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ABSTRACT 

Epigenetic marks encoded by DNA methylation, drifts with age, this results in gain of 

methylation in CpG islands and loss of methylation in repeat regions. This drift correlates with 

lifespan and is conserved across species mice, rhesus monkeys, and humans. However, the 

biology of how this drift occurs is still unexplained. Our hypothesis is that epigenetic drift occurs in 

aging stem cells. i.e.  young stem cells have a stable, uniform DNA methylation pattern. However, 

as stem cells age, due to cell division and environmental effects, old stem cells have an unstable 

mosaic methylation pattern which leads to stem cell depletion and exhaustion, focal proliferation, 

etc., causing cancer and various age-related diseases.   

To evaluate this hypothesis, we analyzed DNA methylation pattern in mouse colon 

intestinal stem cells (Lgr5-gfp+) mice from four different age groups (4,12,18, and 24-months) 

against nonstem cells (Lgr5-GFP-). We found that there are not many methylation changes 

between stem cells and nonstem cells of the same age (0% change in 4 month and +- 0.2% in 24-

month-old samples). This demonstrates that DNA methylation changes primarily occur in stem 

cells. Permutation analysis of all four aging time points (stem and nonstem) revealed 8102 CpG 

sites that changed methylation with age, with hypermethylated CpG sites in the promoter-nonCpG 

islands having the highest odds of gaining methylation with age. CpG sites that changed in DNA 

methylation levels between tissues (colon and small intestine) were also analyzed through 

permutation testing. CpG sites that changed between tissues did not overlap with age, showing 

that CpG sites that change with age and differentiation are different.  

Gene expression changes with aging was also analyzed, however, compared to DNA 

methylation not many genes changed in expression with age. We compared the correlation 

between levels of DNA methylation and gene expression. Low levels of methylation (0-10%) had 

higher levels of gene expression and increase in DNA methylation led to a decrease in RNA 

expression. We compared gene expression with CpG sites that change significantly with age in the 
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promoter region from the permutation analysis and found that gene expression is correlated with 

DNA methylation in CpG sites in promoter-CpG island (r= -0.18). 

We used principles of entropy and information theory to better analyze the pattern of 

methylation drift with age in the intestine and found that entropy, measured through Jensen-

Shannon Distance (JSD), increased with age but not with differentiation from stem to nonstem cells 

and the entropy increased 2.5-3 folds in the old when compared to the young. We extended this 

analysis to other organs with different rates of cell division and found that entropy does not change 

with age in organs with low rate of cell division such as the heart and kidney. Thus, the rate of cell 

division and change in entropy with age are highly correlated (r=0.89, p =<0.001). This 

demonstrates that we can use DNA methylation entropy to measure stem cell replication and aging. 

We also did not find many loci that changed with age overlapping across tissues, showing that 

change in methylation entropy is tissue specific. Thus, our data suggests that tissue specific clocks 

that measure entropy may provide a more accurate measurement of methylation age when 

compared to clocks based solely on percent methylation. 

Finally, we looked at DNA methylation changes in intestinal organoids and compared them 

to primary stem and nonstem cells and found a very weak correlation between them (r=0.23, 

p=<0.001) and no correlation as the organoids are passaged. We assessed DNA methylation 

changes caused by long-term passaging (28 weeks). DNA methylation changes with passage, in 

4-month and 24-month upper small intestine (USI) organoids, was compared to aging in USI 

primary cells and we found a weak correlation with 4-month organoids (r=0.28, p=<0.001) and no 

correlation in 24-month organoids passaged long-term. This demonstrates there are changes in 

DNA methylation when transitioning from in vivo to in vitro and could result in gene expression and 

function of the organoid. More studies need to be done to assess the impact of these changes.   
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CHAPTER 1 

INTRODUCTION 

Intestinal Epithelium 

The gastrointestinal tract is an organ that plays a major role in food digestion and 

absorption of nutrient materials, minerals, and water.  The intestinal epithelium is composed of a 

single layer of columnar epithelial cells that form the luminal surface lining of the intestine. The 

intestinal epithelium also functions as a semipermeable barrier[1] to prevent microbes and 

environmental irritants from coming into contact with the immune system. Intestinal epithelium is 

organized into crypts and villi and is comprised of five types of differentiated cells: Enteroendocrine 

cells, Paneth cells, Tuft cells, Microfold cells, Goblet cells, Enterocytes, and Stem cells [2]. 

Enteroendocrine cells are hormone secreting cells and produce hormones such as 

Cholecystokinin, secretin, enteroglucagon, pancreozymin, in response to stimuli (nutrient material) 

[3].  Paneth cells produce antimicrobial peptides, lysozymes, and cryptdins/defensins. They also 

provide niche signals to maintain intestinal stem cells [4]. Microfold cells are microbial trafficking 

cells that samples microbial antigens from the lumen and present them to lymphocytes, B cells, 

present in the mucosal lymphoid tissue [5].  Tuft cells have a brush-like microvilli projection from 

the cells and act as chemosensory cells that respond to environmental signals and regulate 

immune responses [6].  

Goblet cells are secretory cells that produce molecular-weight glycoproteins known as 

mucins, to create the mucus lining of the intestine [7]. Stem cells are multipotent adult stem cells. 

They reside at the base of the crypts, in between the paneth cells, and are the progenitors of the 

gastrointestinal tract. They continuously divide, self-renew and differentiate into the major cells that 

forms the intestinal epithelial cells [8].  Intestinal epithelial cells are organized into millions of crypt-
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villus units, each unit contains a finger-like protrusion of the intestinal wall called the villus, which 

are surrounded by infoldings called crypts.   The protrusion of villi works to increase the absorptive 

surface area and are exposed to mechanical stress and environmental hazards, leading to cells in 

the villi having a very short life span of 2-3 days. The bottom of the crypt contains adult stem cells 

that divide continuously and give rise to progenitor cells that rapidly differentiate into mature 

intestinal epithelial cells, which migrate to the villi and undergo apoptosis [9]. The stem cells are 

sandwiched in between the Paneth cells which provide a niche signaling environment for the 

proliferation of stem cells and maintain the homeostasis of the epithelium. Thus, the intestinal 

epithelial cells have a unique architecture (Figure 1), which allows for a rapid and continuous supply 

of differentiated cells, responsible for digestion and absorption of nutrients and barrier against 

microbes and environment.  

 

Intestinal Stem Cell 

  Crypt based columnar (CBC) cells were first described as continuously cycling cells in the 

bottom of the crypt [10]. Later, chemical mutagenesis studies were done to visualize clones that 

would flow from the bottom of the crypt to the tip of the villi [11], and some clones were short-lived 

versus others that were long-lived. Long-lived clones included cells of all lineages and consisted of 

at least one CBC cell, leading to the hypothesis that CBC cells were intestinal stem cells  [12]. A 

study of colon cancer progenitor identified WNT signaling pathway as a regulator of proliferation in 

the intestine [13]. This led to the identification of LGR5 as one of the most direct target of the 

pathway and Lgr5EGFP−IRES−CreERT2 mice revealed that LGR5 is a highly specific marker for 

CBC cells [8]. The study traced the lineage of CBCs by tamoxifen induction to Lgr5-eGFP-ires-

CreERT2; Rosa26-reporter mice, with a single LGR5+ CBC cell labeled to expressing β-

galactosidase. 1-day post-induction, X-gal staining showed β-galactosidase in cells at the crypt 

base. Within 5 days, progeny from the single β-galactosidase expressing cells occupied the crypt-

villi unit, showing that all the X-gal-stained cells originated from a single LGR5+ cell. These cells 
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were traced to time points more than a year after tamoxifen induction, showing that LGR5+ crypt 

base columnar cells are actively cycling, long-lived, multipotent adult stem cells repopulating the 

intestinal epithelium.  

This study also used the eGFP knock-in into the LGR5 promoter region to study the 

structure of the crypt. Intestinal stem cells are present at positions +1 to +3 at the bottom of the 

crypt between Paneth cells (Figure 1). Paneth cells form an octagonal structure with LGR5 

stem cells in the middle, increasing shared membrane interaction between Paneth cells and 

stem cells [4]. A single LGR5+ cell was also shown to form an intestinal organoid which 

consisted of all different major types of cells forming the intestinal lining and the crypt-villus 

structure  [14]. 

 

 

Figure 1. Intestinal epithelial structure [9].  

The intestinal epithelium is organized into crypts and villi, where each villus is surrounded by crypts. 

The crypt contains stem cells that generates a continuous stream of new cells that differentiate and 
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migrate upwards towards the villus. There are 15 crypt base columnar (CBC) stem cells per crypt. 

These stem cells sit at positions +1 to +3 at the bottom of the crypt wedged between Paneth cells. 

The transit amplifying zone contains lineage committed progenitor cells that divide, and mature 

epithelial cells emerge from the crypt and move up towards the villus tip. Finally, cells undergo 

apoptosis close to the villus tip and are rapidly replaced by advancing cells. Figure adapted from 

figure 1 by Gerhart et. al.  [9]. 

 

WNT Signaling and Intestinal Stem Cell Proliferation and Differentiation 

WNT signaling is linked to proliferation and differentiation of intestinal cells. WNT ligands 

bind to the frizzled–LRP5–LRP6 receptor complex, inhibiting continuous degradation of β- catenin 

by the cytoplasmic adenomatous polyposis coli (APC) destruction complex. The accumulated β- 

catenin is translocated to the nucleus and regulates gene expression. Then, E3 Ubiquitin ligase 

ZNRF3 binds to WNT-Frizzled-LRP5–LRP6 receptor complex causing endocytosis and 

degradation of the complex and ends WNT signaling [15]. Knockout of WNT signaling pathway 

leads to the loss of intestinal stem cells and a breakdown of intestinal epithelium in neonatal mice 

[16]. Overexpression of WNT signaling pathway leads to excessive growth of the intestinal 

epithelium. WNT signaling is decreased as the stem cells divide, differentiate, and leave the crypt. 

Continuous activation of the WNT pathway is dependent on the LGR5/LGR4 receptors and 

R-spondin proteins. Together, they control the length of the WNT gradient in the intestinal crypt. In 

the absence of R-spondin, WNT receptors are ubiquitinated and degraded quickly, reducing cell 

surface WNT and shortening the gradient [17]. In the presence of R-spondin, it binds to the LGR4/5 

receptor and sequesters the E3 Ubiquitin ligase ZNRF3, thus letting a stable WNT signaling 

complex remain on the cell surface and increase the WNT gradient. Knocking out LGR4/5 

phenotypically resembles loss of WNT signaling with loss of intestinal stem cells and degradation 

of the intestinal lining [18], neutralization of R-spondins also has a similar effect [19]. 
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Hallmarks of Aging 

Aging is the progressive decline in the physiology of an organism with time leading to 

disease and death. Understanding the molecular and cellular hallmarks of aging could lead to the 

prevention and treatment of age-related diseases.  There are three types of hallmarks. First are the 

primary hallmarks that include genomic instability, telomere attrition, epigenetic alterations, and 

loss of proteostasis, these are the causes of age-related damage. Antagonistic hallmarks consist 

of deregulated nutrient sensing, mitochondrial dysfunction, and cellular senescence, and are 

methods by which the body responds to damage. These responses mitigate the damage but can 

become chronic and contribute to aging. Finally, the third is the integrative hallmarks which are 

stem cell exhaustion and altered cellular communication, which are results of the damage and 

responsible for the functional decline with age  [20].  

 

Primary Hallmarks 

One of the main causes of aging is genomic instability, the accumulation of mutations 

throughout life. DNA replication, reactive oxygen species (ROS), spontaneous hydrolytic reactions 

[21], etc. causes DNA damage resulting in point mutations, insertion, and deletion mutations, 

translocations, etc. Studies have shown that DNA damage causes aging and many accelerated 

aging phenotypes have mouse models that have been created by altering the DNA damage 

response pathways [22]. Other studies focusing on DNA damage pathway enhancement have 

shown that it can extend longevity in mice [23].  

Telomere attrition is the gradual loss of the ends of chromosomes, it is one of the causes 

of age-related damage. Telomere shortening occurs during aging in humans [20], causes loss of 

regenerative capacity of tissues, and has been associated with premature development of diseases 

such as aplastic anemia, pulmonary fibrosis, etc. [24]. Mouse studies have revealed that 

telomerase deficient mice have a premature aging phenotype and reactivation of telomerase 
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reverts aging [25]. Epigenetic alterations are another cause of age-related damage. Epigenetic 

alterations include DNA methylation errors, histone modifications, and chromatin remodeling. 

Epigenetic alterations can cause changes in gene expression with age [26]. Aging has also been 

linked to impaired protein homeostasis (Proteostasis).  Protein folding is an important aspect of 

protein stability and functionality. The Proteostasis system functions to restore the structure or 

eliminate misfolded proteins, prevent the accumulation of damaged proteins, for continuous 

regeneration, and promote optimal function of intracellular proteins [20]. Studies have shown that 

proteostasis is altered with aging [27] and accumulation of misfolded proteins has been related to 

age-related diseases such as Parkinson’s and Alzheimer’s [28].  

   

Antagonistic Hallmarks 

One response to DNA damage and genomic instability with age is mitochondrial 

dysfunction. It causes the efficiency of the electron transport chain (ETC) to diminish causing 

electron leakage and reduction in ATP generation [24] in the mitochondria. Mitochondrial 

dysfunction can be caused by mitochondrial hormesis, degradation of integrity and bioenergetics, 

genomic instability of the mitochondrial DNA [20], etc., and cause age-related damage.  

Deregulated nutrient sensing with age can cause metabolic alterations. The insulin 

signaling pathway is affected through genetic mutations that can reduce its function and contribute 

to aging [29]. Caloric restriction studies have also shown that regulation of dietary intake can 

improve longevity with age [30]. Other nutrient sensing pathways such as AMPK and sirtuins have 

been shown to affect the mTOR pathway, which regulates anabolic metabolism. mTOR activity has 

been shown to increase with age and cause age-related diseases. Administration of Rapamycin, 

an inhibitor of the mTOR pathway has shown to reverse the effect of aging [31]. Cellular 

senescence is caused by the arrest of the cell cycle causing growth arrest, apoptosis resistance 

and altered gene expression [32]. Senescent cells are often used as a marker for DNA damage 
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which is a cause of aging. Senescence of post mitotic cells could cause a decline in the 

regenerative capacity of tissues with age [23, 33].  

 

Integrative Hallmarks 

One of the biggest consequences of aging is the decline in the regenerative potential of 

tissues caused by stem cell exhaustion. Stem cell exhaustion with age has been shown in 

hematopoietic stem cells and was correlated with DNA damage [34], stem cells also diminish with 

age in the brain [35], bone [36], and muscle [37]. Recently stem cell therapies have started to 

emerge to combat stem cell exhaustion with age that causes a decline in tissue/organ function. 

The final hallmark of aging is altered cellular communication, aging causes change in cellular 

signals primarily due to DNA damage or inflammation. Inflammation could cause changes in cellular 

microenvironment, create cytokines that alter cell signaling [20]. Thus, detailed studies of these 

hallmarks of aging could lead to therapies to combat aging and age-related diseases. 

 

Epigenetics 

Epigenetics is the study of heritable phenotypic changes caused by modification of gene 

expression but not through alteration of the genetic code. These changes must be heritable and 

maintained through cell division. Epigenetic regulation is essential to cell division and tissue 

specification. Epigenetics means “above genetics” and epigenetic landscape was first used in 1942 

by Conrad Waddington, to describe the existence of mechanisms of inheritance of acquired 

phenotypes that acts as a supplement to genetics. Waddington used the term epigenetic landscape 

as a metaphor to describe how gene regulation controls development, regulates cellular plasticity, 

and adapt to their environment [38]. Epigenetic information dictating how cells transcribe the 

genome is stored as chemical molecules in and around the genomic structure, without changing 
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the DNA. These chemical molecules can be modified, added, or removed to turn genes on and off 

by changing the chromatin structure into heterochromatin (genes repressed) or euchromatin 

(genes expressed). There are two types of epigenetic modifications 1. DNA methylation and 2. 

