Smith et al. identified 8 CpG sites that showed significant hypomethylation. 6 of the 8 

sites are located in 3 genes: ubiquitin specific peptidase 2 (USP2), SMAD3, and vacuole 

membrane protein 1 (VMP1), also known as TMEM49 (Fig. 10). In particular, the 4 CpG sites 

located in VMP1 are in close proximity to the reported promotor of miR-21, a miRNA that 

increases activation of nuclear factor kappa B (NF-B) and interleukin 6 (IL-6), which are 

prominent inflammation factors, by downregulating phosphatase and tensin homolog (PTEN) 

and programmed cell death protein 4 (PDCD4). 

Primers were designed to cover adjacent CpGs as well to collect more information on 

local DNA methylation level, taking advantage of the power of next-generation sequencing. The 

6 sites identified by Smith et al. were numbered and matched with both Illumina ID and genomic 

locations (Table 2). The primers covered 2 CpGs in an intronic region of USP2, 7 CpGs in an 

intronic region of SMAD3, and 7 CpGs in VMP1, of which CpGs No. 3, 4, and 5 are located 

within a short exon (Smith et al., 2014). 

 

Illumina ID Gene Location Number 

CG26077811 USP2 Chr11:119,232,263 1 

CG05438378 SMAD3 Chr15:67,383,736 2 

CG16936953 VMP1 Chr17:57,915,665 3 

CG12054453 VMP1 Chr17:57,915,717 4 

CG01409343 VMP1 Chr17:57,915,740 5 

CG18942579 VMP1 Chr17:57,915,773 6 
 

Table 2: Illumina ID and genomic location of the CpGs of interest identified by Smith et al. (Smith et al., 

2014) 
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3. Relationship between methylation level at specific CpG and 

chemotherapy status 

Smith et al. identified CpG sites that exhibited significantly lower methylation in the 

chemotherapy group than in the non-chemotherapy group at both baseline and 6 months post 

treatment time points. To determine whether there is still a significant difference in methylation 

level at specific CpG site between the chemotherapy group and the non-chemotherapy group 1 

year post treatment, the methylation level at different CpGs of each patient was calculated, 

grouped by their chemotherapy status, and then plotted in BeeSwarm plots to visualize the 

difference in methylation level between the two groups. In total, there are 22 patients, 12 of 

whom did not receive chemotherapy while 10 did. Out of the 16 CpG sites covered by targeted 

bisulfite sequencing, 2 sites, both of which lie in an intronic region of USP2, exhibited a 

significantly lower methylation level in the chemotherapy group (Figure 11). Although the 

majority of these sites do not show statistically significant difference in methylation, overall, 

there is a trend towards lower average methylation level in the chemotherapy group than the non-

chemotherapy group.  
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4. Aggregated methylation level of the 3 regions of interest grouped by 

patient chemotherapy status 

To examine whether the methylation level of the entire region surrounding each gene 

might differ depending on the chemotherapy status, the methylation levels at different CpG sites 

within the same gene were grouped by chemotherapy status and aggregated by calculating the 

average of the methylation levels of CpGs within the same gene. Overall, the region in USP2, 

covering 2 CpGs, exhibited a significantly lower methylation level in the chemotherapy group 

relative to the non-chemotherapy group. The other 2 regions, each covering 7 CpGs, although 

not statistically significant, still showed moderately lower methylation level in the chemotherapy 

group compared to the non-chemotherapy group (Fig. 12). 

 

 

 

Figure 12: Aggregated methylation level of the 3 regions of interest grouped by patient chemotherapy status 

(No: did not receive chemotherapy, n=12; Yes: received chemotherapy, n=10). Non-parametric T-Test is used 

due to small sample size (n=22) and p-value is shown on the right. A. 2 sites in USP2. B. 7 sites in SMAD3. C. 7 

sites in VMP1.  
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5. Relation between methylation level at specific CpG sites and 

inflammation or CRF 

Smith et al. associated the lower methylation at CpGs with increased inflammation 

markers. Increased inflammation markers were further correlated with fatigue symptoms. To 

determine whether difference in methylation is still associated with inflammation or CRF 1 year 

post treatment, methylation at different CpGs of each patient was calculated, grouped by patient 

fatigue score and inflammation level ranking, and plotted in BeeSwarm plots to visualize the 

difference in methylation level between the two groups. The ranking was performed by Dr. 

