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Abstract 

 

Understanding types of DNA methylation and their effects on gene regulation 

by Nicholas D. Johnson 

 

DNA methylation (DNAm) refers to the binding of a methyl group to DNA, which typically 

occurs at a cytosine nucleotide that is directly followed by a guanine nucleotide from 5’ to 

3’. DNAm can hold genes in a stably repressed state. It is associated with age, many 

chronic diseases and biological processes. DNA hydroxymethylation (DNAhm) is a more 

recent discovery and less well-characterized than DNAm. Unlike DNAm, DNAhm does 

not bind to known gene repressors (MBD1, MBD2, MBD3) and is associated with cis-

gene expression. I first review the role of DNAm and DNAhm in one such biological 

process known as immunosenescence. Immunosenescence is the general deterioration 

of the immune system with age, and it is characterized by functional changes in 

hematopoietic stem cells (HSCs) and specific blood cell types as well as changes in levels 

of numerous factors, particularly those involved in inflammation. DNAm and DNAhm is 

not only associated with many immunosenescence-related processes but both of these 

epigenetic modifications play a causal role in some of them. In addition to reviewing the 

role of DNAhm and DNAm in immunosenescence, this dissertation specifically 

investigates age-related DNAhm and its relationship to age-related gene expression. I 

observed an overrepresentation of directional consistency between age-related DNAhm 

and age-related gene expression, which contrasts the repressive gene regulatory role of 

DNAm. This section is followed by an investigation of the capacity of single-cell 

methylation sequencing to detect novel imprints. Allele-specific methylation (ASM) is the 

mechanism underlying the establishment of imprints, which regulate gene expression by 

holding one allele of a gene in a stably repressed state.  In this section, I developed a 

criteria to detect ASM at the sample-level. I then compared ASM detected at the sample-

level to the methylation state in individual cells at CpGs with heterozygous sites 

sufficiently close to the CpGs to distinguish the methylation state of each allele, which 

constituted a cellular-level gold-standard. In this comparison, ASM detected in ≥3 

samples was also ASM in the cellular-level gold standard 95% of the time. These results 

demonstrate that single cell methylation sequencing is a powerful tool to detect novel 

imprints. 
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Chapter 1: Introduction 

 

DNA methylation (DNAm) is the biological phenomenon whereby a DNA 

methyltransferase catalyzes the chemical reaction that binds a methyl group to a cytosine 

nucleotide (Okano et al. 1999).  In mammals, these chemical reactions occur most 

commonly at CpG sites, a cytosine that is directly followed by a guanine nucleotide from 

5’ to 3’ (Mendizabal et al. 2014).  

The methylation of gene promoters is capable of holding genes in a stably 

repressed state (Illingworth and Bird 2009; P. A. Jones 2012). Proteins known as MBD1, 

MBD2, MBD4, and MecP2 (Boyes and Bird 1991; Nan et al. 1998; Wade 2001) are all 

capable of binding to methylated DNA, which results in transcriptional repression. 

 DNAm is robustly associated with human age. Many epigenome-wide association 

studies have observed this association in human whole blood (Bell et al. 2012; Bjornsson 

et al. 2008; Christensen et al. 2009; Teschendorff et al. 2010; Alisch et al. 2012) and other 

tissues (Teschendorff et al. 2010; Christensen et al. 2009). Thousands of CpG sites  

undergo rapid changes in DNAm with age during childhood, which become more gradual 

in adulthood (Alisch et al. 2012). The robust association between DNAm and age has 

allowed for the development of DNAm-based biomarkers of aging capable of accurately 

predicting chronological age across many human tissues (Horvath 2013). Further, some 

of these DNAm-based biomarkers can predict mortality better than chronological age 

alone, which suggests DNAm does not only predict age, but serves as a marker of 

senescence as well  (Hannum et al. 2013; Horvath 2013; Levine et al. 2018; Marioni et 

al. 2015). 

https://paperpile.com/c/1xFV6f/oCZA
https://paperpile.com/c/1xFV6f/NGVV
https://paperpile.com/c/1xFV6f/NbFNc+nsPW
https://paperpile.com/c/1xFV6f/oSNX+WfUC+aXcW
https://paperpile.com/c/1xFV6f/93dw+l3j3+MHIZ+Nb9x+hJcH
https://paperpile.com/c/1xFV6f/93dw+l3j3+MHIZ+Nb9x+hJcH
https://paperpile.com/c/1xFV6f/Nb9x+MHIZ
https://paperpile.com/c/1xFV6f/hJcH
https://paperpile.com/c/1xFV6f/tpQq
https://paperpile.com/c/1xFV6f/AVEIN+tpQq+i07nb+m5AFw
https://paperpile.com/c/1xFV6f/AVEIN+tpQq+i07nb+m5AFw
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DNAm is associated with numerous biological phenomena, one of which is 

immunosenescence, the decline of the immune system with age. Immunosenescence is 

a complex biological process entangled in other processes, such as aging, shifts in cell 

composition, and numerous chronic diseases. It marks cell lineage skewing (H. Li et al. 

2014) and signatures of DNAm across thousands of sites can be used to characterize 

cell type composition (Houseman et al. 2012; Reinius et al. 2012). Further, DNAm is 

associated with at least 30 cancerous (Weisenberger 2014) and 20 non-cancerous 

chronic diseases (De Jager et al. 2014; Chouliaras et al. 2012; Bernstein et al. 2016; Xu 

et al. 2018; Zaina et al. 2014; de Vega, Vernon, and McGowan 2014; Qiu et al. 2012; 

Sharma et al. 2014; Q. Zhao et al. 2013; Smolarek et al. 2010; Hessam et al. 2017; 

Ventham et al. 2016; Leoni et al. 2015; den Hollander and Meulenbelt 2015; Jowaed et 

al. 2010; Smith et al. 2011; de Andres et al. 2015; Wockner et al. 2014; Figueroa-Romero 

et al. 2012; Javierre et al. 2010; M. Zhao et al. 2018; Toperoff et al. 2012). While DNAm 

is associated with many immunosenescence-related processes, there is evidence that it 

also plays a causal role in at least some of these processes (Ko et al. 2010; Moran-Crusio 

et al. 2011; Challen et al. 2011; Pan et al. 2016; M. Zhao et al. 2018). 

 The extent to which DNA methylation serves as a mechanism regulating 

immunosenescence and other associated phenotypes vs. simply a biomarker of these 

processes is still an open question, which is further complicated by the fact that a closely 

related epigenetic modification to DNAm, known as DNA hydroxymethylation (DNAhm), 

is not as well studied due to its recent discovery. The importance of characterizing 

DNAhm apart from DNAm is that the two epigenetic modifications play distinct gene 

regulatory roles. DNAm is catalyzed to DNAhm via the ten-eleven translocation enzymes 

https://paperpile.com/c/1xFV6f/GIjP
https://paperpile.com/c/1xFV6f/GIjP
https://paperpile.com/c/1xFV6f/XYUx+L1OV
https://paperpile.com/c/1xFV6f/z6GG
https://paperpile.com/c/1xFV6f/LKpm+MsBb+3qs0+oMoi+OkEO+BC3b+jDrm+fXrl+eOoL+KwaB+daJ2+9k68+Iapv+mWR8+8w5o+kK5e+7TjN+7x93+rDYY+Cm6z+LLcD+XwRW
https://paperpile.com/c/1xFV6f/LKpm+MsBb+3qs0+oMoi+OkEO+BC3b+jDrm+fXrl+eOoL+KwaB+daJ2+9k68+Iapv+mWR8+8w5o+kK5e+7TjN+7x93+rDYY+Cm6z+LLcD+XwRW
https://paperpile.com/c/1xFV6f/LKpm+MsBb+3qs0+oMoi+OkEO+BC3b+jDrm+fXrl+eOoL+KwaB+daJ2+9k68+Iapv+mWR8+8w5o+kK5e+7TjN+7x93+rDYY+Cm6z+LLcD+XwRW
https://paperpile.com/c/1xFV6f/LKpm+MsBb+3qs0+oMoi+OkEO+BC3b+jDrm+fXrl+eOoL+KwaB+daJ2+9k68+Iapv+mWR8+8w5o+kK5e+7TjN+7x93+rDYY+Cm6z+LLcD+XwRW
https://paperpile.com/c/1xFV6f/LKpm+MsBb+3qs0+oMoi+OkEO+BC3b+jDrm+fXrl+eOoL+KwaB+daJ2+9k68+Iapv+mWR8+8w5o+kK5e+7TjN+7x93+rDYY+Cm6z+LLcD+XwRW
https://paperpile.com/c/1xFV6f/LKpm+MsBb+3qs0+oMoi+OkEO+BC3b+jDrm+fXrl+eOoL+KwaB+daJ2+9k68+Iapv+mWR8+8w5o+kK5e+7TjN+7x93+rDYY+Cm6z+LLcD+XwRW
https://paperpile.com/c/1xFV6f/vcs6+wJmb+WvfO+D58J+LLcD
https://paperpile.com/c/1xFV6f/vcs6+wJmb+WvfO+D58J+LLcD
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(TET1, TET2, TET3) (Ito et al. 2010). Unlike DNAm, DNAhm is associated with cis-gene 

expression (Marco et al. 2016; J. Zhao et al. 2017; Colquitt et al. 2013) and is unable to 

bind to methyl-binding proteins (MBD1, MBD2, and MBD4), which are known to play a 

role in transcriptional repression (Jin, Kadam, and Pfeifer 2010; Boyes and Bird 1991; 

Nan et al. 1998; Wade 2001). 

In chapter 2 of my dissertation, I review the literature to determine our current 

understanding of immunosenescence and the roles DNAm and DNAhm play in it. I first 

discuss our current understanding of shifts in cell composition that occur in both the 

adaptive and innate arms of the immune system. I subsequently overview the main 

changes observed during immunosenescence and whether these changes should be 

viewed as the immune system in decline or changes that are compensating for immune 

system decline. These sections are followed by sections presenting our current 

knowledge regarding the roles DNAm and DNAhm play in immunosenescence-related 

processes including aging, lineage skewing of immune cell types, inflammation, and 

chronic diseases. These sections also distinguish between evidence of associations of 

DNAm and DNAhm and evidence of causal roles for DNAm and DNAhm in these 

processes. To conclude chapter 2, I discuss future directions to better understand the 

relationship between these two epigenetic modifications and immunosenescence. Some 

of these future directions include, but are not limited to, a better characterization of 

DNAhm in immunosenescence-related processes considering its characterization lags 

behind that of DNA methylation, which constitutes a gap I attempt to close in part via the 

work presented in chapter 3.  

https://paperpile.com/c/1xFV6f/hhwIL
https://paperpile.com/c/1xFV6f/A3BgA+1PtSt+zo9jD
https://paperpile.com/c/1xFV6f/ENPs+oSNX+WfUC+aXcW
https://paperpile.com/c/1xFV6f/ENPs+oSNX+WfUC+aXcW
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Considering that aging is one of the biological processes related to 

immunosenescence, chapter 3 of my dissertation explores the relationship between age-

related DNAhm and age-related gene expression in human immune cells, which 

complements previous work characterizing the relationship between age-related DNAm 

and age-related gene expression. I first use DNAhm-capture-sequencing data collected 

from 10 young (23-30 years) and 10 old (68-76 years) Caucasian females to test for age-

differential DNAhm in 2000 bp across the genome. I subsequently investigate enrichment 

of age-related DNAhm for biological pathways with the hypothesis that it will be 

associated with immune-related processes. I further investigate DNAhm in distinct 

genomic features, including promoters, gene bodies, and enhancers to further elucidate 

its functional role. In addition to DNAhm, I use RNA-sequencing data collected from the 

same 20 individuals to test for age-differential gene expression transcriptome-wide.  In 

regions where age-related DNAhm and age-related gene expression overlapped, I 

observe that most genes with age-related gene expression and most regions with age-

related DNAhm decrease with age, and that age-related DNAhm and age-related gene 

expression show directional consistency in all but one region, which is consistent with 

previous work that found a positive correlation of DNAhm with cis-gene expression 

(Marco et al. 2016; J. Zhao et al. 2017; Colquitt et al. 2013). In addition to DNAhm, another 

biological process that plays a role in both gene regulation and immunosenescence is 

imprinting. Imprinting refers to the repression of a specific parental copy (maternal or 

paternal) of a gene or a gene cluster via allele-specific methylation (ASM). The 

consequence of imprinting-related ASM is allele-specific expression  (Imbeault, 

Helleboid, and Trono 2017). Genomic imprints are established in the female and male 

https://paperpile.com/c/1xFV6f/A3BgA+1PtSt+zo9jD
https://paperpile.com/c/1xFV6f/vQCj
https://paperpile.com/c/1xFV6f/vQCj


5 
 

germlines and are transmitted and maintained into adult life (Edwards and Ferguson-

Smith 2007; Reig and Concha 2012; Y. Li and Sasaki 2011). Thus, imprinted regions 

occur at the same genomic loci across healthy human individuals. Imprinting is involved 

in immunosenescence via Dlk1-Gtl2, a maternally imprinted gene that maintains the self-

renewal capacity of hematopoietic stem cells (HSCs) (Serrano-Lopez and Cancelas 

2016). A reduced capacity for self-renewal in the HSC cell lineage underlies skewing of 

the HSC lineage, which constitutes a hallmark of immunosenescence (Geiger, de Haan, 

and Carolina Florian 2013).  

In chapter 4, I utilize single-cell methylation data collected from 610 B cells 

sampled from six healthy individuals to detect novel imprinted regions. I first quantify ASM 

at CpG sites within individual cells and used this information to call ASM at the sample-

level. I hypothesize that there would be concordance of ASM across samples since the 

same regions are expected to be imprinted across human individuals. I then investigate 

whether there was an overrepresentation of ASM in previously reported imprinted genes 

and imprinting binding motifs. To further validate my results, I call heterozygous sites in 

each of the 6 healthy samples and differentiate reads at these sites by which allele they 

overlap, allowing me to directly observe cellular-level ASM, which I regard as the gold 

standard. I then compare the gold standard ASM to the detected sample-level ASM to 

assess the ability to detect ASM in the absence of allelic information provided by 

heterozygous sites. 

I conclude my dissertation with chapter 5 where I summarize the findings of the 

foregoing chapters. In addition, I describe the broader implications these findings have 

on the field of epigenetics.   

https://paperpile.com/c/1xFV6f/v9s3+CD51+LVUW
https://paperpile.com/c/1xFV6f/v9s3+CD51+LVUW
https://paperpile.com/c/1xFV6f/c5PWs
https://paperpile.com/c/1xFV6f/c5PWs
https://paperpile.com/c/1xFV6f/BvgbG
https://paperpile.com/c/1xFV6f/BvgbG
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Chapter 2: The role of DNA methylation and hydroxymethylation in 

immunosenescence. 

 

This chapter was published as cited below: 

 

Nicholas D. Johnson, and Karen N. Conneely. 2019. “The Role of DNA Methylation 

and Hydroxymethylation in Immunosenescence.” Ageing Research Reviews 51 

(February): 11–23 

 

1.  Introduction 

Age-related DNAm and DNAhm may contribute to immunosenescence by 

regulating or mediating the regulation of levels of immune-related factors and proportions 

of immune cell types throughout life. Investigating the role of these epigenetic 

modifications in immunosenescence may help answer fundamental questions about 

aging while simultaneously providing valuable information to the field of medicine. The 

well-established associations of DNAm with age and immune cell types in whole blood 

support a possible role of DNAm in immunosenescence. DNAhm has not been as well 

studied in this context, so its potential involvement in aging and immunosenescence 

represents an open area where a gap in knowledge can be closed. The goal of this review 

is to discuss current evidence on the possible roles of DNAm and DNAhm in 

immunosenescence and highlight gaps in our understanding. 

In mammalian DNA, methylation is the process whereby an enzyme known as 

DNA methyltransferase binds a methyl group to a cytosine nucleotide at a CpG site (a 

cytosine that is directly followed by a guanine from 5’ to 3’) forming 5-methylcytosine 

(5mC) (Okano et al., 1999). Common DNA methyltransferases are DNMT3A and 

https://paperpile.com/c/N2Qeua/MdACH
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DNMT3B, responsible for de novo methylation, and DNMT1, a maintenance 

methyltransferase that preserves the methylation state across mitotic divisions. In 

addition to methyl groups, hydroxymethyl groups have also been observed to be bound 

to cytosine nucleotides, forming 5-hydroxymethylcytosine (5hmC) (Fig. 1). Ten-eleven 

translocation (TET) enzymes are a group of three proteins (TET1, TET2, TET3), each of 

which is capable of catalyzing 5mC to 5hmC (Ito et al., 2010). 

DNAm robustly associates with age, numerous chronic diseases, and has a well-

studied role in gene regulation. DNAm signatures across thousands of sites can be used 

to characterize cell type composition (Houseman et al., 2012; Reinius et al., 2012), and 

have been shown to mark cell lineage skewing (Li et al., 2014), which is a well-known 

feature of immunosenescence. Shifts in lineage commitment within hematopoietic stem 

cells (HSCs), the precursor lineage to major immune cell types (Fig. 2), are a well-

documented change that occurs with age (Geiger et al., 2013). Within HSCs, differential 

DNAm with age has been observed in genes expressed in cell lineages downstream of 

HSCs (Beerman et al., 2013).  T cells, a lineage downstream to HSCs, also undergo age-

related shifts in subpopulations (Tu and Rao, 2016). In T cells as well as peripheral 

leukocytes, association between age-related DNAm and gene expression of genes 

regulating T cell lineage has also been observed (Tserel et al., 2015). These studies, 

among others we will describe in this review, support the interpretation that 5mC is 

involved in immunosenescence. 

An appreciation of the possible involvement of 5hmC in immunosenescence has 

lagged behind that of 5mC. One reason for this is that blood cells carry out numerous 

functions of the immune system, but 5hmC content is estimated to be 0.027% in human 
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whole blood, which is relatively low (Godderis et al., 2015). 5hmC content in the brain, for 

example, has been estimated at 13% (Wen et al., 2014). However, the low overall level 

of 5hmC in blood does not preclude it from playing a regulatory role at specific sites. A 

second reason is that the discovery of 5hmC in mammalian DNA is more recent and 

bisulfite-based methods used to detect DNAm are unable to distinguish between 5mC 

and 5hmC. More recently, however, methods have been developed that use chemical 

modification to differentiate 5mC from 5hmC prior to sequencing, allowing the specific 

detection and quantification of 5hmC (Booth et al., 2012; Höbartner, 2011; Song et al., 

2012; Szwagierczak et al., 2010; Terragni et al., 2012).   

Current evidence suggests that 5mC and 5hmC have distinct effects on gene 

expression.  It is well understood that DNAm can hold a CpG island promoter in a stably 

repressed state (Illingworth and Bird, 2009; Jones, 2012). In contrast, recent work 

suggests that promoter DNAhm does not inhibit gene expression like DNAm and instead 

both promoter and gene body DNAhm associate with increased cis-gene expression 

(Colquitt et al., 2013; Marco et al., 2016; J. Zhao et al., 2017).  This may be because 

proteins (MBD1, MBD2 and MBD4) known to bind to 5mC and contribute to transcriptional 

repression do not bind to 5hmC (Fig. 3) (Boyes and Bird, 1991; Jin et al., 2010; Nan et 

al., 1998; Wade, 2001).  Instead, 5hmC has been suggested as an intermediate 

modification between DNAm and demethylation (He et al., 2011; Ito et al., 2011; Tahiliani 

et al., 2009; Wu and Zhang, 2010). Because they appear to have different regulatory 

functions, both 5mC and 5hmC warrant consideration when investigating gene regulatory 

mechanisms in immunosenescence and other biological processes. 
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The goal of this review is to explore a possible role for DNAm, DNAhm, and gene 

expression in immune system decline. We start by describing major features of 

immunosenescence, which is a difficult phenotype to characterize because the immune 

system is very complex, and the senescence of the immune system involves changes in 

the quantities of numerous factors carrying out multiple tasks within a variety of blood cell 

types and their precursor cell lineage, HSCs. We then describe the relationship between 

epigenetics and the immune system and discuss evidence suggesting that DNAm and 

DNAhm may play a role in immunosenescence. Next we discuss numerous studies 

reporting changes in DNAm and DNAhm with age and age-related chronic diseases, 

which, in many cases occur within immune-related genes or associate with their 

expression. In some cases, findings suggest some of these immune-related genes to play 

a role in the degeneration or deterioration characteristic of the disease being interrogated, 

but in most cases associations are observed without evidence of causality being 

established, leaving a gap in knowledge to be filled by future studies.  We end by outlining 

potential future directions that could address this gap and advance the field. 

 

2.  Immunosenescence 

Immunosenescence entails changes in both the innate and adaptive arms of the 

immune system with age, and is accompanied by immune lineage skewing and an 

increase in chronic, low-grade inflammation known as inflammaging (Agarwal and Busse, 

2010; Franceschi et al., 2000). The cells of the innate and adaptive immune system 

differentiate from HSCs, which help replace roughly ten billion white blood cells every day 

of a person’s life (Yoder, 2004). Leukocytes (white blood cells) in the human body 

https://paperpile.com/c/N2Qeua/9tVc+Opj6
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originate from the HSCs in the bone marrow that first differentiate into the myeloid and 

lymphoid lineages, thereafter differentiating into neutrophils, eosinophils, basophils, 

monocytes, and lymphocytes (Fig. 3). Monocytes have the potential to differentiate into 

macrophages or dendritic cells (DCs) and populate tissues (Geissmann et al., 2010). The 

lymphocytes of the lymphoid lineage then differentiate into natural killer (NK) cells, T cells, 

and B cells (Ye and Graf, 2007). Collectively, these cell types carry out various tasks of 

the immune system, such as phagocytosis, the recognition of “non-self” antigens, and 

antigen presentation (Janeway, 2001; Medzhitov and Janeway, 2002). In this section we 

first discuss major age-related changes to immune cell types followed by a discussion of 

the possible role these changes play to the health and aging of the organism. 

 

2.1. Age-related changes in immune cell types 

Innate immune system cells function as first responders to bacterial invaders or 

other microorganisms. These cells can phagocytose invaders and release cytokines and 

chemokines alerting other innate immune system cells of the invaders. The release of 

cytokines and chemokines, also known as the inflammatory response, alerts cells of the 

adaptive immune system, which are capable of “remembering” specific pathogens and 

targeted responses to these pathogens in the event of future invasions (Janeway, 2001). 

Cell lineages of both the innate and adaptive immune system are observed to undergo 

changes in immunosenescent individuals. HSCs, from which these cell lineages derive 

(Fig. 3), also undergo changes with age, including reduced function and skewing toward 

the myeloid lineage (Geiger et al., 2013).  
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Adaptive arm of the immune system: 

T cells and B cells are major cell types of the adaptive immune system and work 

in a coordinated fashion. B cells are responsible for producing antibodies, which respond 

to specific antigens allowing the adaptive immune system to mount targeted responses 

to pathogens. T cells carry out many tasks of the adaptive immune system They provide 

immunity to intracellular and extracellular pathogens, mount attacks in response to 

infections, and retain “memory” of previous infections so that they can mount attacks in 

the event of future infections (Zhang and Bevan, 2011; Zhu and Paul, 2008).  

One of the most prominent features of T cell aging relates to thymic involution 

(shrinkage of the thymus with age). Palmer (2013) reviews several studies indicating that 

thymic involution is responsible for a decreased output of naive T cells in animal models 

whereas in humans it remains a topic of debate. Regardless, naive T cell output has been 

observed to decrease with age in humans. In PBMCs of 39 human donors aged 6-90 

years, T cell receptor diversity decreased with age, accompanied by a decrease in naive 

T cells (Britanova et al., 2014). Further, CD8+ T cells are increasingly absent of CD28 

with age (Weng et al., 2009). 