Histone modification  

 

DNA Methylation 

DNA was first observed in the 1860s by a Swiss chemist Miescher [39],  Chemical and 

molecular composition of DNA and chromosomes was subsequently discovered by scientists such 

as Albrecht Kossel who identified nucleic acids, Walther Flemming studied chromosomes and 

mitosis. The discovery of euchromatin and heterochromatin was done in 1928 by the German 

botanist Emil Heitz, by observing chromosomal regions that do not undergo post mitotic de-

condensation [40]. Laws of genetic inheritance were established by Gregor Mendel in 1866, 

Theodor Boveri and Walter Sutton later theorized that genetic inheritance was carried out by 

chromosomes. In 1944 Oswald Avery outlined DNA as the material that transferred genetic 

hereditary information and Erwin Chargaff determined that ratios of adenine (A) to thymine (T) and 

guanine (G) to cytosine (C) are equal. In 1953 Watson and Crick published the structure of DNA 

with much of their work based on X-Ray diffraction images taken by Rosalind Franklin.  

Chemical modification of cytosine base was detected as “epi-cytosine” by Hotchkiss in 

1948 [41]. And the role of 5-methyl cytosine (5mC) in gene regulation was proposed in the 1970s 

[42] and the functional role of DNA methylation in gene repression and CpG islands was 

established [43, 44].  DNA methylation is an epigenetic modification that involves the transfer of a 

methyl group, donated by S-adenosyl methionine (SAM), to the C5 position of the cytosine to form 

5-methylcytosine [44]. DNA methylation usually occurs on a cytosine base that is followed by a 

guanine, making a CpG dinucleotide [45]. 5-methylcytosine only accounts for ∼1% of nucleic acids 
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in the human genome[46]. This underrepresentation of CpG sites can be attributed to the 

mutagenic potential of 5mC that can spontaneously undergo deamination into thymine [47].  

Methylation patterns are established by DNA methyltransferases (DNMTs) and are called 

writers of DNA methylation. De novo DNA methylation occurs during embryogenesis, and they 

establish the initial DNA methylation pattern on the genome and is performed by DNMT3a and 

DNMT3b [48]. DNMT1 is responsible for maintaining DNA methylation by copying the pattern from 

the parent strand onto the daughter strand on hemi methylated DNA [49].   There are other DNMTs, 

DNMT3L lacks the catalytic domain necessary for methyltransferase activity [50]. DNMT2 has RNA 

methyltransferase activity [51].   

The role of DNA methylation in transcriptional repression has been shown through 

correlation between DNA methylation and gene silencing, especially at promoters [52]. However, 

the mechanism of how DNA methylation inhibits transcription is not fully solved.  Studies have 

shown that some transcription factors have decreased binding to their motifs when CpG sites are 

methylated [53], and by preventing such binding, DNA methylation can impede transcription. DNMT 

proteins can also recruit chromatin modifying and remodeling proteins and form heterochromatin 

[54-56]. DNA methylation can recruit methyl- CpG-binding domain (MBD) proteins [57]. Some MBD 

proteins have a strong correlation with CpG binding and Increased methylation [58]. MBD proteins 

interact with histone deacetylase and nucleosome remodeling complexes and lead to gene 

silencing[59, 60]. Some Zinc finger proteins can also bind to DNA methylated sequences [61], the 

biological functions of this binding is yet to be fully understood. 

Before TET enzymes were discovered, demethylation of DNA was thought to be a passive 

dilution process that took place due to the absence of DNMTs during DNA replication. TET (TET1, 

TET2, and TET3) enzymes were identified in 2009, is a family of ten-eleven translocation (TET) 

methyl cytosine dioxygenases. They oxidize 5-methylcytosine (5mc) into 5-hydroxymethylcytosine 

(5hmC), which can then be further oxidized into 5-formylcytosine (5fC) and 5-carboxylcytosine 

(5caC) [62]. 5caC’s are then excised by the thymine DNA glycosylase (TDG) and the gap is 
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repaired through the base excision repair (BER) pathways, leading to demethylation of 5mC[62]. 

Thus, TET enzymes are also known as the erasers of DNA methylation. 

DNA methylation regulates gene expression depending on the location of the CpG 

dinucleotide. CpG dinucleotides can be located within CpG islands (CGI’s) or outside CGI’s. CpG 

island is defined as a genomic region, 300-3000bp long with a GC ratio greater than 50% and an 

observed to expected ratio greater than 60% [63]. CpG islands near promoter regions are mostly 

unmethylated, but when promoter region CpG islands are methylated, the gene is silenced [64]. 

Methylated CGIs near the promoter region block the transcription of the gene and are associated 

with Polycomb complex and heterochromatin [65, 66]. Such silenced promoters are most common 

on the inactive X-chromosome in women, genes only expressed in germ cells, and imprinted genes 

[67]. Roughly 70% of gene promoters reside within CpG islands [63], especially housekeeping 

genes promoters.  In particular, the promoters for housekeeping genes are often embedded in CpG 

islands [68]. Promoter associated CpG islands are highly conserved between mice and humans 

[69], showing that these regions have functional importance and are evolutionarily conserved 

across species. The effects of other CGIs in other genomic compartments (exons, introns, 

intergenic, etc.)  are more varied. Demethylation of the promoter non-CGIs can induce gene 

expression [70]. 

In contrast to CGI’s, CpG dinucleotides are also found interspersed in repeat regions such 

as short interspersed transposable elements (SINES), long interspersed transposable elements 

(LINES), or satellite DNA. These repeat regions are heavily methylated and silenced, their 

expression can cause unregulated recombination events and expression of nearby genes [71]. 

Thus, there is some dynamic regulation of DNA methylation in adult cells, but overall, the patterns 

are very stable. Indeed, epigenetic processes marked by promoter CpG island methylation such 

as X-inactivation and imprinting are maintained through numerous cell division cycles in-vitro or in-

vivo. 
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DNA Methylation and Aging 

Initial studies on DNA methylation with age measured the level of global 5-methylcytosine, 

which primarily reflects the non-promoter, non-CGI genomic region. This study was the first to show 

that DNA methylation decreases with passaging in fibroblasts [72] and following studies showed a 

similar decrease of methylation was seen in rodents and different human tissues including 

leukocytes and placentas [73, 74]. With the advancement of technology to quantitate methylation 

at specific CpG sites, studies showed that DNA methylation underwent small measurable changes 

as humans aged. One of the first genes studied in which DNA methylation linearly increased with 

age was ERα, where methylation increased by 1% every three years in the human colon [75]. Other 

studies also showed similar results where genes such as N33 and MYOD also showed changes in 

methylation with age [76]. Another genome wide study showed that about 50% of promoters that 

gain methylation with age are the same promoters of genes that gain methylation in the 

pathogenesis of colon cancer [77].  This suggests that these genes whose promoter regions gain 

methylation during the pathogenesis of cancer also gain methylation with age. Most CGIs are 

unmethylated in normal tissues, only a few CGIs are methylated independent of X inactivation or 

imprinting, and these play a role in the tissue differentiation process [67]. A study conducted in 

samples collected from autopsies showed that in normal non-neoplastic tissues, methylated 

promoters were present at variable frequencies in people aged older than 42. This paralleled with 

the increased rate of malignant tissues with significant tissue to tissue variability [78]. Thus, 

methylation changes in promoter-CGIs could represent a pathologic event that can be associated 

with aging.  

 

DNA Methylation Drift and Correlation with Lifespan 

DNA Methylation drift can be seen as an erosion of established methylation patterns with age. This 

erosion is a phenomenon characterized by both gains and losses of DNA methylation at different 
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locations of the genome across the lifespan of a species [79, 80]. Methylation drift takes place in 

different species such as mice, dogs, whales, monkeys, and humans, and, drift across species is 

evolutionarily conserved [30].  This allows one to measure the rate of DNA methylation change with 

age and compare it across multiple species. One study focused on ten age-related 

hypermethylated genes (Alox12, Klf14, Ripk4, etc.) that were highly conserved across three 

species mouse, monkey, and humans. They found a drift rate (mean ± SEM) of 4.1±1.2% per year 

for mice, 0.34±0.14% per year for monkeys, and 0.1±0.02% per year for humans (Figure 2). This 

shows that species with longer lifespans have slower drift rates [30] and quantifying this drift can 

serve as a biomarker to determine the progression of age-related diseases.    

 

Figure 2. The association between methylation drift rate and lifespan [9, 30].  

The x-axis represents maximum longevity of each species (mouse; 4 years, monkey; 40 years, 

human; 122.5 years), and the y-axis represents methylation changes per year. 

 

Another age-related study done in twenty-six different bat species showed that age-related CpG 

sites in short-lived bat species had a faster rate of change whereas long-lived bats had a slower 

rate of change [81]. Another study was done in naked mole rats, because this species of rodents 



13 
 

does not exhibit an age-related decline in physiological features, neither undergo significant 

senescence, and are known to be resistant to age-related diseases. Age-related methylation drift 

was detected in mole rats, with the queen having a slower drift rate. This drift was comparable to 

mice, monkeys, and humans [82].  

Studies have shown that methylation change with age can be estimated using different 

sets of CpG sites that change [83-85]. The difference between the estimated methylation age 

(biological age) and chronological age can be used as a tool to predict the onset of age-related 

diseases and life expectancy in individuals.  A study has demonstrated that accelerated biological 

aging is associated with higher all-cause mortality [86]. 

 

DNA Methylation Changes with Tissue Differentiation 

DNA methylation changes as well as the degree of the changes vary in a tissue specific 

manner. During embryogenesis DNA methylation marks are removed, after the epiblast stage DNA 

methylation by DNMT3b is targeted to repress the germline expression program. The pluripotent 

capacity of cells is lost and lineage specific cells emerge and gain cell type identity [87].  DNA 

methylation level changes, in tissue-specific stem cell functions and capacities, have been 

demonstrated by suppressing DNMT activity. In neural stem cells, deletion of DNMT1 decreases 

the number of neural progenitors and neurons [88] and suppression of DNMT1 and DNMT3a in 

adult neurons affects cognitive functions [89]. Hematopoietic stem cell (HSC) differentiation is also 

affected by DNA methylation. DNMT1 deficient HSCs are incapable of differentiating and 

undergoing hematopoiesis and differentiating into all the blood lineages [90]. Specification of HSCs 

into myeloid and lymphoid progenitors also require distinct DNA methylation patterns [91]. 

Conditional ablation of DNMT1 in intestinal stem cells results in a decrease of DNA methylation 

that causes changes in gene expression and delayed differentiation [92]. Thus, DNA methylation 

is necessary to maintain tissue specific stem cell differentiation and regulation. 
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An early experiment showing the importance of DNA methylation in tissue specificity was 

done with HeLa cells treated with 5-azacytidine, an inhibitor of DNA methyltransferases. The Hela 

cells fused with fibroblast muscle cells and formed heterokaryons [93], suggesting that decrease in 

DNA methylation in HeLa cells could lead to muscle gene activation. Later experiments showed 

that MyoD gene was activated with DNA demethylation [94]. Studies have also shown that 

demethylation of some stem cell gene promoters was an important step in regaining pluripotency 

[95, 96]. Thus, different tissues have different DNA methylation pattern that is responsible in 

maintain the biological and functional output of organs. 

 

Epigenetic Clocks 

DNA methylation drifts stably with age and has been used as a tool to calculate biological 

age and compared with chronological age. The first epigenetic clock was developed using 

hundreds of whole blood samples and Illumina 450K arrays which detect 450,000 CpG sites from 

the genome. They predicted 71 CpG sites as a clock that could predict chronological age and 

identify outliers with accelerated methylation [83]. Next, a pan tissue clock was developed by 

Horvath, who selected 353 sites that predicted chronological age across tissues [84]. Although 

these studies successfully predicted chronological age, we need to predict biological age to 

determine the prognosis of age-related diseases. Human beings, though of the same chronological 

age, visibly age differently from one another. These clocks could be used to predict if an individual 

were aging faster than normal (i.e., accelerated aging), and target them for earlier screenings and 

take preventative measures and lifestyle changes to screen for and delay the onset of diseases. 

 Other clocks have been developed to specifically predict mortality and disease risk. Clocks 

have been developed to measure the number of times a tissue has undergone mitosis and 

demonstrate that rapid mitosis in cancer tissues accelerates aging [97]. Studies have built upon 

the Hannum and Horvath clocks and incorporated changes in blood cell composition to predict a 
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time to death [98].  Some clocks have used factors such as smoking and environmental factors to 

create a GrimAge clock [99]. In addition to humans, clocks have also been made for animals such 

as mice[100-102], canines [103], and whales [104]. These animal clocks can function as a model 

to test interventions that could decelerate the rate of aging. DNA methylation changes begin at an 

early age [105-107] and continue through till death. However, studies have shown that theoretically, 

the rate of aging decelerates in older individuals [108], this could be a result of survivors bias where 

more biologically younger people successfully reach old age, appearing younger. Many diseases 

such as Parkinson’s, cardiovascular diseases, cancer, etc., [97, 109-111], show an accelerated 

phenotype. Developing methylation based epigenetic clocks will help in understanding and 

potentially reversing aging. 

 

Causes of Age-Related DNA Methylation Alterations 

Age-related DNA methylation drift is bidirectional, Some CpG sites gain methylation with 

age and some lose methylation [79]. These changes are not random, some genomic compartments 

such as CpG islands gain methylation whereas repeat regions such as SINE’s LINE’s and ALU’s 

lose methylation [112]. This cannot be simply explained by changes in the levels of DNMTs or 

TETs.   Age-related changes are conserved across species and are tissue specific, with highly 

proliferative tissues, undergoing the most change with age [113].   This gives credence to the mitotic 

clock hypothesis which says that DNA methylation errors accumulated with aging is largely a result 

of errors that occur during the maintenance of DNA methylation during stem cell division and 

passed onto their daughter cells, leading to dysfunction over time. 

Studies have shown that mutations in epigenetic regulators such as TET2, IDH1, DNMT3a, 

etc., can cause age-related changes in DNA methylation [114]. Altered gene expression of 

DNMT3a and DNMT3b also resulted in age-related changes in DNA methylation [115, 116].  Other 

factors that can cause age-related DNA methylation changes such as altered enzymatic activity of 
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metabolic processes such as acetyl coenzyme A (acetyl-CoA), S-adenosyl methionine (SAM), and 

their co-enzymes [117]. Altered levels of PRMT6, an arginine methyltransferase, also cause such 

changes with age [118].  

 Another cause of DNA hypomethylation with age is DNMT1 errors during cell division. 

During replication DNA double strands open and is split into two hemi methylated strands. As DNA 

polymerase synthesizes new daughter strands, using the parent strand as a template, the daughter 

strand gets quickly methylated. However, some portions of the DNA such as the heterochromatin 

takes several hours to regain methylation [119-121]. Studies have found that re-methylation of 

heterochromatin is not only slower but also subject to more errors and loss of methylation [105, 

122]. TET activity can lead to passive demethylation in cells undergoing division [123, 124]. 

Spontaneous deamination of cytosine into uracil could also lead to changes in methylation [125].  

DNA methylation errors accumulate because there are no strict checkpoints for error. Even 

treatment with 5-aza-2’-deoxycytidine, a demethylating agent, though cytotoxic,  doesn’t prevent 

surviving cells from entering the cell cycle and dividing [126]. Replication can also cause gains of 

DNA methylation, a study distinguished parent and daughter strands using hairpin-DNA 

sequencing and found that daughter strands could gain up to 5% methylation [119].   Aberrant 

DNMT1 recruitment by UHRF1, which establishes histone H3 ubiquitination at lys18/23, can also 

lead to gains of methylation [127]. Loss of SET8, a cell cycle regulated protein methyltransferase, 

can prevent the ubiquitination and degradation of UHRF1, also leading to gain of DNA methylation  

[128].  Polycomb repressive complex 2 (PRC2) was shown to be associated with differentially 

methylated regions (DMRs) that are hypermethylated with age [129] and EZH2 a PRC2 complex 

protein, directly controls DNA methylation and could lead to aberrant DNA  methylation [130]. 

Studies have shown that in a methylated CpG dense region, neighboring CpG’s are more likely to 

gain methylation [131], whereas CpG sites are more likely to lose methylation if they are solo [119]. 