Mylin Torres’s group. The top 11 cases with higher inflammation level and fatigue score were 

designated the “High” group, while the other 11 subjects with lower inflammation level and 

fatigue score were designated the “Low” group. 

Of the 16 CpG sites, none were statistically significantly correlated with inflammation 

level or CRF. However the methylation level of CpGs in the High group was consistently lower 

than that in the Low group (Figure 13).  
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6. Aggregated methylation level of the 3 regions of interest grouped by 

patient inflammation level and CRF ranking 

To examine whether the methylation level of the entire region surrounding each gene 

might differ depending on inflammation level and CRF ranking, the methylation levels at 

different CpG sites within the same gene were grouped according to the High versus Low groups 

and aggregated by calculating the average of the methylation levels of the CpG sites within the 

same gene. Overall, there was no significant difference in levels of methylation across these 

genes between the High and Low groups. Nevertheless, there was a trend towards a consistently 

lower level of methylation in the High group than in the Low group, even though there was no 

statistical significance (Fig. 16). 

 

 

Figure 14: Aggregated methylation level of the 3 regions of interest grouped by patient relative fatigue and 

inflammation levels (High: high fatigue score and inflammation level, n=11; Low: low fatigue score and 

inflammation level, n=11). Non-parametric T-Test is used due to small sample size (n=22) and p-value is shown on 

the right. A. 2 sites in USP2. B. 7 sites in SMAD3. C. 7 sites in VMP1. 
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7. The temporal changes of methylation levels at different CpG sites 

Smith et al. examined the baseline and 6 month post treatment time points. Both were 

cross-sectional studies where DNA methylation levels were aggregated and compared between 

chemotherapy and non-chemotherapy groups. So far, the current study has addressed the relation 

between methylation difference and chemotherapy status as well as the relation between 

methylation difference and inflammation level or CRF at 1 year post treatment by aggregating 

individual patients for group comparisons. In order to better understand the impact of 

chemotherapy, it is necessary to follow methylation level trajectory of individual patients. 

Of the 22 patients available at 1 year post treatment, 8 have complete methylation 

profiles from all 3 time points: baseline, 6 month post treatment, and 1 year post treatment. Their 

data are plotted into trend-lines (Figure 15). 

First, even though the sample size (n=8) is small, the baseline methylation level of the 

patients is consistent with the findings of Smith et al., where patients who received 

chemotherapy (in red) showed significantly lower levels of methylation at the 6 CpG sites 

identified by Smith et al. 

Secondly, among those patients who received chemotherapy and for whom samples were 

available at all time points (n=2), the methylation level was uniformly higher at 6 months post 

treatment than at baseline, but in most cases returned to baseline, while other patients (n=6) were 

trending in different directions. At CpG Chr17:57,915,665, however, the methylation level of the 

patients who received chemotherapy did not return to baseline and continued to increase from 6 

months post treatment. 
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8. Relationship between methylation level at specific CpG sites and 

cytokine level 

In Smith et al., lower methylation at each identified CpG site was associated with higher 

interleukin 6 (IL-6) and plasma soluble tumor necrosis factor receptor 2 (sTNFR2), while 

sTNFR2, but not CpG methylation status, was correlated with fatigue (Smith et al., 2014).  

To examine the relation between methylation level at CpGs and cytokine level at 1 year 

post treatment, methylation level at each CpG and the cytokine level were plotted using the 

linear regression model. At 1 year post treatment, lower methylation at each identified CpG site 

was no longer associated with higher IL-6 or sTNFR2 levels (For IL-6, see Figure 16; For 

sTNFR2, see Figure 17), although sTNFR2 was still correlated with fatigue. It is important to 

note the population difference. Only 10 patients from the 22 available at 1-year follow-up had 

available circulating cytokine levels. 
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9. Methylation differences between chemotherapy vs. non-chemotherapy 

groups 

To compare the difference in methylation level at the 6 selected CpG sites between the 

chemotherapy group and the non-chemotherapy group at all 3 time points, Table 4 from Smith et 

al. was modified to include data from the current study and shown in Table 3. The methylation 

level was still consistently lower in the chemotherapy group than the non-chemotherapy group. 

