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Abstract 

Aims 

Insufficient insulin release by β-cells is the primary etiology in type 2 diabetes and coincides 

with impaired expression of genes essential for β-cell function, but drivers of gene expression 

dysregulation are not well resolved. Alterations to the genome-wide enrichment and organization 

of chromatin post-translational modifications may promote gene expression dysregulation. Here, 

I investigate the role of H3K4me3 in mature β-cells and how its organization in chromatin is 

linked to the unique β-cell gene transcriptome in health and diabetes. I further test how its 

enrichment is altered by external challenges in the form of type 2 diabetes-like stresses or 

perturbation of one carbon metabolism. 

 

Methods 

To study the functional importance of H3K4me3 in mature β-cells, we depleted H3K4me3 in β-

cells of mature mice using an inducible Dpy30 deletion model under control of the Pdx1 or Ins1 

promoter and performed a panel of metabolic, transcriptomic, and epigenetic tests. We compared 

H3K4me3 enrichment patterns with gene expression changes that occur in islets in a mouse 

model of type 2 diabetes and in human type 2 diabetes. We then examined the metabolic and 

transcriptomic consequences of folic acid restriction in mouse islets. 

 

Results 

H3K4me3 contributes to gene expression in mature β-cells. H3K4me3 contributes to H3K27ac 

levels and, in the absence of H3K4me3, promoter-associated H3K4me1 is partially sufficient to 

maintain expression. H3K4me3 peak breadth is correlated with gene expression dysregulation in 
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type 2 diabetes in mice and humans. Using a genetic mouse model to impair the 

methyltransferase activity of trithorax group complexes, we find that reduction of H3K4me3 

reduces insulin production and glucose-responsiveness and increases transcriptional entropy. 

H3K4me3 in mouse β-cells is particularly required for the expression of genes that are 

dysregulated in a mouse model of type 2 diabetes. While locus-specific alterations are observed, 

global enrichment of H3K4me3 in islets is robust against external disruption of glucose 

homeostasis and one-carbon metabolism. 

 

Conclusions/interpretation 

Overall, this thesis shows that H3K4me3 contributes to expression of genes essential for β-cell 

identity and function in mature β-cells and implicates dysregulation of H3K4me3 as a factor 

contributing to β-cell dysfunction in type 2 diabetes by altering gene expression patterns.  
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Lay Summary 

Type 2 diabetes (T2D) is a common disease in which blood sugar levels are consistently high 

because the body does not make enough insulin. Insulin tells the body to reduce blood sugar 

because high blood sugar can cause organ damage. Insulin is made in specialized cells in the 

pancreas called β-cells. To effectively make and release insulin, β-cells must use a very specific 

set of genes. However, the set of genes used by β-cells changes in T2D, making them less 

effective at releasing insulin. A protein called H3K4me3 may help cells choose which genes to 

use. In this thesis I studied whether H3K4me3 affects β-cell genes and insulin production in 

mice. I then test if H3K4me3 is altered by poor diet. I find that alteration in H3K4me3 can drive 

pathological changes in mouse β-cells that are similar to T2D but H3K4me3 is surprisingly 

resilient against changing due to poor diet.  
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Chapter 1: Introduction 

1.1 Diabetes 

1.1.1 Prevalence and impact of diabetes 

The prevalence of diabetes is rising. The percent of the global population living with diabetes 

was 2.8% in the year 2000 1, 8.3% in 2013 2, 9.3% in 2019 3, and is projected to reach 10.2% in 

2030 3. Prevalence in Canada exceeds average global trends, with 10% of Canadians diagnosed 

with diabetes in 2020, and projected to reach 12% in 2030 4. A further 6.1% of Canadians 

currently live with prediabetes, which, if left untreated, promotes development of diabetes and its 

complications 4. 

 

Along with incidence, the cost burden of diabetes is increasing year-over-year in developed and 

developing countries. World-wide health expenditure related to diabetes was estimated at $760 

billion USD ($965 billion CAD) in 2019 and is projected to reach $825 billion ($1047 billion 

CAD) in 2030 5. Estimates which consider both health expenditure and the value of forgone 

production due to diabetes forecasts a total cost of $2.2 trillion ($2.8 trillion CAD) in 2030, or 

1.8% of global gross domestic product 6,7. In Canada, medical costs for the population with 

diabetes is three to four times greater than for the non-diabetic population 8, which leads to a 

significant national expense: the estimated cost in Canada was just under $30 billion in 2019 – a 

2-fold increase from $14 billion in 2008 9. The economic burden is also borne by individuals 

with diabetes. Average out-of-pocket costs for diabetes management amounts to 3% of the 

average income 4. The disease is four times more common among low income than high income 

Canadians and over half of those affected report they were not always able to meet the financial 

cost of their treatments 4,10. In this way, income status is a determinant of disease severity. 
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Individuals with diabetes are at elevated risk for other chronic conditions including heart, kidney, 

and other vascular diseases, neuropathy, depression, and Alzheimer’s disease 8,11,12. Diabetes is 

associated with a three-fold higher rate of hospitalization for heart disease 8,13. Hospitalization 

for renal disease is 12-fold higher in the diabetic population and, among patients with kidney 

disease, outcomes are worse for those with comorbid diabetes 8. As many as 40% of patients 

with diabetes will eventually experience kidney failure 14 requiring dialysis or kidney transplant. 