Thus, the density of CpG sites can also play a role in de novo DNA methylation.   
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Inflammation and DNA Methylation Alterations 

Inflammation is the response of the body to injuries and pathogens.  The role of epigenetics 

is emerging in understanding the mechanisms of chronic inflammation. The methylation status of 

repetitive element LINE (Long Interspersed Nuclear Element) is associated with high levels of C-

reactive protein (CRP), a marker of inflammation [132]. Plasma levels of CRP were also 

significantly associated with promoter methylation of the IL-6 gene, a pro-inflammatory cytokine 

[133]. Chronic inflammation of the gastrointestinal tract in ulcerative colitis is associated with high 

levels of methylation [134]. An increase in hypermethylation in response to inflammation is also 

seen in the esophagus [135]. High levels of aberrant methylation were also seen in cases of 

infection with Helicobacter pylori in the gastric mucosa [136], and an increase in methylation was 

also related to inflammation in the stomach of patients. Another study comparing individuals with 

inflammatory bowel disease to people without chronic inflammation, showed aberrant methylation 

with inflammation [137].  A genome wide methylation study on Crohn’s disease, another 

inflammatory disease of the gastrointestinal tract, also showed differential methylation that affected 

defense mechanisms in the host [138]. Chronic inflammation is a risk factor for many age-related 

diseases such as atherosclerosis, hypertension, diabetes, and cancer [139], thus understanding 

how chronic inflammation can change DNA methylation could provide treatment options for 

preventing age-related diseases. 

 

Environmental Exposure and DNA Methylation Alterations 

The impact of environmental exposure on DNA methylation is not well studied due to 

difficulty in accurately assessing multiple factors. A study conducted on 217 nonpathological human 

tissues showed environmental and age-related methylation differences in tissue specific 

methylation, and significant age-related methylation patterns where CpG islands gained 

methylation with age and CpG sites, not in CpG islands lost methylation [140]. Another study 
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compared lifestyle, socioeconomic position, and education and found that these factors had an 

effect on age-dependent DNA methylation dysregulation [141].  

Dietary factors can also cause epigenetic changes, intake of nutrients such as folate and 

vitamin B can alter One-carbon metabolism by influencing the availability of S-adenosyl methionine 

(SAM), which acts as a methyl donor to DNMTs.  A study has shown that exposure levels to folate 

and vitamin B12 during gestation can impact methylation patterns in newborns  [142]. Another 

study has shown that low intake of vitamin B and folate can affect the One-carbon metabolism and 

homocysteine pathways leading to an alteration of DNA methylation, causing an increased risk of 

myocardial infarction [143]. Epigenome wide association studies (EWAS) has shown that folic acid 

(FA) supplementation increased DNA methylation in the promoter region of the ZFP57 gene in 

pregnant women [144] and another study showed that FA supplementation to women in second 

and third trimesters reduced the level of methylation in LINE1 repeat regions in newborns, this links 

neural development in newborns to maternal folate status [145]. An Italian study with both male 

and female participants reported that a higher intake of poultry, fish, vegetables, and fruits is 

significantly associated with beneficial health outcomes and epigenetic age [146].  Caloric 

restriction has also been shown to affect methylation with age. A study in rhesus monkeys exposed 

to a 30% caloric restriction diet and mice exposed to a 40% caloric restriction diet showed 

attenuation of DNA methylation drift with age [30].  

Studies have found that exposure to chronic stress can increase levels of inflammation 

leading to a change in DNA methylation. Neighborhood socioeconomic disadvantage and social 

environment have a significant association with DNA methylation in inflammation-related candidate 

genes [147]. Animal studies have also shown that maternal exposure to drugs, toxins, and stress 

can alter epigenetic programming in the brains of the fetus and could lead to behavioral and 

neurodevelopmental defects [148-150].  A study conducted on mice exposed to chronic and 

unpredictable maternal separation showed differential methylation in MeCP2, CB1, and CRFR2 
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genes [151]. Thus, diet and environment play a role in altering DNA methylation levels and since 

these factors change with time, it could cause age-related changes. 

 

Epigenetic Mosaicism   

Different cells in tissues and organs perform different functions despite possession of 

identical genomic DNA sequence and these tissues express different genes. However, even cells 

derived from homogeneous or clonal populations exhibit cell to cell heterogeneity.  A study showed 

that undifferentiated embryonic stem (ES) cell culture consisted of subpopulations that were more 

similar to inner cell mass (ICM) or epiblast [152]. Another study showed that even in clonal 

population of hematopoietic cells, subset of outlier cells exists with different levels of expression of 

stem cell markers [153]. Single cell analysis has shown that transcription factors and cell to cell 

signaling plays a role in phenotypic heterogeneity in clonal populations [154], cancer cells have 

high rates of cellular heterogeneity. Another single cell RNA-seq analysis shows human induced 

pluripotent cells (IPSC) have different subpopulations of cells with different cell state transitions 

[155].  

One of the main causes of cellular heterogeneity is epigenetic mosaicism. DNA methylation 

errors accumulate with age and these errors are inherited by their daughter cells [122]. Studies 

have shown that young individuals have uniform methylation at individual CpG sites, but the 

methylation status of these sites can differ up to 20% with age [156]. These age-related 

heterogenous changes can only be explained through stochastic methylation drift. Studies of 

identical twins have shown that even twins raised in the same environment, with the same genome, 

have different methylation profiles with age [157, 158].  An early study on epigenetic mosaicism 

and stochastic formation of differentially methylated regions, tracked in vitro evolution of 

immortalized fibroblasts for 300 generations. Their data shows changes in methylation that are 

local and uncorrelated and could only occur in a random manner [159]. Whole genome bisulfite 
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sequencing (WGBS) and enhanced reduced representative bisulfite sequencing (eRRBS) studies 

have also shown differentially methylated regions in base pair resolution on normal, cancer, and 

developmental cells [160, 161].  

One reason for epigenetic mosaicism could be that methylation errors can accumulate in 

stem cells and as stem cells divide to either replenish the stem cell population or into differentiated 

cells, these errors will accrue. Studies have shown that higher mitotic age correlates with a higher 

number of epigenetic modifications and mutations [162]. In cancer and adjacent tissues, cell 

division rates correlated with aberrant methylation [97, 163]. Analysis of stem cells from various 

tissues such as skeletal muscle, intestine, hematopoietic, and germline has shown increased DNA 

methylation polymorphism with age [164-167]. Single cell analysis in liver cells shows the number 

of epigenetic polymorphism was greater than somatic mutations and these epigenetic changes 

increased with age [168]. Thus, epigenetic mosaicism can lead to change in gene expression and 

increases with age. One method to study such variation would be through epialleles. 

 

Epialleles and Loci 

  Epialleles can be defined as a specific DNA methylation pattern at a genetic locus, where 

all CpG sites in a single sequencing read form a loci or an epigenetic haplotype [169]. An example 

would be 4 CpG sites near each other in a single read, this loci could have a potential of 16 epiallele 

patterns (Figure 3 A-B).  These DNA methylation patterns and the frequency of shifting of these 

patterns could be used to study epigenetic mosaicism. For example, epialleles in young cells or 

organisms can be present in a uniform state, however, due to DNA methylation changes with aging, 

there might be an epiallelic shift. Quantifying the frequency of this shift might help us study 

epigenetic mosaicism.   
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Figure 3. Example of loci and epialleles 

A. Example of loci with four CpG sites. B. 16 possible epiallele composition for loci with 4 CpG 

sites.  

 

Entropy 

Entropy is defined as a measure of randomness or disorder of a system. The second law 

of thermodynamics states that entropy can only increase with time in an isolated or closed system, 

which was first proposed in 1865 [170]. In living beings, the disorder can be measured as 

deterioration of RNA, DNA, or protein structures [171-173]. Using entropy to study aging was 

proposed as early as the 1970s and ’80s [174, 175]. Advancing technologies such as RRBS and 

WGBS have revealed the polymorphic and stochastic nature of DNA methylation. Studies have 

revealed that young cells have CpG sites in repeat regions that are heavily methylated, helping 

them remain in a heterochromatin state, whereas CpG sites in promoter regions of expressed 

genes are unmethylated. During aging this changes, repeat regions lose methylation and CpG sites 

at promoter regions gain methylation (Figure 4) [112].  
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Figure 4. DNA methylation changes during aging [112].  

Young cells are unmethylated at CpG islands within the promoters of expressed genes. DNA 

repeats, such as LINE, SINE, and long terminal repeat (LTR) transposable elements, are heavily 

methylated (Top). During aging, DNA gets hypomethylated in the DNA repeat regions, in a 

stochastic manner within the cell population and CpG islands get hypermethylated (Bottom). 

Adapted from figure 3 by Pal &Tyler [112]. 

 

This gain/loss of methylation with age closely resembles the randomness or disorder that 

comes with an increase in entropy, with young cells having either a uniform methylated or 

unmethylated state i.e., low entropy and as DNA methylation becomes aberrant with age i.e., 

disordered, or high entropy (Figure 5).  Entropy has been associated with transcriptional 

heterogeneity and gene expression [176, 177]. It has also been used to detect genes and genomic 

regions associated with aging in human blood [156, 178] and mouse muscle stem cells [179].  
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Figure 5. Examples of entropy 

Each line in the figure represents a single read by NGS sequencing and each circle is a CpG. The 

left-most image is representative of low entropy in 4-month samples because all reads are totally 

unmethylated or methylated. The middle image represents 12-month samples with has some 

entropy since some of the reads have random methylation, but with a low entropy score due to 

50% of the reads unmethylated/methylated. The right-most image represents 24-month samples 

with the highest entropy because every read has a different methylation pattern. 

 

There have been different methods used to quantify the change in entropy with age such 

as Shannon’s entropy and combinatorial entropy [83, 169, 180]. One caveat of using principles of 

entropy and information theory to study a biological phenomenon like aging is that it might not fully 

capture the entire context. Information theory is only concerned with the number of bits transmitted 

and applications of it to DNA methylation have treated totally unmethylated and totally methylated 

loci as identical because it takes the same amount of information to express either of those states. 

However, biologically this could not be further from the case as those two states have the opposite 

functions. One method to counter this would be to overlay a probability distribution to the 

methylation levels within genomic units using a distance metric such as the Jensen-Shannon 

distance (JSD). A study [181] has used JSD to quantify genome wide epigenetic discordance using 
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JSD values and has provided a new method for detecting DMRs using the Jensen-Shannon 

distance between two probability distributions (Figure 6).  

 

Figure 6. Jensen-Shannon Distance.  

Examples of methylation level comparison a test (Old) and a reference (young) sample using JSD 

(Jensen-Shannon distance). (A).  If the test and the reference distribution completely overlap, then 

JSD is closer to zero or low entropy. (B).  If the test and the reference distribution do not overlap, 

then JSD is closer to one or high entropy.  

 

Organoids 

Organoid refers to a three-dimensional (3D) structure of cells that grow in vitro, that 

differentiate and self-organize to form mini clusters of cells that recapitulate the structure and 

function of an organ in vivo. Although organoids seem like a fairly new technique the concept has 

been around as late as the 1900’s when Harrison conducted the hanging drop experiment to 

develop a living nerve fiber in vitro. A fragment of the embryonic nerve cord was taken, and its 

growth was observed in a drop of lymph, in a hollow inverted slide [182]. Wilson in 1907 showed 

that a sponge could be broken into single cells that were able to reassociate into small sponge like 

structures [183]. Ability of cells for controlled or uncontrolled growth, where the function and 

organization of the tissue was lost, was observed by Thompson in 1914 [184]. In the 1920s through 
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1950’s limb morphogenesis was examined through tube, watch glass culture, and metal grid culture 

technique  [185-187]. In 1952 scientists observed kidney-like structures in vitro formed from 

dissociated cells from an early chick embryo [188]. 

Onwards from the 1950s, several materials and techniques were discovered that would 

facilitate current organoids.  The first was reconstituted collagen from tails of rats [189] and 

Lasfargues dissociated mammary glands and grew mammary organoids using collagen from 

clostridium [190]. Different types of collagens and fibronectin was discovered [191] and hepatocytes 

and mammary epithelial cells were differentiated on floating collagen gels [192, 193] and 

extracellular matrix material, now known as Matrigel was discovered by Orkin [194]. Eiraku and 

group formed polarized cortical tissues [195], intestinal organoid was first developed in 2009 [14], 

followed by mini-brain [196]. Since then, organoids of organs such as kidneys, lungs, pancreas, 

and blood vessels have been made [197-200]. Currently, intestinal organoids have been used to 

treat patients with cystic fibrosis [200] and snake venom gland organoids have also been cultured 

invitro [201].  

Starting cell types can determine the maturity of an organoid. Organoids can be derived 

from adult tissue or adult stem cells (ASC). When organoids are derived from ASC’s they can mimic 

the regenerative conditions of their tissue of origin [202]. Therefore, organs or tissues that undergo 

continuous self-renewal mimic the homeostatic state of that organ, for example, intestinal organoids 

[14]. Organs that have a slower turnover rate such as the pancreas or liver, where stem cells only 

play a role in damage repair, can also be modeled as organoids and studied as a regeneration 

organoid model [203, 204]. Pluripotent stem cell (PSC) or iPSC (induced pluripotent stem cells) 

organoids do not mimic adult tissue in vitro and mimic fetal tissues [205, 206]. One reason for this 

could be the absence of critical signals during development that currently exceeds the capacity of 

current technologies [207]. Some examples of PSC/iPSC-derived organoids are brain, kidney, 

prostate, etc., [196, 199, 208]. Thus, new technologies are emerging that can make organoids 

function and recapitulate organs better and could lead to tissue engineering using organoids.  
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Intestinal Organoids 

The digestive tract is a tube that extends from the mouth to the anus. It is formed through 

the layering of the endoderm and is divided into the foregut, midgut, and hindgut [209]. The foregut 

forms the pharynx, esophagus, stomach, and part of the duodenum. The midgut generates the rest 

of the duodenum, jejunum, ileum, and parts of the colon, and the hindgut forms the rest of the 

colon. The first intestinal organoid was formed from mice with LGR5-expressed in intestinal stem 

cells. These stem cells that grew to form crypt-villus structures in vitro and these structures 

consisted of major cell types present in the gut. These intestinal organoids were grown in a laminin-

rich Matrigel supplemented with R-spondin-1, EGF, and Noggin (BMP inhibitor) [14]. Mouse colon 

organoids were also derived by the same group using the same LGR5 mice [210] and ASC derived 

mouse organoids were successfully integrated into damaged mouse colon and were able to form 

functional, histologically normal crypts [211]. 

Similarly, both PSCs and iPSCs have been used to derive hindgut organoid formation. 

First, they created transformed iPSC monolayers into endoderm using Activin A, which was further 

treated with fibroblast growth factor (FGF) and Wnt3a to form hindgut organoid [205], later these 

organoids were further cultured into true intestinal organoids with crypt-villi formation and cell types 

that typically exist in the intestinal epithelium. Organoids derived from PSCs also developed a 

mesenchymal layer, subepithelial myofibroblasts, smooth muscle cells, and fibroblasts. This 

simultaneous development of intestinal epithelia and its surrounding mesenchyme, reveals the 

coordinated interaction between the different germ layers in organ formation. The study further 

revealed a combination, Wnt3a and FGF were needed for the formation of the hindgut but only 

FGF was needed for the foregut revealing nuances of signaling during intestinal development. This 

system has been utilized to discover mutations in NEURG3 and its role in intestinal development 

and how knockdown of NEURG3 plays a role in congenital malabsorptive diarrhea [205]. 

These organoids have been transplanted into immunocompromised mice that have 

developed mature epithelium and mesenchyme with all the cell types, brush border, enzymes, and 
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smooth muscle layers. These transplanted organoids also had a proper digestive function and were 

responsive even after surgical resection [212]. More recently human intestinal organoids have been 

derived from iPSCs. The PSC monolayer was cultured into endoderm spheroids and was 

stimulated with retinoic acid to form the foregut. Further differentiation of these spheroids in retinoic 

acid supplemented Matrigel leading to the formation of gastric mucus, LGR5 expressing stem cells, 

and endocrine cells. They also injected helicobacter pylori directly into the lumen of the organoids 

and were able to study its virulence and resulting epithelial proliferation [206]. This shows that we 

can use organoids as a model for human gut related diseases. 

 

Project Aims 

Based on previous findings in our lab that there is a stochastic drift of DNA methylation 

with age and that this drift is inversely proportional to longevity, we hypothesized that during aging, 

stem cells replicate, and maintenance errors results in stochastic changes in DNA methylation, 

causing epigenetic mosaicism. This combined with exposure to the environment and chronic 

inflammation leads to stem cells with epigenetic mosaics causing stem cell exhaustion and focal 

proliferation, leading to age-related diseases.  

Aim 1 sought to establish if stem cell division with age changes the DNA methylation 

landscape of intestinal stem cells. First, by determining methylation changes between stem cells 

and nonstem cells of the same ages. Second, by determining methylation changes in stem cells 

with age and comparing those with methylation changes in nonstem cells. Third by determining if 

changes in DNA methylation with age result in changes in RNA expression. 