However, at most of the sites, the difference was no longer statistically significant at 1 year post 

treatment. Only CG26077811 (CpG Chr11:119,232,263) in USP2 shows a significant decrease 

of methylation at 1 year post treatment between patients who received chemotherapy and those 

who did not. 

CpG Site* Gene 

Baseline** 

(n=61) 

6 Months Post Treatment* 

(n=39) 

1 Year Post Treatment 

(n=22) 

Δβ p Δβ p ΔMe*** p 

cg26077811 USP2 -0.08 3.2 × 10−6 -0.028 0.045 -0.078 0.017 

cg05438378 SMAD3 -0.10 3.4 × 10−6 -0.027 0.12 -0.026 0.18 

cg18942579 VMP1 -0.22 3.6 × 10−15 -0.060 0.0027 -0.016 0.82 

cg12054453 VMP1 -0.19 3.9 × 10−9 -0.088 8.4 × 10−4 -0.024 0.50 

cg16936953 VMP1 -0.21 1.0 × 10−10 -0.061 0.014 -0.019 0.63 

cg01409343 VMP1 -0.18 1.5 × 10−12 -0.042 0.031 -0.065 0.08 

 

Table 3: Methylation differences (Δβ and ΔMe) between patients who received chemotherapy and those who 

did not at baseline (n=39), 6-months follow-up (n=39), and 1-year follow-up (n=22). 

  

*Smith et al. labeled CpGs using Illumina IDs. The current study uses genomic locations. See Table 2 for 

matching information. 

**Data from Smith et al. 

***Targeted bisulfite sequencing data do not provide Δβ. The difference is calculated and presented as ΔMe. 
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Discussion 
  



      38 

 

1. Interpretation 

Smith et al. discovered that patients who received chemotherapy exhibited significantly 

lower methylation at 8 CpG sites compared to those who did not receive chemotherapy, 6 of 

these 8 being located in important regulatory genes USP2 (1), SMAD3 (1), and VMP1 (4). 

Lower methylation at each CpG site was further associated with increased inflammatory 

markers, which, but not CpG methylation status, was correlated with fatigue symptom. The 

comparatively lower methylation level in the chemotherapy treated group, the association 

between lower methylation level and increased inflammatory markers, and the correlation 

between increased inflammatory markers and fatigue symptom all persisted after 6 months with 

moderate decay (Smith et al., 2014). 

The current study designed new targeted bisulfite sequencing method to focus on specific 

regions of interest and designed primers covering 10 CpGs adjacent to the 6 CpGs identified by 

Smith et al. to collect more information on local DNA methylation level. The current study then 

analyzed the methylation level at 1 year post treatment and compared it to available methylation 

and cytokine data from Smith et al. and additional inflammation and CRF data from Dr. Mylin 

Torres’s group. 

 The current study aimed to address 3 research questions: 

• Whether comparatively lower methylation level in the chemotherapy treated 

group observed by Smith et al. persists 1 year after treatment; 

• Whether comparatively lower methylation level, if present, remains correlated 

with chemotherapy status and inflammatory marker levels; 
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• If there are individual patients with methylation data from all 3 time points, what 

their methylation level trend line may indicate. 

1. Comparatively Lower Methylation Level in the Chemotherapy Treated Group Persisted 

The average methylation level of the CpGs among patients who received chemotherapy is 

uniformly lower than the average methylation level of the same CpGs among patients who did 

not receive chemotherapy. The presence of a clear trend is consistent with the findings of Smith 

et al., who observed lower methylation level at both baseline and 6 months post treatment time 

points among the patients who received chemotherapy. 

2. The Relation between Comparatively Lower Methylation Level and Relevant Factors 

a. Chemotherapy Status 

Smith et al. observed that at 6 months post treatment, the difference in methylation level 

between patients who were treated with chemotherapy and those who were not underwent decay. 

The result from the current study is consistent with the trend of decay as the methylation level 

was uniformly lower among the patients who received chemotherapy, but the differences are no 

longer statistically significant at all but 1 site (CpG Chr11:119,232,263). 

There is a number of reasons how this decay might happen. Research indicates that 

lifestyle and environmental factors such as diet, physical activity, body weight, and smoking or 

exposure to smoking can all impact DNA methylation (Lim and Song, 2012). Because the study 

is based on human subjects, not all if any of the lifestyle or environmental factors can be 

controlled. The fact that clear trends of methylation difference and decay are still present despite 

the possible interfering factors suggests the selected CpGs warrant further investigation. 
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b. Inflammation Level and CRF 

Smith et al. found that lower methylation level at each CpG site was associated with 

increased inflammatory markers that was further correlated with fatigue symptom. The current 

study did not observe the association between lower methylation level at each CpG site and 

increased inflammatory markers at 1 year post treatment. 