Peripheral microvascular and nerve damage are also common, being observable in 18.8% and 

60-70% of patients, respectively 15,16 and resulting in tissue damage in one third to one half of 

persons with diabetes 17. Due to this, diabetes is the leading cause of both non-traumatic leg 

amputations 18 and blindness 19. Another long-term complication of diabetes is central nervous 

system impairment, including decrements in cognitive function 20, two-fold increased risk for 

depression, and 1.5-fold increased risk of Alzheimer’s disease 21. Risk of stroke is 1.5- to 2-fold 

higher in the diabetic population 22. Overall, diabetes is associated with a 5 to 6 year reduction in 

life expectancy 23 and was estimated to contribute to 11.3% of global deaths in 2020 24, where 

mortality is thought to occur ultimately from comorbid conditions, chiefly cardiovascular disease 

25. 

 

1.1.2 Diagnosis of diabetes 

Diabetes is a group of metabolic disorders characterized by chronic hyperglycemia, or high 

blood glucose 26. Diagnosis is based on measures of fasting blood glucose concentration, short-

term glucose clearance, and long-term blood glucose control which confer high risk of 

developing retinopathy. Diabetes Canada defines a healthy 8-hour fasted blood glucose 
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concentration as falling within 4.0 mM to 6.0 mM, whereas values of 7.0 mM or greater are 

diagnostic of diabetes 26. Patients can alternatively be diagnosed if their blood glucose is at least 

11.1 mM two hours after consuming 75 g of glucose, or if their blood glucose is at least 11.1 mM 

at any time 26. Longer-term, two to three month, trends of blood glucose control are inferred by 

quantifying percent glycation of circulating hemoglobin (HbA1c). Non-diabetic individuals have 

HbA1c values up to 6.0%, and patients with diabetes have values of at least 6.5% 26. Patients are 

diagnosed with prediabetes with fasting blood glucose of 6.1 to 6.9 mM, or 7.8 to 11 mM two 

hours after consuming 75 g of glucose, or HbA1c between 6.0 to 6.4% 26.  

 

Most cases of diabetes can be classified as either type 1 or type 2 (T1D or T2D). In T1D, chronic 

hyperglycemia results from autoimmune-mediated destruction of the insulin-producing β-cells. 

In T2D, chronic hyperglycemia is due to a combination of β-cell dysfunction and insulin 

resistance 26. In insulin resistance, insulin target tissues such as liver, adipose, and muscle 

become less sensitive to insulin and do not efficiently clear glucose from circulation 27. Typical 

distinguishing characteristics of T1D are the presence of autoimmune markers, early age of onset 

(peak age of diagnosis ~14 years of age), and insulin-dependence, whereas characteristics of 

T2D include obesity, physical signs of insulin resistance, and later age of onset 26. However, 

these characteristics are not universal and in fact diagnoses of T2D in children is on the rise 28,29. 

Shared symptoms of diabetes may include polydipsia, polyurea, weight change, fatigue, reduced 

feeling and healing in extremities, and ketoacidosis in some circumstances. Worldwide, T1D and 

T2D account for about 95% of cases 30,31. One to five percent of cases are defined as monogenic 

diabetes, which is caused by a mutation affecting a single gene. Defects in over 40 different 

genes have been identified that cause monogenic diabetes 32. Maturity onset diabetes of the 
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young (MODY) is a subtype of monogenic diabetes, along with neonatal diabetes and syndromic 

diabetes 32. MODY genes, such as GCK, HNF1A, and PDX1, tend to be involved in development 

or function of terminally differentiated β-cells 33. A transient form of diabetes called gestational 

diabetes affects up to 20% of people during and after pregnancy 34. Gestational diabetes shares 

common symptoms with T2D, including insulin resistance, but the development of insulin 

resistance may be related to changes in hormone levels including cortisol and progesterone 34,35, 

as well as the greater insulin demand caused by pregnancy 36. Nevertheless, gestational diabetes 

is associated with a higher risk of later development of T2D in both mother and child 37.  

 

1.1.3 Type 2 diabetes 

T2D accounts for about 90% of diabetes cases worldwide 31. T2D occurs when β-cells fail to 

secrete appropriate quantities of insulin to regulate glycemia due to both insulin resistance and 

progressive loss of β-cell function. Insulin resistance may be a consequence of metabolic stress 

due to exposure to excessive dietary nutrients and their toxic metabolites 38. Metabolic stress also 

influences hormonal and inflammatory signaling and intracellular stress pathways 38,39. For 

example, high fat diet suppresses adiponectin signaling from adipose cells, leading to reduction 

of glucose uptake and fat breakdown in muscle cells and increased glucose production in liver 

cells 40. Accumulation of triacylglycerides in muscle and liver, and increased circulating free 

fatty acids, reduce insulin sensitivity during obesity 41,42. At the same time, obesity is associated 

with reduced glucose excretion by kidneys 43, greater appetite encoded in brain activity 44, and 

inflammation in the intestines that promotes hyperphagia and contributes to insulin resistance 45. 