Aim 2 sought to explore DNA methylation change with age in other tissues such as the 

liver, lung, blood, spleen, skeletal muscle, kidney, and heart. First, by determining the methylation 

changes occurring between young and old organs. Second, by comparing the changes in other 

tissues to the intestinal epithelium, with the rate of cell division across all tissues analyzed. 
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Aim 3 sought to explore DNA methylation changes occurring in vitro. First, we determined 

DNA methylation occurring due to passaging in organoids. Second, we compared the DNA 

methylation status of the organoids with primary stem and nonstem cells. Third, we explored 

whether long-term passaging of organoids causes the same DNA methylation changes as aging. 
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CHAPTER 2 

METHODS 

Isolation of Mouse Intestinal Cells 

Lgr5-EGFP-IRES-creERT2 (JAX Labs) mice were aged to 4-months, 12-months, 18-

months, and 24-months. At each time point, the small intestine and colon were harvested. The 

small intestine was bisected into two halves, upper and lower. Intestinal tissue sections were 

dissected longitudinally, washed with cold PBS, and cut into small pieces approximately 5 mm in 

length. The fragments were incubated for 20 minutes in 25 mL room temperature (15 - 25°C) Gentle 

Cell Dissociation Reagent (Stem Cell Technologies) on a rocking platform at 20 rpm. Tissue 

segments were gravity settled for 30 seconds and the supernatant was discarded. Tissue sections 

were resuspended in 10 ml cold PBS and vortexed for 5 seconds. After the tissue pieces settled, 

the supernatant with the crypts was passed through a 70 μm filter. Vortexing and filtering was 

repeated 5 times. The collected crypts were centrifuged at 290 x g for 5 minutes. The supernatant 

was discarded, and the pellet was resuspended in 2 ml Tryple Express with 200 ul DNAseI (NEB) 

and incubated at 37oC for 20 mins with agitation every 5 min. The dissociated cells were passed 

through a 20 μm filter and then sorted (BD FACS Aria II & Sony SH800) into GFP+ and GFP- pools 

to separate stem cells and non-stem cells respectively. 

 

Non-intestinal Mouse Tissues 

Whole mouse organs or tissues from Lgr5-EGFP-IRES-creERT2 mice were collected 

along with the intestinal sections. They were minced using a scalpel and incubated at 50°C in 2% 

SDS and 25 mM EDTA for 3 days. 
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Isolation of Mouse Intestinal Crypts 

Sacrificed mice according to ethical regulations and small intestine and colon were 

harvested, any membrane, blood vessels, and fat were removed.  Intestinal segments were placed 

into a 10 cm dish containing 5 mL cold (2 - 8°C) PBS (Phosphate Buffered Saline) and flushed with 

1 mL cold (2 - 8°C) PBS by inserting a 1 mL pipette tip into the open end of the intestine sections, 

the section was bisected exposing the lumen and was again washed with mL cold (2 - 8°C) PBS. 

Segments were transferred into a clean dish containing 5 mL cold (2 - 8°C) PBS and were moved 

through the clean buffer to rinse thoroughly. Intestinal segments were cut into 2-3mm long pieces 

into a 15 mL cold (2 - 8°C) PBS to a 50 mL conical tube. The segments were gently vortexed 3 

times, each time the pieces were allowed to settle, the PBS was removed with a 10 ml serological 

pipette, and fresh cold PBS was added. This was repeated 15-20 times for each tissue segment 

toll clear PBS was obtained. After the pieces settled, the PBS supernatant was removed, and was 

resuspended in 25 mL room temperature (15 - 25°C) Gentle Cell Dissociation Reagent and was 

incubated at room temperature (15 - 25°C) for 20 minutes on a rocking platform at 20 rpm. The 

tissue segments were left standing to settle by gravity and supernatant was discarded.  Tissue 

segments were resuspended in 0.1% BSA in cold PBS, pipette up and down three times and were 

left to settle. The supernatant was gently removed and filtered through a 70 μm filter, collected in a 

fresh 50 mL conical tube. This process was repeated 4-6 times and each collection was saved on 

ice. The collections were centrifuged at 290 x g for 5 minutes at 2 - 8°C. The supernatant was 

carefully poured off, retaining the pellet in each tube. Pellets were resuspended in 10 mL cold PBS 

buffer containing 0.1% BSA and transferred to a 15 mL conical tube. The 15 mL conical tubes were 

centrifuged at 200 x g for three minutes at 2 - 8°C to isolate the crypts at the bottom pellet. 
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Organoid Culture from Mouse Intestinal Crypts 

Isolated crypts were resuspended in 10 mL cold (2 - 8°C) DMEM/F-12 and centrifuged at 

200 x g and 2 - 8°C for five minutes, supernatant is carefully pipetted off and discarded. Intesticult 

organoid growth medium was prepared and warmed to room temperature (15 - 25°C). Complete 

medium was prepared by mixing both supplements into the basal medium. 200ul of primocin, an 

antibiotic/antifungal, was added to the medium. 150 ul of complete media was added to the crypts 

and 150 μL undiluted Matrigel Matrix to each crypt-media mixture. Using the same pipette tip, the 

pellet was resuspended by carefully pipetting up and down ten times, without creating bubbles. 50 

ul of crypt-media-Matrigel suspension was pipetted into the center of a well of a pre-warmed 24 

well plate forming domes in the center of each well. The plates were incubated at 37°C for 10 

minutes to set the Matrigel.  750 μL of room temperature (15 - 25°C) complete IntestiCult™ 

Organoid Growth Medium was added to each well with the dome and incubate at 37°C and 5% 

CO2. 

 

Passaging Intestinal Organoids 

Warm complete intesticult basal media (with antibiotics) to room temperature (15 - 25°C).  

Thaw Matrigel Matrix per well to be passaged on ice. Remove media from each well without 

disturbing the dome and add 1 mL Gentle Cell Dissociation Reagent on top of the dome in each 

well and incubate at room temperature (15 - 25°C) for one minute. Pre-wet a 1000 μL pipette tip 

and use it to break up the dome and organoids by pipetting up and down approximately 20 times, 

then transfer well to one 15ml conical tube. Repeat this for each well. Incubate the tubes at room 

temperature (15 - 25°C) on a rocking platform at 20 rpm for 10 minutes. Centrifuge the tubes at 

290 x g and 2 - 8°C for five minutes, then gently discard the supernatant. Resuspend the pellets in 

10 mL cold (2 - 8°C) DMEM/F-12 and centrifuge at 200 x g at 2 - 8°C for five minutes, then gently 

pipetting supernatant as possible without disturbing the pellet. Add complete intesticult media and 
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Matrigel in a 1:1 ratio to the pellet and mix ten times with a pre-wet pipette. Pipette 50 ul of crypt-

media-matrigel suspension into center of a well of a pre-warmed 24 well plate forming domes in 

the center of each well. Incubate the plate at 37°C for 10 minutes to set the Matrigel. Add 750 μL 

room temperature (15 - 25°C) complete IntestiCult™ Organoid Growth Medium to each well with 

the dome and incubate at 37°C and 5% CO2. 

 

DNA Extraction 

Collected cell/organoid pools for all tissues were lysed in 2% SDS and 25 mM EDTA 

overnight. Ammonium acetate (10M) was added to make the precipitate of SDS with proteins and 

was removed by centrifugation at 12,000 rpm. Next, DNA was precipitated using isopropanol, 

washed with 70% ethanol, and dissolved in dissolved in LTET (Tris 10 mM, EDTA, 0.1 mM + Tween 

20,0.1%). DNA concentration was measured using Qubit dsDNA Broad Range kit (Thermo Fisher, 

# Q32850). 

 

Reduced Representation Bisulfite Sequencing (RRBS) 

2 µg of DNA were digested with 100 U of MspI endonuclease (NEB, #R0106) at 37°C for 

3.5 hours. Klenow fragment (3’ > 5’ exo-) DNA polymerase (NEB, #M0212) was used to fill in 3’ 

recesses and create 3’ dA overhangs. Size selection by AMPure XP beads (Beckman, # A63881) 

with 2X bead solution to DNA volume was performed. Methylated sequencing adapters (NEB, 

#E7535) were ligated to the DNA fragments using T4 DNA ligase (NEB #M0202) at 16°C overnight. 

Adapters were cleaved by incubation with USER enzyme (NEB #M5505) at 37°C for 15 min. Dual 

size selection was done by AMPure XP beads to remove DNA fragments greater than 500bp and 

less than 150bp. Purified DNA fragments were bisulfite converted using the EpiTect Bisulfite 

Conversion Kit (Qiagen, #59104).  The bisulfite converted fragments were cleaned up using 3x 
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AMPure beads to DNA ratio. We used NEBNext Index i7 primers (NEB #7335, #7500) to amplify 

the libraries with EpiMark Hot Start Taq (NEB, #M0490) for 15 cycles. The resulting library 

concentrations were measured using Qubit dsDNA High Sensitivity kit (Thermo Fisher, # Q32851). 

Agilent Bioanalyzer was used to determine the size distribution and molarity of the libraries using 

Agilent High Sensitivity DNA kit (Agilent, #5067-4626). The libraries were pooled to a concentration 

of 10 nM and spiked 25% with phiX (Illumina, #FC1103001) to ensure sequence diversity. 

Sequencing was performed over several years at multiple facilities. 

 

RNA Extraction and Sequencing 

With the exception of sorting, pooled intestinal cells were extracted as above. Pellets were 

lysed in 1mL Trizol (Thermo Fisher, # 15596026) and 100 µL of bromo-chlorophenol (Fisher, # 

AC173530050) were added. Phase separation was done by centrifugation at 12,000 g for 15 min 

at 4°C. The supernatant containing RNA was collected, RNA precipitated with an equal volume of 

isopropanol, and washed with 1 ml 75% ethanol. The RNA pellet was collected by centrifuging at 

7500 g for 5 min and dissolving in 30 ul nuclease free water. RNA concentration was determined 

with Qubit RNA Broad range kit (Thermo Fisher, # Q10210) and RNA integrity score (RIN) was 

determined using Agilent RNA 6000 nano kit (Agilent, # 56067-1511). RNA was sent to BGI, who 

performed library preparation and sequencing. 

 

Data Processing 

Sequenced RRBS libraries were trimmed using TrimGalore and the Bismark Bisulfite Read 

Mapper and Methylation Caller were used to align reads to the mm9 genome and call CpG 

methylation. Data were filtered for minimum coverage of 20 reads at each CpG. RNA libraries were 

trimmed using trimmomatic, then aligned to the mm9 genomes and genes counted using STAR. 

Differential expression analysis was performed in R using the edgeR with standard parameters.  
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Differential Methylation 

For two condition comparisons, differential methylation was calculated using the methylKit R 

package. Data were corrected for overdispersion, then differential methylation was called with 

methylKit standard parameters, using chi-square with p-values corrected for multiple testing using 

the SLIM method [213]. Statistical significance was calculated using Chi-square dispersion. CpG 

sites were filtered for an absolute methylation difference of greater than 5% and a corrected p-

value of less than 0.05 to select CpG sites showing methylation changes. All sample differential 

methylation was tested using a permutation test. Data were stripped of its identifiers, randomly 

shuffled 1000 times, and then the Spearman correlation between these randomly shuffled values 

and percent methylation was calculated. Empirical p-values were calculated using the formula 𝑝 =

 
𝑟

𝑛
  where p is the empirical p-value, r is the number of replicates with a Spearman correlation greater 

than or equal to the given correlation, and n is the total number of permutations performed. CpG 

sites were filtered for |r| ≥ 0.5 and empirical p-value < 0.05 to select CpG sites showing methylation 

changes. 

 

Methylation Entropy 

Methclone [169] was used to find epialleles, defined as for CpGs within 60 bp of each other with a 

minimum coverage of 40 reads. The Jensen -Shannon distance was calculated using the epiallele 

frequencies, with 0 CpGs, 1 CpG,…, 4 CpGs methylated, to quantify the disorder present in the 

epialleles, using the formula: 

𝑑 =  √
𝐷(𝑃𝐿

(1), 𝑄) + 𝐷(𝑃𝐿
(2), 𝑄)

2
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D(𝑃, 𝑄) = ∑ 𝑃(ℓ)𝑙𝑜𝑔2 (
𝑃(ℓ)

𝑄(ℓ)
)

ℓ

 

Where, ℓ is the frequency of methylated CpGs on the epiallele, 𝑄 is the reference distribution, for 

example, average allele frequency in young mouse colon cells, and P is the sample distribution, for 

example, 24-month-old mouse colon stem cells. If the reference and sample distributions don’t 

overlap JSD equals 1, if they overlap completely then JSD equals 0, and with intermediate levels 

of overlap the value ranges between 0 and 1. 

 

Statistics 

Odds ratios (OR) were calculated for changes in methylation at specific genomic locations (CpG-

Promoter, CpG-NonPromoter, nonCpG-Promoter, nonCpG-nonPromoter) using a 2X2 contingency 

table comparing CpGs in the given location to all other CpGs and Fisher’s exact test. 

JSD fold change was calculated by taking the means of the different groups divided by the mean 

in the reference group using the formula: 

fold change = (

Σ𝐽𝑆𝐷𝑜𝑙𝑑

𝑛
−

Σ𝐽𝑆𝐷𝑦𝑜𝑢𝑛𝑔

𝑛
Σ𝐽𝑆𝐷𝑦𝑜𝑢𝑛𝑔

𝑛

) 

where JSD is the Jensen-Shannon Distance for the given group and n is the number of epialleles. 

All plots were generated in R using the ggplot2 package. 
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CHAPTER 3 

RESULTS 

DNA Methylation Change with Differentiation in the Small Intestine and Colon 

Our lab had previously determined that there was a stochastic DNA methylation drift with 

age and these changes are evolutionarily conserved across species [30, 113]. In order to determine 

the origin of this drift, I analyzed the DNA methylation status of intestinal epithelial stem cell (GFP 

positive) and differentiated cell (GFP negative) pools (4-month – 4 mice/pool, 12-month-3 

mice/pool, 18 and 24-month-2 mice/pool). Principal Component Analysis (PCA) of 180,496 CpG 

sites detected across all samples shows that the cells clustered with respect to tissue on 

PC1(25.6%), whereas variance with age can be seen on PC2 (Figure 7A). The analysis also 

revealed that most of the stem cell and nonstem cell counterparts of the same age cluster close 

together.  To examine differences between stem cells and nonstem cells closely, I compared 

methylation changes in 4-month stem cell and nonstem cells in each of the intestinal sections, 

upper small intestine (USI), lower small intestine (LSI) and colon (COL).  Analysis showed that in 

USI, 863 (0.6%) CpG sites get hypermethylated and 23 (0%) sites get hypomethylated (Figure 7B). 

In LSI samples, 129 (0.1%) CpG sites get hypermethylated and 10 (0%) sites get hypomethylated 

(Figure 7C). and finally in COL samples, 4 (0%) CpG sites get hypermethylated and 2 (0%) sites 

get hypomethylated (Figure 7D).  

Next, I analyzed methylation changes between stem cells and its nonstem cell counterparts 

in 24-month samples. Analysis showed more differences between stem and nonstem cells when 

compared to the young, USI samples gaining methylation in 2751 (1.8%) CpG sites and losing 

methylation in 473 (0.1%) sites (Figure 7E). Similarly, LSI and COL samples showed 652 (0.5%) 
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and 68 (0.2%) hypermethylated CpG sites and 296 (0.2%) and 72 (0.2%) hypomethylated CpG 

sites respectively (Figure 7E-G).  

 

 

Figure 7. DNA methylation change with differentiation in the small intestine and colon.  

A. Principal component analysis (PCA) of 180,496 CpG sites common across 4 age groups and 3 

tissues. Colon samples form a different cluster than small intestinal samples (PC1), and the spread 
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along PC2 corresponds to an increasing age. B-D. Volcano plots showing methylation differences 

between stem cells (Lgr5-GFP+) and nonstem cells (Lgr5-GFP-) in young samples in upper small 

intestines (USI), lower small intestines (LSI) and colon (COL). Each volcano plot indicates the 

number and percent of CpG sites that are differentially methylated (Methylation change >±5%, q-

value <0.05). E-G. Same as in B-D in 24-month samples. 