Many age-associated changes in transcription are observed in T cells and their 

subsets (i.e. CD4+, CD8+, CD8+CD28-) (Chen et al., 2013). In CD8+ T cells isolated from 

PBMCs of five young (23-27 years) and four old (65-80 years) individuals, Cao et al. 

(2010) observed 754 differentially expressed genes, 66% with decreasing expression and 

34% with increasing expression, with overrepresentation of genes involved in immune 

response among genes with increasing expression. In CD4+ T cells isolated from PBMCs 

of 423 participants in the Multi-Ethnic Study of Atherosclerosis (MESA) study, differential 

https://paperpile.com/c/N2Qeua/5t914+DENtE
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expression with age was observed in 218 genes (Reynolds et al., 2015), with suggestive 

enrichment for immune response pathways among genes with increasing expression with 

age. In human PBMCs, Th1 and Th2 cell counts increase with age while the ratio of Th2 

to Th1 cells decreases with age (Uciechowski et al., 2008). 

B cells, which are responsible for producing antibodies, also undergo functional 

changes with age, which are reviewed by Cancro et al. (2009). B cells of aged individuals 

have reduced protein levels and expression of genes that contribute to developmental 

progression of B cells. Accompanying these changes, B cells have a diminished capacity 

to complete each stage of differentiation. Age-related alterations in the B1 and B2 cell 

subsets may reflect these changes: the B1 pathway predominates in prenatal and 

neonatal development whereas the B2 pathway predominates in young adult life, followed 

by a proportional increase in the B1 pathway in later life. In addition, B cells undergo a 

loss in receptor diversity with age (Cancro et al., 2009). 

 

Innate arm of the immune system: 

Cell lineages, including monocytes, macrophages, and dendritic cells (DCs) of the 

innate arm of the immune system undergo changes with age as well. Monocytes carry 

out various tasks in the immune system. They are the most numerous mononuclear 

phagocyte in the blood, and are capable of migrating from blood to tissues during 

inflammation, differentiating into macrophages, presenting antigens to T cells, and 

affecting T cell differentiation (Jakubzick et al., 2017).  Despite their similarities, DCs and 

macrophages have distinct functions: while macrophages are primarily engaged in 
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maintenance of tissue immune integrity, such as bone homeostasis, DCs are efficient 

antigen presenters primarily involved in tissue immune response (Hashimoto et al., 2011). 

In monocyte samples of 146 healthy adults (20-84 years), phagocytosis of 

monocytes was impaired with age and they exhibited altered expression of a number of 

CD molecules (Hearps et al., 2012). In 181 healthy adult subjects (18-88 years), the CD14

+CD16+ subset of monocytes increased with age, accompanied by age-related changes 

in chemokine receptors and increases in serum monocyte chemoattractant protein-1, 

although total monocyte counts were comparable between young and old groups (Seidler 

et al., 2010). In CD14+ monocytes isolated from PBMCs of 1,264 MESA participants (55–

94 years), differential expression with age was observed in 2,704 genes, with nominally 

significant enrichment for immune response pathways (Reynolds et al., 2015).  

While monocytes differentiate into macrophages, a recent review notes that the 

majority of macrophages derive from embryonic precursors and are self-maintained in 

tissues (Ginhoux and Jung, 2014). In a review of macrophage function and age-related 

functional decline, Linehan and Fitzgerald (2015) report a number of studies indicating 

that macrophages show age-related impairments in their ability to become activated in 

response to IFN-γ, to secrete cytokines in response to TLR stimulation, to present 

antigens, and to phagocytose and repair tissue. Agarwal and Busse (2010) review a 

number of murine and human studies suggesting mixed support for altered secretion of 

chemokines and other cytokines with age in macrophages and monocytes, including 

reduced levels of TNF-α, IL-1β, IL-2, IL-6, IL-12, CCL5, macrophage inflammatory protein 

1α, and increased levels of IL-10. They note inconsistent findings that could be 

attributable to the fact that many of the murine studies were conducted using stimulated 
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spleen cell cultures of macrophages whereas human studies were carried out using 

monocytes isolated from peripheral blood (Agarwal and Busse, 2010). 

With age DCs have impaired antigen processing and migration, but comparable 

cell count and phenotypes (Agrawal and Gupta, 2011). In addition, Wong and Goldstein 

(2013) review a number of studies that collectively suggests an age-related impaired 

ability of DCs to present antigens to T cells, although some conflicting reports exist. Gupta 

(2014) reviews mechanisms underlying age-related functional decline of dendritic cells 

(DCs), noting impaired phagocytosis and migration, and possible consequences of these 

age-related changes to other immune cell types. 

Neutrophils and eosinophils, which are immune cells critical for combating  

microorganisms and parasites, respectively, also undergo age-related changes. Lord et 

al. (2001) describe a number of changes in neutrophils including a reduction in the 

number of microbes ingested per neutrophil, decreased Fc-mediated phagocytosis, and 

decreased expression of CD16 with age. They suggest low GM-CSF (due to the shift from 

Th1 to Th2 in T cells) and high TNF-α (due to increased secretion in monocytes) may be 

responsible for age-related reduction in neutrophil responsiveness and decreased 

survival at the site of infection (Lord et al., 2001). Eosinophils secrete granules containing 

antimicrobial substances (Faurschou and Borregaard, 2003), and Mathur et al. (2008) 

observed an age-related decrease in IL-5 stimulated degranulation (Mathur et al., 2008). 

 

2.2. Immunosenescence: Dysfunction or Adaptation? 

The specific age-related changes to cell types of the two arms of the immune 

system collectively engender immunosenescence and inflammaging. It is well established 
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that elevated inflammation is a risk factor for morbidity and mortality (Brüünsgaard and 

Pedersen, 2003). Nevertheless, a recent review by Fulop et al. (2017) argues that some 

immune system changes are beneficial and that the interplay between 

immunosenescence and inflammaging is more complex than conventionally described.  

Fulop et al. (2017) propose that healthy aging entails an optimization of changes 

encompassing adaptive immune system remodeling, inflammaging, and anti-

inflammaging. Changes to the adaptive immune system may serve to optimize resource 

allocation for changing needs of the organism. For example, thymic involution may 

decrease the TCR repertoire and the naive T cell compartment, but Fulop et al. (2017) 

note that it may benefit the organism by lowering energy consumption and that age-

related increases of the memory T cell compartment may help the organism combat 

cognate pathogens and stave off infection. Furthermore, the increase in the Treg 

compartment may address a growing need for autoimmunity. Although inflammaging may 

contribute to disease, Fulop et al. (2017) suggest that when optimized, inflammaging may 

counterbalance the altered ability to fight off new infections brought about by adaptive 

remodeling, and that anti-inflammaging can serve to prevent inflammation from becoming 

excessive and destructive.  

Other researchers have also argued for careful consideration of age-related 

changes to the immune system before they are deemed harmful, as many may be 

beneficial. For example, an increasing proportion of CD8+ T cells are absent of CD28 with 

age, and Arosa (2002) notes that increased proportions of CD8+28- T cells accompany 

more than 20 conditions and disorders. Although CD8+28- T cells have been 

conventionally considered dysfunctional, terminally differentiated cells, a recent review 
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argues that these cells are involved in tissue repair and homeostasis (Arosa et al., 2016). 

Thus, the age-related increase in CD8+28- T cells, rather than being harmful, may serve 

to address the increasing need for tissue maintenance of the senescing organism. 

Lineage skewing of immune cell compartments is a major characteristic of 

immunosenescence, which helps give rise to the remodeling of the immune system 

described above. These changes are involved in complex outcomes including healthy vs. 

unhealthy aging as well as numerous disease states. These complex outcomes vary 

markedly between elderly individuals. DNAm and DNAhm can help build on our 

understanding of immunosenescence because numerous studies have observed 

associations of DNAm and DNAhm with lineage skewing, inflammation, age and many of 

the complex outcomes related to aging. We discuss these studies in the sections below 

and argue that future work on immunosenescence stands to benefit by investigating 

potential roles of DNAm and DNAhm. 

 

3. Age-related DNA methylation and DNA hydroxymethylation 

DNAm has been shown to robustly associate with human age, and this association 

has been observed across various tissues, with a large number of studies reporting 

epigenome-wide associations in human whole blood (Alisch et al., 2012; Bell et al., 2012; 

Bjornsson et al., 2008; Christensen et al., 2009; Teschendorff et al., 2010). During 

childhood, thousands of CpG sites undergo rapid DNAm changes with age, some of 

which become hypomethylated and others hypermethylated. The majority of these sites 

show significant, but less rapid DNAm changes in adulthood (Alisch et al., 2012). Gentilini 

et al. (2012) observed 13 hypermethylated and 15 hypomethylated sites in offspring of 
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centenarians compared to offspring of non-centenarians suggesting DNAm not only 

associates with age, but senescence. In addition to nuclear DNAm, mitochondrial DNAm 

also is associated with age and may be a biomarker of aging in both humans and murine 

models (D’Aquila et al., 2015; Iacobazzi et al., 2013). 

To take advantage of the robust association with DNAm and age, several DNAm-

based biomarkers of aging have been recently developed. Some of these epigenetic 

clocks can estimate age across numerous human tissues with high accuracy (Horvath, 

2013) and predict outcomes such as mortality more accurately than chronological age 

alone (Hannum et al., 2013; Horvath, 2013; Levine et al., 2018; Marioni et al., 2015), 

suggesting it could detect healthy vs. unhealthy aging. Using Horvath’s Clock, semi-

supercentenarians (N=82) were observed to have an epigenetic age of 8.6 years younger 

than their chronological age, and offspring of semi-supercentenarians (N=63) to be 5.1 

years younger than age-matched controls (N=47) (Horvath et al., 2015). This study 

demonstrates that DNAm can be used to study complex outcomes of 

immunosenescence, namely, healthy vs. unhealthy aging, and a recent review highlights 

the possibility of DNAm as a therapeutic target to increase longevity (Xiao et al., 2016). 

The accuracy of DNAm-based predictors as well as the stability of DNAm also allows for 

the estimation of age in anthropological and forensic contexts. Pedersen et al. (2014) 

were able to estimate age of a 4000-yr-old Paleo-Eskimo using DNAm from hair tissue, 

and Giulani et al. (2016) were able to predict age with high accuracy using DNAm levels 

extracted from the cementum and pulp of modern teeth based on CpG sites from the 

genes ELOVL2, FHL2, and PENK. 
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Many loci are consistently correlated with age across multiple studies. The best-

known of these loci is DNAm in the CpG island of ELOVL2, which has been observed 

among the top significant hits from numerous epigenome-wide association studies of age 

(Florath et al., 2014; Gopalan et al., 2017; Karpf, 2012; Marttila et al., 2015; Reynolds et 

al., 2014; Rönn et al., 2015; Slieker et al., 2018; Steegenga et al., 2014). In a large cohort 

of 501 subjects aged 9 to 99 years, a Spearman’s correlation of 0.92 between age and 

DNAm was observed in the CpG island of ELOVL2 (Garagnani et al., 2012). In vitro cell 

replication experiments demonstrated that ELOVL2 associated with cell replication rather 

than senescence and no association between longevity/mortality and whole blood DNAm 

was observed from participants of the Leiden Longitudinal Study (N=994; 89-104 years) 

(Bacalini et al., 2017). These observations suggest that DNAm of ELOVL2 marks age, 

but not necessarily aging.  

Among the epigenetic biomarkers of age discussed in this section, some are more 

sensitive to cell lineage skewing than others. Horvath’s clock (Horvath, 2013) was 

designed to be tissue-independent and is thus largely unaffected by cell lineage skewing 

in blood samples and can predict DNAm across various cell types with similar accuracy. 

An earlier aging clock (Hannum et al., 2013) was constructed based on blood DNAm and 

may partially reflect cell lineage skewing, but its inclusion of extrinsic information beyond 

DNAm may result in more accurate predictions of mortality and health outcomes (Horvath 

and Raj, 2018). Based on this idea, a third biomarker, DNAm PhenoAge, was constructed 

to intentionally model extrinsic information such as cell count, inflammatory markers, and 

other clinical measures, that may inform health outcomes (Levine et al., 2018). The 

increased success of these biomarkers at predicting mortality is possibly indicative of the 
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importance to aging and mortality of immunosenescent-related processes, such as cell 

lineage skewing, as well as other extrinsic factors, such as disease state. 

In contrast to DNAm, preliminary studies are just beginning to characterize 

associations between DNAhm and age. DNAhm has been observed to associate with 

age in the hippocampus and cerebellum of mice aged 7 days, 6 weeks, and 1 year 

(Szulwach et al., 2011). In human mesenchymal stem cells of 11 young (aged 2-29 years) 

and 6 old (63-89 years) donors, nominally significant hyper-DNAhm was reported at 785 

CpG sites and hypo-DNAhm at 846 CpG sites  (Toraño et al., 2016). However, this study 

did not observe genome-wide significant associations, so larger studies will be needed to 

assess the extent to which DNAhm associates with age in humans. 

 

4. DNA methylation and hydroxymethylation in lineage skewing 

 Variation in levels of DNAm across cell types of whole blood at thousands of CpG 

sites embody cell type specific signatures sufficiently distinct that they are widely used to 

estimate proportions of blood cell types in human whole blood samples (Houseman et al., 

2012; Reinius et al., 2012). A recent study of multiple cancers and inflammatory diseases 

used DNAm as a marker of lineage skewing, utilizing its ability to measure proportions of 

myeloid and lymphoid cells in human blood samples, and ultimately demonstrating a 

pattern of skewing toward the myeloid lineage in a number of diseases (Li et al., 2014). 

In an analysis of whole genome bisulfite sequencing from 112 samples from BLUEPRINT, 

DNAm was observed to distinguish between myeloid and lymphoid lineages and patterns 

of DNAm became more pronounced throughout B and T lymphocyte development 
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(Schuyler et al., 2016). DNAm is therefore useful to measure immunosenescence-related 

lineage skewing. 

Since cell lineage skewing is a well known feature of immunosenescence, one 

could posit that the observation of age-related DNAm in whole blood is solely attributable 

to this skewing. This argument, however, would imply that associations between DNAm 

and age will not be observed within individual blood cell types, which is not the case. In 

the Multi-Ethnic Study of Atherosclerosis (MESA), age-associated DNAm was observed 

for 2,595 CpG sites in CD4+ T cells (N=227) and 37,911 sites in monocytes (N=1,264), a 

subset of which associated with age-related expression of genes involved in antigen 

processing and presentation (Reynolds et al., 2014). A study in human CD8+ T cells 

isolated from 50 young (22-34 years) and 50 old (73-84 years) individuals observed 

differential DNAm related to both age and skewing, further demonstrating that one does 

not confound the other (Tserel et al., 2015). Further, fewer age-differentially methylated 

CpG sites were observed in peripheral blood leukocytes (806 sites) compared to CD4+ T 

cells (12,275 sites) and CD8+ T cells (48,876 sites) from the same individuals. 

Age-related DNAm changes also accompany shifts in T cell subsets, which are an 

important feature of immunosenescence. In Tserel et al. (2015), levels of DNAm at CpG 

sites within several genes involved in regulation of T cell lineage (CD27, CD248, SATB1, 

TCF7, BCL11B, RUNX3) inversely correlated with expression of these genes, and genes 

involved in immune response were observed to have decreased DNAm and increased 

gene expression with age. A CpG site in the promoter region of IFN-γ has been observed 

to become hypomethylated during Th2 polarization in mice (Jones and Chen, 2006). 

Furthermore, IL-4 undergoes demethylation within differentiating mouse Th2 cells (Lee et 
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al., 2002). An age-related decrease in the ratio of Th2 to Th1 cells has been observed with 

age in humans (Uciechowski et al., 2008), for which the results of Lee et al. (2002) and 

Jones and Chen (2006) provide possible mechanisms involving DNAm. 

DNAm changes are potentially involved in Treg dysfunction and may contribute to 

immunosenescence (Jasiulionis, 2018). Johnson et al. (2017) observed age-related 

DNAm with an accelerated rate of increase in DNAm in late life at 2 CpG sites in the 

KLF14 promoter in human whole blood and replicated this finding in several other human 

tissues including monocytes and T cell subsets. KLF14 has been suggested to affect 

proportions of naive and regulatory T cells via the regulation of FOXP3 in mice (Sarmento 

et al., 2015). Rosenkranz et al. measured the frequency of regulatory T cells in young 

(23-40 years) and old (51–87 years) individuals and observed significantly higher 

frequency of regulatory T cells marked by FOXP3 in the old age group (2007). These 

findings support the interpretation that DNAm changes could influence relative 

proportions of Treg cell subsets in the elderly. 

Although the number of HSCs undergoes a two- to ten-fold increase throughout 

life in both humans and mice, age-related functional defects in HSCs, including a 

reduction in self-renewal capacity and the skewing of lineage differentiation, are major 

factors in immunosenescence (Geiger et al., 2013). Several studies support the 

interpretation that DNAm and DNAhm are involved in cell lineage skewing of HSCs.  In 

mice, Beerman et al. (2013) observed an age-related reduction in functional potential of 

transplanted HSCs, measured by the ability of the transplanted cells to reconstitute 

irradiated bone marrow, and transplants of aged HSCs exhibited skewing of reconstitution 

toward the myeloid lineage. In addition, age-related DNAm occurred in genes more highly 
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expressed or exclusively expressed in downstream cell lineages at a much higher 

frequency compared to genes more highly expressed or exclusively expressed in HSCs. 

This suggests regulatory consequences of DNAm changes in HSCs that do not occur 

until HSC differentiation. Comparing young vs. old mice, regions gaining DNAm with age 

were enriched for regions of open chromatin in lymphoid cells, while regions losing DNAm 

were enriched for regions of open chromatin in myeloid cells, which is consistent with a 

DNAm-driven skewing toward the myeloid lineage with age (Beerman et al., 2013). In 

transplantation experiments of DNMT3A-null and control HSCs in the bone marrow of 

mice, Challen et al. (2011) found that DNMT3A-null HSCs had higher self-proliferation 

capacity and lower differentiation capacity with a skewed contribution to peripheral blood 

of B cells compared to controls. Both hypo- and hyper-methylation were observed at sites 

in DNMT3A-null HSCs with hypermethylation accounting for  95% of the differential 

methylation occurring in CpG islands. Many genes involved in HSC differentiation were 

also downregulated in DNMT3a-null HSCs. Evidence also suggests a role for DNAhm in 

skewed differentiation of HSCs. In bone marrow genomic DNA of 88 patients with myeloid 

malignancies with TET2 mutation and 17 healthy controls, 5hmC levels negatively 

associated with TET2 mutation (Ko et al., 2010). This same study observed that in HSCs 

isolated from mice, downregulation of TET2 via transduction with TET2 short hairpin RNA 

skewed lineage differentiation toward the monocyte/macrophage lineage (Ko et al., 

2010). Examination of a mouse model of TET2 loss yielded similar results, showing that 

TET2 loss-of-function mutation resulted in decreased 5hmC content, increased HSC self-

renewal capacity, and skewing toward the myeloid lineage (Moran-Crusio et al., 2011). 

https://paperpile.com/c/N2Qeua/YMsbL
https://paperpile.com/c/N2Qeua/IQ6f/?noauthor=1
https://paperpile.com/c/N2Qeua/hhPa
https://paperpile.com/c/N2Qeua/hhPa
https://paperpile.com/c/N2Qeua/hhPa
https://paperpile.com/c/N2Qeua/j4Lxk


28 
 

Overall, these findings suggest that DNAm and DNAhm could play a role in 

immunosenescence, specifically, HSC aging. 

 

5. DNAm in inflammation 

A meta-analysis of 8863 individuals of European ancestry found strong evidence 

that DNAm associates with levels of an inflammatory factor, observing that DNAm at 218 

CpG sites associates with CRP levels and replicating 58 of these CpG sites in an African-

American panel (n=4111) (Ligthart et al., 2016). The most significant CpG site 

(cg10636246) is within 1500 bp of a gene called Absent in melanoma 2 (AIM2), which is 

expressed in adult peripheral blood CD27+ B cells at steady state (Svensson et al., 2017). 

In macrophages, AIM2 is involved in an inflammasome response. In particular, in 

response to human cytomegalovirus (CMV) infection, macrophages made to be deficient 

of AIM2 by use of small interference RNA (siRNA) had an impaired ability to induce an 

inflammasome response (indicated by IL‐ 1β and IL‐ 18)  initiate cell death (indicated by 

Lactate Dehydrogenase), and curb the CMV life cycle (Huang et al., 2017). 

Associations between DNAm and inflammatory factors have also been observed 

in studies of traits related to inflammation such as obesity. Studies investigating obesity 

and related conditions have reported dysregulation of DNAm associated with 

inflammatory factors. Yusuf et al. measured changes in plasma concentrations of patients 

with dyslipidemia pre- vs. post-intervention with a PPAR-α inhibitor, and observed 

concentrations of CRP, IL-2, and IL-6 to associate with DNAm at several CpG sites in 

CD4+ T cells (2017). In PBMC samples of 186 overweight/obese subjects, PM10 

(particulate matter 10 micrometers and smaller) exposure negatively associated with 
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DNAm of CD14 and TLR4 (Cantone et al., 2017). In a similar study of 165 obese subjects, 

DNAm of TNF-α negatively associated with nutrient intake of cholesterol, folic acid, β-

carotene, carotenoids, and retinol in whole blood (Bollati et al., 2014). 

 Jasiulionis (2018) review a number of studies suggesting that DNAm mediates the 

effect of many environmental and lifestyle factors on aging. Some of these studies 

indicate that an enhanced inflammatory response results from promoter demethylation of 

IL-6 in response to deficiency of zinc (Wong et al., 2015). A review by Haase and Rink 

(2009) suggest that the age-related decrease of zinc may play a role in  inflammaging 

(Haase and Rink, 2009). DNAm may also be involved in inflammation associated with 

sociocultural and psychological factors. It is well known that living in disadvantaged 

neighborhoods is associated with poor health outcomes (Diez Roux and Mair, 2010). In 

monocytes purified from blood from 1,226 MESA participants, socioeconomic 

disadvantage and neighborhood social environment both associated with DNAm near a 

number of genes coding for inflammatory factors and in some cases associated changes 

in gene expression of these factors were also observed (Smith et al., 2017). In the same 

cohort, both low adult socioeconomic status and low social mobility associated with 

DNAm near several inflammation-related genes, which in turn associated with gene 

expression (Needham et al., 2015). In blood samples from participants of the EPIC Italy 

prospective cohort study (n=857), socioeconomic status associated with differential 

DNAm of probe sites within the gene body, the 5’ untranslated region, or the region from 

the transcription start site to 1500 bp upstream of the transcription start site of six 

inflammation-related genes (Stringhini et al., 2015). In addition to sociocultural factors, a 

study examining the involvement of epigenetics in psychological phenotypes found that 
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anxiety, depression, and hostility were observed to associate with human whole blood 

DNAm in the promoter of inflammation-related factors Intercellular Adhesion Molecule-1 

(ICAM-1) and coagulation factor III (F3) (Kim et al., 2016). In whole blood samples from 

participants of the Grady Trauma Project, post-traumatic stress disorder (PTSD) 

associated with DNAm of CpG sites within genes involved in inflammation. In the same 

study, PTSD also associated with plasma concentrations of several factors involved in 

immune system regulation including several interleukins and TNF-α (Smith et al., 2011). 

DNAm changes also accompany changes to inflammatory factors that potentially 

relate to cardiovascular health in the elderly.  In whole blood samples taken from 789 

Normative Aging Study (NAS) participants aged 55-100 years, diastolic blood pressure 

negatively associated with DNAm of IFN-γ and positively associated with DNAm of toll-

like receptor 2 (TLR2) and inducible nitric oxide synthase (iNOR) (Alexeeff et al., 2013). 

Age-related reductions in expression of TLRs 1-9 as well as nitric oxide synthase has 

been observed in murine macrophages (Kissin et al., 1997; Renshaw et al., 2002). 