Obesity is therefore a major determinant of insulin resistance and T2D 46 but overlap is 

imperfect. Sedentary lifestyle 47, high sugar consumption 48, and aging 49 are other environmental 
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risk factors for insulin resistance and T2D. Heritable genetic variations at over 150 so-far-

identified genomic loci are also predicted to increase susceptibility to T2D 50. 

 

A substantial fraction of the genetic component of T2D is thought to impact gene expression or 

function in β-cells rather than insulin target tissues 50,51, highlighting the necessary involvement 

of β-cell dysfunction in order for T2D to develop. The β-cell population has a limited capacity to 

expand and increase insulin output to meet metabolic challenges. In T2D these capacities are 

overwhelmed, leading to β-cell dysfunction and contraction of β-cell mass. By the time T2D is 

diagnosed, β-cell function has already halved, and continues to decline thereafter even with 

medical intervention 52. Impairments in insulin production are caused by a combination of 

decreased β-cell mass and of reduced insulin secretion by remaining β-cells 53. β-cell dysfunction 

can be caused by excess metabolic stress and high insulin demand which can lead to oxidative, 

hypoxic, and endoplasmic reticulum stresses 53,54. Furthermore, β-cell function is impaired by 

inflammatory signaling caused by obesity or nutrient stress 55. These stresses can drive β-cells to 

dedifferentiate, in which β-cells adopt a functionally immature phenotype which is ineffective at 

glucose-stimulated insulin secretion, and to cell death 56. Overall, the processes leading to β-cell 

failure and T2D are heterogeneous, constituting many environmental and genetic variables. 

Research into general molecular features of diabetic β-cells and factors that cause their 

dysfunction is ongoing. 

 

Lifestyle interventions that improve dietary choices, increase physical exercise, and promote 

weight loss are the most effective treatments to improve glucose regulation in patients with T2D 

57. In many patients, additional pharmacological treatment is necessary to reduce glycemia. 
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These treatments largely aim to increase either insulin sensitivity or insulin secretion. The first 

line medication in Canada is metformin, whose main effect is to reduce hepatic glucose 

production and increased glucose utilization 58. Biguanides and thiazolidinediones are other 

compounds that improve insulin sensitivity, while dipeptidyl peptidase-4 inhibitors, glucagon-

like peptide 1 receptor agonists, and sulfonylureas act on β-cells to increase stimulated insulin 

secretion 57,59,60. Eventually, an exogenous source of insulin is necessary for many patients due to 

progressive decline in β-cell function despite medical interventions. This can take the form of 

insulin injections, a mechanical insulin pump, or transplantation of β-cells from cadaveric 

donors. More recently, the promise of stem-cell derived β-cells as a source of replacement β-

cells has been demonstrated 61–63. Intensive research aims to improve production and efficacy of 

these cells, or to identify novel approaches to forestall or reverse the underlying metabolic 

defects that drive β-cell dysfunction in T2D. At present, treatments remain suboptimal or 

unavailable for many patients and no cure is available. 

 

1.2 β-cells 

β-cells are highly specialized endocrine cells found in islets of Langerhans – endocrine micro-

organs scattered within the pancreas and constituting 1-3% of its volume 64. Each islet includes a 

few hundred to a few thousand cells; β-cells comprise about 60% of islet endocrine cells in 

humans, or 70% in mice 65. Other islet endocrine cell types include glucagon-secreting α-cells, 

somatostatin-secreting δ-cells, ghrelin-secreting ε-cells and pancreatic polypeptide secreting γ- or 

PP-cells 65. β-cells are notable as the source of circulating insulin in humans. 
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1.2.1 Insulin biosynthesis 

Production of insulin by β-cells begins with transcription of the preproinsulin gene. Humans 

encode one gene, INS, while mice maintain two nonallelic copies, Ins1 and Ins2. A stretch of 

several hundred base pairs upstream of the transcription start sites (TSS)—called the promoter—

encodes binding motifs for β-cell-enriched transcription factors MAFA, PAX6, PDX1, HNF1α, 

and ISL1 and is sufficient to drive β-cell-specific expression 66. Binding of some of these factors 

is stimulated by glucose metabolism to increase transcription 66–69. Transcription of preproinsulin 

is further coupled to energy status via a cyclic adenosine monophosphate (cAMP) response 

element, which is activated in response to rapid metabolism of glucose and some other fuels 70, 

and a RIPE3b1 region, which is regulated in a redox-dependent manner 71. In addition to 

increasing its transcription, glucose increases the stability of preproinsulin messenger ribonucleic 

acid (mRNA) 72,73, which contributes to a relatively long half-life of 77 hours 74 (versus 29 hours 

in low glucose conditions 74, and an average of 10 hours for all mRNA species 75). These factors 

contribute to exceptionally high expression: preproinsulin mRNA constitutes nearly one third of 

the total mRNA pool in β-cells 76. Ribosomes translate preproinsulin directly into the 

endoplasmic reticulum (ER) lumen where the signal peptide is cleaved by ER membrane-

associated signal peptidase complexes to yield proinsulin 77. Translation, too, is elevated by 

glucose stimulation – almost 6-fold, after accounting for the boosted rate of transcription 78. In 

the ER, proinsulin folds with the help of chaperones and forms intramolecular disulfide bonds 

79,80. Proinsulin proceeds to the Golgi apparatus, where it is packaged into granules that bud off 

from the Golgi along with the peptides chromogranin A and B, islet amyloid polypeptide, and 

VGF; ions of zinc and calcium; and processing enzymes prohormone convertase 1/3, 2, and 

carboxypeptidase E. These enzymes further process proinsulin into insulin and C-peptide. Insulin 
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crystalizes with zinc and calcium ions into mature dense core granules which are transported to 

the cell membrane in preparation for exocytosis 81,82. Thus, β-cells possess unique biosynthetic 

machinery allowing production and storage of large quantities of insulin in proportion to 

metabolic demand. 