 

 I examined where these changes are occurring  in the genome, and looked at four 

genomic compartments, CpGi-Promoters (pCGI), nonCpGi-Promoters (npCGI), CpGi-

nonPromoters (pnCGI) and nonCpGi-nonPromoters (npnCGI). In both young and old, stem cell 

versus nonstem cell comparisons, most of the methylation changes take place in the nonCpG 

island compartment (Table 1).  Thus, analysis of young (4-month) samples showed no change in 

DNA methylation in the colon and small changes in DNA methylation in the small intestine sections. 

The old samples (24-month) showed greater methylation changes between the samples. This 

shows that DNA methylation maintenance during cellular differentiation in young samples is stable 

but becomes dysregulated in old mice intestinal samples, and this dysregulation mainly occurs in 

nonCpG islands.  
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Table 1. DNA methylation changes in nonstem versus stem in different genomic regions 
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  DNA Methylation changes with Age in the Small Intestine and Colon 

In order to analyze the change in DNA methylation with age, I compared the change in between 4-

month and 24-month stem cells in USI, LSI, and COL sections of the intestine. In USI samples 

4217 (3.4%) CpG sites are hypermethylated with age and 878 (0.7%) are hypomethylated (Figure 

8A). In LSI, 4983 (3.4%) CpG sites are hypermethylated with age and 1268 (0.9%) are 

hypomethylated (Figure 8B).  And lastly in COL samples 2121 (3%) CpG sites are hypermethylated 

with age and 749 (1.1%) are hypomethylated (Figure 8C). A similar analysis between young and 

old nonstem cells showed that 3094 (1.8%) in USI, 4026 (2.6%) in LSI, and 3664 (2.8%) in COL 

gets hypermethylated with age, whereas 1324 (0.8%) in USI, 1216 (0.8%) in LSI and 1187 (0.9%) 

in COL gets hypomethylated (Figure 8D-F).      

 

 

Figure 8. DNA methylation change with age in the small intestine and colon.  

A-C. Volcano plots showing methylation differences between 4-month and 24-month stem cells in 

upper small intestines (USI), lower small intestines (LSI) and colon (COL). Each volcano plot 
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indicates the number and percent of CpG sites that are differentially methylated (Methylation 

change >±5%, q-value <0.05). D-F. Same as in A-C in nonstem samples. 

 

Table 2: DNA methylation change with aging different genomic compartments 

 

 

To examine where these changes are occurring  in the genome, again I looked at four 

genomic compartments, CpGi-Promoters (pCGI), nonCpGi-Promoters (npCGI), CpGi-

nonPromoters (pnCGI) and nonCpGi-nonPromoters (npnCGI). Analysis showed that most of the 

hypermethylated changes were occurring were in the pnCGI region in all three intestinal sections 

and the hypomethylation was taking place in the npnCGI region (Table 2). This contrasts with the 
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analysis between stem and nonstem counterparts of the same age (Table 1), where most of the 

methylation changes both hyper and hypo occurred in the npnCGI compartment. Thus, there are 

less DNA methylation changes during cellular differentiation when compared to changes with aging 

and it occurs in different genomic compartments.  

 

 

Figure 9. DNA methylation change with age between stem and nonstem cells.  

Scatterplot of CpG sites that change significantly (Methylation change >±5%, q-value <0.05) 

between 4-month versus 24-month in either stem cells, nonstem cells, or both in A. upper small 

intestine (USI). B. lower small intestine (LSI) and C. colon (COL). 

 

To determine if the CpG sites that change with age are similar in stem and nonstem cells, 

we considered all CpG sites that changed in either stem cells, nonstem cells, or in both in the 3 

intestinal sections. Changes in methylation in stem and nonstem cells in USI were highly correlated 

(r = 0.86, p < 0.001) (Figure 9A). We also saw similar results in LSI (r =0.84, p < 0.001) and COL 

(r=0.86, p<0.001). Next, I looked for discordant sites i.e., sites that change significantly with age in 

stem cells or nonstem cells but the difference in DNA methylation between change in stem cells 

and nonstem cells was greater than 20 percent. Only 8.6% CpG sites show discordant changes 

between stem cells and nonstem cells in USI, 8.6% in the upper small intestine, and 5.2% in the 
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colon. This shows that most of the changes occurring in the stem cells also occur in the nonstem 

cells, thus showing that DNA methylation change is a stem cell turnover phenomenon.  

Finally, I compared DNA methylation change with age in one intestinal compartment with 

another in both stem and nonstem cells. Results showed a high correlation between stem cells in 

USI versus LSI (r=0.78, p< 0.001), COL versus USI (r=0.69, p< 0.001) and COL versus LSI (r=0.7, 

p< 0.001) (Figure 10A-C).  Nonstem cell comparisons between different intestinal sections also 

gave similar results USI versus LSI (r=0.84, p< 0.001), COL versus USI (r=0.75, p< 0.001) and 

COL versus LSI (r=0.78, p< 0.001) (Figure 10D-F). This shows that CpG sites that change with age 

in one intestinal section also changes in the others.  

 

 

Figure 10: CpG sites that change with age in different intestinal tissues.  

A-C. Scatter plot of CpG sites that change significantly (Methylation change >±5%, q-value <0.05) 

with age compared between stem cells (Lgr5-GFP+) from different pairs of tissues A. upper small 

intestine (USI) and lower small intestine (LSI), B. upper small intestine (USI) and colon (COL), C. 

lower small intestine (LSI) and colon (COL). D-F. Same as in A-C in nonstem cells  
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DNA Methylation Changes in the Intestinal Epithelium Across the Lifespan of Mice 

 To extend these findings of the binary (old versus young) analysis I extend the study across 

the lifespan by incorporating data from mice at 12 and 18-months of age. To integrate the four-time 

points in all three USI, LSI, and COL intestinal epithelial cells, and in both stem and nonstem cells, 

I used permutation testing on Spearman’s correlations (r) between methylation and age for the 

125,077 CpG sites that had data across all ages with a minimum read coverage of 20 in at least 

75% of the samples. Empirical p-values were derived from 1000 random permutations based on 

the distributions of observed and permuted correlation coefficients (Figure 11A), I used Spearman 

correlation cutoff of |0.5| and empirical p-value < 0.05 to identify significantly changed sites. Overall, 

7,569 CpG sites (6.05%) were hypermethylated and 533 CpG sites (0.43%) were hypomethylated 

(Figure 11B), confirming the results from the two-condition analysis. 

 PCA analysis of the 8102 sites that change significantly with age shows a predominant 

clustering based on age (PC1, 50.2 % of the variance) and a minor clustering based on tissue of 

origin (PC2, 7.1% variance (Figure 11B). This differs substantially from the PCA of all sites (Figure 

7A) where the predominant source of variance was tissue differentiation (PC1, 25.6%), followed by 

aging (PC2,11.4%). To determine whether different genomic regions (Promoter-CpGi, 

nonPromoter-CpGi, Promoter-nonCpGi, nonPromoter-nonCpGi) were more likely to be affected by 

aging, I calculated odds ratios for each compartment in both the hyper- and hypo-methylated 

directions. As shown in Figure 11C, nonPromoter-CpGi have 3.5 times the odds (95% CI 3.01-

3.24) of gaining methylation with age, while nonPromoter-nonCpGi were less likely to gain 

methylation compared to the rest of the genome (Figure 11D). PCA limited to significant 

nonPromoter-CpGi sites shows clustering solely on age with 52.2% of the variance in PC1 (Figure 

11E). This specificity suggests that the CGI genomic compartment may yield better biomarkers of 

aging. 
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Figure 11. Analysis of CpG sites that change across lifespan in the intestine  

A. Histogram of Spearman correlation coefficients (r) derived from permutation analysis of 125,077 

CpG sites. Significantly (empirical p-value<0.05, r >|0.5|) hypermethylated CpG sites are in red and 

hypomethylated sites are in green. B. PCA plot constructed using the 8,102 CpG sites from the 

permutation test that significantly change with age. C-D. Odds ratios that CpG sites in given 

genomic regions (Promoter-CpGi, nonPromoter-CpGi, Promoter-nonCpGi, nonPromoter-nonCpGi) 

are more likely to gain methylation with age (top) or lose methylation with age (bottom). E. PCA 

plots of significantly hypermethylated CpG sites in the nonPromoter-CpG island (1139 CpG sites). 

 

DNA Methylation Changes between Small Intestine and Colon 

To analyze if the same sites are changing with respect to tissue differentiation between 

small intestine and colon, I used the same 125,077 CpG sites and calculated the Spearman’s 

correlation (r) between methylation and tissue for each CpG site. The distribution of observed and 

permuted correlation coefficients shows that 4,643 CpG sites (3.7%) were hypermethylated and 
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11,252 CpG sites (9%) were hypomethylated (|r| > 0.5, empirical p < 0.05) (Figure 12A). PCA of 

these 15,895 CpG sites clusters with respect to the tissue, with the small intestine additionally 

clustering into USI and LSI (Fig. 12B). Odds ratios calculated using significant CpG sites that 

change with tissue type in different genomic regions (Fig. 12C-D) showed that nonPromoter-

nonCpGi sites had the greatest odds of gaining (2.2, 95% CI 2.14-2.34) or losing (2.9, 95% CI 2.77-

3.21) methylation between the colon and the small intestine. 

 

 

Figure 12. Analysis of CpG sites that change with tissue differentiation  

A. Histogram of Spearman correlation coefficients (r) derived from permutation analysis between 

Colon (COL) and Small Intestine (USI+LSI) in 125,077 CpG sites.  Significant (empirical p-

value<0.05, r >|0.5|) hypermethylated CpG sites are in red and hypomethylated sites are in green 

(Colon – Small Intestine). B. PCA plot constructed using the 15,895 CpG sites that significantly 

change between tissues in the permutation test. C-D. Odds ratios that CpG sites in given genomic 

regions (Promoter-CpGi, nonPromoter-CpGi, Promoter-nonCpGi, nonPromoter-nonCpGi) are 

more likely to be hypermethylated in the colon (top) or be hypomethylated in the colon (bottom) 

compared to the small intestine. 
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I compared the 7569 CpG sites that were hypermethylated with age to 4643 CpG sites that 

were hypermethylated in tissue differentiation and found only 73 CpG sites in common. Similarly, 

only 29 CpG sites overlapped when comparing 533 CpG sites that were hypomethylated with age 

and 11252 CpG sites with tissue differentiation (Figure 13A). To examine this in greater detail, we 

plotted changes in aging vs changes in differentiation for all sites with a difference of >20% in the 

colon versus small intestine and a difference of > 5% in old versus young (Figure 13B). The scatter 

in the data suggests that the two processes (aging and differentiation) affect different CpG sites. 

Indeed, odds ratio analysis suggests that sites that change with differentiation are less likely to be 

hypermethylated (OR= 0.18) or hypomethylated (OR=0.38) with age (Fig. 13 B, inset). Therefore, 

since the odds demonstrate that tissue and age changes do not co-occur, this suggests that they 

have distinct biological mechanisms 

 

 

Figure 13. CpG sites that significantly with aging and tissue differentiation.  

A. Venn diagram showing the overlap of CpG sites that change significantly with age or significantly 

between colon vs small intestine, either sites that gain methylation (left) or sites that lose 

methylation (right). B. Scatterplot of CpG sites that change significantly between 24-month - 4-

month (>5% difference) or between the colon and small intestine (>20% difference). Inset shows 

the low odds ratios that a site changes with both differentiation and with aging, for hypomethylated 

and hypermethylated sites respectively. 
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Gene Expression Changes with Age and DNA Methylation in the Intestine 

 DNA methylation analysis shows that aging in the intestine results in many CpG islands 

becoming hypermethylated. To see if there are functional consequences to this dysregulation, I 

used RNA-seq to study intestinal epithelium from 4-month, 12-month, and 24-month-old mice, from 

the upper small intestine (USI), lower small intestine (LSI) and colon (COL). Principal component 

analysis shows that gene expression clusters are based on tissue rather than age (Figure 14A), 

with PC1 (57%) separating with tissues. There was no separation with respect to the upper and 

lower small intestine, and no separation with age. This result was further analyzed by comparing 

the differential expression between each age group.  

Analysis of differential methylation using general linear fit model (GLM) to suppress tissue 

specific expression, between 24-month and 4-month RNA-seq samples showed only 69 genes 

significantly (log2 Fold change > 1.5 and FDR < 0.05) upregulated and 111 genes significantly 

downregulated with age (Figure 14B). Analysis of 24-month versus 12-month showed only 15 

genes significantly upregulated and 70 genes significantly downregulated with age (Figure 14C), 

while 12-month versus 4-month showed 57 genes upregulated and 9 genes downregulated 

significantly with age (Figure 14D). This further confirms PCA findings that compared to DNA 

methylation change with age, there are fewer changes in RNA expression.  

 

 

Figure 14. Gene expression changes with age in the intestine. 

A. PCA plot constructed using all expressed genes in the intestinal epithelium of upper small 

intestine (USI), lower small intestine (LSI), and colon (COL) at ages 4, 12, and 24-months. B-D 



49 
 

Volcano plots showing differential gene expression (log2 Fold change > 1.5 and FDR < 0.05) in all 

intestinal samples B. 24-month vs 4-month, C. 12-month vs 4-month, D. 24-month vs 12-month. 

 

 I analyzed RNA expression change with age in each tissue type.  Results for each specific 

tissue type were similar to the previous analysis with the greatest difference in gene expression in 

upper small intestine (USI) in 24-month versus 4-month samples with 65 genes upregulated and 

44 genes downregulated (Figure 15A). In the 12-month versus 4-month comparison, 1 gene was 

significantly upregulated and 10 downregulated (Figure 15B) and in the 24-month vs 12-month 

comparison 6 genes were upregulated and 2 genes were downregulated (Figure 15C). The lower 

small intestine (LSI) showed a similar result with 10 genes significantly upregulated/downregulated 

in a 24-month versus 4-month comparison (Figure 15D). In 12-month versus 4-month, 1 gene was 

upregulated and 10 downregulated (Figure 15E) and in 24-month versus 12-month, 3 genes were 

upregulated and 1 was downregulated (Figure 15F). Finally, RNA expression for colon (COL) 

showed the highest difference between 24-months versus 4-month with 21 genes significantly 

upregulated and 17 genes downregulated (Figure 15G). 12-month versus 4-months had 5 genes 

upregulated and 22 downregulated genes (Figure 15H). and 24-month versus 12-month 

comparison had 3 genes upregulated and 2 genes downregulated (Figure 15I). Thus, tissue 

specific analysis also did not show much age-related difference when compared to the PCA or age 

only-pan intestinal tissue analysis 
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Figure 15. Changes in gene expression with age different intestinal tissue sections.  

A-C. Volcano plot showing differential gene expression in upper small intestine (USI) samples 

between A. 24-month vs 4-month, B. 12-month vs 4-month, C. 24-month vs 12-month. D-F. 

Volcano plot showing differential gene expression in lower small intestine (LSI) samples between 

D. 24-month vs 4-month, (E) 12-month vs 4-month, F. 24-month vs 12-month. G-I. Volcano plot 

showing differential gene expression in lower small intestine (LSI) samples between G. 24-month 

vs 4-month, H. 12-month vs 4-month, I. 24-month vs 12-month. 
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Correlation between DNA Methylation and Gene Expression 

Since RNA expression analysis between the different ages did not show many changes 

when compared to DNA methylation, I analyzed whether expression and methylation data were 

correlated. Gene expression was binned into 5 categories according to methylation status at 

promoter regions and RNA expression was measured as log2 of RPKM (Reads per kilobase per 

million mapped reads). The bins were as follows: 0-10% of CpG sites in the promoter region 

methylated, 10-20% of CpG sites methylated, 20-50% of CpG sites methylated, 50-80% of CpG 

sites methylated, and 80-100% of CpG sites methylated. RNA expression in each age category 

was plotted according to the methylation status. Data shows that even though there weren’t many 

genes whose expression changed with age, the methylation status of CpG sites in promoter regions 

does affect expression.   Genes with CpG sites in promoters methylated 0-10% have higher 

expression when compared to promoters with higher levels of methylation (Figure 16A). For further 

analysis, I divided the promoters into ones with CpG islands (Figure 16B).  and ones without CpG 

islands but CpG sites (Figure 16C).  Results showed that though CpG methylation status of both 

cases affected RNA expression, however promoter with CpG islands even more prominent effect 

of methylation status on RNA expression (Figure 16C). 

Although the gene expression analysis between different ages of the intestine did not show 

many differentially expressed genes, we explored changes in gene expression at the promoter-

CpG sites that significantly changed methylation with age in the permutation analysis (Figure 11A).  