Furthermore, the current study matched methylation level at each CpG site with a 

combined inflammation and CRF ranking and observed that among patients who had 

comparatively higher inflammation and CRF, methylation level at every CpG site was uniformly 

lower compared to those who had comparatively lower inflammation and CRF, although the 

difference in methylation was not statistically significant. 

Both of the findings above, again, are consistent with theory of decay. 

3. Methylation Changes in Individuals over Time 

The current study aligned available methylation data of 8 patients from all 3 time points 

(baseline, 6 months post treatment, and 1 year post treatment) and provided a longitudinal 

overview of the methylation trajectory. The trend lines of individuals provided a new perspective 

as so far the study mainly focused on cross-section comparisons between aggregated groups. 

Based on the study design, the patients who did not receive chemotherapy may appear as 

a steady negative control with an underlying assumption that there should not be many changes. 

However, trend lines of individuals from this group (n=6) suggest a large degree of variation 

among individuals and demonstrate that other factors may influence DNA methylation after 

treatment. 

Additionally, all patients who received chemotherapy and had complete methylation data 

from all time points (n=2) exhibited the same pattern at all 6 CpGs. Their methylation level 
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increased at 6 months post treatment and then decreased at 1 year post treatment at all sites 

except for CpG Chr17:57,915,665, where the methylation level continued to increase after 6 

months post treatment. Possible explanations include: 1, chemotherapy caused temporally and 

reversible changes to methylation at these CpGs; 2, CpG Chr17:57,915,665 may have special 

significance as 4 of the 6 patients exhibited marked increase in methylation at this site at 1 year 

post treatment compared to the uniform decline in methylation at all other sites over the same 

period; 3, chemotherapy may have influenced a population of progenitor cells that gave rise to 

the PBMCs. Hematopoietic Stem Cells (HSCs) have various lifespans between 10 months and 60 

months (Sieburg et al., 2011), and changes to its DNA methylation level may explain the 

methylation trajectories in its progenies shown by the current study. 

2. Limitation 

The current study has a number of limitations. 

First of all, the current study used a different method to measure DNA methylation than 

Smith et al. Smith et al. used Illumina HumanMethylation 450K while the current study used 

Targeted Bisulfite Sequencing. They have 2 major differences. Illumina HumanMethylation 

450K provides limited coverage at each CpG but does not over amplify a single allele, while 

Targeted Bisulfite Sequencing provides much greater coverage with over 100,000 reads at each 

CpG but risks over amplifying a single allele. Both methods are robust and reliable, although the 

current study did not compare them in a controlled experiment. 

Secondly, datasets for individual patients are incomplete for various reasons the current 

study cannot control. The previous study had good sample size (n>30) and relatively complete 

data covering fatigue score and multiple circulating cytokines at baseline. However, the current 

study had a less than optimal sample size (n=22), which was exacerbated by the missing cytokine 
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and methylation data of different patients from different time points. Although all patients who 

participated in the overarching project belong to the same cohort, the inconsistency in data 

availability makes attempts at simulating a longitudinal study difficult (see Figure 15, Figure 17, 

and Figure 18). 

Additionally, because the study was based on human subjects, factors that could impact 

the immune system such as lifestyle, disease history outside of the study duration, exposure to 

chemicals could not be controlled. 

Furthermore, the overarching project on CRF set the baseline time point at the end of 

chemotherapy, which was after the administration of chemotherapy, while chemotherapy was the 

principal effector in question. Ideally, baseline time point should be set prior to the 

administration of chemotherapy or any form of treatment, so researcher could compare pre-

treatment and post-treatment methylation levels, inflammation levels, and CRF evaluations.  

Finally, peripheral blood mononuclear cells are a heterogeneous collection of cells that 

includes several blood cell types such as lymphocytes and monocytes. Currently, the methylation 

level at different CpGs is based on the entire PBMC population covered by the sample. It is 

possible that DNA methylation in different cell types might be disproportionally influenced by 

chemotherapy, but neither the cell type nor the proportion could be covered by the current study. 