 

1.2.2 Glucose-stimulated insulin secretion (GSIS) 

Insulin is a hormone: a messenger molecule secreted into circulation that influences the activity 

of distal target tissues. In adult humans and mice, the primary effect of insulin is to reduce 

circulating glucose levels. It increases glucose uptake in muscle and adipose cells, reduces 

glucose production in liver cells, and stimulates intracellular storage of glucose as glycogen 83. β-

cells secrete insulin in proportion to circulating glucose levels in order to maintain euglycemia 

(3.9 mM – 7.1 mM) via low basal secretion between meals followed by huge bursts of insulin 

release during meals 84. To achieve this, mature β-cells have a unique metabolism which couples 

the rate of insulin secretion to the concentration of extracellular glucose. A rise in extracellular 

glucose triggers rapid and proportional glucose influx into β-cells by facilitated diffusion through 

high-capacity glucose transporters at the cell membrane. The primary glucose transporter protein 

in mouse β-cells is GLUT2, encoded by the Slc2a2 gene 85,86, while human β-cells additionally 

express GLUT1 (SLC2A1) and GLUT3 (SLC2A3) 87. Once inside the cell, phosphorylation of 

glucose to glucose-6-phosphate by glucokinase (GCK) prevents its export. Glucokinase may be 

considered the principal glucose sensor in β-cells because it catalyzes the rate-limiting step of 

glycolysis (and insulin secretion), is highly specific for glucose, and is not subject to feedback 

inhibition by its product; although it is extensively regulated by other mechanisms 88. Glucose-6-

phosphate is then processed via glycolysis and the Kreb’s cycle to produce reducing equivalents 
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(NADH and FADH2), which are used by the electron transport chain to generate ATP by 

oxidative phosphorylation of ADP 89,90. A rise in the ATP:ADP ratio stimulates closure of ATP-

sensitive potassium (KATP) channels at the plasma membrane, which had been maintaining a 

hyperpolarized membrane potential by exporting K+ ions 91. Closure of KATP channels therefore 

leads to membrane depolarization. Membrane depolarization triggers opening of voltage-gated 

calcium channels and influx of calcium into the cytosol, which is sensed by calcium-binding 

proteins to trigger insulin exocytosis. Glucose-stimulated insulin secretion (GSIS) can also be 

potentiated by catabolism of glucose and some other fuels through amplifying pathways which 

work independently of KATP channels. Known amplifying molecules include NADH, cAMP, 

Kreb’s cycle intermediates citrate and glutamate, as well as some external metabolic and 

neurohormonal cues 92. 

 

1.2.3 β-cell maturity 

Robust positive glucose concentration-dependent insulin secretion is the hallmark of mature β-

cells. Maturation of β-cells involves inhibition of insulin secretion at low glucose, an elevated 

magnitude of insulin secretion at high glucose, and an elevated threshold of stimulatory glucose 

concentration 93–95. As outlined in the previous two paragraphs, insulin production, storage, and 

regulated secretion require coordination of complex metabolic, (post-)translational, and 

transcriptional processes; mature β-cells can therefore be contrasted with immature β-cells by the 

changes in these processes. 

 

Mature and immature β-cells have differences in cellular metabolism which reflect differences in 

nutrient availability. In the fetal period, insulin secretion by immature β-cells is insensitive to 
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glucose but is stimulated by amino acids 96. Due to a stable stimulus of maternally supplied 

amino acids, fetal β-cells secrete a steady supply of insulin which functions largely as a growth 

factor at this stage 96,97. In the early postnatal period, nutrient availability becomes less stable due 

to a switch to intermittent feeding. This triggers a change in β-cell function from amino acid- to 

glucose-stimulated insulin secretion which is post-transcriptionally driven by dynamic mTORC1 

signaling 96. Later, the dietary transition at weaning from fat-rich milk to carbohydrate-rich food 

triggers β-cells to switch from mTORC1, a nutrient sensor, to AMPK, an energy sensor 98,99. 

This is associated with the establishment of mature GSIS activity and reduced proliferative 

capacity 98, which appear to be mutually exclusive 100. Establishment of maturity coincides with 

increased capacity of the NADH shuttle system, which transports cytosolic substrates of 

oxidative metabolism into the mitochondria 101, and enhanced mitochondrial oxidative ATP 

production 92. Coupling of glucose metabolism to insulin secretion requires selective expression 

or repression of particular metabolic genes. A large number of enzymes and mitochondrial 

proteins are specifically “disallowed” in β-cells—that is, repressed in β-cells but otherwise 

widely expressed 102. For example, mature β-cells express glucokinase while immature β-cells 

and other cells express additional other hexokinases which catalyze the same reaction. 