First, I analyzed all CpG sites that significantly changed methylation with age in genes that are 

expressed or silenced in young mice but did not find any correlation between them (Figure 17A). 

Next, I looked at CpG sites that changed with age in promoter-CpG island or promoter-nonCpG 

island in genes that are expressed or silenced in young mice. For expressed genes, I found a small 

but significant inverse correlation between gene expression and DNA methylation change for CpG 

sites in promoter-nonCpG islands (r=-0.16, p<0.01) and in promoter-CpG islands (r=-0.18, p<0.05) 

(Figure 17B-C). As expected, those genes that are unexpressed at baseline showed no correlation 
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between DNA methylation and gene expression change. These data show that age-related DNA 

methylation changes are much broader than gene expression changes, but the two processes do 

intersect for a few genes. 

 

 

Figure 16. Correlation between DNA methylation and gene expression.  Bar plots showing the 

relationship between DNA methylation (x-axis) divided into five methylation status (0-10%, 10-20%, 

20-50%, 50-80% and 80-100%) and gene expression (average log2rpkm) on the y-axis in A. All 

promoters B. promoter-nonCpG island and C. promoter-CpG island. 

 

 

Figure 17. Correlation between aging CpG sites and gene expression.   

Scatterplots showing the correlation between DNA methylation change (24-month- 4-month, x-axis) 

and gene expression change (24-month- 4-month, y-axis) for promoter CpG sites selected based 

on significance in the permutation analysis. A. All sites changed with age. B. Sites in Promoter-

nonCpG Island that changed with age. C. Sites in Promoter-CpG Island that changed with age. 



53 
 

Entropy Increases with Age in the Intestine 

Percent methylation provides an incomplete picture of DNA methylation changes because 

it does not consider allelic heterogeneity, also known as methylation entropy. I used a program 

called Methclone [169] to identify epialleles, which are defined as 4 CpG sites that are close 

together in a 60 base pair (bp) genomic region. To quantitate entropy, we used the change in 

epiallele distributions to calculate the Jensen-Shannon Distance (JSD), where a JSD of 0 compared 

to a reference (average JSD in young samples) equals to no entropy and a JSD of 1 is maximum 

entropy. Then I compared the same epialleles in young and old samples in both stem and nonstem 

cells in the intestine. Some epialleles had low methylation in both young stem and old stem cells 

along with low JSD, and their nonstem counterparts also had similar epialleles (Figure 18). Other 

epialleles had high methylation in both young stem and old stem cells but low JSD and their 

nonstem counterparts also had similar epialleles (Figure 19).  Lastly, some epialleles had low 

methylation in both young stem cells but high methylation in old stem cells along with changes in 

JSD in young versus old, and their nonstem counterparts also had similar epialleles (Figure 20).   

 

 

Figure 18. Epiallele profile example with low methylation and low JSD 

Example methylation profiles of epialleles (4 CpGs on chr7 at positions 

100449324,100449327,100449355,100449384) that have low methylation levels and low JSD and 
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does not change with age.  Each row represents data from four consecutive CpG sites in a single 

sequenced allele (black: methylated, grey: unmethylated). A. The top shows colon stem cells (Lgr5-

GFP+) in a young (4-month) mouse.  The histogram shows the allele distribution on the X-axis and 

the proportion of each allele in the y-axis in young (bottom). B. Same as A, but colon nonstem cells 

(Lgr5-GFP-). 

 

 

Figure 19. Epiallele profile example with high methylation and low JSD 

Example methylation profiles of epialleles (4 CpGs on chr2 at positions 

10013682,10013689,10013712,10013723) that have high methylation levels and low JSD and 

does not change with age.  Each row represents data from four consecutive CpG sites in a single 

sequenced allele (black: methylated, grey: unmethylated). A. The top shows colon stem cells (Lgr5-

GFP+) in a young (4-month) mouse.  The histogram shows the allele distribution on the X-axis and 

proportion of each allele in the y-axis in young (bottom). B. Same as A, but colon nonstem cells 

(Lgr5-GFP-). 
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Figure 20. Epiallele profile example of a large change in methylation and JSD with age 

Example methylation profiles of epialleles (4 CpGs on chr7 at positions 38557438, 38557457, 

38557459, and 38557489) that have a large change in methylation entropy with age.  Each row 

represents data from four consecutive CpG sites in a single sequenced allele (black: methylated, 

grey: unmethylated). A. The top shows colon stem cells (Lgr5-GFP+) in a young (4-month) mouse.  

The histogram shows the allele distribution on the X-axis and proportion of each allele in the y-axis 

in young (bottom). B. Same as A, but colon nonstem cells (Lgr5-GFP-). 

 

To analyze the pattern of JSD change with age, I looked at the distribution of average JSD 

of each loci (n=2) across all ages in each intestinal sample. The distribution pattern of 4-month 

stem cells in upper small intestine was not spread out with most loci having an average JSD <0.2 

and only 15 loci having JSD >0.2 when compared to the reference. 18-month samples showed 330 

loci having JSD >0.2 and 24-month sampled had the greatest number of loci with JSD >0.2, at 697 

(Figure 21A, left). Results for the USI nonstem samples also showed similar results with 4-month 

samples having no loci with JSD >0.2 and 12,18- and 24-month-old having 339, 247, and 609 loci 

with JSD >0.2 respectively.  Lower small intestine (LSI) samples also had a similar result with the 

4-month stem cell having 21 loci with a JSD >0.2 and the number increases with age with the 24-

month sample having 1097 loci with JSD >0.2, and similar results for LSI nonstem samples as well 
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(Figure 21B). Finally, colon (COL) samples also had similar distributions as USI and LSI with age 

(Figure 21C) 

 

Figure 21. Jensen-Shannon Distribution (JSD) across Intestinal tissues in stem and 

nonstem cells in 4-12-18-24-month samples. 

 A. Scatterplot of Jensen Shannon distribution values with age (4-month, 12-month, 18-month, and 

24-month) across stem cells (Lgr5-GFP+) in upper small intestine (USI) stem cells (left) and 
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nonstem cells (right). Numbers in red are counts of loci with JSD >0.2.  B. Same as A but in lower 

small intestine (LSI) and C. Same as A but in colon (COL) 

To analyze the effect of aging on methylation entropy, I plotted the change in entropy (x-

axis) vs the change in methylation (y-axis) between stem and nonstem cells in old and young 

samples.  Large differences were seen when comparing old and young samples in the upper small 

intestine (USI), with 561 loci (20%) in stem cells and 495 loci (18%) in nonstem cells changing with 

age (Fig 22 A-B left panel). In lower small intestine (LSI), 795 loci (16%) in stem cells and 877 loci 

(15%) in nonstem cells change with age (Fig 22 A-B center panel). And lastly, in colon (COL), 223 

loci (24%) in stem cells and 275 loci (20%) in nonstem cells change with age (Fig 22 A-B right 

panel). Thus around 15-25% of epialleles change in DNA methylation thus changing entropy with 

age in the intestine 

 

 

Figure 22: Entropy increases with age in the small intestine.  

Scatterplots showing the change (old-young) in Jensen-Shannon Distance (JSD) on the x-axis vs 

change (old-young) in methylation on y-axis in the colon between (left) A. Young and old stem cells 

(Lgr5-GFP+) in the top panel. B. Young and old nonstem cells (Lgr5-GFP-) in the bottom panel. 
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To determine if there is any change in methylation entropy between old (24-month) stem 

and nonstem cells, we considered all loci with JSD >0.2 in either sample in the upper small intestine 

(USI), lower small intestine (LSI) and colon (COL). Changes in the old stem cells were highly 

correlated with changes in the nonstem cells in USI with r =0.83 and p < 0.001 (Figure 23A), Similar 

results were seen in LSI (r=0.77, p<0.001) and COL (r = 0.8, p < 0.001) sections (Figure 23B-C). 

Thus, there is no substantial difference in the disrupted entropy methylation patterns between stem 

cells and their daughter cells. 

 

 

 

Figure 23: Entropy is highly correlated within stem cells and nonstem cells  

Scatterplot of CpG sites that have a JSD >0.2 in old (24-month) in either stem cells, nonstem cells, 

or both in A. Upper small intestine (USI), B. Lower small intestine (LSI), and C. Colon (COL). 

 

I performed principal component analysis of JSD values using 10,366 loci detectable 

across all samples (USI, LSI and COL) in stem cells and nonstem cells and found clustering solely 

based on age (87.2%, PC1), with no clustering based on tissue (Figure 24). This contrasts 

dramatically with the initial PCA analysis (Figure 7A). demonstrating that, while DNA methylation 

overall is primarily tissue-specific, DNA methylation entropy is exclusively an aging phenomenon. 
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Figure 24. Principal component analysis of entropy (JSD) in the intestine. 

 PCA plot constructed using Jensen-Shannon Distances (JSDs) for 10,366 epialleles common in 

all samples of the intestine. 

 

Entropy Change with Age in Other Tissues 

 Since data from the intestines showed significant change in entropy with age, and further 

our data also showed that change in entropy started in the stem cells i.e., there was not much 

difference in entropy between stem and nonstem cells but a high difference in entropy with age in 

20-25% of loci. I decided to explore other tissues with different rates of stem cell division.  Heart, 

Kidney, and Skeletal muscle have a very low rate of stem cell division; other organs such as Liver, 

Spleen, and Lung have an increased rate of stem cell division, and the intestines have the highest 

rate of cell division (Table 3).  

I analyzed the pattern of JSD change with age by looking at the distribution of average JSD 

of each loci (n=2) across all ages in each sample. Proliferative tissues such as blood, lung, and 

spleen, there was an increase in number of loci that had a JSD >0.2 with age. In 4-month blood 

samples, the number of loci with JSD >0.2 was 13, in 12-month blood, there were 124 loci with JSD 

>0.2 and 24-month had 176 loci (Figure 25A). In the lung, 25 loci had JSD >0.2 in 4-month and the 

number steadily increased with age, 12-month samples had 709 loci and 24-month had 1631 loci 
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with JSD >0.2 (Figure 25B). Spleen had a similar increase in number of loci with age as well. 

Tissues that have a lower proliferative rate such as liver and skeletal muscle also had entropy 

increase with age (Figure 25D-E). Lastly, tissues known to be non-proliferative, kidney and heart 

had very few loci that increased in JSD >0.2. In kidneys only 5 loci had JSD>0.2 in 4-month sample, 

12-month samples had 76 and 24-month samples had 51 loci with JSD >0.2 (Figure 25F). Similarly 

in the heart, very few loci changed in entropy with age, in 4-month only 4 loci had a JSD>0.2 and 

in old (24-month) samples, 15 loci had JSD >0.2 (Figure 25G). This shows that change in entropy 

with age has more to do with the number of stem cell divisions with age than actual age. When 

change in JSD in intestines is compared to change in entropy (JSD) with heart, both at 24-months, 

there is a huge difference, however, in the 4-month samples, the change in JSD is comparable.   

 

 

Figure 25. Jensen-Shannon Distribution (JSD) with age across different tissues. 

Scatterplot of Jensen Shannon distribution values with age (4-month, 12-month, and 24-month) 

across different tissues A. Whole Blood, B. Lung, C. Spleen, D. Liver, E. Skeletal muscle, F. Kidney, 

G. Heart 
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Analyzing the JSD Distribution pattern shows that 24-month samples have more JSD than 

4-month samples in most tissues. In order to analyze the effect of aging on methylation entropy, I 

plotted the change in entropy (x-axis) vs the change in methylation (y-axis) in different tissues. 

Surprisingly tissues with higher proliferation rates such as blood and spleen did not have many loci 

that changed in JSD >0.2 with age ( Figure 26A&C), one reason for this could be that even though 

these tissues have a high proliferation of progenitor cells, hematopoietic stem cells themselves do 

not divide often [214]. Other tissues like liver and skeletal muscle did have loci that changed in JSD 

>0.2 with age, 387 in the liver, and 261 in skeletal muscle (Figure 26D-E). Finally, the heart and 

kidney did not have any loci that changed with age, lending further credence to our hypothesis that 

change in DNA methylation with age is a stem cell phenomenon. 

 

 

Figure 26: Entropy change with age in various tissues   

Scatterplots showing the change (old-young) in Jensen-Shannon Distance (JSD) on the x-axis vs 

change (old-young in methylation on y-axis in A. Whole Blood, B. Lung, C. Spleen, D. Liver, E. 

Skeletal muscle, F. Kidney, G. Heart 
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Change in Entropy is a Result of Stem Cell Division 

There is controversy as to whether DNA methylation changes with age are strictly related 

to proliferation errors or are possibly secondary to other factors that also affect non-proliferating 

cells [215]. Given our data on DNA methylation entropy with age starting in stem cells, we reasoned 

that one test of its proliferation-dependence is to study tissues with different stem cell division rates. 

In order to compare different tissues, I first compared the change in entropy with age in the stem 

and nonstem intestinal cells using fold change in the old with young samples as a reference. When 

compared to young (4-month) stem cells, old (24-month) stem cells had a 2.67-fold change in 

average JSD in the upper small intestine, 2.5-fold change in average JSD in the lower small 

intestine, and 2.83-fold change in the colon samples (Figure 27A). Similar results were in the 

nonstem samples with the old upper small intestine and colon samples having a fold change of 3 

and the old lower small intestine having a fold change of 2.8 (Figure 27B).  

 

 

Figure 27. Entropy fold change in the intestine. 

 Average Jensen Shannon Distances for each loci (JSD) in young (4-month) and old (24-month) 

mice in USI, LSI, and COL samples in both A. Stem (Lgr5-GFP+) and B. nonstem (Lgr5-GFP-) 

cells. Fold change calculated in 24-month cells with 4-month cells as reference.  
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 Similar fold change analysis for other tissues revealed 24-month blood and spleen samples 

have a fold change of 1.38 when compared to 4-month samples, the lung has 2-fold, the liver has 

1.67-fold and muscle has 2-fold and kidney has 1.43-fold change when compared to 4-month 

samples (Figure 28A-F). In the Heart, a very low proliferating tissue, the fold change in the old 

versus the young is 1, showing that minimal change occurs with age (Figure 28G). I compared the 

fold change in entropy against the 30-day tissue renewal rate (calculated in Table 3).  Results 

showed a very strong correlation between cell division rate and fold change in entropy (Pearson r 

= 0.89, p-value < 0.001), suggesting that methylation entropy is primarily a result of stem cell 

division (Figure 29). 

 

 

Figure 28. Entropy fold change in different tissues. 

 Average Jensen Shannon Distances for each loci (JSD) in young (4-month) and old (24-month) 

mice in USI, LSI, and COL samples in both A. Whole Blood, B. Lung, C. Spleen, D. Liver, E. 
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Skeletal muscle, F. Kidney, G. Heart. Fold change calculated in 24-month cells with 4-month cells 

as reference. 

 

Figure 29. Change in entropy is a result of stem cell division 

Scatterplot of fold change in JSD with age on the x-axis vs 30-day tissue renewal rate on the y-

axis: COL+ = colon stem cells, COL- = colon nonstem cells, SI+ = small intestine (USI + LSI) stem 

cells, SI- = small intestine (USI + LSI) nonstem cells. 
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Table 3: Calculation of Cellular turnover 

 

To determine if the change in JSD was occurring in the same loci or different loci in between 

the stem and nonstem cells, I took loci in 24-month samples that had a JSD >0.2 and looked at 

each intestinal section separately. In the upper small intestine, there was an overlap of 414 loci 

between stem and nonstem samples, with only 32 loci in stem and 13 loci in nonstem that didn’t 

overlap (Figure 30A). In lower small intestine samples, 403 loci overlapped with few (31 in nonstem 

and 13 in nonstem) that did not change in both samples (Figure 30B). Similarly, for colon samples, 

391 sites were common and 32 in stem and 21 in nonstem were not (Figure 30C). A similar 

comparison of all intestinal tissues revealed 369 common loci in the intestines that change in 

entropy with age and very few loci that are not common (Figure 28D). This confirms previous 

methylation analysis which shows that CpG sites that changed with age were common across all 

small intestine and colon.  