Another study of NAS participants found that decreased DNAm in LINE-1 repetitive 

elements associated with increased levels of VCAM-1 in serum samples (Baccarelli et 

al., 2010). VCAM-1 is an adhesion molecule on endothelial cells that binds lymphocytes 

(Osborn et al., 1989). 

In breast cancer patients, chemotherapy was associated with decreased levels of 

DNAm at 8 CpG sites, all of which significantly or suggestively associated with levels of 

inflammatory factors sTNFR2 and IL-6 (Smith et al., 2014). The largest difference in 

DNAm was observed in 4 CpG sites in exon 11 of transmembrane protein 49, TMEM49. 

These four sites (though not the other four) also associated with CRP levels in the meta-
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analysis discussed above (Ligthart et al., 2016), suggesting hypomethylation of these 

sites as a marker of general inflammation.  

 Changes to DNAm and DNAhm accompany many of the types of changes that 

characterize immunosenescence. Further study is needed to ascertain the extent to which 

these epigenetic changes may mediate immunosenescence. We can gain additional 

insight about possible roles of DNAm and DNAhm in immunosenescence  by drawing 

upon the literature on disease epigenetics, considering that many diseases are marked 

by inflammation and share overlapping characteristics with immunosenescence. 

 

6. DNA methylation and hydroxymethylation in chronic diseases 

Chronic diseases constitute a complex array of outcomes resulting from aging and 

immune system dysfunction. In this section, we discuss associations of DNAm and 

DNAhm with various chronic diseases and how they may relate to immunosenescence.  

 

6.1. DNAm and DNAhm in cognitive decline 

 Changes in 5mC and 5hmC have been reported in studies of age-related cognitive 

decline. Irier et al. (2014) observed environmental enrichment via the addition of plastic 

tubes and toys to reduce global 5hmC in the hippocampus and improve cognitive function 

in aged mice. In the Senescence Accelerated Mouse P8 (SAMP8), environmental 

enrichment also improved memory and cognition, which was accompanied by global 

decreases in 5hmC and increases in 5mC levels, along with decreases in expression of 

IL-6 and CXCL10 (Griñan-Ferré et al., 2016). CXCL10 is involved in the chemotaxis of 

mononuclear cells (Fife et al., 2001). Chemotaxis refers to the migration of cells toward 
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increasing or decreasing concentration of a chemical, which, in the case of the immune 

system, is often released at the site of an infection or injury. These results are consistent 

with the interpretation that 5mC and 5hmC and attenuated inflammaging are involved in 

the mitigation of neurodegenerative decline (Griñan-Ferré et al., 2016). Furthermore, 

mice whose cerebra are chronically hyperfused are used to model age-related 

cerebrovascular degeneration in humans. Compared to controls, the corpus callosum of 

hyperfused mice had increased levels of both 5hmC and Iba1-positive inflammatory 

microglia, but association between 5hmC and Iba1-positive inflammatory microglia was 

observed in both treatment groups (Tsenkina et al., 2014). Iba1 is specifically secreted 

by and involved in the activation of microglia, which are macrophages residing in the 

central nervous system (Greter and Merad, 2012; Ito et al., 1998). Involvement of DNAm 

and DNAhm in Alzheimer’s disease (AD) has also been reported. In brain tissue of 460 

individuals diagnosed with AD and 263 controls, differential DNAm between cases and 

controls was observed in 11 DMRs and associations were observed between DNAm and 

expression of 8 proximal genes, including the gene coding for RHBDF2 (De Jager et al., 

2014), a protein observed to be necessary for the transport of TNF-α in mouse 

macrophages (Adrain et al., 2012). TNF-α is a molecule of considerable scientific and 

clinical interest that, to date, has been found to be involved in multiple signaling pathways, 

inflammation, immunity, and human diseases (Chen and Goeddel, 2002; Wajant et al., 

2003). In mice used to model AD pathogenesis, a global decrease of 5hmC in 

hippocampus was observed (Shu et al., 2016). Differential DNAhm between post-mortem 

brain samples of individuals with Alzheimer’s diseases (n=5) and controls (n=5) was 

observed in 325 genes (Bernstein et al., 2016).  
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6.2. DNAm and DNAhm in cancer 

It has been long established that altered DNAm is observed in numerous cancers. 

Weisenberger (2014) notes several studies reporting that regions of repetitive elements, 

regions with low density of CpG sites, and lamin-associated domains are hypomethylated, 

while specific loci in CpG islands and shores are hypermethylated in human cancers, and 

tumor suppressor genes are often silenced due to hypermethylation of their promoter 

regions (Baylin, 2005). As of January 2, 2014, The Cancer Genome Atlas enumerated 30 

cancers characterized by DNAm alterations in humans (Weisenberger, 2014). To date, 

DNAhm alterations have also been observed in at least 12 human cancer types, most of 

which are characterized by decreased 5hmC compared to controls as well as a decrease 

in 5hmC as the cancer progresses, and several studies have proposed that DNAhm could 

be used as a tool for cancer diagnosis and prognosis (Bhattacharyya et al., 2013; 

Chapman et al., 2015; Dong et al., 2015; Jäwert et al., 2013; Ko et al., 2010; Kroeze et 

al., 2014; Larson et al., 2014; Lian et al., 2012; Liao et al., 2016; Liu et al., 2013; Müller 

et al., 2012; Song et al., 2017; Thomson and Meehan, 2017; Yang et al., 2013; Ye and 

Li, 2014; Zhang et al., 2015).  

DNAm and DNAhm may also be involved with inflammation in cancers. Using cell 

type specific DNAm microarray data to identify signatures of differential DNAm between 

myeloid and lymphoid cells, a study of multiple cancers noted that differential DNAm 

patterns observed in whole blood samples of cancer patients vs. controls were consistent 

with shifting cell populations: specifically, an increase of myeloid cells and a decrease of 

lymphoid cells within cancer patients. The study also noted high levels of overlap between 
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whole blood DNAm changes observed in cancer and those observed in inflammatory 

diseases (Li et al., 2014). In blood samples of participants from The Normative Aging 

Study (NAS; n=795), promoter hypermethylation of IFN-γ, ICAM-1 and IL-6 was observed 

to associate with prostate cancer incidence, and promoter hypermethylation of IFN-γ also 

associated with all-cancer incidence (Joyce et al., 2015). DNAhm is also suggested to 

play a role in the infiltration of immune cells into melanoma (Fu et al., 2017). 

 

6.3. DNAm and DNAhm in non-cancerous diseases 

Differential DNAm and DNAhm have been observed in non-cancerous chronic 

diseases as well.  Levels of DNAm and DNAhm have been quantified between healthy 

individuals and those with chronic diseases across various tissues including peripheral 

blood mononuclear cells (PBMCs), brain, liver, heart, colon, and spinal cord, among 

others. Investigators have collected cell subtypes from these tissues, such as CD4+ T 

cells from PBMCs and frontal cortex tissue from the brain. A representative selection of 

these studies is presented in Supplementary Table 2.1.  Notably, many of the diseases 

showing robust associations with DNAm involve an inflammatory component and may 

share processes with immunosenescence, suggesting that the wealth of information 

generated by these studies could inform current knowledge on the relationship between 

DNAm, DNAhm, and immunosenescence.  

Some inflammatory diseases are characterized by hundreds of disease-

associated DNAm sites in blood: an example of this is inflammatory bowel disease (IBD). 

Karatzas et al. (2014) reviewed studies relating DNAm to IBD and its two principal 

subtypes Crohn’s disease (CD) and ulcerative colitis (UC) in blood and other tissues, and 

https://paperpile.com/c/N2Qeua/vQKNl
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noted IBD-associated DNAm in 19 genes, CD-associated DNAm in 79 genes, and UC-

associated DNAm in 91 genes. A systematic review focused on genes linked to 

inflammatory response identified 25 genes differentially methylated between UC cases 

and controls or UC inflamed and quiescent mucosa (Gould et al., 2016). More recently, a 

study comparing DNAm in PBMCs of 240 patients newly-diagnosed with IBD and 190 

controls, found 439 sites to be differentially methylated, with nearby genes showing 

enrichment for immune function. This study also identified three differentially methylated 

regions which replicated in an independent cohort and covered the genes TXK, ITGB2, 

and VMP1. The authors observed IBD-associated hypermethylation of TXK promoter 

DNAm, which associated with reduced expression of TXK in whole blood and CD8+ T 

cells (Ventham et al., 2016). TXK expression is involved in the development of human T 

helper cells (Kashiwakura et al., 1999).  ITGB2, also known as CD18, is involved in 

leukocyte adhesion (Tan, 2012).  As we discuss in section 5, CpG sites in VMP1, also 

known as TMEM49, have been reported to associate with chemotherapy and levels of 

inflammatory factors in humans (Smith et al., 2014), and with human CRP levels in a large 

meta-analysis (Ligthart et al., 2016). The association of VMP1 DNAm with multiple 

conditions and inflammatory factors suggest its involvement in inflammation in general.     

5mC and 5hmC has also been reported to be involved in the inflammation and 

immune system decline in systemic lupus erythematosus (SLE).  SLE is an autoimmune 

disease that typically affects individuals in mid to late life, and shares many characteristics 

with immunosenescence, most notably in T cells (van den Hoogen et al., 2015). Wu et al. 

(2016) reviewed studies indicating that there is a global decrease of DNAm in PBMCs, B 

cells, and CD4+ T cells in SLE, including demethylation of a number of genes encoding 
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CD molecules, cytokines, and pro-inflammatory markers. A recent study used RNA 

interference to experimentally alter global methylation levels by knocking down BDH2 

expression in CD4+ T cells of SLE patients, and found that the induced hyper-DNAhm 

and hypo-DNAm resulted in increased expression of autoimmune-related genes such as 

CD70, CD11a, CD40L, and PRF1 (M. Zhao et al., 2017). Overall, this suggests that, in 

the CD4+ T cells of SLE patients, increased global DNAhm and decreased global DNAm 

can alter expression of the aforementioned autoimmune-related genes.    

 Studies investigating other chronic diseases involving an inflammatory response 

have also found evidence of a relationship between DNAm and inflammation.  In white 

blood cells of patients with chronic obstructive pulmonary disease differential DNAm was 

observed at 349 CpG sites near genes enriched for immune and inflammatory system 

pathways (Qiu et al., 2012).  In PBMCs of chronic hepatitis B patients, hyper-DNAm of 

PPAR-γ associated with inhibition of its transcription, and with liver inflammation and 

fibrosis, although the particular function of PPAR-γ in the liver is unclear (Zhao et al., 

2013). In fibroblast-like synoviocytes (cells residing in joint cavities) of patients with 

rheumatoid arthritis compared to those with osteoarthritis, Karouzakis et al. (2014) 

observed promoter hypomethylation accompanied by high expression of T-box 

transcription factor (TBX5). In a human synovial sarcoma cell line, knocking down the 

expression of TBX5 decreased and overexpression of TBX5 increased production of pro-

inflammatory cytokines (Hussain et al., 2018). Collectively, these studies suggest a 

potential interaction between DNAm and expression of inflammatory genes across a 

number of inflammatory chronic diseases, although the exact regulatory roles are not yet 

established.  In fibroblast-like synoviocytes isolated from 14 patients with rheumatoid 
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arthritis and 12 patients with osteoarthritis that were stimulated with either IL-1β or TNF, 

DNMT3A expression decreased after stimulation of either cytokine and DNMT1 

expression decreased after IL-1β stimulation (Nakano et al., 2013). While other 

experimental work in humans has shown evidence of DNAm changes influencing levels 

of immune-related factors via altered expression (M. Zhao et al., 2017), this study raises 

the possibility that changes in immune-related factors may influence DNAm.  

Changes in 5mC and 5hmC have also been observed in inflammation of other 

tissues, including skin, kidney, and spinal cord.  Low global levels of 5hmC were observed 

in samples from lesional and perilesional skin cells of individuals with an inflammatory 

skin disease known as hidradenitis suppurativa (n=30) compared to healthy controls 

(n=30) suggesting DNAhm may play a role in skin cell inflammation as well (Hessam et 

al., 2017). In a study investigating the effect of diabetes on kidney function, decreased 

mitochondrial 5mC and 5hmC was observed in kidney tissue of streptozotocin-induced 

diabetic rats and accompanied diminished uric acid clearance (de Oliveira et al., 2017), 

the lack of which likely contributes to kidney inflammation (Wang et al., 2012). In the 

spinal cord of mice with formalin-induced acute inflammatory pain, an increase of TET1 

and TET3 as well as 5hmC was observed. Moreover, injection of TET1-siRNA or TET3-

siRNA in mice decreased 5hmC and alleviated formalin-induced nociceptive response 

compared to controls, suggesting that 5hmC may regulate nociceptive behavior (Pan et 

al., 2016).  

Taken together, these findings highlight a potential role of DNAm and DNAhm in 

immune system decline with age in chronic disease patients, and demonstrate the utility 

of examining DNAm and DNAhm to better understand immunosenescence in numerous 
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chronic diseases. The majority of studies contributing to our current understanding of 

immunosenescence have not interrogated DNAm and DNAhm. Other work has observed 

DNAm and DNAhm to associate with immune-related factors, but has not directly 

investigated age. Moreover, the majority of results discussed above reflect associations 

rather than causal relationships. Thus, there are gaps in our understanding of the 

potential relationship between immunosenescence and these two epigenetic 

modifications. Below we outline the design of future studies suited to further our 

understanding of the role of DNAm and DNAhm in immunosenescence. 

 

7. Future Directions 

Given the DNAm, DNAhm, and gene expression changes reported to occur with 

aging, disease state, and features of immunosenescence such as lineage skewing, it is 

tempting to postulate potential causal mechanisms driving immunosenescence. For 

example, changes to DNAm and DNAhm in HSCs could drive changes to gene 

expression resulting in altered differentiation and other phenotypic changes to HSCs 

observed with age. It is possible that many of the immunosenescence-related changes 

observed in PBMCs are products of changes that begin in HSCs. Alternatively, changes 

observed in immune cells could originate subsequent to differentiation from HSCs. The 

mechanisms behind immunosenescence are difficult to disentangle given that the vast 

majority of studies reviewed here investigate associations, and the experimental studies 

have shown mixed evidence. The limited evidence establishing causal relationships 

constitutes a large gap for future studies to fill. Below, we suggest several promising 

strategies to investigate potential mechanisms underlying immunosenescence.  
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First, more controlled experimental studies are needed to directly assess potential 

causal relationships. For example, transplanting young, healthy bone marrow into 

immunosenescent murine models and observing changes such as a reversal of lineage 

skewing and a reversion to younger phenotypes within white blood cell lineages, as well 

as concurrent changes to DNAm, DNAhm, and gene expression within these cell types, 

could determine whether immunosenescent phenotypes are rooted in age-related 

phenotypic changes to HSCs. Observing DNAm, DNAhm, and gene expression changes 

in patients undergoing bone marrow transplants could also be similarly fruitful. Knockouts 

or siRNAs that target DNMT and TET genes known to manipulate DNAm and DNAhm 

(i.e. DNMT1, DNMT3a, DNMT3b, TET1, TET2, TET3), could help establish whether 

DNAm and DNAhm mediate phenotypic changes characteristic of immunosenescence, 

or are merely markers of such changes. While these experiments would alter global levels 

of DNAm and DNAhm, advancements such as CRISPR-Cas9 raise the possibility of 

experimentally manipulating DNAm and DNAhm at specific CpG sites (Hsu et al., 2014; 

Liu et al., 2016). 

As a complement to experimental approaches, analytical approaches such as 

Mendelian Randomization (MR) have been proposed that are capable of making causal 

inferences from existing epidemiological data (Davey Smith and Hemani, 2014). While 

such methods are not substitutes for controlled experiments, they can be easily applied 

to human studies, can generate discoveries to be further validated through 

experimentation, and can take advantage of the wealth of large genomic datasets 

generated over the last decade. There are many publicly available datasets to which this 

approach could be applied. For example, the original Framingham Heart Study is a 
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longitudinal cohort of 5,209 participants of a wide age range with stored blood samples 

and an extremely rich set of adjudicated disease phenotype data (Mahmood et al., 2014). 

Application of MR to large datasets enables inference on whether locus-specific DNAm 

or DNAhm that associates with the expression of an immune-related factor is 1) causal 

or 2) consequential to changes in expression of the factor. Such inferences directly 

address the question of whether these epigenetic modifications regulate 

immunosenescence or simply mark it. MR relies on the assumption that alleles are 

passed to offspring independently of potential confounders such as environmental 

exposures. This assumption allows the use of genetic variants as instrumental variables 

that can be used to mimic randomization of levels of DNAm or immune factors.  MR can 

thus be used to establish directional causal relationships between site-specific DNAm and 

immune-related factors, and to distinguish causal relationships from the situation where 

both DNAm and immune factors are influenced by a third confounding factor (Burgess et 

al., 2015).  

Single cell sequencing is another approach that does not require an experimental 

setting that could further elucidate regulatory relationships in immunosenescence. For 

example, within a tissue sample, it could be the case that some cells have decreased 

locus-specific DNAm upregulating expression of an immune factor while other cells have 

increased DNAm at the same locus downregulating expression of the same factor. If 

DNAm and gene expression signals were measured across a cell population, these 

signals would cancel each other out. With single cell sequencing of both the methylome 

and transcriptome, however, such signals would be detectable (Clark et al., 2018; 

https://paperpile.com/c/N2Qeua/abylh
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Smallwood et al., 2014). Similar arguments can be applied to DNAhm of immune-related 

factors. 

Each of these approaches has the potential to reinforce each other. The advantage 

of controlled experiments is that tissues and cell types can be experimentally manipulated 

to more directly interrogate immunosenescence-related processes, holding constant 

potential confounding factors. The advantage of the other approaches is that they may 

be applied to human studies, since they can use existing data from human tissue 

samples. MR has the potential to draw causal inferences at specific sites, while RNA 

interference approaches to manipulate levels of DNA methyltransferases and TET 

proteins allow inference of causal effects of changes in global levels of DNAm and 

DNAhm. However, if MR studies demonstrate evidence of epigenetic regulation of 

expression of particular genes involved in immunosenescence, RNA interference could 

be used to investigate the impact of knocking out those genes on the expression of other 

genes, identifying potential downstream pathways. Further, as the technology becomes 

more widely adapted, CRISPR-Cas9 can be used to validate causal inferences by 

experimentally manipulating DNAm and DNAhm at specific CpG sites. Therefore, a 

coordinated effort involving all of these strategies has the potential to be particularly 

fruitful. 

 

8. Conclusion 

Numerous studies support the interpretation that DNAm and DNAhm play a role in 

immune system decline, most notably in white blood cell types and HSCs. Here, we have 

highlighted findings of DNAm/DNAhm changes associated with many features of 

https://paperpile.com/c/N2Qeua/BtS3q+pLTdT
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immunosenescence, including lineage skewing, inflammatory factors, aging, and disease 

state (Table 2.1). However, for the most part the causal relationships underlying these 

associations and defining the role of DNAm/DNAhm in immunosenescence remain to be 

elucidated. To fill this gap, we have proposed a multi-pronged approach involving both 

experimental and observational studies to further our understanding of the specific roles 

DNAm and DNAhm may play in immunosenescence.  
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Characteristic Description Current understanding 
of connection with 

DNAm 

Current understanding of 
connection with DNAhm 

Aging 
(Section 3) 

The general 
deterioration of the 
organism 
associated with an 
increased risk of 
morbidity and 
mortality.  

Evidence of widespread 
site-specific changes in 
human blood cells and 
other tissues  

Preliminary evidence of 
region- and site-specific 
changes in mouse and 
human brain tissue  

Lineage 
skewing 
(Section 4) 

Skewing toward the 
myeloid lineage in 
HSCs 

Evidence of causal role 
for DNAm in HSC 
differentiation. (Challen 
et al. 2011) 
 
 
 

Evidence for causal role of 
DNAhm in skewing toward 
myeloid lineage of HSCs 
(Ko et al. 2010; Moran-
Crusio et al. 2011). 

Changes in T cell 

subsets 

Site-specific changes 
(Lee et al. 2002; Jones 
and Chen 2006; Tserel 
2015) 

Uncharacterized 

Inflammaging 
(Section 5) 

Increase in stably 
low levels of 
inflammation 

Numerous site-specific 
associations observed 
with inflammation and 
inflammatory diseases  

Associations found in some 
inflammatory diseases 
Evidence of causal role 
inflammatory pain (Pan et 
al. 2016) 

Chronic 
diseases 
(Section 6) 

Chronic diseases 
can be viewed as 
complex outcomes 
of aging that vary 
markedly by 
severity and tissue 
affected. 

Evidence of causal role in SLE 
(M. Zhao et al. 2017) 
 
Associations with numerous chronic diseases 

Table 2.1: Summary of characteristics of immunosenescence and associated epigenetic changes 
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Figure 2.1. DNA methyltransferases (DNMT1, DNMT3A, DNMT3B) catalyze the methylation of cytosine to 
5-methylcytosine (left and center), and the TET proteins catalyze the hydroxymethylation of 5-
methylcytosine to 5-hydroxymethylcytosine. 
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Figure 2.2. Lineage differentiation of hematopoietic stem cells into cell types of the myeloid and lymphoid 

lineage. 
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Figure 2.3. Methyl-binding proteins (MBD1, MBD2, MBD4), which repress transcription, can bind to 
methyl groups (m), but not hydroxymethyl groups (hm). 
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Chronic 

disease 

Tissue 

studied 

5mC/ 5hmC Sites/Genes 

associated 

Study Details Publication 

Alzheimer’s 

disease (AD) 

Brain tissue 5mC 71 DMLs 

associated 

with neuritic 

amyloid 

plaques in 

secondary 

analysis 

491 AD 

subjects, 217 

non-impaired, 

Bonferroni-

corrected 

(α=0.05) 

De Jager et al. (2014) 

Hippocampus 5mC/5hmC Global 

decrease in 

5mC and 

5hmC 

10 cases, 10 

age-matched 

controls 

(α=0.05) 

Chouliaras et al. (2012) 

Brain tissue 5hmC 325 genes 5 cases, 5 

controls 

Bernstein et al. (2016) 

Asthma 

Multiple 

tissues 

5mC 27 DMLs 

discovered, 14 

DMLs 

replicated 

n=1548 in 

discovery 

cohort, 

n=3196 in 

replication 

cohorts 

Bonferroni-

corrected in 

replication 

(α=0.05) 

Xu et al. (2018) 

Asthma 

(experimentall

y induced cell 

line) 

CD4+ T cells 5mC IFNG 4 to 6 animals 

per group 

Brand et al. (2012) 

Atherosclerosi 

s 

Aortic and 

carotid 

samples 

5mC 1858 DMLs 15 cases, 15 

controls, 

19 carotid 

plaques 

Bonferroni-

corrected 

(α=0.05) 

Zaina et al. (2014) 

Chronic 

fatigue 

syndrome 

PBMCs 5mC 1192 DMLs in 

826 genes 

12 cases, 12 

controls 

FDR<0.05 

de Vega, Vernon, and McGowan 

(2014) 

Chronic 

obstructive 

pulmonary 

disease 

(COPD) 

White blood 

cells 

5mC 349 DMLs 2 cohorts: 

1. 620 cases, 

325 controls 

2. 181 cases 

109 controls 

FDR<0.05 

Qiu et al. (2012) 

Coronary 

artery disease 

Peripheral 

Lymphocytes 

5mC Increase in 

global 5mC 

137 cases, 

150 controls 

(α=0.05) 

Sharma et al. (2008) 
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Hepatitis B 

PBMCs 5mC PPAR-γ 91 cases, 18 

controls 

(α=0.05) 

Q. Zhao et al. (2013) 

Hypertension 

Whole blood 5mC Decrease in 

global 5mC 

30 stage 1, 30 

stage 

2, 30 controls 

(α=0.05) 

Smolarek et al. (2010) 

Hidradenitis 

suppurativa 

Skin 5hmC Decrease in 

global 5hmC 

30 cases, 30 

controls 

(p < 0.0001) 

Hessam et al. (2017) 

Irritable Bowel 

Syndrome 

(IBD) 

Whole blood 5mC 439 DMLs 240 cases, 

190 controls 

Holm-

corrected 

(α=0.05) 

Ventham et al. (2016) 

Cutaneous 

Mastocytosis 

Peripheral 

blood (PB) 

 

 

Bone marrow 

(BM) 

5mC/ 5hmC Decrease in 

5mC and 

5hmC in BM 

and PB 

24 cases, 31 

controls (PB 

5mC) 

24 cases, 30 

controls (PB 

5hmC) 

18 cases, 8 

controls (BM 

5mC and 

5hmC) 

Leoni et al. (2015) 

Osteoarthritis 

(review) 

Chondrocytes 5mC COL9, GDF5, 

DIO2, IL1β, 

MMP13, 

iNOS, SOX9, 

ADAMTS4, 

MMP13, 

MMP3, MMP9 

Review of 8 

studies 

Hollander and Meulenbelt (2015) 

Osteoarthritis 

Chondrocytes 5hmC 70591 DhMRs 

(44288 

DhMRs 

increased, 

26303 

decreased) 

4 cases; 4 

controls 

FDR<0.2 

applied 

Taylor et al. (2015) 

Parkinson’s 

disease 

pars compacta 

of substantia 

nigra, 

putamen, 

cortex 

5mC SNCA intron 1 12 cases, 14 

controls 

(α=0.05) 

Jowaed et al. (2010) 

Post traumatic 

stress disorder 

PBMCs 5mC Global 

increase in 

5mC, 

DMLs in TPR, 

CLEC9A, 

ACP5, 

ANXA2, TLR8 

cases 25, 

controls 25 

FDR<0.05 

A. K. Smith et al. (2011) 
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Rheumatoid 

arthritis 

T cells, B 

cells, NK cells, 

Monocytes, 

polymorphonu

clear 

leukocytes 

5mC Global 

decrease in 

5mC in T cells 

and 

monocytes 

19 cases, 17 

controls 

(α=0.05) 

de Andres et al. (2015) 

Schizophrenia 

Frontal cortex 5mC 4641 probes in 

2929 genes 

24 cases, 24 

controls 

FDR<0.05 

Wockner et al. (2014) 

Sporadic 

Amyotrophic 

lateral 

sclerosis 

Spinal cord 5mC/5hmC Global 

increase in 

5mC and 

5hmC; 4,261 

DMLs in 3,574 

genes 

12 cases, 11 

controls 

FDR<0.05 

Figueroa-Romero et al. (2012) 

Systemic 

lupus 

erythematosus 

White blood 

cells 

5mC Differential 

DNAm in 49 

genes 

17 cases, 17 

controls 

FDR < 0.25 

Javierre et al. (2010) 

CD4+ T cells 5mC 86 DMLs 18 cases, 18 

controls 

FDR<0.05 

Coit et al. (2013) 

CD4+ T cells 5hmC Global 

increase in 

5hmC 

10 cases, 10 

controls 

(α=0.05) 

M. Zhao et al. (2016) 

Type II 

diabetes 

Peripheral 

white blood 

cells 

5mC 13 DMLs in 6 

DMRs 

710 cases, 

459 controls 

FDR< 0.05 

Toperoff et al. (2012) 

Supplementary Table 2.1. Non-cancerous chronic diseases associated with 5mC and/or 5hmC. 