Glucokinase has a low affinity for glucose which prevents inappropriate triggering of insulin 

secretion at basal blood glucose concentration 103,104. β-cells additionally repress genes that 

would cause inappropriate fuel sources to stimulate insulin secretion. For example, β-cells cannot 

convert circulating lactate to ATP because Slc16a1 and Ldha are repressed 102,105. Re-expression 

of these genes evokes lactate-stimulated insulin secretion which is undesirable since circulating 

lactate is increased during catabolic states like exercise and hypoglycemia 106. Notably, the 

unique metabolic phenotype of mature β-cells is encoded at the level of RNA expression 107. 
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Control of gene transcription in mature cells tends to favour high expression of genes critical for 

cell function, along with low or no expression of unneeded genes 108,109. At the level of 

transcription, cell maturation therefore constitutes progressive activation and upregulation of the 

critical gene set, along with general suppression of developmental and unneeded genes 108. In 

line with this, β-cell maturation and identity are tightly regulated by gene regulatory networks. 

Transcription factors—DNA-binding proteins that influence gene transcription—are central to 

establishment and maintenance of these networks 110. While no truly β-cell-specific transcription 

factor has been found, lists of essential β-cell-enriched transcription factors have been penned 

and continue to expand. Well-accepted members include FOXA2, ISL1, MAFA, NEUROD1, 

NKX2-2, NKX6-1, PAX6, and PDX1; experimental deletion of any one of these results in 

dysregulation of the β-cell transcriptional program and to impairment of β-cell function 111–121. 

Each of these factors regulates expression of unique but overlapping gene sets in mature β-cells. 

Upregulation of these transcription factors occurs during development and maturation of β-cells, 

while reduced expression of some has been reported in islets from individuals with T2D and 

mouse models of T2D 114,122–124, or are mutated in some cases of monogenic diabetes 125–130. β-

cell-specific deletion of the transcription factor Foxo1 solidified the idea of β-cell 

dedifferentiation, or reversion to an immature state – that is, downregulation of mature β-cell-

enriched genes and upregulation of lowly expressed, progenitor cell genes and disallowed genes 

which compromise GSIS 124. This, and other, work showed that direct impairment of 

transcription regulation using genetic mouse models, as well as T2D-like metabolic stresses, 

cause dedifferentiation 56,124,131. Dysregulation of gene expression is a primary feature of 

dedifferentiated β-cells 132,133. Therefore, regulation of gene expression is fundamental to β-cell 
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maturity in health and disease. Along with transcription factors, there is growing appreciation for 

the role of histones in the maintenance of β-cell function 134; this is discussed in section 1.3. 

 

Several genes, such as Ucn3, Mafa, and Fltp, are useful in the systematic identification of mature 

β-cells because their expression increases during development and they are reliably expressed in 

metabolically mature β-cells 93,135–137. Characterization of islet cells using such markers shows 

that up to 30% of the β-cell population in healthy adult islets are immature 138,139. This represents 

one facet of the growing appreciation for β-cell heterogeneity, in which subpopulations of β-cells 

exhibit distinct metabolic and transcriptional characteristics. Immature Fltp-negative cells have 

greater replicative potential and may be poised to quickly expand β-cell mass to meet metabolic 

demands 136. Immature β-cells displaying lower Ins2 gene activity are more resilient against 

glucose and ER stresses 140. “Extreme” β-cells express large amount of insulin mRNAs but are 

metabolically immature, with a high proinsulin:insulin ratio and high secretion in basal glucose 

concentration 141. “Hub” β-cells—metabolically and transcriptionally immature but highly 

glucose-reactive—are pacemakers for GSIS in the islet at large 142.  A recent publication 

identified immature β-cells using low expression of Mafa and Pdx1; forcing high expression of 

Mafa and Pdx1 by genetic manipulation destabilized ionic fluxes and metabolism in adult mouse 

islets, suggesting that mature islet function depends on coexistence of mature and immature β-

cells 143. Together, various β-cell subtypes in mature islets contribute to the functionality and 

resilience of the β-cell population as a whole. On the other hand, gene expression variability, 

which is a feature of highly heterogeneous cell populations, decreases during islet functional 

development and is increased in T2D 108,133. Subtypes of β-cells are dynamically interchangeable 
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in response to external stimuli such as metabolic stresses; disturbances in the ability of β-cells to 

transition between states may contribute to β-cell failure 144.  

 

1.3 Epigenetic regulation of transcription 

1.3.1 Cis-regulatory elements 

Genomic DNA encodes genes which can be transcribed into RNA. The nucleotide sequence of 

genes determines their function. But what genes are transcribed, at what level, and in what 

conditions, is determined by other DNA-encoded features called cis-regulatory elements. They 

contain specific sequence motifs, often several, that can be bound by transcription factors or 

other regulatory molecules; the combination and quality of motifs determines the strength of 

regulation 145,146. Promoters, enhancers, silencers, and insulators are cis-regulatory elements (Fig. 