 

Organ/Tissue Turnover time No. of turnover 

/30 days 

Reference 

Small intestine 2-3 days 12 Potten [184] 

Colon 3-4 days 8.5 Potten [184] 

Blood (Hematopoietic 

Stem cells) 

57 days 0.52 Cheshier et.al [185]    

Liver Hepatocytes 200-400 days 0.1 Magami et. al [186] 

Lung  Bronchial epithelium 

 (2-7 days) 

Bronchiolar epithelium-

(10 days) 

Alveolar epithelium- 

(28-35 days) 

 

Average =10.5 days 

  

3.53 Bowden [187]  

Striated muscle >170 days 0.17 Allbrook et. al [188]  

Spleen (whole) 9 days 3.3 Crippen et. al [189] 

Kidney (renal corpuscle 

and the nephron tubule) 

>120 days 0.25 Litvak & Baserga [190] 

Cardiomyocytes >300 days  0.1 Cluzeaut  & Maurer-

Schultze [191] 
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Figure 30. Common loci with entropy in different intestinal sections.  

UpSet plots of commonly detected loci with Jensen Shannon distance (JSD) >0.2 in stem cells 

versus nonstem cells of different intestinal compartments. A. Upper small intestine. B. Lower small 

intestine. C. Colon. D. All intestine  

Finally, I considered all loci that were detected in all tissues, with a JSD >0.2 in at least one 

tissue. For the purpose of this comparison, I combined the upper small intestine, lower small 

intestine, and colon into one intestine tissue. I did not find loci that changed with age across all 

tissues, and very few that changed in multiple tissues (Figure 31). In contrast, in the 3 sections of 

the intestine (which correspond to highly related tissues), most loci with JSD>0.2 were overlapped 

(Figure 31D). Thus, DNA methylation entropy change is highly tissue specific, in addition to being 

very closely correlated with stem cell turnover.   

 



67 
 

 

Figure 31. Common loci with entropy changes across different tissues 

UpSet plots of commonly detected loci with Jensen Shannon distance (JSD) >0.2 in different 

organs (Liver, Lung, Muscle, Spleen, Blood, Kidney, Heart, and Intestines).  

 

DNA Methylation Change in Organoids 

To analyze if we can recapitulate the methylation changes with age in the intestinal 

epithelium in vitro, I isolated intestinal crypts from the upper small intestine (USI), lower small 

intestine (LSI), and colon (COL). From 4-month and 24-month-old LGR5-GFP mice. I cultured each 

sample for 14 passages, with 1 passage lasting a week, and compared the changes in DNA 

methylation that occurs between the different passages and with primary cell data from the stem 

and nonstem cells. PCA analysis of all the 4-month primary and organoid samples shows that there 

are considerable differences between the organoids and their primary counterparts, and it accounts 

for 74.4 % of the differences between the sample (Figure 32A). The organoids cluster by intestine 

section but not by passage number, and primary cells further cluster by intestine section on PC2. 

PCA analysis of the old (24-month) samples, was similar to young samples with the biggest 

difference between the samples was between organoids and primary cells on the PC1 with 63% 

(Figure 32B). However, older organoid samples clustered by passage number on PC2 (16.6%) 
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instead of intestinal sections, organoids passaged 3 times were on one cluster and organoids 

passaged 14 times on another, with USI organoids with different passage numbers being the 

closest.     

 

Figure 32. PCA between primary cells and organoids in young and old samples 

A. Principal component analysis (PCA) of 24,093 CpG sites common across 4-month primary and 

organoid samples in 3 tissues. B. Principal component analysis (PCA) of 10,452 CpG sites 

common across 24-month primary and organoid samples in 3 tissues.  

 

 I analyzed the difference in methylation caused by passaging in organoids between each 

tissue section and passage 3 versus passage 14. Results show that in culture, 4-month USI 

samples have a similar DNA methylation pattern between the 3rd and 14th passage with only 45 

(0.1%) sites hypermethylated and 20 (0.1%) sites hypomethylated (Figure 33A). This is very 

different from 4-month LSI organoids where there are more changes, with 2274 (6%) sites gaining 

methylation and 1682 (4.4%) losing methylation (Figure 33B). The 4-month organoids from the 

colon were similar to the USI, with only 176 (0.2%) sites gaining and 49 (0.1%) losing methylation 

(Figure 33C).  
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Figure 33. DNA methylation changes in organoids between the 3rd and 14th passage   

A-C. Volcano plots showing methylation differences between 3rd and 14th passage in organoids 

isolated from young (4-month) mice in A. Upper small intestine (USI) B. Lower small intestine (LSI) 

and C. Colon (COL). D-F. Volcano plots showing methylation differences between 3rd and 14th 

passage in organoids isolated from old (24-month) mice in D. Upper small intestine (USI) E. Lower 

small intestine (LSI) and F. Colon (COL). Each volcano plot indicates the number and percent of 

CpG sites that are differentially methylated (Methylation change >±5%, q-value <0.05). 

 

 In organoids derived from the old (24-month) sample, USI had 543 (0.9%) sites 

hypermethylated and 1582 (2.6%) sites were hypomethylated (Figure 33D). LSI samples, similar 

to its young counterpart had larger methylation differences when compared to USI, with gains in 

6591 CpG sites (7.6%) and losses in 5370 (6.2%) CpG sites (Figure 33E). Finally, colon samples 

in contrast to its younger counterpart had more hypermethylation with 1222 (9.3%) sites 

hypermethylated and 813 sites (6.2%) hypomethylated. This shows that out of the three intestinal 

segments, USI organoids do not change DNA methylation patterns over short periods of passaging 
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compared to LSI organoids. Older colon organoids also have a greater change in methylation when 

compared to younger ones.  

 Next, I compared the organoid samples to primary cells of the same age. Since the 

organoids contain both stem cells and nonstem cells the primary stem and nonstem cells were put 

in the same group. Results show considerable DNA methylation changes between young organoids 

passaged 3 times and 4- month primary cells. In the 4-month USI organoids, 4844 (11.9%) CpG 

sites lose methylation, and 1415 (3.5%) gain methylation (Figure 34A). This change in DNA 

methylation is greater between the 4-month primary cells and 4-month USI organoids passaged 14 

times with 10695 (12.2%) sites hypomethylated and 4784 (5.5%) sites hypermethylated (Figure 

34D). Similar to the previous analysis, 4-month LSI organoids passaged 3 times had almost double 

the amount of DNA methylation changes from USI samples, with 11647 (21.4%) sites losing 

methylation and 3540 (6.5%) gaining methylation (Figure 34B) and 4-month LSI organoids 

passaged 14 times had 3927 (8.7%) sites hypermethylated and 7898 (17.3%) sites hypomethylated 

(Figure 34E). Colon organoids also had significant changes in DNA methylation with 4527 (8.5%) 

hypermethylated and 8758 (16.4%) sites hypomethylated when compared to 4-month organoids 

passaged 3 times and similar changes in the 14 passage as well (Figure 34C&F) 
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Figure 34. DNA methylation changes in young organoids and young primary cells 

A-C. Volcano plots showing methylation differences (Methylation change >±5%, q-value <0.05) 

between 3rd passage in organoids and primary cells isolated from young (4-month) mice in A. Upper 

small intestine (USI) B. Lower small intestine (LSI) and C. Colon (COL). D-F. Volcano plots showing 

methylation differences between 14th passage and 14th passage in organoids and primary cells 

isolated from young (4-month) mice in D. Upper small intestine (USI) E. Lower small intestine (LSI) 

and F. Colon (COL).  

 

Analysis of the organoids isolated from 24-month mice and passaged for 3 and 14 times 

showed even more changes in DNA methylation when compared to old primary cells. The USI 

organoids gained methylation in 2495 (4.1%) CpG sites and lost methylation in 11199 (18.2%) of 

CpG sites in old organoids that were passaged 3 times and similar results were seen in the 

organoids passaged 14 times (Figure 35A&C). Lower small intestine and colon 24-month organoids 

had greater than 20% of CpG sites lose methylation and around 6-9% of CpG sites gain methylation 

((Figure 35B&D-F). This shows that DNA methylation status undergoes changes when primary 
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cells are cultured in vitro, and these changes occur more when the primary cells are old. Organoids 

from old LSI and COL intestinal sections were difficult to maintain in culture and would senesce 

after 13-14 passages. Thus, to observe the effects of long-term culture of primary cells in vitro I 

focused on organoids isolated from USI. 

  

 

Figure 35. DNA methylation changes in old organoids and old primary cells 

A-C. Volcano plots showing methylation differences (Methylation change >±5%, q-value <0.05) 

between 3rd passage in organoids and primary cells isolated from old (24-month) mice in A. Upper 

small intestine (USI) B. Lower small intestine (LSI) and C. Colon (COL). D-F. Volcano plots showing 

methylation differences between 14th passage and 14th passage in organoids and primary cells 

isolated from old (24-month) mice in D. Upper small intestine (USI) E. Lower small intestine (LSI) 

and F. Colon (COL).  
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Effects of Long-term Passaging in Upper Small Intestine Organoids 

I isolated organoids from 4-month and 24-month USI and cultured them till 25 or 28 

passages and compared the DNA methylation changes with passaging and also compared 

methylation changes to primary cells. PCA analysis of all the organoid and primary cell samples 

shows 3 distinct clusters (Figure 36A). First, the primary cells cluster away from the organoid 

samples, and samples that have been passaged 28 times form a separate and small cluster. 

Analysis of USI organoids isolated from 4-month USI, passaged from 0 to 28 cycles shows results 

similar to the 3rd versus 14th passage data. 2456 (6.1%) sites gain methylation, and 9840 (23.7%) 

sites lose methylation (Figure 36B). In the USI organoids isolated from 24-month mice and 

passaged from 0-28 cycles, data was similar to 4-month organoids, 1979 (4%) sites were 

hypermethylated and 13085 (26.1%) sites were hypomethylated (Figure 36C). Comparing a 

biological duplicate set of USI organoids cultured to passage 25 also showed around 28% of CpG 

sites losing methylation and around 9% of CpG sites gaining methylation (Figure 36D). Thus, taking 

primary cells and culturing them invitro causes many DNA methylation changes that need to be 

explored for this technology to develop and advance further.  
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Figure 36. DNA methylation changes in USI primary cells and organoids 

A. Principal component analysis (PCA) of 24,093 CpG sites common across primary cells 

(4,12,18,24 months) and organoids (4, 24 months) derived from USI. B. Volcano plots showing 

methylation differences (Methylation change >±5%, q-value <0.05) between organoids isolated 

from 4-month USI that have been continuously passaged from 0-28 cycles. C. Volcano plots 

showing methylation differences between organoids isolated from 24-month USI that have been 

continuously passaged from 0-28 cycles.  

 

 Since previous analysis looking at DNA methylation with age showed certain genomic 

compartments showing more age-related changes, I did a PCA analysis of CpG sites in different 

genomic compartments. CpG sites that were in Promoter CpG island and nonPromoter-CpG island 

resulted in age-based clusters. In Promoter CpG island (2961 CpG sites) analysis, organoids 

isolated from 4-month organoids cluster with 4-month primary cells and earlier passage (Passage 

0, 3,14).  Old organoids isolated from 24-month mice cluster with 24-month primary cells (Figure 

37A). Except for young and old organoids passaged 28 times, which cluster together. Results for 

nonPromoter-CpG islands showed similar results with the primary cells clustering based on age 

and the organoids following the trend (Figure 37B). These results show that the DNA methylation 

pattern in the organoids is vastly different from primary cells and some genomic compartments 

might be better reflect primary cells when analyzing DNA methylation invitro. 
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Figure 37. DNA methylation changes in CpG island in USI primary cells and organoids 

A. Principal component analysis (PCA) of 2961 sites common across primary cells (4,12,18,24 

months) and organoids (4, 24 months) derived from USI in Promoter-CpG islands. B. Principal 

component analysis (PCA) of 1236 sites common across primary cells (4,12,18,24 month) and 

organoids (4, 24 month) derived from USI in nonPromoter-CpG islands. 

 

 To further analyze the changes that occur with age between in vivo and in vitro, I compared 

the significant sites that change in DNA methylation with age (4-month vs 24-month) in primary 

cells with significant sites that change invitro in organoids isolated from 4-month mice and 24-month 

mice at passage 0 (1 week in cell culture). Results showed that there is a significant but weak 

correlation between aging in primary stem cells and organoids that were grown in culture for a 

week, with an r= 0.22 and p-value < 0.001 (Figure 38A), results for primary nonstem cells were 

similar (Figure 38B). Next, I compared the significant sites that change in DNA methylation with 

age (4-month vs 24-month) in primary cells to sites that change in DNA methylation in organoids 

isolated from 4-month and 24-month mice that had been passaged 28 times each. Results showed 

no significant correlation between the two in primary stem cells and nonstem cells (Figure 38C-D) 

highlighting the DNA methylation changes brought on by long-term passaging. 
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Figure 38. DNA methylation change with age between primary cells and organoids.  

A. Scatterplot of CpG sites that change significantly between 4-month versus 24-month in primary 

stem cells, 4-month versus 24-month in organoids in passage 0, or both.  B. Same as in A but in 

primary nonstem cells. C. Scatterplot of CpG sites that change significantly between 4-month 

versus 24-month in primary stem cells, 4-month versus 24-month in organoids in passage 28, or 

both.  D. Same as in C but in primary nonstem cells.  

 

 

Figure 39. DNA methylation change in vitro compared to aging in in vivo.  

A. Scatterplot of CpG sites that change significantly between 4-month versus 24-month in primary 

stem cells and 4-month USI organoids passaged for 28 cycles, or both.  B. Same as in A but in 

primary nonstem cells. C. Scatterplot of CpG sites that change significantly between 4-month 

versus 24-month in primary stem cells and 24-month USI organoids passaged for 28 cycles, or 

both.  D. Same as in C but in primary nonstem cells.  



77 
 

 

 Finally, I examined if long-term passaging could mimic aging, organoids isolated from USI 

of 4-month mice were passaged 28 times (28 weeks) and sites that changed significantly with this 

passage were compared to sites that significantly changed with age (4-month versus 24-month) in 

primary stem cells. Results showed that while there is a weak but significant correlation between 

aging in vitro and aging in vivo (r= 0.28, p-value < 0.001), sites that significantly change with 

organoid passing have more hypomethylation than primary cells (Figure 39A), primary nonstem 

cells showed similar results (Figure 39B). Next, I compared sites that changed significantly in vitro 

aging of USI organoids isolated from 24-month mice, passed 28 times (28 weeks) with aging in 

primary stem and nonstem cells. Results again showed very weak correlation and significant sites 

undergoing hypomethylation (Figure 39C-D), lending credence to previous results showing DNA 

methylation differences between organoids and primary cells and long-term culture of organoids 

exacerbating the differences.   
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CHAPTER 4 

DISCUSSION 

Data shows that most age-related DNA methylation drift is attributable to stem cell 

replication. The intestinal stem cells differentiation process consists of the stem cell dividing into 

transient amplifying (TA) cells and depending on Notch or Wnt signaling, dividing into differentiated 

absorptive (Enterocyte) or secretory (Goblet, Paneth, etc.) cells [9]. This entire process consists of 

4-5 rounds of cell division. In order to study DNA methylation changes occurring during this 

process, I compared DNA methylation change between stem cells and non-stem cells and in young 

(4-month) and old (24-month) samples. I observed that the young samples have very little to no 

change in the small intestine (Figure 7B-C) and no change in the colon (Figure 7D). Old stem cells 

and their non-stem cell counterparts have more methylation differences (Figure 7E-G) of which 

most occur in nonCpGi-nonPromoter genomic regions (Table 1). These results show that DNA 

methylation drift when a stem cell differentiates into non-stem cells in the young intestine is small. 

This drift slightly increases when an older stem cell divides into non-stem cells, pointing towards 

older stem cells having a more unstable methylome. The average rate of intestinal stem cell division 

is once in 3 days [32]. During a 20-month (24-month – 4-month) period (600 days) a stem cell 

roughly undergoes 200 cell divisions.  

I calculated the methylation drift during this period by comparing young (4-month) stem 

cells to old (24-month) stem cells and their non-stem cell counterparts, I saw more DNA methylation 

changes (Figure 8) when compared to stem cell differentiation, and this difference was greatest in 

the CpGi-nonPromoter genomic region (Table 2).  This shows greater DNA methylation drift with 

age and the rate of drift depending upon the number of cell divisions.  I compared the sites that 

change in the stem cells to nonstem cells in each intestine compartment and the results show that 

they are highly correlated with each other (Figure 9). Thus, changes occurring in stem cells are 
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passed down to daughter cells (nonstem cells) through cell division. Finally, I compared DNA 

methylation change with age in each intestinal compartment with each other in stem and nonstem 

cells. CpG sites that change significantly with age in one compartment also changes in the other 

(Figure 10). Thus, the same CpG sites change with age across the intestine. 