Abbreviations: DMLs: differentially methylated CpG sites; DhMRs: differentially hydroxymethylated 

regions 
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Chapter 3: Age-related DNA hydroxymethylation is enriched for gene expression 

and immune system processes in human peripheral blood. 

 

This chapter was published as cited below: 

 

Nicholas D. Johnson, Luoxiu Huang, Ronghua Li, Yun Li, Yuchen Yang, Hye Rim 

Kim, Crystal Grant, Hao Wu, Eric A Whitsel, Douglas P Kiel, Andrea A Baccarelli, 

Peng Jin, Joanne M Murabito, Karen N Conneely, 2019. “Age-Related DNA 

Hydroxymethylation Is Enriched for Gene Expression and Immune System 

Processes in Human Peripheral Blood.” Epigenetics, September. 

https://doi.org/10.1080/15592294.2019.1666651. 

 

INTRODUCTION 

 DNA methylation (DNAm) is the process whereby enzymes known as DNA 

methyltransferases covalently bind methyl groups (-CH3) to DNA. DNAm usually occurs 

at a CpG site, i.e. a 5’ cytosine nucleotide directly upstream of a 3’ guanine nucleotide 

(Jaenisch and Bird 2003). An epigenetic modification closely related to DNAm is DNA 

hydroxymethylation (DNAhm), distinguished by the hydroxylation of the methyl to a 

hydroxymethyl group (CH2OH). The ten-eleven translocation (TET) enzymes are a family 

of three proteins (TET1, TET2, TET3) that catalyze the hydroxylation of 5-methylcytosine 

to 5-hydroxymethylcytosine (Ito et al. 2010).  

 DNAm undergoes changes in an orchestrated fashion throughout mammalian 

development, and coordinates with proteins to regulate gene expression states (Jaenisch 

https://paperpile.com/c/q3czja/aQslc
https://paperpile.com/c/q3czja/ZfiKE
https://paperpile.com/c/q3czja/aQslc
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and Bird 2003). A large body of work has established that DNAm robustly associates with 

age in human whole blood (Bell et al. 2012; Bjornsson et al. 2008; Christensen et al. 

2009; Teschendorff et al. 2010; Alisch et al. 2012), whereas age-related changes to 

DNAhm are less well characterized. This is partially because DNAhm was only 

discovered in mammals in 2009 (Tahiliani et al. 2009). Previously, bisulfite-based 

methods to detect DNAm were unable to differentiate between DNAm and DNAhm, but 

newer methods are able to detect and quantify DNAhm (Song, Yi, and He 2012; Terragni 

et al. 2012; Höbartner 2011; Szwagierczak et al. 2010; Booth et al. 2012). Initially, DNAhm 

was regarded as a transient epigenetic modification intermediate between DNAm and 

demethylation.  However, recent work suggests it can be stably maintained and may 

serve as a blocker to proteins that would otherwise bind to methylated DNA (Hahn, Szabó, 

and Pfeifer 2014), which opens the possibility that DNAhm could play a more important 

role in gene regulation than its original understanding as a transient mark might suggest.  

DNAhm has been most extensively studied in the brain, where 13% of all CpG 

sites have been reported to have high DNAhm levels (Wen et al. 2014). Studies have 

also found that DNAhm is enriched in active genes of human and mouse frontal cortex 

(Wen et al. 2014; Lister et al. 2013; Colquitt et al. 2013), and associates with active 

transcription and age throughout brain development (Szulwach et al. 2011; Hahn et al. 

2013; Chouliaras et al. 2012; Song et al. 2011; Gross et al. 2015). In neural tissue of mice 

from embryonic day 7 to 6 weeks, Szulwach et al. (2011) observed an association 

between developmental stage and increased DNAhm in developmentally active genes 

(Szulwach et al. 2011). An association between gene activation and gene body DNAhm 

has also been observed in neural progenitor cells and neurons isolated from mice (Hahn 

https://paperpile.com/c/q3czja/aQslc
https://paperpile.com/c/q3czja/dZGq4+WGjkC+zuQnM+oFf57+MGZr9
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et al. 2013). These studies suggest that DNAhm may mediate the effect of gene activation 

on neurodevelopment. 

Age-related gene body DNAhm in the brain is enriched for pathways associated 

with neurodegenerative disorders (Song et al. 2011). A genome-wide decrease in DNAhm 

was observed in a fragile-X mouse model (Yao et al. 2014). In post-mortem human 

prefrontal cortex, Bernstein et al. (2016) observed differential gene body DNAhm in 

Alzheimer’s disease in 325 genes in both discovery and replication datasets (Bernstein 

et al. 2016). DNAhm has also been shown to associate with Alzheimer’s-associated 

neuritic plaques and neurofibrillary tangles in postmortem human dorsolateral prefrontal 

cortex tissue (Zhao et al. 2017). Together, these studies suggest DNAhm may be involved 

in neurodegeneration. 

Most previous studies have examined brain DNAhm, while few have investigated 

DNAhm in blood. Further, it is possible that whole blood DNAhm has escaped interest 

due to its low content, which is estimated to be 0.027% (Godderis et al. 2015). A 

longitudinal study of peripheral blood samples from mice observed 8,613 genomic regions 

differentially hydroxymethylated with age, and 28,196 CpG sites differentially methylated 

with age, with little overlap between the two (Kochmanski et al. 2018). Although regional 

changes with age in DNAhm have yet to be investigated in human blood, studies have 

observed global decreases in DNAhm with age (Truong et al. 2015; Xiong et al. 2015). 

While previous work has established a potential role for DNAhm in active gene 

transcription as well as development and aging in brain tissue, the role it plays in blood 

remains unclear. The objective of our study was to investigate age-related DNAhm in 

human peripheral blood and its possible gene regulatory and biological roles. To do this, 

https://paperpile.com/c/q3czja/cZjGB
https://paperpile.com/c/q3czja/zoS1X
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we generated genome-wide DNAhm capture sequencing data and RNA-seq data in 

peripheral blood mononuclear cells (PBMCs) from 10 young and 10 old healthy 

Caucasian females. Our study is the first to investigate these changes regionally, and one 

of the first to investigate the interplay between genome-wide gene expression and 

DNAhm in peripheral blood.  

 

RESULTS 

To investigate associations between age,  DNAhm, and gene expression, we 

performed DNAhm capture sequencing (Song, Yi, and He 2012) and RNA-sequencing 

on DNA samples and RNA samples, respectively, isolated from PBMCs of 10 young (23-

30 years) and 10 old Caucasian females (68-76 years). The number of reads that uniquely 

mapped to the genome were 11,668,072 to 36,532,555 for DNAhm-capture sequencing 

and 13,354,493 to 36,314,069 for RNA-seq across samples. Among the samples from 

the 20 individuals, 48-81% of the DNAhm-capture reads (Supplementary Table 3.1) and 

74-80% of the RNA-seq reads (Supplementary Table 3.2) uniquely mapped to the 

genome. DNAhm profiles clustered by both batch and age group in a principal 

components analysis (Supplementary Figure 3.1), indicating that both of these variables 

capture variation in the data. To account for the variation due to batch, batch was included 

as a covariate in all subsequent analyses of the DNAhm data. The sample gene 

expression profiles clustered into the young and old age groups (Supplementary Figure 

3.2). These analyses show that both the gene expression profiles and DNAhm profiles of 

our sample data capture variation originating from sample age. 

https://paperpile.com/c/q3czja/IzvwU
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We first investigated DNAhm content across different genomic features. The mean 

DNAhm read density was highest in enhancers (p<10-15) (Figure 3.1), followed by exons, 

which had a higher density than that observed in gene bodies (p<10-15) or genome-wide 

(p<10-15). 52% of promoters had no overlapping reads, although for reads overlapping 

promoter regions, mean density was comparable between exons and promoters. 

We observed 6,650 differentially hydroxymethylated regions (DhMRs) 

(FDR<0.05): 4,664 associated with increased ((+) DhMRs) and 1,986 associated with 

decreased ((-) DhMRs) DNAhm with age (Figure 3.2; Supplementary Table 3.3). Log2-

fold-change ranged from 0.35 to 2.48 for (+) DhMRs and -0.37 to -2.14 for (-) DhMRs 

(Figure 3.3). The counts for the 20 samples for these 6,650 bins clustered by age group, 

with one exception (Figure 3.4). We observed 732 regions with multiple DhMRs directly 

adjacent to one another: 658 associated with lower DNAhm and 74 with higher DNAhm 

in the old age group. Most DhMRs overlapped a gene body, enhancer, or promoter with 

an overrepresentation of both (+) and (-) DhMRs overlapping gene bodies and enhancers 

(Table 3.1). The most significant DhMR had decreasing DNAhm with age and occurred 

on chromosome 20 in an intronic region of TOX2 (Supplementary Figure 3.3), which 

belongs to a family of transcription factors that modify chromatin structure in T cell 

development (O’Flaherty and Kaye 2003), and was recently linked to CD8+ T cell 

exhaustion (Seo et al. 2019). The second most significant DhMR was on chromosome 1 

and also had decreasing DNAhm with age, and overlapped an exon and intronic regions 

of the gene LRRN2, which is overexpressed in malignant gliomas (Supplementary Figure 

3.4) (Almeida et al. 1998). The most significant DhMR with increasing DNAhm was on 

chromosome 7 overlapping an intron of STK17A (Supplementary Figure 3.5), also known 

https://paperpile.com/c/q3czja/2cwgo
https://paperpile.com/c/q3czja/zu5Ul
https://paperpile.com/c/q3czja/ejWWr
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as DRAK1, which is involved in apoptosis and is overexpressed in some cancers (Park 

et al. 2015). 

To investigate whether our DhMRs mapped to regions showing differential DNAhm 

with age in brain, we compared our results to two studies of post-mortem cerebellar tissue 

samples. To maximize comparability, we re-analyzed raw data from the previous studies 

using similar methods of genome tiling, quality control, and testing for DhMRs between 

the studies. We observed a small but significant positive correlation between test statistics 

(0.12≤r≤0.37; Supplementary Figure 3.6) in a comparison of our DhMRs to age-DhMRs 

called from 19 publicly available cerebellar tissue DNAhm samples (age range: 4-55 years) 

(Cheng et al. 2018). However, we observed no correlation between the test statistics 

corresponding to our DhMRs and DhMRs called from DNAhm profiles of 6 young (<20 

years) and 6 old (>69 years) cerebellar tissue samples from the NIH NeuroBioBank 

tissues repositories (r<0.02; Supplementary Figure 3.7) (Kim and Jin, n.d.)  To investigate 

whether our DhMRs mapped to regions showing differential DNAm with age, we 

compared our DhMRs to age-related differential DNAm identified in human whole blood 

samples from two cohorts, one with similar demographics to our 20-sample cohort 

(European-American) and one African-American cohort (Johnson et al. 2017; Ali et al. 

2015). Although differentially methylated regions (DMRs) were highly correlated between 

the two cohorts (r=0.95; Supplementary Figure 3.8), we did not observe a correlation 

https://paperpile.com/c/q3czja/1W4vy
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between our DhMR test statistics and DNAm test statistics for either cohort (r<0.1, 

Supplementary Figure 3.8). 

To investigate the potential gene regulatory role of age-related DNAhm, we 

performed an age-related differential gene expression analysis. We observed 124 

differentially expressed genes (DEGs) (FDR<0.05), 45 with higher ((+) DEGs) and 79 with 

lower ((-) DEGs) expression in old vs. young samples (Supplementary Table 3.5). For 

these 124 DEGs, the RNA-seq read counts clustered perfectly by age group 

(Supplementary Figure 3.9).  We compared our DESeq2 test statistics to the published 

Z-scores of 1,497 genes significantly associated with age in a previous study of gene 

expression in whole blood (Peters et al. 2015) and observed a significant correlation 

between the two (r=0.58; p<10-15; Figure 3.10), indicating that our results were consistent 

with those from a much larger study (N=14,983). We next investigated the overlap 

between DEGs and DhMRs in our study. 160 DhMRs overlapped 39 of the 124 DEGs.  

We observed directional consistency between age-related DNAhm and gene expression 

at 159 of these 160 DhMRs (Supplementary Table 3.5). 154 of these DhMRs exhibited 

age-related decreases in both DNAhm and gene expression.  

Because DNAm marks cell lineage skewing (H. Li et al. 2014) and age-related cell 

lineage skewing is observed in both peripheral blood (Tu and Rao 2016) and 

hematopoietic stem cells (HSCs) (Geiger, de Haan, and Carolina Florian 2013), we 

investigated the possibility that age-related changes in cell type proportions could explain 

our age-related results. To do this, we estimated cell type proportions (Figure 3.11) from 

our RNA-seq data using the DeconRNASeq package (Gong and Szustakowski 2013). 

The DESeq2 test statistics generated with estimates of cell type proportions as covariates 

https://paperpile.com/c/q3czja/skSqG
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strongly correlated with the test statistics obtained without cell type proportions included 

as covariates for both DEGs (Figure 3.12; r=0.64) and DhMRs (Figure 3.13; r=0.83). All 

DhMRs and 123 of the 124 DEGs from the original models showed directional 

consistency in the models with cell types as covariates, suggesting that our age-related 

results are robust to cell composition. 

We also evaluated whether gene body, exonic, promoter, or enhancer DNAhm 

associated with gene expression of the same gene controlling for age and batch. We 

observed 16 genes with a significant positive association between gene expression and 

exonic DNAhm and none with a negative association (FDR<0.05; Supplementary Table 

3.6). 25 genes had a significant association between gene expression and gene body 

DNAhm, 23 of which had a positive association (FDR<0.05; Supplementary Table 3.7). 3 

of these 25 genes overlapped with the 16 genes with a significant association between 

exonic DNAhm and gene expression. The lack of overlapping results between exonic 

regions and gene bodies could be because exonic regions do not make up a large portion 

of the total gene length (~16%). Thus, 5hmC could feasibly overlap the gene body without 

overlapping an exon. We also observed 1 significant association between gene 

expression and enhancer DNAhm for an enhancer linked to the gene TBX21 (p=5.3x10-

8, Supplementary Figure 3.14). However, this enhancer overlaps a substantial portion of 

the gene body (2274 bp) and we also observed a significant association between gene 

expression and 5hmC in both gene body and exonic regions for TBX21; thus, it is not 

clear which to attribute the association to. We did not observe a significant association 

between gene expression and promoter DNAhm for any gene. Among both significant 

and non-significant results, the majority of genes had a positive slope coefficient of gene 
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expression on DNAhm in gene bodies (62%), exonic regions (58%), promoters (56%), 

and enhancers (55%). Further, the average T-statistic corresponding to the slope 

coefficient of gene expression on DNAhm was significantly greater than zero for all four 

genomic features (p<10-15; Supplementary Figure 3.15). The positive association 

between DNAhm and gene expression for most significant genes is consistent with 

previous work observing enrichment of DNAhm in active genes in the brain  (Song et al. 

2011; Szulwach et al. 2011; Mellén et al. 2012; Lister et al. 2013). To test whether  age 

moderates the association between DNAhm and gene expression, we included an 

interaction term between these two variables in two additional analyses, one for gene 

body DNAhm and the other for exonic DNAhm. We only tested for an interaction among 

genes that were significant for the main effect analysis. We did not observe a significant 

interaction for exonic or enhancer regions. For gene body 5hmC, a tumor suppressor 

gene known as PRDM5 (Shu et al. 2011) had a significant interaction between 5hmC and 

age (p=4.9x10-5; Supplementary Figure 3.17) suggesting a large effect of 5hmC on gene 

expression among older individuals that was little to non-existent among young 

individuals.   

We performed GO analyses on 9 gene sets: the 1500 genes with the highest 

DNAhm content, genes showing age-related increased or decreased DNAhm in gene 

bodies, promoters, and enhancers, and (+) and (-) DEGs. After Bonferroni adjustment 

(p<3.8x10-6) we observed enrichment for a total of 94 GO terms (Supplementary Table 

3.8). We observed 7 GO terms enriched in positive gene body DhMRs as well as 1 

enriched in negative enhancer DhMRs and 19 enriched in positive enhancer DhMRs 

(Table 3.2). Genes with high DNAhm were enriched for 66 GO terms and positive DEGs 

https://paperpile.com/c/q3czja/zoS1X+ddvFj+3RQfw+Lceem
https://paperpile.com/c/q3czja/zoS1X+ddvFj+3RQfw+Lceem
https://paperpile.com/c/q3czja/ANs8F
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were enriched for 1 GO term. Many of the significant GO terms observed are involved in 

immune system function. Genes with high DNAhm were enriched for cell activation 

involved in immune response, immune system development, immune effector process, 

immune response-activating cell surface receptor signaling pathway, immune response-

regulating signaling pathway, phagocytosis, Fc-receptor signaling pathway, and Fc-

gamma receptor signaling pathway involved in phagocytosis. Positive gene body DhMRs 

associated with leukocyte mediated immunity, neutrophil activation, neutrophil 

degranulation, and myeloid cell activation involved in immune response. The set of genes 

with positive enhancer DhMRs were enriched for neutrophil degranulation, immune 

response, immune system development, and positive regulation of leukocyte 

differentiation.  

 

DISCUSSION 

Our study is the first to discover region-specific changes in DNAhm with age in 

human blood. Among overlapping DhmRs and DEGs, the vast majority had the same 

direction of effect, i.e. both with associated increases with age or both with associated 

decreases with age. Further, we observed a positive correlation between gene expression 

and DNAhm, supporting a possible gene regulatory role for DNAhm in PBMCs. We 

observed no correlation between DMRs and DhMRs, which could suggest that DNAm 

and DNAhm regulate distinct genes. Based on these results, it is possible that DNAm and 

DNAhm work in tandem to shape the development and function of tissues throughout life. 

Unlike CpG island promoter DNAm, which typically holds genes in a stably 

repressed state (Illingworth and Bird 2009; Jones 2012), the relationship between 

https://paperpile.com/c/q3czja/OTg27+6PRmj
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promoter DNAhm and gene transcription may depend on the presence of certain 

transcription factors. Unlike DNAm, DNAhm does not bind to methyl-binding proteins 

(MBD1, MBD2, and MBD4), which are known repressors of transcription (Johnson and 

Conneely 2019; Jin, Kadam, and Pfeifer 2010). However, a transcriptional repressor 

known as methyl CpG binding protein-2 (MeCP2) binds to DNAm and DNAhm with similar 

affinity (Mellén et al. 2012). Further, work suggests that promoter DNAhm may mediate 

the binding of MeCP2 thereby blocking transcription (Zhubi et al. 2014). Among both 

significant and non-significant results, we observed 56% of genes to have a positive 

correlation between promoter DNAhm and gene expression. It is possible that the 

preponderance of positive associations between DNAhm and gene expression is a result 

of a lack of transcriptional repressors that bind to DNAhm. 

The link between DNAhm and active transcription has been better established for 

gene bodies than promoter regions. Consistent with previous work (Szulwach et al. 2011; 

Hahn et al. 2013; Chouliaras et al. 2012; Song et al. 2011; Mellén et al. 2012; Gross et 

al. 2015), we observed mostly positive associations between DNAhm and gene 

expression: 16 of the 16 genes were positively associated among genes with an 

association between exonic DNAhm and gene expression, and 23 of 25 genes were 

positively associated among genes with an association between gene body DNAhm and 

gene expression. Further, for a slight but significant majority (62%) of  all genes tested 

(including those that were not significant), the test statistic corresponding to the 

correlation between gene expression and DNAhm was positive. In contrast, previous work 

on human blood samples observed 60-70% of CpG sites with a significant association 

https://paperpile.com/c/q3czja/7YqQV+22a9o
https://paperpile.com/c/q3czja/7YqQV+22a9o
https://paperpile.com/c/q3czja/3RQfw
https://paperpile.com/c/q3czja/Ld3Yy
https://paperpile.com/c/q3czja/ddvFj+cZjGB+XEqRQ+zoS1X+3RQfw+d9WLL
https://paperpile.com/c/q3czja/ddvFj+cZjGB+XEqRQ+zoS1X+3RQfw+d9WLL
https://paperpile.com/c/q3czja/ddvFj+cZjGB+XEqRQ+zoS1X+3RQfw+d9WLL
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between gene expression and DNAm to be negatively correlated in both exons and 

promoters, as well as other genomic contexts (Kennedy et al. 2018). 

Among these 23 genes with an association between gene body DNAhm and gene 

expression, the gene PRDM5 had a significant interaction between DNAhm and age 

(Supplementary Figure 3.16) indicative of a much stronger association among old 

subjects compared to young subjects. This could suggest that DNAhm regulates gene 

expression in an age-dependent fashion for PRDM5, whereby its effect on gene 

expression is strong among the elderly and negligible in younger individuals. 