1.1). Promoters are an absolute requirement for transcription of a gene. They define where and in 

what direction RNA polymerase II (RNAP2) initiates transcription. They are located at or near 

the gene’s transcription start site (TSS) and frequently include motifs recognized by general 

transcription factors which recruit RNAP2. Enhancers and silencers dynamically interact with 

promoters to control expression of target genes transcribed by RNAP2. They may act 

independently of orientation and at great distance (up to a million base pairs away 147, or on a 

different chromosome 148) because three-dimensional (3D) DNA looping brings active enhancers 

and target promoters together 149. Insulators are boundary elements which limit the propagation 

of signals on one side to promoters on the other. They are involved in the segmentation of 

topologically-associated domains and related structures, which restrict 3D colocalization of the 

DNA strand from between different domains 150. 
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Figure 1.1 | Cis-regulatory elements. 

 

1.3.2 Epigenetics 

With few exceptions, all cells in a multicellular organism share the same DNA sequence, 

including genes and cis-regulatory elements. Cell-type-specific gene expression programs must 

therefore be specified and maintained using a regulatory system on top of the genetic sequence. 

This system is called epigenetics. The term was coined by geneticist Conrad H. Waddington in 

1939 to describe how embryogenesis requires both “preformed qualities of the fertilized egg” 

and “interaction of these constituents (that) gives rise to new types of tissue and organ which 

were not present originally” 151. This first definition concerns the process of one genome giving 

rise to multiple distinct phenotypes, such as differentiated cell states. ‘Epigenetics’ has been 

redefined over eight decades of research. In 2019 Giacomo Cavalli defined it “the study of 

molecules and mechanisms that can perpetuate alternative gene activity states in the context of 

the same DNA sequence” 152. This definition encompasses factors governing the propagation of 

gene activity following mitotic cell division, inter- and transgenerational inheritance, as well as 
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over extended time, even without cell division, such as in post-mitotic neurons 152,153. Notably, 

carriers of epigenetic memory—so-called epigenetic ‘marks’ or ‘maintainers’—also play roles in 

acutely reversible biological regulation. Examples include chromatin structure and transcription 

factor activity that are responsive to environmental stresses and nutrient availability but may 

revert quickly when the environment is restored 154,155. Nonetheless, even transient activities of 

epigenetic molecules and mechanisms can have meaningful consequences to a cell’s identity, 

function, and viability 154. Carriers of epigenetic information include transcription factors, prions, 

chromatin, small RNAs, DNA methylation, and 3D chromosome organization 152,154. 

 

1.3.3 Histones, nucleosomes, and chromatin 

Chromatin is a complex macromolecular assemblage of genomic DNA, proteins, and RNA. The 

fundamental unit of chromatin is the nucleosome, which consists of 146 ± 1 bp of DNA wound 

1.65 turns around an octamer of histone proteins. The histone octamer is assembled from pairs of 

the proteins H2A, H2B, H3, and H4 156 (Fig. 1.2). Arrays of nucleosomes, repeated every 200 ± 

40 bp, assemble into higher-order structures which are stabilized by a fifth “linker” histone 

protein, H1. Histones help package the genome within the confines of the nucleus, but tight 

electrostatic binding between histones and DNA also imposes obstacles to DNA-binding 

molecules 157,158. Nucleosome remodeling complexes enzymatically remove, place, or slide 

nucleosome along DNA to adjust nucleosome positioning and density 159. Maintenance of 

nucleosome density within gene bodies prevents cryptic transcription initiated from non-

promoter regions 160. On the other hand, active cis-regulatory loci frequently contain 

nucleosome-depleted regions at sites where transcription factors and RNAP2 may bind DNA 161. 
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Figure 1.2 | Nucleosome structure and histone H3 methylation. Top: a mononucleosome consisting of DNA 

wrapped around an octamer of histone proteins comprising two H2A/H2B dimers and two H3 and two H4 

monomers. Bottom: methylation products of the ϵ amine group of the fourth lysine of histone H3. 

 

1.3.4 Histone modifications 

Histones serve a much more nuanced role than simply impeding transcription, however. In 1964, 

Vincent Allfrey first showed that histones are post-translationally modified and that acetylation 

of histones alleviates their inhibition of transcription 162. Today, over 100 chemical modifications 

of specific histone residues have been catalogued 163. Many occur on the flexible amino- (N-) 

terminal ‘tails’ of histone proteins which are rich in reactive lysine and arginine residues. The 

best-studied modifications are lysine acetylation and methylation, and to a lesser extent lysine 

ubiquitylation, arginine methylation, and serine phosphorylation 164. More exotic chemical 

modifications are discovered regularly: benzoylation in 2018 165, lactylation in 2019 166, 

dopaminylation in 2020 167, isobutyrylation in 2021 168. While some are derived through non-
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enzymatic reactions 169, cells express enzymes that catalyze addition or removal of 

posttranslational modifications of specific histone residues – so-called ‘writers’ and ‘erasers’, 

respectively. Most epigenetic writers and erasers do not bind DNA directly but are recruited to 

DNA through interactions with transcription factors and RNAs. In this way, histones at particular 

genomic loci are targeted for modification. A major advance in the ability to annotate cis-

regulatory loci came with the discovery that histone modifications have stereotypical patterns of 

enrichment at functional genetic elements across the genome and across species. 

 

1.3.5 Histone acetylation 

Histone lysine acetylation is almost invariably associated with active chromatin, such as 

promoters and enhancers of transcribed genes, and levels correlate strongly with transcription. 