I performed a permutation test to determine CpG sites that change with age across the 

lifespan of mice through 4,12,18,24 months of age in the intestine and found that CpG tends to 

become hypermethylated with age (Figure 11A). I then performed an odds ratio analysis showing 

that the CpG-nonPromoter genomic region has the highest odds of gaining methylation with age 

(Figure 11C-D) and a PCA analysis of CpG sites in this genomic compartment showed clustering 

based solely on age (Figure 11E).  I also analyzed CpG sites that changes with tissue differentiation 

i.e., CpG sites with different DNA methylation level between the small intestine and colon. I found 

that CpG sites are hypomethylated in the colon when compared to the small intestine (Figure 12A).  

Odds ratio analysis showed this hypomethylation mostly occurs in CpG sites located in 

nonpromoter-nonCpG islands (Figure 12C-D). I looked for CpG sites that overlapped between sites 

that change significantly with age and tissue (colon vs small intestine) and there was essentially no 

overlap between them (Figure 13). 

I investigated whether DNA methylation change with age leads to changes in gene 

expression across all intestine and used combined all three sections and used linear modeling to 

analyze change with age. Only 0.53% of genes were upregulated and 0.33% downregulated with 

age across intestine when comparing 24-month versus 4-month RNA-seq data and comparisons 

of 24-month versus 12-month and 12-month versus 4-month were similar (Figure 14B-D). Intestinal 

sections examined individually also showed similar results (Figure 15). One reason for this could 

be that DNA methylation changes could be occurring in genes that are not expressed in the colon 

or small intestine. An example is Elovl2, which was shown to increase in methylation with age in 

blood and saliva samples [216, 217], however, the gene is primarily expressed in the brain, liver, 

and testis.  
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Although gene expression does not drastically change with age, I found that an increase 

in DNA methylation reduces gene expression, in genes with promoter regions having CpG sites, 

and this was more prominent in Promoter-CpG island genomic region (Figure 16), and this has 

been documented before in other studies [218, 219]. Furthermore, I did find a small inverse 

correlation (r = -0.18) between CpG sites that change significantly with age in the permutation 

analysis and gene expression, showing that an increase in DNA methylation in CpGi-Promoter 

regions decreases gene expression (Figure 17B-C). 

Age-related methylation drift is evolutionary conserved across studies and methylation drift 

is inversely proportional to longevity [30].  Different studies have shown age-related DNA 

methylation changes with different sets of CpG sites [83-85, 103, 108, 220], this has led to the 

creation of epigenetic clocks to calculate an estimated biological age, with the difference between 

biological age and estimated age correlating with disease and life expectancy, i.e. if the calculated 

biological age was higher than chronological age, then there is a greater risk of age-related 

diseases. With the advent of epigenetic clocks and biological age predicting human health, disease 

treatment, and preventative lifestyle changes, issues that are present in current clocks need to be 

addressed. These clocks were first developed with data from 450k methylation arrays which do not 

account for 99% of the possible CpG sites. Tissue samples used to develop these clocks were 

“normal” tumor adjacent tissues collected during cancer biopsies. These types of tissues have been 

known to show accelerated aging phenotypes [220-222]. These clocks are based on a small subset 

of CpG sites that strongly correlates with age, obtained through elastic net regression on 450K 

array data. Some of these clocks have been developed across multiple tissues and some on whole 

blood and there is little overlap in CpG sites from the different clocks. Lastly, these clocks are not 

tissue specific and lose accuracy when applied across multiple tissues.  

Our results from the intestine showed that methylation drift with age is dependent on 

replication and different tissues have different replication rates. In this study, we propose that only 

using overall quantitative percent methylation to assess biological age is incomplete because it 

does not consider epigenetic heterogeneity (allelic methylation) into account. Epigenetic 
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heterogeneity can be defined as different patterns of DNA methylation in the same genetic region 

within the cells of the same tissue of origin [169]. We used the principles of entropy (Jensen- 

Shannon Distance) to study patterns of allelic methylation change with age. Jensen-Shannon 

distance measures the similarity between two probability distributions [181]. When the distributions 

overlap (low entropy) JSD=0 and when they do not (high entropy) JSD=1, thus if the allelic 

methylation changes with age the entropy increases, bringing the JSD value closer to 1. Our results 

for the intestine showed that when compared between stem cells and non-stem cells of the same 

age there was very little change in entropy (Figure 18-20). JSD distribution showed that 24-month 

samples have a greater distribution (Figure 21). Then I compared entropy change between 4-month 

and 24-month samples. There were large changes in entropy in the old when compared to the 

young in all three sections of the intestine (Figure 22) and these changes were highly correlated in 

stem and nonstem cells (Figure 23).  PCA analysis with the JSD values showed an exclusive aging 

effect (Figure 24), showing that DNA methylation entropy can overcome the tissue specificity of 

percent methylation. Thus, change in entropy detects age-related disruptions to the methylome, 

potentially better than single-CpG measurements of DNA methylation. 

To further explore if this observation is true in other tissue types, I calculated entropy (JSD) 

changes in other tissues with different replication rates. First, I compared the distribution of JSD 

within tissues with low rates of cell division i.e., heart and kidney had lower rates of entropy and 

tissues with intermediate rates of cell division fell in between, compared to intestines. Tissues with 

the lowest rate of cell division had the narrowest distribution of JSD (Figure 25) when compared to 

the previous distribution of JSD in the intestine. Analysis of change in JSD in old versus young 

showed that there was no change in JSD in heart and kidney and surprisingly, blood did not have 

many loci that changed entropy with age (Figure 26). This might be due to the low rate of actual 

hematopoietic stem cell division occurring in the blood is low [214]. Further analysis comparing the 

fold change of JSD in young samples versus old showed that fold change in 24-month intestine is 

higher compared to heart and kidney (Figure 27 &28), all these results put together showed that 
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there is a high correlation between fold change and tissue renewal rate (r=0.89, p=<0.001) and 

change in methylation entropy is a result of stem cell division (Figure 29).  

Finally, I looked at the overlap of loci that changed with age and saw a high degree of 

overlap in the intestine samples but not between different tissue samples demonstrating that 

entropy change is tissue specific (Figure 30&31). Thus, this study shows that the more cell divisions 

occur, the greater the epigenetic drift with age. Combining all the data shows that DNA methylation 

drift with age is tied to tissue specific cell division.   Consequently, any epigenetic clock needs to 

take cell division into account as I did not find many common CpG sites that changed with age that 

overlapped across multiple tissues. Therefore, change in entropy can be used as a mitotic clock to 

measure tissue specific biological aging.  

Most epigenetic clocks are represented as linear models built using elastic net regression, 

which uses an algorithm to decide which CpG sites to use and attaches weights associated with 

each CpG [226]. Regularized regression selects CpG sites by scaling the least informative CpG to 

zero and learned coefficients are assigned to each CpG to indicate the amount of age that changes 

with respect to methylation values. Thus, the methylation value at each CpG with the learned 

coefficient is added to calculate the estimated age. However, this model assumes that the rate of 

change of a methylation at a CpG site is linear and constant which is not the case. Most clocks use 

completely different sets of CpG sites and show tissue dependent effects which are not properly 

accounted for, this is challenging because it makes importance of CpG sites selected and its role 

in the aging process difficult to assess [223].  Furthermore, this demonstrates that potential CpGs 

that make up an epigenetic clock is present in abundance. A chronological clock measures age 

since birth and a biological clock anticipates age-associated dysfunction, functional decline of 

tissue, mortality, and morbidity. Individuals of the same chronological age can have different 

biological ages leading to different outcomes in life.   

Currently, there is no consensus on factors (functional or physiological) that can be used 

to measure biological age, though multiple factors such as cardiovascular and lung function, 

cognitive function, inflammation, and other molecular markers such as telomeres and senescence-
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associated secretory phenotype (SASP) has been proposed [224], revealing the complexities and 

multidimensional nature of aging. However some success in measuring biological age such as in 

HIV infection and premature biological aging [225], Werner’s syndrome, and Down syndrome have 

been achieved [226, 227]. Conversely, super-centenarian humans and their offspring had 

decelerated methylation in blood [228].  

Overall, methylation change with age reflects the drift of CpG sites that have high or low 

methylation nearer to 50% methylation driven by an increase in entropy. We have used Jensen-

Shannon Distance (JSD) to measure entropy and have shown that change in entropy is a stem cell 

division phenomenon. The cause for change in entropy in stem cells and progenitor cells in 

regenerating tissues can be attributed to the lack of fidelity of DNMTs during DNA replication [80]. 

However, change in DNA methylation entropy in non-dividing cells can also result from 

maintenance errors by TET and DNMT activity in open chromatin regions [229, 230]. Studies have 

shown that in genes associated with circadian rhythm, CpG sites whose methylation changes with 

age overlaps with regions of dynamic chromatin [231, 232].  Age altered expression of DNMTs and 

TETs, or altered levels of  S-adenosylmethionine (SAM), a methyl donor, and α-ketoglutarate (α-

KG) a cofactor for TETs [117] can also cause age-associated changes in DNA methylation entropy.   

An increase in methylation entropy can be suppressed by interventions such as caloric 

restriction [30] which slows the rate of change of DNA methylation with age in monkeys. Another 

study done on the effects of dietary restriction and rapamycin in mice showed that caloric restriction 

suppressed age-associated changes at genes, enhancers, and CpG islands. Rapamycin also 

affected a small number but a modest number of genes [233]. Dietary restriction study on aging 

showed that it protects rodents from age-associated DNA methylation and induces epigenetic 

reprogramming of lipid metabolism [234] and another study also showed that dietary restriction and 

treatment with rapamycin slows down epigenetic aging signatures in the liver. [102]. Therefore, 

lifestyle and dietary interventions might be useful in the suppression of increasing DNA methylation 

entropy, thus slowing down aging.  
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Age-associated DNA methylation changes could also be affected by changes to the 

chromatin and chromatin modifiers [235]. There is a link between DNA methylation and histone 

lysine modification. H3K4me3 prevents gene promoters from DNA methylation, H3K36me3 and 

H3K9me3 recruits DNMTs to gene bodies and heterochromatin [236]. Polycomb complex protein 

CBX7 responsible for heterochromatin can also recruit DNMTs and cause cancer specific 

hypermethylation of DNA [237]. Hypomethylation of DNA has been shown to redistribute 

H3k27me3 which causes the de-repression on Polycomb target genes [238].  Therefore, any DNA 

methylation clock or methylation entropy derived clock could be a part of a network of secondary 

changes in the epigenome, and a series of clocks that can track both, incorporating chronological 

and biological changes with age needs to be developed.  

A study on anti-aging effects of recombinant human growth hormone (rhGH) in combination 

with dehy-droepiandrosterone (DHEA) and Metformin, not only managed to slow down aging but 

also caused epigenetic aging reversal relative to chronological age [239].  Another study has shown 

that DNMT inhibitor 5-Azacytidine (5-AZA) reversed the aging phenotype of mesenchymal stem 

cells and could be a therapeutic agent to slow down and reverse aging [240]. 5-Azacytidine (5-

AZA) has also been shown to promote osteogenic differentiation on aged adipose derived 

mesenchymal stem cells via DNA demethylation [241]. Multiple studies have shown that an anti-

diabetic drug, Metformin has a multitude of anti-aging effects including epigenetic alterations [242].  

Metformin enhanced global H3K27me3 levels and reverted its age-associated loss in fibroblasts 

from Werner’s syndrome patients [243]. Metformin also promotes global DNA methylation using 

the one-carbon pathway in cancer cells [244]. Metformin is also a SIRT-1 activating compound and 

can cause histone modifications through phosphorylation of histone acetyltransferases (HATs) and 

inhibition of histone deacetylases (HDACs) [245]. Thus, various anti-aging drugs have shown the 

potential to slow down and even reverse aging. Their impact on the DNA methylation clock, 

potential to reverse biological aging and methylation entropy needs to be further explored.  

DNA methylation is tissue specific and it impacts methylation clocks, shown by our study 

and others [246].   Identification of CpG sites that undergo tissue specific changes and using them 
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to characterize functional tissue specific and disease specific clocks can create a clinical tool to 

monitor age specific diseases and mortality risks. As previously stated, cellular mechanisms, 

especially mitosis, varies between tissue and contributes to changes in DNA methylation with age. 

Thus, a tissue specific mitotic clock will calculate cell specific mitosis events. Some clocks 

measuring mitosis already exists such as the “epiTOC”, which in a study showed that DNA 

methylation gains with age in Polycomb regions [97]. Methylation changes due to replication in 

cancerous and pre-cancerous tissues which have also been studied. Loss of methylation in CpG 

sites that are found in partially methylated domains (PMD), are also driven by mitosis, and 

inflammation and cellular damage leads to decrease in methylation due to an increase in cell 

turnover rates [105]. Mis-localization of DNMT1 during cell division leading to senescence related 

hypomethylation in PMS’s have also been observed [247]. Epigenetic modifications caused due to 

replicative senescence  are ameliorated when reprogrammed into iPSCs using Yamanaka factors 

[248]. Understanding age related methylation changes in tissues with different rates of cell division 

and in nondividing tissues is crucial to develop better epigenetic clocks. Future studies need focus 

on tissue specific clocks to understand relationship between age related DNA methylation pattern 

and changes in epigenetic regulators to further dissect the complex nature of epigenetic aging. 

One method to further our knowledge on epigenetic aging process would be to move away 

from bulk cell derived data and explore single cell analysis [249]. Tissues are composed of different 

cell types and each cell types have varied genetic and epigenetic changes. Analysis of single cell 

data to pinpoint differentially methylated regions (DMR’s) between cells is necessary to accurately 

understand the process of epigenetic aging. For example, age related cell composition changes 

are observed in blood, with cells shifting to myeloid derived cells, diminished immune competence 

and clonal competition [250-252]. Other studies point to presence of intermittent senescent cells 

present in aging tissues that could contribute to declining function of organs with age [253]. In order 

to better elucidate the aging mechanisms of various cell types and cell populations, studies need 

to utilize single cell methylome and transcriptome and chromatin modifications to assess age 

related cell to cell variability. 
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Studying the biology and mechanism of aging is necessary to prevent age-related diseases 

and for the discovery of anti-aging methods. Recently organoids of different organs have been 

developed to study the development and different diseases. I analyzed if we could recapitulate the 

DNA methylation changes in the intestine in vivo in intestinal organoids in vitro. First, I evaluated 

the change in DNA methylation that occurs with passaging and found that organoids isolated from 

young (4-month) upper small intestine and colon had very little DNA methylation changes, however 

organoids from lower small intestine had more changes (Figure 33A-C). The organoids isolated 

from 24-month intestinal sections show more changes in DNA methylation with passaging when 

compared to the 4-month ones (Figure 33D-F). This is similar to DNA methylation changing in older 

cells more than younger cells in primary stem and nonstem cell data (Figure 7).  

DNA methylation in organoids, from passages 3 and 14, were compared to primary stem 

and nonstem cells of the same ages, organoids in passage 3 on average gained methylation in 3-

11% CpG sites and lost methylation in 12-16% CpG sites (Figure 34). This gain and loss in DNA 

methylation when compared to primary cells increased in organoids passaged for 14 cycles (Figure 

35). During long term passaging, only organoids from USI were able to be cultured for more than 

15 passages. One reason for this could be that the DNA methylation pattern in USI organoids was 

more similar to primary cells than organoids from LSI and COL. Results from long term passaging 

of USI show that, passaging causes changes in DNA methylation, and older organoid methylation 

status changes more when compared to primary cells than young organoids (Figure 36). However, 

analysis of different genetic compartments shows that CpG sites in CpG islands cluster with age in 

primary cells and organoids. Thus, providing a region of the genome to focus on studying DNA 

methylation changes in vitro.   

Lastly, aging in vitro had a very poor correlation with aging in primary cells (Figure 38 & 

39). Previous studies have also shown that long-term cell culture changes DNA methylation [254, 

255]. Other studies have shown that cells in vitro have enlarged nuclei, smaller chromatin volume, 

and changes in hetero- and euchromatin conformation [256, 257]. These modifications caused by 
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culturing could lead to changes in gene expression of transcription factors resulting in differentially 

expressed genes that could affect the function of the organoids. Currently, there is no clear answer 

to what causes the changes in DNA methylation in vitro and is concerning because organoids and 

tissue engineering are the new frontiers of personalized medicine. More studies need to be 

performed on the long-term changes in DNA methylation due to culture to assess and control for 

culture associated changes that could have a detrimental effect.   
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