Previous work has observed the highest levels of DNAhm in exons and enhancers 

in prefrontal cortex (Gross et al. 2015). Consistent with this study, we observed the 

highest density of read counts overlapping enhancers followed by exons. The density in 

both enhancers and exons was significantly higher than gene bodies and genome-wide, 

and nominally significantly higher than promoters. It is unclear what role DNAhm might 

play in enhancers, but its similarly high abundance in both brain and blood may be 

indicative of a congruent role of this epigenetic modification across tissues. 

 In the brain, where DNAhm has been more extensively studied relative to other 

tissues, studies have observed enrichment of gene body DNAhm in highly transcribed 

genes (Song et al. 2011; Szulwach et al. 2011; Mellén et al. 2012; Lister et al. 2013). In 

our study, we observed directional consistency between age-related differences in 

peripheral blood DNAhm and gene expression. Further, in a comparison of our age-

related DhMRs and previously published age-related differentially methylated loci, we 

observed no correlation (Supplementary Figure 3.6). These findings together with 

https://paperpile.com/c/q3czja/CYH2C
https://paperpile.com/c/q3czja/d9WLL
https://paperpile.com/c/q3czja/zoS1X+ddvFj+3RQfw+Lceem
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previous work support the interpretation that DNAhm regulates distinct genes and may 

be involved in the upregulation of gene expression. 

Gene ontology analyses support the interpretation that DNAhm is involved in 

immune system function, similar to DNAm (Johnson and Conneely 2019). In our study, 

genes showing increased DNAhm in gene bodies in older subjects were enriched for 

biological processes related to myeloid cell activation involved in immune response. One 

of the hallmarks of the aging immune system is skewing toward the myeloid lineage of 

HSCs (Geiger, de Haan, and Carolina Florian 2013). Experiments in mice have shown 

that both DNAm and DNAhm alter lineage skewing in HSCs (Challen et al. 2011; Ko et 

al. 2010; Moran-Crusio et al. 2011). Cell types of the myeloid lineage undergo major 

changes during immunosenescence such as an age-related impairment of phagocytosis 

among monocytes (Hearps et al. 2012), which are the most abundant mononuclear 

phagocytes found in blood (Jakubzick, Randolph, and Henson 2017). Our findings could 

indicate that age-related DNAhm is involved in these changes. Another myeloid cell type 

that incurs age-related changes is neutrophils, including an age-related impairment of 

degranulation (Lord et al. 2001). We observed genes showing increased DNAhm in older 

subjects to be enriched for biological processes related to neutrophil function including 

neutrophil activation and degranulation. Interestingly, neutrophils are not mononuclear 

and therefore should not be present in PBMCs. Although contamination of PBMCs with 

low-density granulocytes has been observed, this is more typically observed in diseases 

such as systemic lupus erythematosus whereas such contamination is usually negligible 

in healthy individuals (Zhang et al. 2017), such as the subjects in our study. The 

enrichment with neutrophil function could be an indication of cross-talk between cell 

https://paperpile.com/c/q3czja/7YqQV
https://paperpile.com/c/q3czja/EmSGJ
https://paperpile.com/c/q3czja/vf9LX+FDIj7+PoHvM
https://paperpile.com/c/q3czja/vf9LX+FDIj7+PoHvM
https://paperpile.com/c/q3czja/EsRT9
https://paperpile.com/c/q3czja/jnRtw
https://paperpile.com/c/q3czja/MBzCl
https://paperpile.com/c/q3czja/hZICf
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types, that is, age-related DNAhm could be regulating genes related to neutrophil function 

in PBMCs which is subsequently communicated to neutrophils. 

In addition to age-related DNAhm, we observed enrichment for immune system 

function among genes with the highest levels of DNAhm, which suggests a possible role 

of DNAhm in the regulation of immune-related genes independent of age. One of the 

enriched biological processes was the Fc-gamma receptor signaling pathway involved in 

phagocytosis, which becomes activated in both macrophages (Huber et al. 2001) and 

neutrophils (Weisbart et al. 1988; Lord et al. 2001) to combat pathogens. We also 

observed enrichment for biological processes suggesting DNAhm is involved in immune 

response, including immune effector process, immune response-activating cell surface 

receptor signaling pathway, cell activation involved in immune response, and immune 

response-regulating signaling pathway. 

One of the limitations of this study is the small sample size, which limits power and 

is likely why we only detected 124 DEGs, much fewer than a previous study that observed 

1,497 DEGs in PBMCs of 14,983 individuals of European ancestry (Peters et al. 2015). 

In addition, we used a capture-based approach (hMe-Seal), which quantifies DNAhm 

regionally rather than at CpG site resolution. Thus, our age-related DNAhm results could 

potentially differ from those generated at CpG site resolution. Another limitation is the 

differences in sequencing lengths for batch 1 (151 bp) and batch 2 (51 bp), which could 

explain the lower alignment rate of batch 2 compared to batch 1 (Supplementary Table 

3.1).  Because batches were randomized, and batch was included as a covariate in all 

analyses, this difference will not bias or confound our analysis, but the lower coverage in 

batch 2 represents a further limit on power. Further, all 20 subjects were Caucasian and 

https://paperpile.com/c/q3czja/ZY6gj
https://paperpile.com/c/q3czja/PASB5+MBzCl
https://paperpile.com/c/q3czja/skSqG
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female. While the homogeneity of our sample means it is unlikely that sex or ancestry 

could confound our results, it is possible that our results may not generalize to males or 

people of non-European ancestry. However, this was a pilot study intended to investigate 

1) the possible presence of region-specific age-related DNAhm in PBMCs and 2) whether 

DNAhm was enriched for active transcription. We observed evidence of both of these 

phenomena. Further, our GO analyses suggest that age-related DNAhm may be involved 

in immune system function in PBMCs. Our findings motivate future investigations into 

age-related DNAhm in human PBMCs and its possible involvement in gene regulation 

and immunosenescence, ideally in cohorts that are larger and more heterogeneous. 

 

CONCLUSION 

Our study is the first to show that DNAhm associates with age at thousands of 

regions in human PBMCs. The directional consistency between age-related differences 

in DNAhm and gene expression supports previous work in brain reporting that DNAhm is 

enriched for active transcription. Our study adds to previous work suggesting a possible 

role of DNAm (Challen et al. 2011) and DNAhm (Ko et al. 2010; Moran-Crusio et al. 2011) 

in immunosenescence within HSCs, and supports the premise that age-related DNAhm 

plays a role in immune system function in PBMCs. 

 

METHODS 

Data Collection 

We collected DNAhm and gene expression data from PBMCs of 10 young (23-30 

years) and 10 old (68-76 years) Caucasian females, all of whom were disease-free, 

https://paperpile.com/c/q3czja/vf9LX
https://paperpile.com/c/q3czja/FDIj7+PoHvM
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unmedicated non-smokers. Ascertainment of participants and sample collection was 

performed by iSpecimen®, and samples were subsequently shipped to Emory University 

for analysis.  We extracted DNA using the QIAGEN DNeasy Blood and Tissue Kit. 

We extracted 1 μg of RNA from each subject using the QIAGEN RNeasy Kit, 

synthesized cDNA with Invitrogen Oligo(dT)20 primers, and amplified DNA with q-PCR 

analysis. We performed all laboratory analyses blinded from knowledge of age group of 

the samples collected. 

 

DNAhm Data Generation 

We performed DNAhm-enrichment using hMe-Seal, a previously described 

selective chemical labeling method (Song et al. 2011). To perform DNAhm labeling, we 

used a 100-μl solution containing 50 mM HEPES buffer (pH 7.9), 25 mM MgCl2, 300 ng 

μl− 1 sonicated genomic DNA (100–500 bp), 250 μM UDP-6-N3-Glu, and 2.25 μM wild-

type β-glucosyltransferase. We incubated the reactions at 37 °C for 1 hour, after which we 

purified DNA substrates using either a Qiagen DNA purification kit or a phenol-chloroform 

precipitation followed by reconstitution in H2O. With the addition of 150 μM 

dibenzocyclooctyne modified biotin in the DNA solution, we performed click chemistry 

followed by incubation of the solution for 2 hours at 37 °C. Using Pierce Monomeric Avidin 

Kit (Thermo), we purified samples according to the manufacturer’s recommendations. 

Subsequent to elution, we concentrated DNA containing biotin-5-N3-gmC using 10 K 

https://paperpile.com/c/q3czja/zoS1X
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Amicon Ultra 0.5-mL Centrifugal Filters (Millipore) and then purified using a Qiagen DNA 

purification kit. 

 

DNAhm-enriched DNA library preparation 

We generated libraries following the Illumina protocol “Preparing Samples for ChIP 

Sequencing of DNA” (Part# 111257047 Rev. A). We initiated the protocol using 25 ng of 

DNAhm-captured DNA or input genomic DNA. We gel-purified fragments of 

approximately 150-300 bp subsequent to adapter ligation. We quantified PCR-amplified 

DNA libraries using an Agilent 2100 Bioanalyzer. We diluted these libraries to 6-8 pM for 

cluster generation and sequencing. We used version 4 Cluster Generation (Part 

#15002739), Sequencing Kits (#15005236) and Version 7.0 recipes to perform 38-cycle 

single-end sequencing. Due to a change in lab protocol between batches 1 and 2, the 

sequence read length was 151 bp for batch 1 and 51 bp for batch 2. We processed 

images and extracted sequences using the standard Illumina Pipeline. 

 

DNAhm Data Processing 

We used Bowtie 2 (Langmead and Salzberg 2012) to align samples to the hg38 

build of the human genome using the pre-built index from Illumina’s iGenomes collection.  

Bowtie 2 outputs SAM-formatted files, which we then sorted, converted to BAM format, 

and removed reads with MAPQ values lower than 23  (Supplementary Figure 3.17; 

Supplementary Table 3.9) using samtools (Heng Li et al. 2009). 

 

Creation of DNAhm Count Matrices 

https://paperpile.com/c/q3czja/rdTAC
https://paperpile.com/c/q3czja/EQ5d7
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We used the Rsamtools (Morgan M, Pages H, Obenchain V, Hayden N 2018), 

GenomicRanges (Lawrence et al. 2013), and BSgenome.Hsapiens.UCSC.hg38 libraries 

in R Bioconductor to create a 1,544,146-row by 20-column matrix, each row 

corresponding to a 2000 bp non-overlapping region of the genome and each column 

corresponding to a sample.  The value in the ith row of the jth column indicates the number 

of DNAhm reads overlapping the ith 2000 bp segment of the jth sample. To create count 

matrices for reads overlapping gene bodies and exonic regions, we used the same R 

Bioconductor packages and an Ensembl gene annotation file of 60,675 genes based on 

the hg38 build of the human genome. To determine DNAhm reads overlapping promoters, 

we used the NIH Roadmap Epigenomics Consortium’s 18,692 PBMC-specific promoters, 

which were determined using ChromHMM (Roadmap Epigenomics Consortium et al. 

2015; Ernst and Kellis 2012). In our analysis, we used 13,782 of the 18,692 promoters, 

which were within 2000 bp upstream of the transcription start site of the 60,675 Ensembl 

genes. We also created a count matrix of DNAhm reads overlapping enhancers using the 

GeneHancer annotation, which contains annotations of enhancers and their linked genes 

(Fishilevich et al. 2017). 

 

RNA-seq library preparation 

We generated RNA-seq libraries using 0.5 ug of total RNA samples from young or 

old PBMCs via the TruSeq RNA Sample Preparation Kit v2 (Illumina). We validated 

libraries by DNA Chips using Agilent 2100 Bioanalyzer. We then sequenced these 

libraries using 50-cycle single-end runs with Illumina HiSeq 2000. 

 

https://paperpile.com/c/q3czja/zn90F
https://paperpile.com/c/q3czja/yNsnk
https://paperpile.com/c/q3czja/YRVD9+p9yLA
https://paperpile.com/c/q3czja/YRVD9+p9yLA
https://paperpile.com/c/q3czja/eAmae
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RNA-seq Data Processing 

We aligned RNA-seq reads to the hg38 build of the human genome and discarded 

reads shorter than 50 bps and with quality scores below 20 using the STAR (Dobin et al. 

2013) RNA-seq aligner. 

We used the Rsamtools, GenomicFeatures, and GenomicAlignments R 

Bioconductor packages to count RNA-seq reads overlapping each Ensembl-annotated 

gene of the hg38 build of the human genome. Using the same Ensembl-annotated 

genome, we counted RNA-seq reads that overlapped exons of these genes.  

 

Quality Control of Count Matrices 

For quality control of the RNA-seq and DNAhm read count matrices, we excluded 

genes/regions that had <10 reads for 5 or more samples. For the DNAhm and RNA-Seq 

Joint Data Analysis described below, we used genes that passed quality control for both 

the RNA-seq data using STAR and the DNAhm count matrix of reads overlapping gene 

exons. 

To evaluate data clustering of the gene expression profiles using FPKM values 

and DNAhm profiles of the 2000 bp binned count matrix, we performed principal 

component analyses. We then plotted the second principal component against the first 

principal component for both the gene expression profiles and the DNAhm profiles. 

 

Age-differential analyses of DNAhm and gene expression 

To test for age-differentially expressed genes (DEGs) and age-differentially 

hydroxymethylated 2000 bp regions (DhMRs), we used the R Bioconductor package 

https://paperpile.com/c/q3czja/5hKQj
https://paperpile.com/c/q3czja/5hKQj
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DESeq2 which models read counts as a negative binomial distribution (Love, Huber, and 

Anders 2014). Read counts were included as the outcome variable and age group as the 

predictor variable. When testing for DhMRs we also included batch as a covariate. To 

correct for multiple testing, we used the Bioconductor qvalue package to apply an FDR 

cutoff of 0.05 (Dabney, Storey, and Warnes 2010).  

 

Comparison of age-related DNAhm and DNAm 

To compare our age-related DNAhm to age-related DNAm, we used CpG-specific 

results from a previous study investigating age-related DNAhm (N=336) (Johnson et al. 

2017). We used Stouffer’s method to combine site-specific T-statistics from the 

regression of DNAm on age into region-specific Z-scores for each DhMR. 

 

DNAhm and RNA-Seq Joint Data Analysis 

 We used a regression model to test for an association between gene expression 

(in fragments per kilobase of mapped reads, or FPKM values) and quantile-normalized 

log-transformed DNAhm counts overlapping gene exons, gene bodies and gene 

promoters using the following model: 

𝐹𝑃𝐾𝑀𝑖𝑗 = 𝛽0 + 𝛽𝐷𝑁𝐴ℎ𝑚𝐷𝑁𝐴ℎ𝑚𝑖𝑗 + 𝛽𝐴𝑔𝑒 𝑔𝑟𝑜𝑢𝑝𝐴𝑔𝑒 𝑔𝑟𝑜𝑢𝑝𝑗 + 𝛽𝐵𝑎𝑡𝑐ℎ𝐵𝑎𝑡𝑐ℎ𝑗 + 𝜀𝑖𝑗  

where the response variable, FPKMij, corresponds to the FPKM value and the predictor 

variable, DNAhmij, corresponds to the normalized transformed DNAhm count for the ith 

gene and the jth individual. We also included two covariates: Age groupj of the jth individual 

and Batchj, the batch run for the DNAhm reads of the  jth individual. The error term for the 

ith gene and the jth individual is denoted εij. To test for an interaction between DNAhm and 

https://paperpile.com/c/q3czja/hIlaV
https://paperpile.com/c/q3czja/hIlaV
https://paperpile.com/c/q3czja/DpnFQ
https://paperpile.com/c/q3czja/wqVde
https://paperpile.com/c/q3czja/wqVde


83 
 

age group, we performed additional regressions for gene bodies, gene exons, and 

enhancers by including the interaction term 𝐷𝑁𝐴ℎ𝑚𝑖𝑗 × 𝐴𝑔𝑒 𝑔𝑟𝑜𝑢𝑝𝑗 in the model. We only 

tested for an interaction among genes that had a significant main effect term 𝛽𝐷𝑁𝐴ℎ𝑚. 

 

Cell Mixture Estimation 

 We used previously published cell-type-specific RNA-seq signatures from flow-

sorted PBMCs (Monaco et al. 2019) and the R Bioconductor package DeconRNASeq 

(Gong and Szustakowski 2013) to estimate proportions of myeloid cells, T cells, and B 

cells in our samples of PBMCs. To investigate whether our models were robust to possible 

age-related lineage skewing, we compared the DESeq2 analyses run with and without 

cell type proportions included as covariates for both DEGs and DhMRs. 

 

Gene Enrichment Analyses 

We used the software package GOstats available in R Bioconductor to test for an 

association between gene sets and Gene Ontology (GO) terms (Falcon and Gentleman 

2007). We first used DESeq2 to perform a feature-based age-differential analysis of 

DNAhm reads overlapping gene bodies, promoters, and enhancers, applying an 

FDR<0.05 on the combined set of genomic features. We then did a separate GO analysis 

on the following nine gene sets:  DEGs with decreased and increased expression with 

age, genes with decreased DNAhm in gene bodies, promoters, enhancers and genes 

with increased DNAhm in gene bodies, promoters, and enhancers as well as the top 1,500 

genes with the most overlapping DNAhm reads. For all GO analyses, we used a 

Bonferroni correction of α=0.05. 

https://paperpile.com/c/q3czja/GGPuF
https://paperpile.com/c/q3czja/Phu5d
https://paperpile.com/c/q3czja/rO4PU
https://paperpile.com/c/q3czja/rO4PU
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  Decreasing 
DhmRs 

Increasing 
DhmRs 

All 2000 bp 
bins 

 
Overlap 
with: 

Promoter 46 (0.02%) 5 (0.01%) 19481 (0.01%) 

Enhancer 852 (39%) 129 (34%) 321938 (21%) 

Gene body 1446 (65%) 265 (71%) 825172 (53%) 

 Total 2205 374 1544146 

Table 3.1. Total number (and percentages) of decreasing DhmRs, increasing DhmRs, and 

2000 bp bins overlapping at least one promoter, enhancer, or gene body. 
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 Negative Positive 

Differential 
Gene 
Expression 

1. atrioventricular valve 

development 

2. mitral valve morphogenesis 

3. kidney morphogenesis 

1. oxygen transport 

2. bicarbonate transport 

3. hydrogen peroxide catabolic process 

4. response to hydrogen peroxide 

5. antibiotic metabolic process 

6. peptidyl-glutamic acid carboxylation 

7. response to oxidative stress 

Differential 
DNAhm 
(gene body) 

None 

 

1. leukocyte mediated immunity 

2. neutrophil activation 

3. neutrophil degranulation 

4. myeloid cell activation involved in 

immune response 

5. cell activation 

6. exocytosis 

7. positive regulation of nitric-oxide 

synthase biosynthetic process 

Differential 
DNAhm 
(promoter) 

None None 

Differential 
DNAhm 
(enhancer) 

1. positive regulation of RNA 

biosynthetic process 

2. positive regulation of 

nucleobase-containing 

compound metabolic process 

1. positive regulation of catalytic activity 

2. neutrophil degranulation 

3. cellular response to nitrogen 

compound 

4. secretion 

5. protein modification process 

6. cell activation involved in immune 

response 

7. regulation of protein localization 

8. amide transport 

9. organic substance transport 

10. positive regulation of peptide secretion 

Table 3.2. Significantly enriched GO terms by direction of differential DNAhm and genomic feature showing 
differential DNAhm.  
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Figure 3.1. Overlapping reads per kbp across genomic features. To calculate read density, reads that 
overlapped a genomic feature were counted and averaged across individuals. 
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Figure 3.2. Manhattan plot of DhMR analysis. The y-axis  represents the signed negative log10-p-value 
and the x-axis represents the chromosome number and position, with chromosome X appearing to the 
very right. 
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Figure 3.3. Volcano plot of DhMRs in 2000 bp bins. Bins in light blue are those with FDR<0.05. 
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Figure 3.4. Heatmap of log10-normalized counts of the 6,650 DhMRs. The numbers along the x-axis indicate 
ages. 
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Supplementary Figure 3.1. Second principal component plotted against the first principal 

component for the sample data DNAhm profiles using the matrix of read counts overlapping 

2000 bp bins. Batches 1 and 2 appear in red and blue, respectively. The numbers indicate 

age in years. There was a significant difference between PC1 scores (p=0.033) and PC2 

scores (p=0.049) by age group, suggesting moderate clustering by age group. There was 

also a significant difference between PC2 scores by batch (p=0.028). 
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Supplementary Figure 3.2. Second principal component plotted against the first principal 

component for the sample RNA-seq profiles. The numbers indicate age in years. There 

was a significant difference between PC2 scores by age group (p=0.039). 
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Supplementary Figure 3.3. Genome browser view of 5hmC reads for each sample overlapping the most 

significant dhMR (chr20:43,930,0001-43,930,2000), which is in the gene TOX2. The y-axis is the scale of 

read pileups (number of reads) and the x-axis is the genomic location. Samples are grouped by batch and 

age. Because the read length of batch 1 (151 bp) is three times the read length of batch 2 (51 bp), the 

read pileups are approximately three times as high in batch 1.  
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Supplementary Figure 3.4. Genome browser view of 5hmC reads for each sample overlapping the 

second most significant dhMR (chr1:204,682,001-204,684,000), which is in the gene LRRN2. The y-axis 

is the scale of read pileups (number of reads) and the x-axis is the genomic location. Samples are 

grouped by batch and age. Because the read length of batch 1 (151 bp) is three times the read length of 

batch 2 (51 bp), the read pileups are approximately three times as high in batch 1. 
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Supplementary Figure 3.5. Genome browser view of 5hmC reads for each sample overlapping 

the most significant dhMR with increasing hydroxymethylation (chr7:43,586,001-43,588,000), 

which is in the gene STK17A. The y-axis is the scale of read pileups (number of reads) and 

the x-axis is the genomic location. Samples are grouped by batch and age. Because the read 

length of batch 1 (151 bp) is three times the read length of batch 2 (51 bp), the read pileups 

are approximately three times as high in batch 1. 

 

 

 

 

 

 

 

 

 



102 
 

 

Supplementary Figure 3.6. DhmR test statistics from our study plotted against DhmRs from 

cerebellar brain tissue from a recently published study (GSE10712) (Cheng et al., 2018). The 

left panel includes all the overlapping statistics (p<1x10-15) and the right panel includes DhmRs 

that passed on FDR correction of 0.1 (p<1x10-13).   

https://paperpile.com/c/7tqSL2/0SWQ
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Supplementary Figure 3.7. DhmR test statistics from our study plotted against DhmRs from 

cerebellar brain tissue from the NIH NeuroBioBank tissues repositories (Kim & Jin, 2019). The 

left panel includes all the overlapping statistics and the right panel includes DhmRs that passed 

on FDR correction of 0.1.  

https://paperpile.com/c/7tqSL2/nrLcB
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Supplementary Figure 3.8. DhmR test statistics from our study 

plotted against DMR test statistics from the Grady Trauma 

Project (top four panels) and the TOPS family study (lower four 

panels) in bins and genes, respectively. The first and third 

columns of panels include all the overlapping statistics and the 

second and fourth panels include test statistics that passed an 

FDR correction of 0.05. There was no correlation observed 

between DMRs and DhmRs statistics for either of the two 

cohorts. The panel to the right is a plot of test statistics in 2000 

bp bins of TOPS and GTP plotted against each other. 
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Supplementary Figure 3.9. Heatmap of log10 of normalized counts of the 6,650 124 DEGs. The numbers 

along the x-axis indicate ages. 
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Supplementary Figure 3.10. DESeq2 Test Statistics for age-related gene 

expression plotted against the Z-scores for significant age-related genes from a 

previous study (Peters et al., 2015). 