Promoter-associated histone lysine acetylation activates transcription by RNAP2 but is also 

deposited in response to RNAP2 activity in a feed-forward loop that maintains active 

transcription 170,171. Acetyllysine partially neutralizes the histone’s positive charge, weakening 

electrostatic interactions between the histone and negatively charged DNA and increasing 

accessibility to chromatin-binding factors 172. Histone acetyllysines can also serve as binding 

sites that recruit (or repel) a variety of epigenetic ‘readers’, including some transcription factors, 

nucleosome-remodeling enzymes, and epigenetic writers and erasers 173. Active enhancers and 

promoters are enriched for acetylation of histone H3 lysine 27 (H3K27ac) 174. Acetylation of 

several other histone residues is enriched near active enhancers and TSS’s, and others are 

enriched in transcribed gene bodies 174.  
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1.3.6 Histone methylation 

Many lysines targeted by acetyltransferases are also targets of methyltransferases. Because a 

lysine cannot be simultaneously acetylated and methylated, histone lysine acetylation prevents 

histone lysine methylation, and vice versa. For example, trimethylation of H3K27 (H3K27me3) 

opposes H3K27ac and is broadly associated with developmentally silenced regions of chromatin 

174–176. In contrast to acetylation, histone lysine methylation does not substantially modify the 

electrostatic charge of histones. It can be associated with either activation or repression of 

transcription, depending on the residue modified and the number of methyl moieties present. 

Lysines can harbour zero to three methyl moieties, which impacts the binding of some epigenetic 

readers and their downstream effects. For example, Monomethylation of H3K27 (H3K27me1) 

can be found in transcribed genes where it promotes transcription, whereas H3K27me2 and 

H3K27me3 are widely distributed and repress enhancer activity 177. H3K4me3 is associated with 

active promoters. The length of the H3K4me3-enriched region of DNA and the density of 

H3K4me3 in that region (i.e. H3K4me3 peak breadth and height) positively correlate with the 

level of transcription 178. Broad H3K4me3 peaks are also linked to tumor suppressor and lineage-

enriched genes with consistent expression between cells in a tissue 179,180. H3K4me1 surrounds 

H3K4me3-positive loci and is also found at active enhancers 174. H3K4me2 is intermediate and 

associated with both active promoters and enhancers 181. Methylation of H3K9, 20, 36, 79, and 

others, are variously associated with gene bodies, constitutive heterochromatin, DNA replication, 

and other DNA features 182–190.  
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1.3.7 Histone code 

The combinatorial potential of different histone modifications, DNA modifications, and histone 

variants is vast, but the set of combinations observed in vivo is much smaller 174. Stereotypical 

combinations define chromatin “states”: active promoters, containing H3K4me3, H3K27ac, and 

a nucleosome-depleted region; active enhancers, containing H3K4me1, H3K27ac, and a 

nucleosome depleted region; poised promoters and enhancers, which lack H3K27ac; bivalent 

promoters and enhancers, in which H3K27ac is replaced with H3K27me3, and so on 191. 

Transcriptional levels are highly correlated with chromatin states 192–194. The histone code 

hypothesis posits that chromatin states are not only convenient markers of regulatory loci, but are 

necessary for the function of those loci 195. Experimentally parsing apart the necessary histone 

marks from histone marks that may be useful markers, but are functionally dispensable, is 

challenging. A source of uncertainty is that functions of individual histone marks are often 

studied by deleting, repressing, or otherwise disrupting the enzymes that add them, but this 

approach risks impairing essential noncatalytic functions of those enzymes that work 

independently of histone marks 196. Elegant recent studies using time-resolved genomics during 

rapid degradation of writer enzymes (and slower loss of their products) 197, catalytically inactive 

but structurally stable writer enzymes 198,199, genetic perturbations of informative combinations 

of writer complex proteins 200,201, pulse-chase experiments by transient ectopic expression of 

writer enzymes 202, or ectopic expression of unmodifiable dominant-negative histone proteins 167 

are defining the functional impact of histone modifications versus histone modifying enzymes on 

gene expression. 
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1.3.8 Trithorax group 

The clustered homeotic (hox) genes direct body patterning and body part segmentation during 

development in metazoans. Genetic studies of Drosophila mutants identified a group of genes 

that repress Hox gene expression, referred to as the polycomb group (PcG), and a group that 

enhance expression or function, referred to as the trithorax group (TrxG) 203. The eponymous 

founding TrxG gene trithorax (trx) was first described in 1980 by Philip Ingham 204. A 

spontaneous homozygous mutation caused variegated homeotic transformations in Drosophila 

which sometimes gave rise to flies with six wings attached to three mesothorax compartments, 

hence the name 205. Loss-of-function mutations in trx resemble loss-of-function mutations in the 

hox genes as far as their impact on body segmentation 206. It was later discovered that trx is 

needed to maintain active hox expression within the correct body segments 207. Subsequent 

genetic screens identified additional genes required to activate or maintain hox expression or that 

antagonized the hox-repressing effects of known PcG genes; these genes were referred 

collectively as the TrxG, without knowledge of molecular mechanism 203. The result is that TrxG 

proteins are a heterogenous group that play a variety of roles in transcriptional activation and 

elongation. Today, TrxG can be divided into three classes according to their molecular function. 