The current focus on well differentiated cell types also means that potential upstream changes in 

the progenitor cells are overlooked or undetected. 

3. Future Direction 

First and foremost, a verification study is necessary to compare the Illumina 

HumanMethylation 450K and Targeted Bisulfite Sequencing methods. Although it is unlikely to 
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have caused errors that would significantly change the findings, any potential differences in their 

performances will help future decision-making on methodology. 

Here I propose a study design (Figure 18) that will address the limitations and more 

importantly, the unanswered questions. 

Methodologically, since there are clearly defined regions of interest within the genes 

USP2, SMAD3, and VMP1 already, the new study should use a single consistent method over its 

course. 

 Regarding the material, the new study should recruit a greater number of participants to 

account for possible dropouts. Ideally, the study should have more than 30 patients, of whom 

half have received chemotherapy, with full methylation profiles over the course of the study. 

In addition, although it may be difficult to obtain hematopoietic stem cells for study, 

efforts should still be made to cover, for example, the myeloid and lymphoid progenitors that 

may pass epigenetic configurations during differentiation, to aid the search for the origin of any 

methylation changes and to better understand the mechanism of CRF. Research suggests that 

DNA methylation plays a role in genomic imprinting and is heritable across cell divisions (Plass 

and Soloway, 2002; Trerotola et al., 2015). It will be important to collect methylation level at 

CpG sites of interest from blood cells at different stages of differentiation to locate the primary 

change and trace the possible inheritance of the change in methylation. 

Furthermore, the new study will set the baseline time point prior to any form of 

treatment, so that both pre-treatment and post-treatment methylation levels, inflammation levels, 

and CRF evaluations will be available for comparison. 

Finally, if the study design above confirms the significance of particular CpG sites, one 

can search for transcription binding sites in close proximity and determine whether the CpG site 
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methylation has potential impact on cellular functions, which will serve as a step-stone to 

uncovering the molecular mechanism of CRF. 

 

Figure 18: Proposed Study Structure. 1: The new study will aim to secure 30 patients with complete data from all 

time points; 2: the new study will assess pre-treatment methylation level, inflammation, and CRF in all patients; 3, 

4, and 5: the new study will assess post-treatment methylation level, inflammation, and CRF shortly after treatment, 

6 months after treatment, and 1 year after treatment; 6, the new study will account for cell types and search for 

binding sites in regions of interest and examine whether differential methylation at the specific CpGs is linked with 

regulatory activity.  
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Supplementary Table 1 

 

Primer Gene Sequence 

B914 USP2.F GGGATTGGGAGTAGGTAATTTTGGA 

B915 USP2.R CCAACTAACAACCTCATAAACTT 

B918 SMAD3.F GAGTTTGATAGGAGAGATAGGATTT 

B921 SMAD3.R AACCAATCCCTATACTTTCATTTCTA 

B884 VMP1.F TAAAAAGGGGTTATAGAATTTTAGTAG 

B885 VMP1.R ATTTCCCAATAAAACATACACAAAC 

 

Supplementary Table 2 

 

Adaptors: 
ACACTCTTTCCCTACACGACGCTCTTCCGATC*T 

Phos/GATCGGAAGAGCACACGTCTGAACTCCAGTCAC 

 

Index primers: 
CAAGCAGAAGACGGCATACGAGATCGTGATGTGACTGGAGTTCAGACGTGTGCTCTTCCGATC*T 

CAAGCAGAAGACGGCATACGAGATACATCGGTGACTGGAGTTCAGACGTGTGCTCTTCCGATC*T 

CAAGCAGAAGACGGCATACGAGATGCCTAAGTGACTGGAGTTCAGACGTGTGCTCTTCCGATC*T 

CAAGCAGAAGACGGCATACGAGATTGGTCAGTGACTGGAGTTCAGACGTGTGCTCTTCCGATC*T 

CAAGCAGAAGACGGCATACGAGATCACTGTGTGACTGGAGTTCAGACGTGTGCTCTTCCGATC*T 

CAAGCAGAAGACGGCATACGAGATATTGGCGTGACTGGAGTTCAGACGTGTGCTCTTCCGATC*T 

 

Universal primer: 
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATC*T 

 

See adaptors and primers previously used by Barwick et al. (Barwick et al., 2016) 
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