 

https://paperpile.com/c/7tqSL2/TgpA5
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Supplementary Figure 3.11. Estimated cell type proportions using DeconRNASeq for each of the 20 

individuals. 
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Supplementary Figure 3.12. DESeq2 test 

statistics for DEGs for the model without 

estimated cell types as covariates against test 

statistics for the model with cell types as 

covariates. 
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Supplementary Figure 3.13. DESeq2 test statistics for 

DhmRs for the model without estimated cell types as 

covariates against test statistics for the model with cell 

types as covariates.  



110 
 

 

 

Supplementary Figure 3.14. FPKM scores plotted against the log normalized 5hmC reads in enhancer, 

exon and gene body for TBX21. Solid dots represent old and open dots represent young samples. Batch 

1 samples are colored blue and batch 2 samples are colored black. The solid line is the regression line. 
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Supplementary Figure 3.15. Histograms of T-statistics corresponding the regression of gene expression 

FPKM values against 5hmC in gene bodies, promoters, exonic regions and enhancers. The average T-

statistic was significantly greater than 0 for all four genomic features (p<10-15).  Genes with positive 

correlations are highlighted in blue. Percentages in gray and blue correspond to the percent of t-statistics 

above and below 0, respectively. 
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Supplementary Figure 3.16. FPKM scores plotted against the log normalized 5hmC reads for PRDM5, the 

one gene with a significant interaction between age and 5hmC (p=4.9x10-5). Solid dots represent old and 

open dots represent young samples. Batch 1 samples are colored blue and batch 2 samples are colored 

black. The dotted line is the regression line for young and the solid line is the regression line for old.  
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Supplementary Figure 3.17. Distributions of bowtie 

2 quality scores (MAPQ) from two samples, one from batch 1 (left), and the other from batch 2 (right).   
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Supplementary Table 3.1. 5hmC-capture sequencing data quality measures for each sample. 

Batch Age Total Reads % Duplicated % Uniquely mapped 

1 73 29156797 16.26% 79.07% 

1 70 32431351 11.40% 78.96% 

1 24 33769567 11.40% 80.34% 

1 74 29024371 14.56% 77.47% 

1 27 33814638 17.55% 77.98% 

1 27 20868983 12.00% 76.67% 

1 23 15756756 13.36% 74.05% 

1 70 45002170 13.59% 81.18% 

1 24 26246784 13.88% 77.00% 

1 30 28292783 21.21% 72.41% 

1 73 38342970 9.22% 72.42% 

1 71 31511078 8.90% 61.58% 

2 30 27478662 12.05% 52.57% 

2 24 30663767 11.52% 60.34% 

2 23 27297737 11.04% 60.42% 

2 76 36305366 14.06% 53.47% 

2 69 29001477 11.55% 65.72% 

2 76 33908987 11.92% 62.84% 

2 68 35300136 12.31% 51.69% 

2 24 30672764 11.55% 47.72% 

  



115 
 

 

Supplementary Table 3.2. RNA-sequencing data quality measures for each sample. 

Age Total Reads % Uniquely Mapped 

23 22,794,274 78.67% 

23 38,555,544 78.84% 

24 23,802,391 76.45% 

24 32,108,671 77.74% 

24 31,812,722 79.69% 

24 40,624,979 79.06% 

27 30,060,644 74.16% 

27 44,030,380 74.90% 

30 28,915,303 78.38% 

30 25,766,697 78.92% 

68 44,622,123 80.21% 

69 50,122,401 77.45% 

70 19,311,004 75.97% 

70 19,642,201 77.93% 

71 33,423,319 76.27% 

73 22,142,199 77.27% 

73 32,757,101 79.50% 

74 25,876,515 78.33% 

76 40,590,448 77.36% 

76 44,950,796 78.62% 
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Supplementary Table 3.3 is a csv file (SupplementaryTable3.3.csv) 

Genomic information for the 6,650 DhmRs. Column 1 (binIndex) is a unique index for each of the 6,650 

bins, column 2 (chr) indicates the chromosome of the bin, column 3 (start) and 4 (end)  are the start and 

end positions of the bin according to the hg38 build of the human genome, column 5 (featureName) is the 

name of a genomic feature the bin overlaps, column 6 (featureType) indicates the type of overlapping 

feature (Gene Body, Promoter, or Enhancer), column 7 is the DESeq2 test statistic and column 8 is the 

corresponding p-value. DhmRs overlapping multiple genomic features have multiple rows, one for 

each overlapping feature. 

 

Supplementary Table 3.4 is a csv file (SupplementaryTable3.4.csv) 

Genomic information of the 124 DEGs including the gene name (column 1), the Ensembl name (column 2), 

chromosome (column 3), start (column 4) and stop position (column 5), DESeq2 test statistic (column 6), 

p-value (column 7), and q-value 
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Supplementary Table 3.5. Observed and expected counts of DhmRs 
overlapping DEGs with both associated increases (+) and decreases (-) with 
age.  Directional consistency is greater than expected by chance.  
 (𝜒

1
2 = 124.6;  𝑝 = 2.2 × 10−16). 

 (-) DEG 
(-) DhmR 

(+) DEG 
(+) DhmR 

(+) DEG 
(-) DhmR 

(-) DEG 
(+) DhmR 

Observed 154 5 0 1 

Expected 71.5 17.3 40.7 30.4 
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Supplementary Table 3.6. Genes with a significant association between gene expression 

and exonic DNAhm. 

Gene Name Gene Ensembl Name T-statistic p-value q-value 

SPON2 ENSG00000159674 8.66 1.96E-07 2.46E-03 

TBX21 ENSG00000073861 8.31 3.36E-07 2.46E-03 

CLUH ENSG00000132361 6.82 4.13E-06 1.26E-02 

SLC45A4 ENSG00000022567 6.78 4.45E-06 1.26E-02 

STEAP4 ENSG00000127954 6.73 4.84E-06 1.26E-02 

SEMA4C ENSG00000168758 6.67 5.42E-06 1.26E-02 

UBN1 ENSG00000118900 6.61 6.01E-06 1.26E-02 

HLA-C ENSG00000204525 6.33 9.94E-06 1.82E-02 

DEF8 ENSG00000140995 6.20 1.26E-05 1.87E-02 

STK40 ENSG00000196182 6.20 1.28E-05 1.87E-02 

IGHM ENSG00000211899 6.04 1.73E-05 2.30E-02 

DENND3 ENSG00000105339 5.80 2.73E-05 3.34E-02 

LRRC4 ENSG00000128594 5.70 3.32E-05 3.74E-02 

CTA-833B7.2 ENSG00000183822 5.61 3.89E-05 4.07E-02 

ZAP70 ENSG00000115085 5.57 4.21E-05 4.12E-02 

TBC1D16 ENSG00000167291 5.52 4.66E-05 4.27E-02 

  



119 
 

Supplementary Table 3.7. Genes with a significant association between gene expression and gene body 

DNAhm.           

Gene Name Gene Ensembl Name T-statistic p-value 

GLT1D1 ENSG00000151948 7.24 1.96E-06 

HLA-DRB1 ENSG00000196126 6.92 3.46E-06 

ATP10A ENSG00000206190 6.54 6.87E-06 

IGHM ENSG00000211899 6.46 7.86E-06 

IGHD ENSG00000211898 6.29 1.08E-05 

TBX21 ENSG00000073861 6.22 1.22E-05 

CDA ENSG00000158825 5.99 1.87E-05 

YES1 ENSG00000176105 5.89 2.29E-05 

NR1D2 ENSG00000174738 5.84 2.49E-05 

JAKMIP1 ENSG00000152969 5.76 2.92E-05 

SNRPD1 ENSG00000167088 5.74 3.06E-05 

FAM169A ENSG00000198780 5.68 3.38E-05 

PPP3CC ENSG00000120910 5.60 3.98E-05 

BTNL8 ENSG00000113303 5.47 5.15E-05 

APBA2 ENSG00000034053 5.34 6.59E-05 

TRPM6 ENSG00000119121 5.34 6.65E-05 

CYCS ENSG00000172115 5.33 6.70E-05 

RP11-164H13.1 ENSG00000257275 5.31 7.10E-05 

KIAA0125 ENSG00000226777 5.27 7.62E-05 

IRF2BP2 ENSG00000168264 5.26 7.75E-05 

PRDM5 ENSG00000138738 5.25 7.97E-05 

GTF2H2B ENSG00000226259 5.19 9.03E-05 

UBN1 ENSG00000118900 5.17 9.31E-05 

KIAA1551 ENSG00000174718 -5.22 8.35E-05 

PRTN3 ENSG00000196415 -6.85 3.92E-06 
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Supplementary Table 3.8. Significant GO terms for each GO analysis. 

 Decreased with age Increased with age 

Differential 
Gene 
Expression 

None 1. oxygen transport 

Differential 
DNAhm (gene 
body) 

None 

 

1. leukocyte mediated immunity 

2. neutrophil activation 

3. neutrophil degranulation 

4. myeloid cell activation involved in immune 

response 

5. cell activation 

6. regulated exocytosis 

7. secretion 

Differential 
DNAhm 
(promoter) 

None None 

Differential 
DNAhm 
(enhancer) 

1. nucleic acid metabolic process 1. neutrophil degranulation 

2. positive regulation of catalytic activity 

3. amide transport 

4. organic substance transport 

5. immune response 

6. cellular response to organic substance 

7. protein modification process 

8. immune system development 

9. RNA splicing, via transesterification 

reactions 

10. positive regulation of leukocyte 

differentiation 

11. secretion by cell 

12. cellular response to nitrogen compound 

13. regulation of peptide transport 

14. vesicle-mediated transport 

15. establishment of localization 

16. response to organonitrogen compound 

17. peptide secretion 

18. positive regulation of secretion 

19. positive regulation of metabolic process 

Top 1500 
genes with 
high DNAhm 

1. protein modification process 

2. cell projection morphogenesis 

3. regulation of small GTPase mediated signal transduction 

4. positive regulation of cellular metabolic process 

5. positive regulation of RNA biosynthetic process 

6. cellular response to stimulus 

7. positive regulation of catalytic activity 

8. positive regulation of biosynthetic process 
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9. positive regulation of nitrogen compound metabolic process 

10. positive regulation of GTPase activity 

11. anatomical structure morphogenesis 

12. phosphorus metabolic process 

13. regulation of Rho protein signal transduction 

14. immune system development 

15. negative regulation of nucleobase-containing compound metabolic process 

16. regulation of cell differentiation 

17. negative regulation of RNA biosynthetic process 

18. regulation of cell morphogenesis 

19. regulation of nucleic acid-templated transcription 

20. vascular endothelial growth factor receptor signaling pathway 

21. peptidyl-serine phosphorylation 

22. macromolecule localization 

23. negative regulation of transcription by RNA polymerase II 

24. peptidyl-amino acid modification 

25. positive regulation of transcription by RNA polymerase II 

26. Fc receptor signaling pathway 

27. positive regulation of cell adhesion 

28. immune response-regulating signaling pathway 

29. negative regulation of phosphorus metabolic process 

30. immune response-activating cell surface receptor signaling pathway 

31. multicellular organism development 

32. positive regulation of substrate adhesion-dependent cell spreading 

33. cell-substrate adhesion 

34. negative regulation of cellular process 

35. Fc-gamma receptor signaling pathway involved in phagocytosis 

36. regulation of cell shape 

37. nucleobase-containing compound biosynthetic process 

38. chromatin organization 

39. regulation of cellular macromolecule biosynthetic process 

40. positive regulation of cell death 

41. positive regulation of apoptotic process 

42. adherens junction assembly 

43. biological regulation 

44. immune effector process 

45. regulation of cell junction assembly 

46. positive regulation of axonogenesis 

47. negative regulation of biosynthetic process 

48. platelet activation 

49. peptidyl-threonine phosphorylation 

50. actin filament bundle assembly 

51. actin cytoskeleton reorganization 

52. calcium ion transmembrane transport 

53. regulation of cellular response to stress 

54. regulation of cation transmembrane transport 

55. cellular response to organonitrogen compound 

56. positive regulation of developmental process 

57. positive regulation of protein modification process 

58. establishment of localization 
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59. actin cytoskeleton organization 

60. cell-substrate junction assembly 

61. cell activation involved in immune response 

62. phagocytosis 

63. response to monoamine 

64. establishment of cell polarity 

65. cellular protein metabolic process 

66. positive regulation of transcription, DNA-templated 
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Supplementary Table 3.9. Frequency of post-QC reads with each Bowtie 2 quality score for each sample. Each 
row indicates a sample and each column is a quality score. The majority of reads had the maximum quality score 
for all samples. 

Batch 23 24 25 26 27 30 31 32 33 34 35 36 37 38 39 40 42 

1 0.02 0.03 0.00 0.01 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.01 0.02 0.03 0.83 

1 0.03 0.03 0.00 0.01 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.01 0.03 0.03 0.82 

1 0.02 0.02 0.00 0.01 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.01 0.03 0.02 0.85 

1 0.02 0.02 0.00 0.01 0.01 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.01 0.03 0.03 0.83 

1 0.02 0.02 0.00 0.01 0.01 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.01 0.03 0.02 0.84 

1 0.02 0.02 0.00 0.01 0.01 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.01 0.03 0.03 0.84 

1 0.02 0.02 0.00 0.01 0.01 0.01 0.00 0.00 0.01 0.00 0.00 0.01 0.01 0.01 0.03 0.02 0.83 

1 0.02 0.02 0.00 0.01 0.01 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.01 0.02 0.02 0.85 

1 0.02 0.02 0.00 0.01 0.01 0.01 0.00 0.00 0.01 0.00 0.00 0.01 0.01 0.01 0.03 0.03 0.83 

1 0.02 0.02 0.00 0.01 0.01 0.01 0.00 0.00 0.01 0.00 0.00 0.01 0.01 0.01 0.03 0.03 0.83 

1 0.02 0.02 0.00 0.01 0.01 0.01 0.00 0.00 0.01 0.00 0.01 0.01 0.01 0.01 0.03 0.03 0.82 

1 0.04 0.04 0.00 0.01 0.01 0.01 0.00 0.00 0.01 0.00 0.01 0.01 0.01 0.01 0.03 0.04 0.76 

2 0.00 0.01 0.00 0.01 0.00 0.11 0.00 0.01 0.00 0.00 0.02 0.01 0.04 0.02 0.07 0.00 0.71 

2 0.00 0.00 0.00 0.01 0.00 0.09 0.00 0.01 0.00 0.00 0.02 0.01 0.03 0.02 0.06 0.00 0.75 

2 0.00 0.00 0.00 0.01 0.00 0.09 0.00 0.01 0.00 0.00 0.02 0.01 0.03 0.02 0.06 0.00 0.75 

2 0.00 0.00 0.00 0.01 0.00 0.11 0.00 0.01 0.00 0.00 0.02 0.01 0.04 0.02 0.07 0.00 0.70 

2 0.00 0.00 0.00 0.00 0.00 0.07 0.00 0.01 0.00 0.00 0.02 0.01 0.03 0.01 0.05 0.00 0.79 

2 0.00 0.00 0.00 0.01 0.00 0.08 0.00 0.01 0.00 0.00 0.02 0.01 0.03 0.01 0.05 0.00 0.77 

2 0.02 0.02 0.00 0.01 0.01 0.01 0.00 0.00 0.01 0.00 0.00 0.01 0.01 0.01 0.03 0.03 0.83 

2 0.00 0.01 0.00 0.01 0.00 0.13 0.00 0.01 0.00 0.00 0.02 0.01 0.04 0.02 0.08 0.01 0.66 
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Chapter 4: Single cell methylation has the potential to detect novel imprints and 

distinguish between hemi-methylation and allele-specific methylation 

 

 

INTRODUCTION 

 

Imprinting is the parent-of-origin allele-specific repression of a single gene or a 

cluster of genes achieved via allele-specific methylation (ASM). In humans, imprinting-

related proteins bind to ICRs resulting in allele-specific gene expression (ASE) (Imbeault, 

Helleboid, and Trono 2017). More specifically, zinc finger protein 57 (ZFP57) and zinc 

finger protein 445 (ZNF445/ZFP445) bind to the 6-mer imprinting binding motif 

(TGCmCGC), which is present in all mouse and most human ICRs, and are responsible 

for maintaining imprints (Takahashi et al. 2019; Riso et al. 2016).  

 Genomic imprints are established in the female and male germlines, transmitted 

to the zygote stage (Reig and Concha 2012; Y. Li and Sasaki 2011). Post-fertilization 

imprints are resistant to epigenetic reprogramming allowing them to be faithfully 

maintained into adult life (Edwards and Ferguson-Smith 2007).  

Imprinted genes are typically consistently imprinted across all tissues, but some 

genes are only imprinted in specific tissues or developmental stages.  While the 

mechanisms underlying tissue-specific imprints are not fully characterized, the TET family 

of proteins may be involved in the erasure of imprints (Y. Li and Sasaki 2011). IGF2 is 

one example of a gene with tissue-specific imprinting: it is biallelically expressed in the 

human fetal brain but in the adult brain, it is maternally imprinted in the hypothalamus and 

globus pallidus but biallelically expressed in the pons1 (Elhamamsy 2017). In the GNAS 

locus, G protein alpha-subunit (Gs-alpha) is imprinted in neonatal brown adipose tissue 

https://paperpile.com/c/K9jEhZ/QB60Q
https://paperpile.com/c/K9jEhZ/QB60Q
https://paperpile.com/c/K9jEhZ/ZvJs+JYth
https://paperpile.com/c/K9jEhZ/SOHQ+6a6T
https://paperpile.com/c/K9jEhZ/qBWy
https://paperpile.com/c/K9jEhZ/6a6T
https://paperpile.com/c/K9jEhZ/9KIJ
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but not adult brown adipose tissue; it is biallelically expressed in most tissues, but 

imprinted in the paraventricular nucleus of the hypothalamus, gonads, renal proximal 

tubules, the pituitary glands, and thyroid  (Weinstein et al. 2010). These examples 

highlight the importance of investigating imprinting within specific tissues, cell types, and 

developmental stages. 

 While it is possible for imprinting on one parental chromosome to repress a gene 

on that same parental copy, imprinting can also cause a gene on the same parental copy 

to be expressed. For example, the ICR corresponding to Igf2r is the promoter of Airn, a 

long non-coding RNA that, when expressed, represses genes in the Igf2r cluster 

(Sleutels, Zwart, and Barlow 2002). Ferguson-Smith (2011) notes that other maternally 

imprinted clusters also result in repression of protein-coding genes via the expression of 

non-coding transcripts, and further points out that, while imprints largely originate via 

germline differentially methylated regions, the mechanism by which they cause mono-

allelic expression can vary. 

Several lines of evidence suggest imprinting could play a major role in immunity 

and disease. A maternal-imprinted locus known as Dlk1-Gtl2 maintains the self-renewal 

capacity of hematopoietic stem cells (HSCs) (Serrano-Lopez and Cancelas 2016), which 

is the precursor lineage of both myeloid and lymphoid immune cells. Further, skewing of 

the HSC lineage toward the myeloid lineage is a hallmark of immunosenescence, and a 

reduced self-renewal capacity underlies this skewing (Geiger, de Haan, and Carolina 

Florian 2013). In addition, neonatal maternal imprinting of the B cell repertoire in mice has 

been reported to have long-term consequences on functional immunity to infectious 

viruses (Fink et al. 2008). Imprinting plays a role in many diseases, most notably, 

https://paperpile.com/c/K9jEhZ/vSWPP
https://paperpile.com/c/K9jEhZ/RmlF
https://paperpile.com/c/K9jEhZ/DCLX/?noauthor=1
https://paperpile.com/c/K9jEhZ/hyS6
https://paperpile.com/c/K9jEhZ/L4Lkr
https://paperpile.com/c/K9jEhZ/L4Lkr
https://paperpile.com/c/K9jEhZ/h9HgE
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imprinting disorders such as Angleman syndrome and Prader-Willi syndrome as well as 

several other disorders that have been recently reviewed (Butler 2009; Elhamamsy 2017). 

Loss of imprinting results in tumorigenesis in mouse embryonic stem cells (Holm et al. 

2005), and is associated with cancer risk in multiple cancer types (Feinberg, Ohlsson, 

and Henikoff 2006). 

Here, we use single cell sequencing to investigate imprinting. Our study is the first 

to observe the allelic-methylation state in individual cells and compare it to the allelic-

expression state in those same cells using single-cell reduced representation bisulfite 

sequencing (scRRBS) and single-cell RNA-sequencing (scRNAseq), respectively. We also 

develop criteria to detect CpG sites with allele-specific methylation (ASM) using scRRBS. 

We also called heterozygous variants, which we used to detect both methylation states 

(methylated and unmethylated) at each allele within individual cells, which allowed us to 

observe ASM at the cellular level. Among CpGs with ASM in ≥3 samples that also had a 

nearby heterozygous site that allowed us to observe the methylation state of both alleles, 

95% of the CpGs also had cellular-level ASM. 

 

METHODS 

Data Processing 

https://paperpile.com/c/K9jEhZ/S6GU+9KIJ
https://paperpile.com/c/K9jEhZ/wrtG8
https://paperpile.com/c/K9jEhZ/wrtG8
https://paperpile.com/c/K9jEhZ/5dsTX
https://paperpile.com/c/K9jEhZ/5dsTX
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We processed single cell reduced representation bisulfite sequencing (scRRBS) 

data on 6 samples of B cells obtained from healthy individuals, which we obtained from a 

publicly available dataset of multiplexed fastq files deposited on the Gene Expression 

Omnibus (GSE109085) (Gaiti et al. 2019). scRRBS data for samples B01-B06 included 

data on 92, 108, 51, 169, 96, and 94 B cells, respectively. We used a custom script to 

demultiplex fastq files using cell-specific barcodes. To remove 6-bp barcodes and bases 

added during the end repair reaction, we used fastx_trimmer to trim off the first 7 bp from 

the 5’ end of reads. To address the possibility that reads could contain adapters on the 3’ 

end, we used TrimGalore, a trimming tool designed to address issues specific to RRBS 

sequencing (Krueger 2015). In particular, we used the following arguments to remove 3’ 

end adapters along with experimentally added cytosines that do not necessarily 

correspond to the true methylation state: 

--rrbs 

--paired 

--adapter 

--three_prime_clip_R1 3 

--three_prime_clip_R2 3 

After trimming, we aligned the demultiplexed paired-end reads to the hg38 build of 

the human genome using the bismark aligner with bowtie 2. To account for bisulfite 

conversion, bismark aligns to both the human genome and an in silico bisulfite-converted 

genome for both the reference and complementary strands. 

We used samtools to sort reads by genomic position and remove reads with MAPQ 

< 20. To quantify DNA methylation in each cell, we used the 

https://paperpile.com/c/K9jEhZ/ht89
https://paperpile.com/c/K9jEhZ/E4Bq
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bismark_methylation_extractor, which retains strand-specific information. That is, DNA 

methylation on one strand is measured separately from DNA methylation on the opposite 

strand. Importantly, strand-specific quantification of DNA methylation at the single cell 

resolution allows for the detection of hemi-methylation and can even distinguish it from 

allele-specific methylation. To remove low-information cells, we excluded any cells whose 

average read count was ≤5 across all samples. 

 

Quantification of Potential Allele-Specific Methylation 

To interrogate potential allele-specific methylation (ASM), we quantified the 

number of methylated reads and unmethylated reads at each CpG site at the cellular 

level. At sites with both unmethylated reads and methylated reads, we tested for allele-

specific methylation within each cell by performing a likelihood ratio test. At a CpG site, 

we pooled methylated and unmethylated reads across cells with read types of both 

methylation states. If the CpG site corresponded to true allele-specific methylation 

(alternative hypothesis), we expected the pooled reads to follow a binomial distribution 

with p=0.5 (i.e. a 50/50 split between methylated and unmethylated reads).  In contrast, 

our likelihood ratio test compared the alternative hypothesis to the null hypothesis that 

the pooled reads of two states, methylated and unmethylated, originated from a 

sequencing error modeled as a binomial distribution with p=0.01 (i.e. ~1% of reads 

correspond to one methylation state and ~99% correspond to the other methylation state; 
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Equation 1). Within each sample, we rejected the null hypothesis for the LRT if 𝑝 <

0.05

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐶𝑝𝐺𝑠 𝑡𝑒𝑠𝑡𝑒𝑑
. 

𝜆𝐿𝑅 = −2𝑙𝑛 (
𝐿(𝑝0=0.01)

𝐿(𝑝𝐴=0.5)
) ∼ 𝜒1

2   (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 1) 

𝐻𝐴: 𝑋 ∼ 𝐵𝑖𝑛𝑜𝑚(𝑁, 𝑝𝐴 = 0.5) 

𝐻0: 𝑋 ∼ 𝐵𝑖𝑛𝑜𝑚(𝑁, 𝑝0 = 0.01) 

𝐼𝑓 𝑡ℎ𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑒𝑡ℎ𝑦𝑙𝑎𝑡𝑒𝑑 𝑟𝑒𝑎𝑑𝑠 <  𝑢𝑛𝑚𝑒𝑡ℎ𝑦𝑙𝑎𝑡𝑒𝑑 𝑟𝑒𝑎𝑑𝑠, 𝑡ℎ𝑒𝑛 

𝑋 𝑖𝑠 𝑡ℎ𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑒𝑡ℎ𝑦𝑙𝑎𝑡𝑒𝑑 𝑟𝑒𝑎𝑑𝑠. 𝑂𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒, 𝑋 𝑖𝑠 𝑡ℎ𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑢𝑛𝑚𝑒𝑡ℎ𝑦𝑙𝑎𝑡𝑒𝑑 𝑟𝑒𝑎𝑑𝑠 

𝑁 𝑖𝑠 𝑡ℎ𝑒 𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑟𝑒𝑎𝑑𝑠 

Due to low coverage, most CpG sites did not have coverage of both alleles within 

a cell. Gaiti et al. (2019) observed biallelic coverage in ~5% of available germline SNPs 

within a cell among the CLL samples (See Extended Data Figure 2 of Gaiti et al. 2019), 

which is consistent with our observations in the healthy B cell samples. Therefore, a CpG 

site that is truly ASM typically would have reads corresponding to both methylation states 

in a minority of the cells with coverage, and among the remaining cells, some would have 

methylated reads and others would have unmethylated reads in an approximate 50/50 

split. To address this, we complemented the likelihood ratio test above (which is applied 

only to cells with both methylated and unmethylated reads) with a binomial test performed 

on the remaining cells with data.  That is, among these remaining cells, if there are X cells 

with unmethylated reads and N-X cells with methylated reads, we tested whether X 

deviated significantly from  𝑋 ∼ 𝐵𝑖𝑛𝑜𝑚𝑖𝑎𝑙(𝑁, 𝑝 = 0.5). As an additional criterion, at least 

2 cells had to have reads indicative of both a methylated and unmethylated signal for the 

CpG. Thus, three measures were used to determine ASM within a sample: (1) at least 2 

cells with both methylated and unmethylated reads, (2) a significant LR test on these cells 

https://paperpile.com/c/K9jEhZ/ht89/?noauthor=1
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(Equation 1), (3) a non-significant binomial test on the number of unmethylated cells X 

and methylated cells N-X (𝑝 > 0.05). To correct for multiple testing, we used a common 

cut-off of 𝑝 < 10−8.  Because it  is slightly smaller than the Bonferroni threshold for B01 

(1.1 × 10−8), which had the most sites covered, this cutoff will conservatively control the 

family-wise error rate at <0.05. 

 

Quantification of Potential Allele-Specific Methylation Using 

Heterozygous Variants 

 

Quantification of Cellular-level ASM according to a gold standard 

We called heterozygous variants in the B04 sample to allow creation of a gold 

standard measure of ASM for CpG sites on reads overlapping these variants. First, we 

used samtools to merge and sort the scRRBS aligned bam files into a single bam file. 

Next, we generated a pileup file using the samtools mpileup function with the --skip-indels 

setting to exclude insertions and deletions (H. Li et al. 2009). To exclude CpG sites, we 

also generated the pileup file with a genome masked to CpG sites. Subsequently, we 

called variants using bcftools. We then filtered out A/G and C/T variant calls because it is 

impossible to distinguish true heterozygous sites from a locus with both methylated and 

unmethylated cytosines that undergo bisulfite conversion. 

Using a publicly available script (Lindenbaum 2015), we subsetted single-cell bam 

files so they only included reads overlapping both a heterozygous variant and a CpG site 

with both methylated and unmethylated read counts. For a CpG to qualify as having ASM 

according to our gold standard measure, one allele needed to have >3 unmethylated 

https://paperpile.com/c/K9jEhZ/yuEe
https://paperpile.com/c/K9jEhZ/A3bv
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reads and the other allele needed to have >3 methylated reads within a single cell among 

reads overlapping both the heterozygous site and CpG site. To be considered “consistent 

with ASM”, a CpG had to have one allele with 1-3 unmethylated reads and the other allele 

needed to have 1-3 methylated reads.  We considered a CpG an artifact if >3 methylated 

reads and >3 unmethylated reads overlapped the same strand and the same allele. A 

CpG was considered hemi-methylated if >3 methylated reads overlapped one strand of 

an allele and >3 unmethylated reads overlapped the other strand of that same allele. 

CpGs that had both methylated and unmethylated reads, but did not meet any of the 

aforementioned criteria were considered inconclusive. 

 

Finding Cells where Allelic Methylation and Allelic Expression were both 

Detectable 

After finding CpGs near heterozygous SNPs whose unmethylated and methylated 

read counts could be subsetted by each allele, we searched the scRNAseq data for reads 

overlapping the same heterozygous SNP. We then matched the scRRBS data and 

scRNAseq data by cell index so that the cellular-level allelic methylation and allelic 

expression could be observed directly. 

 

Overlap of Allele-specific Methylation with Imprinting Binding Motifs 

and Previously Reported Imprinted Genes 

 

Imprinting Binding Motif Annotation 



132 
 

 We used the matchPattern function within the R Bioconductor package Biostrings 

to find all instances of the imprinting binding motif in the hg38 build of the human genome. 

More specifically, we searched for the sequence TGCCGC as these are the first 6 

nucleotides of the imprinting binding motif (the last nucleotide is variable).  

 

 

 

Imprinted Genes Annotation 

We obtained a list of imprinted genes from a publicly available catalogue of human 

imprinted genes (Jirtle 2012). We then used an Ensembl gtf file 

(Homo_sapiens.GRCh38.87.chr.gtf) to match each gene with its corresponding genomic 

coordinates in hg38 (Yates et al. 2019). 

 

Distance from CpGs to Nearest Imprinted Genes and Binding Motifs 

To investigate whether ASM sites were closer to imprinting binding motifs and 

imprinted genes compared to non-ASM CpGs, we used the distanceToNearest function 

in the R Bioconductor package GenomicRanges. The distribution of distances between 

CpGs and imprinted genes and the distribution of distances between CpGs and imprinting 

binding motifs were both approximately log-normally distributed. Thus, we log-

transformed the distances and perform t-tests to compare the distances for all CpGs to 

the distances for ASM CpGs. 

 

Association Analysis of Allele-specific Methylation and Imprinted Genes 

https://paperpile.com/c/K9jEhZ/f3Oq
https://paperpile.com/c/K9jEhZ/ZZ0P
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Since ASM is often found in the promoter of imprinted genes, we included the 

region from the transcription start site to 2 kb upstream of the gene in our analysis. Using 

the Ensembl gene annotation file Homo_sapiens.GRCh38.87.chr.gtf , we used the subset 

of genes with coverage and further divided them into imprinted genes and those that have 

no known imprinting. From the genes with coverage we also made subsets of genes with 

allele-specific methylation and genes with no allele-specific methylation. We then made 

a 2x2 contingency table of imprinted/not imprinted genes vs. genes with ASM/noASM. To 

investigate whether ASM and imprinting were associated, we performed a Chi-square 

test of independence. 

 

Association Analysis of Allele-specific Methylation and Imprinting Binding Motifs 

Similar to the association analysis of allele-specific methylation and imprinted 

genes, we included the 2 kb region upstream of the transcription start site, and we used 

the same gene annotation file to create separate subsets of genes with binding motifs 

and those with no binding motif. Genes with no binding motif that overlapped genes with 

binding motifs were excluded from the analysis. We then made a 2x2 contingency table 

of genes with/without a binding motif vs. genes with ASM/noASM, and performed a Chi-

square test of independence to investigate whether genes with ASM were associated with 

genes with an imprinting binding motif. 

 

Comparison Across Healthy Samples 

To investigate the concordance of ASM between healthy samples, we created 

contingency tables for each pairwise comparison between B01-B06 (15 pairwise 
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comparisons altogether) excluding sites that did not have coverage in both pairs. We then 

performed a Chi-square test of independence for each pairwise comparison and 

computed an odds ratio. 

 

Comparison of Allele-specific Methylation with Allele-specific 

Expression 

To investigate whether allele-specific methylation associated with allele-specific 

expression in the B04 sample, we counted the number of reads overlapping each allele 

of all genes overlapping a heterozygous variant called using the RRBS data as previously 

described. To compare DNA methylation and gene expression in gene bodies, we created 

a set of genes with ASM CpGs in the gene body and another set without ASM CpGs. 

Genes with no ASM that overlapped genes with ASM were excluded from the analysis. 

We further subdivided these two sets into genes with reads originating from one allele 

and genes with reads originating from two alleles. We then created a 2x2 contingency 

table and performed a Chi-square test of independence. We tested for an association 

between ASM in gene promoters and allelic expression in the same fashion except that 

ASM was quantified in the region from the transcription start site to 2000 bp upstream of 

the transcription start site. 

 

Power Analysis 

Detection of ASM requires the observation of both alleles. The probability of 

detecting both alleles increases with coverage. That is, as the number of reads 𝑁 at a 

CpG site increases, the probability of detecting both alleles approaches 1: 
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𝑙𝑖𝑚
𝑁→∞

𝑃(𝑏𝑜𝑡ℎ 𝑎𝑙𝑙𝑒𝑙𝑒𝑠|𝑁) = 1.We observed that the log(mean number of reads) at a CpG 

site increases linearly with the number of cells with both methylated and unmethylated 

reads (i.e. cells with both alleles present). We were able to use this information to estimate 

the 𝑃(1 𝑎𝑙𝑙𝑒𝑙𝑒 𝑝𝑟𝑒𝑠𝑒𝑛𝑡) and 𝑃(2 𝑎𝑙𝑙𝑒𝑙𝑒𝑠 𝑝𝑟𝑒𝑠𝑒𝑛𝑡). Assuming a log-normal distribution of 

reads, we estimated power for each CpG within each sample as follows. 

𝑃(𝑏𝑜𝑡ℎ 𝑎𝑙𝑙𝑒𝑙𝑒𝑠 𝑝𝑟𝑒𝑠𝑒𝑛𝑡|𝑁)

=
𝑃(2 𝑎𝑙𝑙𝑒𝑙𝑒𝑠 𝑝𝑟𝑒𝑠𝑒𝑛𝑡)(1 − 0.5𝑁−1)

1
𝜎2

𝑒
−

(𝑙𝑜𝑔𝑁−𝜇2)2

2𝜎2
2

𝑃(1 𝑎𝑙𝑙𝑒𝑙𝑒 𝑝𝑟𝑒𝑠𝑒𝑛𝑡)
1
𝜎1

𝑒
−

(𝑙𝑜𝑔𝑁−𝜇1)2

2𝜎1
2

+ 𝑃(2 𝑎𝑙𝑙𝑒𝑙𝑒𝑠 𝑝𝑟𝑒𝑠𝑒𝑛𝑡)
1
𝜎2

𝑒
−

(𝑙𝑜𝑔𝑁−𝜇2)2

2𝜎2
2

 

 

𝜇1: mean of log-read counts in cells with 1 allele 

𝜇2: mean of log-read counts in cells with 2 alleles 

𝜎1: standard deviation of log-read counts in cells with 1 allele 

𝜎2: standard deviation of log-read counts in cells with 2 alleles 

 

RESULTS 

Sample Characteristics 

After filtering out cells with low read counts during quality control, the final cell 

counts with DNA methylation data ranged from 51 to 169 across the 6 samples (B01-B06) 

(Table 4.1). B03 was the sample with the fewest reads (73,182,855 reads), and B01 was 

the sample with the most reads (354,878,229 reads).  

Each cell typically had coverage in at least 100,000 CpGs with a median number 

of reads per CpG ranging from 8 to 97, after filtering out CpGs with <6 reads (see 
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Methods). B01 and B02 had an exceptionally large number of CpGs with coverage per 

cell compared to the other samples with a median number of CpGs of 522,614 and 

247,196, respectively. At the sample level, the total number of CpGs with coverage 

ranged from 2,213,651 to 4,442,170. The total number of CpGs with coverage across all 

cells within a sample was 3,036,327 in B04, 2,679,381 in B05, and 2,222,858 in B06.  
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Allele-Specific Methylation in Healthy Samples 

We observed 88,956 CpGs with allele-specific methylation in B01, 7,853 in B02, 

12,050 in B03, 24,346 in the B04 (Figure 4.1), 3,348 in the B05 sample, and 2,461 in the 

B06 sample (𝑝 < 10−8). We also observed a greater-than-expected overlap of ASM 

across samples. 139,014 CpG sites had ASM in at least one sample, with 7,430 in two 

samples, 618 in three samples, 41 in four samples, and 10 in five samples (Figure 4.2). 

We observed a significant association in every pairwise comparison of ASM between 

samples (Figure 4.3; Supplementary Table 4.1). No CpG site had ASM detected in all 6 

samples, which is consistent with our estimates of power to detect ASM in all 6 samples 

being very small (Supplementary Figure 4.1). However, the power to detect ASM in at 

least one sample is much higher, which coincides with our finding that the ASM we 

detected in a single sample was usually not detected in other samples. 

 

Allelic Methylation State at CpGs near Variant Sites 

To assess the accuracy of our ASM calls, we compared these calls to a more 

traditional (gold standard) approach utilizing heterozygous variant calls, for a subset of 

CpGs that had neighboring heterozygous variants. We called heterozygous sites from the 

scRRBS data, and subsequently counted methylated and unmethylated reads at CpG sites 

that had reads overlapping both the heterozygous sites and the CpG. Table 4.2 shows the 

number of variants called within each sample, the number of overlapping CpGs with both 
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methylated and unmethylated reads overlapping these variants, and the number of those 

CpGs that were called as having cellular-level ASM. Within each cell, we classified a CpG 

as having cellular-level ASM according to the gold standard definition if it had >3 

methylated reads at one allele with no unmethylated reads at that same allele as well as 

>3 unmethylated reads at the other allele with no methylated reads at that allele. We 

considered CpGs with one methylated allele and one unmethylated allele, but fewer reads 

than the aforementioned cutoff, as being “consistent with ASM” in that particular cell. 

These variant-based ASM calls were considered the gold standard because the presence 

of the variant allowed assignment of methylated and unmethylated reads to a specific 

strand and allele, B01 had the most CpGs with cellular-level ASM and B06 had the least 

(Table 4.3).  At these CpG sites, the methylation state of the cytosines could be 

differentiated by both strand and allele, thereby allowing us to differentiate between hemi-

methylation and allele-specific methylation at the cellular level. When comparing to the 

gold standard calls (ASM or consistent with ASM), the true positive rate of our sample-

level ASM calls was 89% among CpGs with ASM called in  ≥1 sample (Table 4.4). The true 

positive rate increased to 95% among CpGs with sample-level ASM called in ≥3 samples. 
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We also found that the power to detect ASM at a CpG was higher among CpGs with ASM 

detected in multiple samples (Supplementary Figure 4.2). 

We used the B04 sample, which was the only sample with cell-matched scRNAseq 

and scRRBS data, to compare allele-specific DNAm to allele-specific gene expression. 

Among the 185 gold standard CpG sites in B04, we investigated whether gene expression 

reads overlapped any of the heterozygous variants, allowing assessment of allele-specific 

expression. Among the heterozygous variants corresponding to the 185 CpGs, we found 

that 4 variants had overlapping RNAseq reads originating from the same cells as the DNA 

methylation data (Table 4.5). We observed expression from a single allele at 3 of these 

sites. None of the CpG sites were called ASM at the sample-level because there was only 

1 cell with both unmethylated and methylated reads. However, 2 of the sites had ASM 

based on the observed cellular data. Interestingly, it was the methylated allele that was 

expressed and the unmethylated allele that had no RNA-seq reads at these 2 sites. At 

the other 2 sites, it was also the methylated allele that was expressed, though in all cases 

it is difficult to distinguish between allelic dropout and allele-specific expression, 

especially given the low read counts. 

 

Overrepresentation of Allele-Specific Methylation within and near Imprinting-

related Genomic Features  

Among genes with an intragenic or promoter CpG that showed evidence of ASM 

in at least 1, 2, or 3 samples, there was a significant overlap with previously-identified 

imprinted genes (Table 4.6; 𝜒1
2 ≥ 42;  𝑝 = 4.2 × 10−8). In addition, we observed a greater-
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than-expected overlap between genes with ASM and genes with an imprinting binding 

motif (Table 4.7; 𝜒1
2 ≥ 85;  𝑝 < 10−15). We also found that CpG sites with ASM were 

significantly closer to known imprinted genes in B01 (𝑡 = 9.8, 𝑝 = 𝑝 = 5.9 × 10−23), B04 

(𝑡 = 4.1, 𝑝 = 4 × 10−5) and B05  (𝑡 = 3.1, 𝑝 = 0.002) whereas there was no significant 

difference between the distances to imprinting binding motifs between ASM and non-ASM 

CpGs for any of the 6 samples (Table 4.8). 

 

No Association between Allele-specific Methylation and Allele-specific Expression 

Using the heterozygous variants called in the scRRBS data, we were able to 

distinguish expression between the two alleles in 187 genes using scRNAseq. Among 

these genes, 150 were mono-allelic and 37 were bi-allelically expressed. We did not 

observe an association of allele-specific expression with either gene body or gene 

promoter allele-specific methylation (Supplementary Table 4.3). 

 

DISCUSSION 

The primary purpose of this study was to investigate allele-specific methylation 

(ASM) using scRRBS and explore the resolution at which it can be detected. This is the 

first study to investigate allele-specific methylation within individual cells and compare it 

to the allelic expression state in those same cells. We also developed a method that 

utilizes methylation information across cells to determine the sample-level allelic 

methylation state at CpG sites. The sample-level ASM we detected was overrepresented 

in imprinted genes and genes with imprinting binding motifs. We observed an 

overrepresentation of ASM in previously-identified imprinted genes (Table 4.7) and 
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imprinting binding motifs (Table 4.8). In addition to the 183 imprinted genes with ASM, 

425 other genes also had ASM in 3 or more samples. This result supports the notion that 

there may be a few hundred more imprinted genes in addition to the ones previously 

reported. Using Illumina bisulfite sequencing to measure methylation near heterozygous 

variants, another study also found ASM to be relatively common with the percentage of 

variants with ASM ranging from 23 to 37% depending on the cell line (Shoemaker et al. 

2010). While this could mean that imprinting is a more widespread phenomenon than we 

currently understand, it is possible that ASM plays a role distinct to imprinting or is simply 

a non-functional marker in some cases. 

 However, our ASM results are consistent with what we understand about 

imprinting in multiple ways. In addition to its overrepresentation in imprinted genes and 

imprinting binding motifs, there is also a greater-than-expected overlap of ASM across 

samples. There are some documented cases where the allelic methylation state differs 

by tissue and/or developmental stage (Weinstein et al. 2010; Elhamamsy 2017), but when 

investigating an imprinted locus in the same tissue, the allelic methylation state is 

expected to be the same across individuals. The high pairwise association we observed 

in our pairwise comparisons of ASM across B01-B06 are consistent with this expectation.  

There were four CpGs for which the allelic methylation state and the allelic 

expression state were observable within the same cells. While we suspected the 

methylated alleles would not be expressed whereas unmethylated alleles would be 

expressed, we were not surprised that this was not the case considering the complex 

relationship between methylation and imprinting. 

https://paperpile.com/c/K9jEhZ/prsc
https://paperpile.com/c/K9jEhZ/prsc
https://paperpile.com/c/K9jEhZ/vSWPP+9KIJ


142 
 

The mechanisms by which methylation causes imprinting vary from one imprinted 

cluster to the next, which renders it difficult to ascertain the expected genomic coordinates 

of allele specific methylation relative to the gene it regulates. According to the chromatin-

loop model by Murrell (Murrell, Heeson, and Reik 2004), the unmethylated H19 DMR and 

the unmethylated Igf2 DMR on the maternal allele interact and correspond to H19 being 

in an active domain while Igf2 is in an inactive domain. Conversely, on the paternal allele, 

the two genes’ DMRs are methylated with Igf2 in the active domain and H19 in the inactive 

domain. As mentioned earlier, the non-coding RNA transcript Air plays a repressive 

regulatory role in Igr2r. Air is anti-sense to and overlaps Igf2r, which is one of three genes 

it represses, along with Slc22a2 and Slc22a3 (Sleutels, Zwart, and Barlow 2002). The 

ICR is in the promoter of Air. Thus for genes whose imprinting is carried out similar to Air 

and the gene cluster it represses, it would be challenging to know where the allelic 

methylation should be located and how it should correspond the allelic expression state 

for each gene within the cluster without prior information about the specific imprinting 

dynamics of that cluster. 

The complex mechanisms governing imprinting at the Igf2/H19 imprinting cluster 

highlight the importance of determining markers that can identify features of imprinting. 

By mining publicly available data, McEwen and Ferguson-Smith (2010) showed that the 

histone marks H3K9me3 and H4K20me3 are both enriched at imprinted genes with 

differentially methylated promoters whereas imprinting control regions are marked by 

H3K4me3, H3K9me3 and H4K20me3.  

We believe the use of single-cell methylation can provide additional information to 

further interrogate imprinting as we have done here. While bulk-sequencing studies are 

https://paperpile.com/c/K9jEhZ/dQ6Y
https://paperpile.com/c/K9jEhZ/RmlF
https://paperpile.com/c/K9jEhZ/P7IR/?noauthor=1
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often interested in the tissue-level DNA methylation state, it is important to note that at 

the cellular level, a CpG can take on many methylation states. A CpG has two cytosines 

on opposite strands, 1 base pair away from each other, each of which can take on a 

distinct methylation state (Figure 4.4). Since a typical cell has a paternal copy and 

maternal copy of DNA, there are at least 16 possible methylation states a CpG can have 

at the cellular-level. The number of possible methylation states goes well beyond 16 if we 

consider other forms of methylation (i.e. 5-hydroxymethylcytosine, 5-formylcytosine, 5-

carboxycytosine) (Zhu et al. 2020). Furthermore, in a post-replication cell, where there is 

an additional copy of each parental copy, the number of possible DNA methylation states 

is even greater. In these cells, it can take many hours before the new DNA copy’s 

methylation is restored (Petryk et al. 2020; Charlton et al. 2018) suggesting hemi-

methylation is a common phenomenon. 

Single-cell bisulfite sequencing in combination with computational tools like the 

bismark methylation extractor (Krueger and Andrews 2011) facilitates the measurement 

of a cell’s methylation state in both a strand-specific and allele-specific fashion allowing 

for the differentiation between ASM and hemi-methylation. In our analysis of methylated 

and unmethylated reads overlapping a nearby heterozygous sites,  Only 7 of the CpG 

sites where we observed possible cellular-level hemi-methylation overlapped the CpG 

sites with ASM called at the sample level. We believe that the ability for single-cell bisulfite 

sequencing to interrogate a CpG’s cellular-level methylation state will make it an 

indispensable technology to understand the dynamics of imprinting in future work. 

The primary limitations of this work is that both the scRRBS and the scRNAseq 

data were sparse. Due to low coverage, we were often only able to interrogate ASM in a 

https://paperpile.com/c/K9jEhZ/v1br
https://paperpile.com/c/K9jEhZ/uekf+mhzz
https://paperpile.com/c/K9jEhZ/ARd3
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small subset of the total cells sequenced. This also renders the comparison of DNA 

methylation and gene expression challenging as evidenced by the fact that we were only 

able to compare cellular-level ASM and allelic gene expression in a few instances. This 

issue can be largely remedied by increasing the number of cells sequenced and we are 

encouraged to see that this is the trend in the field. 

Our results indicate that the true positive rate to detect imprinted regions increases 

with sample size. When we compared sample-level ASM to the gold standard cellular-

level ASM, we found that the true positive rate was higher among CpGs with detected 

sample-level ASM in a greater number of samples with CpGs. Among CpGs with ASM in 

≥3 samples, the true positive rate was 95%. Future studies that collect single-cell 

methylation data in a greater number of samples have the potential to further increase the 

power to detect novel imprinted regions. 

In this study we utilized cellular-level ASM to detect ASM at the sample-level. 

When comparing these results to the cellular-level ASM with nearby heterozygous SNPs, 

all the sample-level ASM also had cellular-level ASM. We also found an 

overrepresentation of ASM in previously reported imprinted genes and in genes with the 

6-mer sequence corresponding to the imprinting binding motif. We demonstrate the 

capacity of single cell bisulfite sequencing to interrogate imprinting-related ASM, and we 

hope that future investigations will utilize this technology to further elucidate the complex 

dynamics of imprinting.  
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Figure 4.1. Manhattan plot of ASM results for the B04 sample. Green points represent 625 CpGs that overlapped 
either the gene body or promoter of 109 imprinted genes. The red horizontal line represents the Bonferroni cut-off 
and the blue horizontal line represents FDR=0.05. 
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Figure 4.2. Overlap of ASM called in each sample. No CpG site had ASM 
detected in all 6 samples. 
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B02 
13.3  

[12.4,14.4]     

B03 
2.2  

[1.9, 2.4] 
2.9  

[2.1, 3.9]    

B04 
11.3 

[10.9,11.7] 
13.5  

[12.2,14.9] 
1.9 

[1.6, 2.2]   

B05 
7.7  

[7.0, 8.5] 
12.5  

[9.6,16.0] 
3.4  

[2.5, 4.6] 
28.4  

[26.0,31.0]  

B06 
5.0  

[4.3, 5.6] 
10.4 

[7.6, 14.0] 
1.5 

 [0.8,2.5] 
27.7 

[25.1,30.5] 
93.7 

[82, 107] 

 B01 B02 B03 B04 B05 

 

Figure 4.3. Pairwise comparison of ASM across the 6 samples. The strength of 
association is indicated by color-coding with darker colors corresponding to a 
stronger association. 
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Figure 4.4. Diagram illustrating possible methylation states of a CpG site. For simplicity, we are ignoring intermediate 

methylation states (i.e. hydroxymethylation). Each allele (maternal and paternal) has a cytosine nucleotide on the 

forward strand (Strand 1) and the reverse strand (Strand 2), for a total of 4 cytosines. Each of the 4 cytosine has 2 

possible methylation states (unmethylated or methylated), for a total of 16 states: 24=16. 
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Sample 

# of cells 

after QC 

Total 

Mapped 

Reads 

Number of CpGs with 

coverage per cell - 

median (IQR) 

CpGs with coverage 

in at least one cell 

Range of median reads 

per CpG across cells 

B01 92 354,878,229 
522,614 

(324,834, 743,488) 
4,442,170 8 - 91 

B02 108 100,863,075 
247,196 

(192,567, 340,879) 
4,225,210 9 - 32 

B03 51 73,182,855 
163,221 

(45,309, 242,833) 
3,059,654 15 - 97 

B04 169 186,089,626 
127,059 

(100,930, 149,319) 
3,019,292 14 - 37 

B05 96 101,886,925 
146,594 

(125,172, 145,121) 
2,668,094 18 - 34 

B06 94 85,752,832 
98,148 

(76,142, 102,974) 
2,213,651 26 - 55 

Table 4.1. Summary information for each sample 
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Sample 

Variants 

Called 

Overlapping 

CpGs 

Overlapping 

CpGs w/ ASM 

Consistent w/ 

ASM 

B01 6237 991 412 246 

B02 5030 200 121 38 

B03 2336 80 23 11 

B04 4775 185 52 46 

B05 2645 26 7 10 

B06 1620 12 4 5 

Table 4.2. Total variants called, CpGs with reads overlapping the called variants of both unmethylated and methylated 

states, and the number of those overlapping CpGs with ASM. 
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B01 
Sample-level ASM 

No ASM ASM 

Observed 
cellular 

ASM 
(Gold 

Standard) 

ASM 333 79 

Consistent w/ ASM 218 28 

Hemi-methylation 38 6 

Artifact 45 7 

Inconclusive 220 17 
 

 

B02 
Sample-level ASM 

No ASM ASM 

Observed 
cellular 

ASM 
(Gold 

Standard) 

ASM 108 13 

Consistent w/ ASM 37 1 

Hemi-methylation 2 0 

Artifact 4 2 

Inconclusive 32 1 
 

 

B03 
Sample-level ASM 

No ASM ASM 

Observed 
cellular 

ASM 
(Gold 

Standard) 

ASM 18 5 

Consistent w/ ASM 11 0 

Hemi-methylation 5 1 

Artifact 6 0 

Inconclusive 32 2 
 

 

B04 
Sample-level ASM 

No ASM ASM 

Observed 
cellular 

ASM 
(Gold 

Standard) 

ASM 40 12 

Consistent w/ ASM 46 0 

Hemi-methylation 5 0 

Artifact 9 0 

Inconclusive 73 0 
 

 

B05 
Sample-level ASM 

No ASM ASM 

Observed 
cellular 

ASM 
(Gold 

Standard) 

ASM 7 0 

Consistent w/ ASM 10 0 

Hemi-methylation 1 0 

Artifact 0 0 

Inconclusive 8 0 
 

 

B06 
Sample-level ASM 

No ASM ASM 

Observed 
cellular 

ASM 
(Gold 

Standard) 

ASM 0 1 

Consistent w/ ASM 5 0 

Hemi-methylation 0 0 

Artifact 0 0 

Inconclusive 3 0 
 

Table 4.3. Sample-level ASM in each sample compared to the gold standard cellular-level ASM. 
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Number of samples 

with ASM 

True positive rate  

(compared to gold standard) 

≥1 89% 

≥2 92% 

≥3 95% 

Table 4.4. True positive rates among CpGs with sample-level ASM in ≥1, ≥2, and ≥3 samples. A site was considered to 

be “consistent with ASM” based on the gold standard if it had at least one read overlapping one allele of the 

heterozygous site and at least one read overlapping the other allele. Sites considered gold standard “ASM” needed at 

least 4 reads overlapping each allele. For the comparison of sample-level ASM and gold standard ASM, we considered 

it a true positive if sample-level ASM was also “ASM” or “consistent with ASM”, and a false positive (boldface numbers) 

if a CpG with sample-level ASM showed evidence of hemi-methylation or an artifact (such as doublets or non-specific 

alignment). 
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Cell 

Index CpG 

Variant Position 

Genotype Call 

(from scRRBS) Methylation State 

RNAseq 

Allele 

Counts Gene(s) 

overlapping 

variant Chr Position Allele 1 Allele 2 Allele 1 Allele 2 A C G T 

B04.159 9:93084582-3 9 93084584 A T unmethylated methylated 0 0 0 5 SUSD3 

B04.114 10:129729433-4 10 129729441 T A methylated methylated 7 1 0 0 MGMT 

B04.114 19:49447586-7 19 49447581 A C unknown methylated 0 5 0 0 PIH1D1 

B04.159 22:47116957-8 22 47116970 A T unmethylated methylated 0 0 0 4 

TBC1D22A, 

FP325331.1 

Table 4.5. Four variants with matching RNAseq data and RRBS data at the cellular level, which overlap the CpG sites 
in Table S2. In row two one of the RNA counts is a cytosine, which matches allele 1 from the scRRBS data if we assume 
that it was originally a cytosine that went through bisulfite conversion to a thymine. Row 2 corresponds to rs879280, 
76% C, 24% A (1000 Genomes Project Consortium et al. 2015).  

https://paperpile.com/c/K9jEhZ/CTrz
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Genes 

(Not 

Imprinted) 

Genes 

(Imprinted) 

Evidence for 

enrichment 

Genes without 

ASM ≥1 Samples 
17,335 37 

OR = 3.5 [2.4, 

5.1] 

 

𝜒1
2 = 50 

 
𝑝 < 10−11 

Genes with ASM 

≥1 Samples 
19,856 147 

Genes without 

ASM ≥2 Samples 
33,095 127 

OR = 3.7 [2.6, 

5.0] 

 

𝜒1
2 = 73 

 

𝑝 < 10−15 

Genes with ASM 

≥2 Samples 
4,061 57 

Genes without 

ASM ≥3 Samples 
36,724 171 

OR = 6.0 [3.0, 

11] 

 

𝜒1
2 = 42 

 
𝑝 < 10−9 

Genes with ASM 

≥3 Samples 
425 12 

Table 4.6. Genes with ASM in ≥1 (top 2 rows), ≥2 

(middle 2 rows), and ≥3 (bottom 2 rows) samples are 

overrepresented among previously-reported imprinted 

genes.  

 

 

Genes 

w/o binding 

motif 

Genes w/ 

binding 

motif 

Evidence for 

enrichment 

Genes without 

ASM ≥1 Samples 
9,486 7,921 

OR = 3.8 [3.6, 

4.0] 

 

𝜒1
2 = 3725 

 

𝑝 < 10−15 

Genes with ASM 

≥1 Samples 
4,764 15,268 

Genes without 

ASM ≥2 Samples 
13,560 19,703 

OR = 3.6 [3.3, 

3.9] 

 

𝜒1
2 = 955 

 

𝑝 < 10−15 

Genes with ASM 

≥2 Samples 
659 3,465 

Genes without 

ASM ≥3 Samples 
14,140 22,797 

OR = 3.1 [2.4, 

4.0] 

 

𝜒1
2 = 85 

 

𝑝 < 10−15 

Genes with ASM 

≥3 Samples 
73 365 

Table 4.7. Genes with ASM in ≥1 (top 2 rows), ≥2 

(middle 2 rows), and ≥3 (bottom 2 rows) samples are 

overrepresented among genes with imprinting binding 

motifs.  
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Sample 

Difference in Mean Distance to nearest 

Imprinted Gene (ASM vs. All CpGs) 

Difference in Mean Distance to nearest 

Imprinting Binding Motif (ASM vs. All CpGs) 

Median 

Distance 

to ASM 

Median 

Distance to 

non-ASM T-statistic P-value 

Median 

Distance 

to ASM 

Median 

Distance to 

non-ASM T-statistic P-value 

B01 4.965 Mb 5.117 Mb 11.3 8.2E-30 4.483 kb 4.499 kb 1.28 0.20 

B02 5.293 Mb 5.125 Mb 0.09 0.93 4.401 kb 4.499 kb 0.81 0.42 

B03 5.207 Mb 5.157 Mb -1.00 0.32 4.657 kb 4.495 kb -1.46 0.14 

B04 5.140 Mb 5.136 Mb 4.0 5.6E-05 4.545 kb 4.510 kb 0.86 0.39 

B05 4,717 Mb 5.119 Mb 3.2 0.001 4.485 kb 4.501 kb -0.63 0.53 

B06 4.850 Mb 5.106 Mb 0.05 0.96 4,296 kb 4,494 kb 0.18 0.86 

Table 4.8. Mean distances to the nearest imprinted gene of ASM CpGs compared to all CpGs for each sample 
(Column 2). Mean distances to the nearest imprinting binding motif of ASM CpGs compared to all CpGs for each 
sample (Column 3). T-statistics and corresponding p-values are based on log-transformed distances. 
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SUPPLEMENT 

Odds ratio: 

13.3 [12.4, 14.4] 

B02 

No ASM ASM 

B01 
No ASM 2,421,586 3,257 

ASM 50,380 904 

𝜒1
2 = 7,928;  𝑝 < 10−15 

Odds ratio: 

2.2 [1.9, 2.4] 

B03 

No ASM ASM 

B01 
No ASM 2,078,908 8,020 

ASM 45,349 378 

𝜒1
2 = 222;  𝑝 < 10−15 

Odds ratio: 

11.3 [10.9,11.7 ] 

B04 

No ASM ASM 

B01 
No ASM 2,944,332 20,384 

ASM 50,614 3,962 

𝜒1
2 = 28,930;  𝑝 < 10−15 

 

Odds ratio: 

7.7 [7.0, 8.5] 

B05 

No ASM ASM 

B01 
No ASM 2,421,997 2846 

ASM 50,822 462 

𝜒1
2 = 2,305;  𝑝 < 10−15 

 

Odds ratio: 

5.0 [4.3, 5.6] 

B06 

No ASM ASM 

B01 
No ASM 2,084,733 2195 

ASM 45489 238 

𝜒1
2 = 673;  𝑝 < 10−15 

 

Odds ratio: 

2.9 [2.1, 3.9] 

B03 

No ASM ASM 

B02 
No ASM 2,039,059  81903 

ASM 3,751 44 

𝜒1
2 = 52.7;  𝑝 < 10−12 

 

Odds ratio: 

13.5 [12.2, 14.9] 

B04 

No ASM ASM 

B02 
No ASM 2,448,744 23,222 

ASM 3,688 473 

𝜒1
2 = 4,755;  𝑝 < 10−15 

 

Odds ratio: 

12.5 [9.6, 16.0] 

B05 

No ASM ASM 

B02 
No ASM 2,660,544 3,283 

ASM 4,202 65 

𝜒1
2 = 655;  𝑝 < 10−15 

 

Odds ratio: 

10.4 [7.6, 14.0] 

B06 

No ASM ASM 

B02 
No ASM 2,044,952 2,297 

ASM 3,751 44 

𝜒1
2 = 355;  𝑝 < 10−15 

 

Odds ratio: 

1.9 [1.6, 2.2] 

B04 

No ASM ASM 

B03 
No ASM 2,101,310 22,947 

ASM 8,231 167 

𝜒1
2 = 64;  𝑝 < 10−15 

 

Odds ratio: 

3.4 [2.5, 4.6] 

B05 

No ASM ASM 

B03 
No ASM 2,039,689 3,121 

ASM 8,191 43 

𝜒1
2 = 70;  𝑝 < 10−15 

 

Odds ratio: 

1.5 [0.8, 2.5] 

B06 

No ASM ASM 

B03 
No ASM 2,202,699 2,447 

ASM 8,491 14 

𝜒1
2 = 1.7;  𝑝 = 0.19 

 

Odds ratio: 

28.4 [26.0, 31.0] 

B05 

No ASM ASM 

B04 
No ASM 2,449,821 2,611 

ASM 22,998 697 

𝜒1
2 = 14,117;  𝑝 < 10−15 

 

Odds ratio: 

27.7 [25.1, 30.5] 

B06 

No ASM ASM 

B04 
No ASM 2,107,664 1,877 

ASM 22,558 556 

𝜒1
2 = 10,746;  𝑝 < 10−15 

 

Odds ratio: 

93.7 [82, 107] 

B06 

No ASM ASM 

B05 
No ASM 2,045,813 2,067 

ASM 2,890 274 

𝜒1
2 = 20,224;  𝑝 < 10−15 

Supplementary Table 4.1. Contingency Tables of pair-wise associations of allele-specific methylation across 
samples. 



159 
 

 
Supplementary Table 4.2.csv 
Supplementary Table 4.2. The CpGs in B01-B06 sample with methylated and unmethylated reads overlapping both a 
CpG site and a variant. 
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Gene body 
Mono-allelic 

expression 

Bi-allelic 

expression 

No ASM 79 19 

ASM 71 18 
 

 

Promoter 
Mono-allelic 

expression 

Bi-allelic 

expression 

No ASM 125 31 

ASM 13 4 
 

Supplementary Table 4.3. Among genes where mono- and bi-allelic expression was detected, there was no 
association of number of alleles expressed with ASM in either the gene body or promoter. 
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Supplementary Figure 4.1. Distribution of power to detect ASM in all 6 samples (left); Distribution of power to detect 
ASM in at least 1 sample (right), for all CpGs included in the study. 
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Supplementary Figure 4.2. Distribution of power to detect ASM for CpG sites with ASM detected in 0-5 samples. 
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Chapter 5: Conclusion 

 

 DNA methylation is an epigenetic modification that plays a gene regulatory role. In 

chapter 2, I reviewed the literature regarding our current understanding on the roles DNA 

methylation and DNA hydroxymethylation play in the decline of the immune system with 

age. I found that numerous studies have observed associations of DNA methylation and 

DNA hydroxymethylation with age and many processes involved in immune system 

decline. Although most of these studies investigated non-causal associations of these 

epigenetic modifications with immunosenescence, or related processes, some of these 

studies support a causal role of these epigenetic modifications.  

Roles of these epigenetic modifications are not fully characterized in 

immunosenescence, aging, and other biological processes. The lack of characterization 

of these epigenetic modifications is partially because the discovery of DNA 

hydroxymethylation is recent (Song, Yi, and He 2012; Terragni et al. 2012; Höbartner 

2011; Szwagierczak et al. 2010; Booth et al. 2012). In large part, this lack of 

characterization provides the motivation to further investigate age-related DNA 

hydroxymethylation and its relationship with gene expression in immune cells, which is 

the focus of chapter 3.  

 In chapter 3, I investigated age-related DNAhm and age-related gene expression 

in human peripheral blood mononuclear cells, which comprise both myeloid and lymphoid 

lineages of the immune system. I found that the abundance of DNAhm was higher in 

enhancers and exons compared to gene bodies and genome-wide. In spite of the fact 

that the abundance of DNAhm is relatively low in blood (Godderis et al., 2015), I observed 

https://paperpile.com/c/b6BIFl/OXTDv+CyXd2+5Ug00+oSBKp+02dsW
https://paperpile.com/c/b6BIFl/OXTDv+CyXd2+5Ug00+oSBKp+02dsW
https://paperpile.com/c/N2Qeua/p2MgX
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thousands of age-differentially hydroxymethylated regions (DhmRs) with an 

overrepresentation of these DhmRs in gene bodies and enhancers. When comparing the 

DhmRs to age-differentially expressed genes (DEGs), I observed directional consistency 

between DhmRs and DEGs in 159 of 160 DhmRs overlapping DEGs. This contrasts the 

repressive gene regulatory role that DNAm plays, and is suggestive of a distinct role for 

DNAhm. Unlike DNAm, DNAhm does not bind to known transcriptional repressors 

(MBD1, MBD2, and MBD4) (Boyes and Bird, 1991; Jin et al., 2010; Nan et al., 1998; 

Wade, 2001). Further, the directional consistency between age-related DNAhm and age-

related DNAhm I observed is consistent with previous work that found an association 

between DNAhm and cis-gene expression (Marco et al. 2016; J. Zhao et al. 2017; Colquitt 

et al. 2013).  

Gene enrichment analyses were also supportive of a role for DNAhm in immune 

system function. Gene bodies with age-related increases in DNAhm were enriched for 

myeloid cell activation involved in immune system response, neutrophil function, and 

neutrophil degranulation. Aside from age-related DNAhm, we also observed that the 

genes with the highest levels of DNAhm were enriched for Fc-gamma receptor signaling 

pathway involved in phagocytosis as well as several other GO terms indicative of 

involvement in immune response, which is consistent with the age-related impairment of 

phagocytosis observed in human monocytes (Hearps et al. 2012). Overall, these results 

are consistent with the role of age-related DNAhm in immune system processes within 

peripheral blood.  

In addition to the fact that DNAhm has only recently been discovered, these 

epigenetic modifications have not been fully characterized for another reason, namely, 

https://paperpile.com/c/N2Qeua/BDW1r+6iSFj+iddA8+Fdk0H
https://paperpile.com/c/N2Qeua/BDW1r+6iSFj+iddA8+Fdk0H
https://paperpile.com/c/1xFV6f/A3BgA+1PtSt+zo9jD
https://paperpile.com/c/1xFV6f/A3BgA+1PtSt+zo9jD
https://paperpile.com/c/q3czja/EsRT9
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the lack of resolution of bulk sequencing technologies. The vast majority of the work 

characterizing these epigenetic modifications in immune system processes and 

immunosenescence have relied on targeted approaches and bulk sequencing 

technologies, but this technology lacks the resolution necessary to fully characterize the 

complexity of these epigenetic modifications, their effects on gene expression, and ability 

to shape biological processes. For example, a well-known hallmark of 

immunosenescence is lineage skewing of hematopoietic stem cells (HSCs) (Geiger, de 

Haan, and Carolina Florian 2013), which results from a reduced self-renewal capacity of 

this lineage. Both DNAm (Challen et al. 2011) and DNAhm (Moran-Crusio et al. 2011; Ko 

et al. 2010) play a causal role in HSC lineage skewing, which highlights the importance 

of these epigenetic modifications in immunosenescence. It is also known that HSC self-

renewal capacity is maintained by an imprinted locus (Serrano-Lopez and Cancelas 

2016). Allele-specific methylation (ASM) is the underlying mechanism resulting in 

imprinting. In chapter 4, I describe why single-cell methylation sequencing is better-suited 

than bulk-sequencing approaches to detect ASM, and subsequently investigate the ability 

of single-cell reduced representation bisulfite sequencing to detect novel imprinted loci. 

 I was able to detect measurements of methylation within individual cells and use 

this information to detect sample-level ASM in all six of our healthy samples of B cells. 

Many of these CpGs with ASM were detected in multiple samples. To further validate these 

results, I called heterozygous sites, which I used to quantify methylated and unmethylated 

reads overlapping each allele. One of the unprecedented utilities of single cell methylation 

https://paperpile.com/c/b6BIFl/dJcJi
https://paperpile.com/c/b6BIFl/dJcJi
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data is that, at these CpG sites with nearby heterozygous sites, it is possible to observe 

both methylation states (methylated and unmethylated) and distinguish which strand and 

which allele it originated from. Because strand, allele, and methylation information are 

observable at the cellular-level, it is possible to distinguish hemi-methylation from allele-

specific methylation. Therefore, these CpGs with nearby heterozygous sites provide a gold 

standard, which can be used to validate ASM detected at the sample level. Remarkably, 

95% of the CpG sites near heterozygous sites with sample-level ASM in ≥3 samples also 

had cellular-level ASM. 

 In addition to validating that our results were truly detecting ASM, we also 

investigated whether they met other expectations of imprinting. Firstly, imprinting is 

typically observable at the same regions across samples, and our results are consistent 

with this: we observed a greater-than-expected overlap of ASM across samples. We also 

observed an overrepresentation of sample-level ASM within previously reported imprinted 

genes and imprinting binding motifs. Overall, these results demonstrate that single cell 

methylation sequencing has the capacity to discover novel imprints.  

 DNAm and DNAhm are epigenetic modifications with a complex relationship with 

many biological processes. The extent to which these epigenetic modifications regulate 

gene expression and subsequently shape biological processes vs. simple marking these 

processes is an active area of research. In chapter 2, I reviewed the role of these 
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epigenetic modifications in one of these biological processes, namely, 

immunosenescence. One of the conclusions of chapter 2 is that our understanding of 

DNAhm lags behind that of DNAm, which provided motivation to pursue the research in 

chapter 3, where I investigated the relationship between age-related DNAhm and age-

related gene expression in human peripheral blood. Despite the low levels of DNAhm I 

observed in blood, the discovery in chapter 3 suggests that DNAhm may play a role in 

aging and immunosenescence and is a worthy area of future investigations. In chapter 4, 

I explore the ability of the new technology to measure DNA methylation at the single cell 

level and its ability to detect imprinting. I show that single cell methylation sequencing is 

a powerful tool to detect novel imprints. The results presented here provide a basis to 

further understand the complex interplay among epigenetic modifications, such as DNAm 

and DNAhm, gene regulation, and the ultimate consequence on biological processes. 
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