The first contains Trx and other SET domain-containing factors 208. The SET domain is a 130- to 

140-amino acid motif that provides lysine methyltransferase activity. The second class includes 

ATP-dependent chromatin-remodeling factors such as Brm (SWI2 in mammals) 209. The third 

include proteins that can directly bind DNA motifs and others that do not fit in the first two 

categories, such as the acetyltransferase and coactivator Fsh (BRD4 in mammals) 207,210. 
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1.3.9 Complex of proteins associated with Set1 (COMPASS) family of H3K4 

methyltransferases 

Drosophila encode three TrxG H3K4 methyltransferases, Trx, Trr, and Set1, while yeast encode 

just one, Set1 208,211. Studies in yeast first characterized the Complex of Proteins Associated with 

Set1 (COMPASS) 212. In mammals there are two COMPASS complexes that associate with 

SETD1A or SETD1B, plus four homologous COMPASS-related complexes that associate with 

one of MLL1-4 206,213 (Fig 1.3). Together, these six TrxG complexes catalyze the majority of 

H3K4 mono-, di-, and trimethylation in mammalian cells 214. 

 

SETD1A complexes write most H3K4me3 in mammalian embryonic cells 215. They are recruited 

via direct interaction with RNAP2 during transcriptional elongation and their methyltransferase 

activity is further stimulated by H2B ubiquitination, which is added to genes co-transcriptionally. 

This leads to broad regions of H3K4 methylation at promoters and extending into the gene body 

of actively transcribed genes 216,217 , and causes H3K4me3 levels to drop when transcription is 

inhibited 194. This system may provide a molecular memory of gene activity 218. Conditional 

deletion of SETD1B leads to downregulation of highly expressed genes with broad H3K4me3 

peaks 219. SETD1A and SETD1B show distinct enrichment across regions of active chromatin 

and likely regulate different genes 220. The same is true for MLL1-4. MLL1 is enriched at the 

majority of active promoters with bound RNAP2, suggesting a general role in transcription, and 

MLL1 occupancy is strongly associated with H3K4me3 enrichment, suggesting a primary 

activity of H3K4 trimethylation 218. MLL1 and MLL2 share similar domain architecture but are 

not interchangeable. Whereas leukemogenic chromosomal rearrangements frequently involve the 

MLL1 gene, they never involve MLL2 221. Knockdown of MLL2 does not appreciably reduce  
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Figure 1.3 | COMPASS and COMPASS-related complexes. All H3K4 methyltransferases of the TrxG contain, at 

minimum, the core structural proteins WDR5, RBBP5, ASH2L, and a DPY30 homodimer, plus one of six SET 

domain-containing methyltransferases SETD1A-B or MLL1-4 208. A nucleosome symmetrically methylated at both 

H3K4 is shown. The dashed outline depicts a second COMPASS or COMPASS-related complex; COMPASS is 

dimeric in yeast 222 but this has not been demonstrated in mammals. Adapted from Choudhury et al. (2019) 222. 

 

global H3K4me3 223. MLL2 instead establishes H3K4me3 at developmentally regulated, bivalent 

gene promoters 223. MLL3 and MLL4 catalyze H3K4me1 at enhancers with partial redundancy 

224. Recruitment of MLL3 and MLL4 to enhancers is necessary for gene activation during cell 

differentiation 225. Deletion of MLL3 and MLL4 decreases H3K4me1 and RNAP2 occupancy at 

enhancers, and reduces expression of the associated genes 226. 

 

Nonenzymatic subunits of COMPASS and COMPASS-related complexes are variable but 

always include the four core structural proteins WDR5, RBBP5, ASH2L, and DPY30 (Fig. 1.3) 

227. In the intact cell, these components are involved in recruitment to cis-regulatory loci via 

interactions with transcription factors and cofactors, histone modifications, and noncoding RNAs 

228–237. Additionally, cell-free reconstitution of these proteins shows that they boost 
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methyltransferase activity of the MLL proteins up to several hundred fold, particularly for di- 

and trimethylation 227,233. Direct binding of WDR5, RBBP5, and ASH2L to MLL1 optimizes 

SET domain conformation and rigidity to increase catalytic activity 228,238,239. DPY30 

homodimers bind to ASH2L at a position too distant to impact SET domain structure, yet, 

exclusion of DPY30 reduces in vitro methyltransferase activity between 1.5- and 3-fold 240–242. 

Stranger still is that loss of DPY30 from intact cells causes global (i.e. genome wide) loss of 

H3K4 methylation, apparently exceeding what can be explained by the reduction in catalytic 

activity 242. Choudhury et al. (2019) present a plausible explanation using yeast genetic models 

222. They show that the yeast COMPASS complex actually exists as a dimer, with Sdc1, the yeast 

homologue of DPY30, at the dimer interface 222. Dimeric COMPASS introduces symmetrical 

H3K4 methylation on both H3 N-terminal tails of a nucleosome 222. Yeast with mutants of Sdc1 

that prevent COMPASS dimerization display dramatic loss of H3K4me3 and moderately 

reduced H3K4me1, not just because of reduced catalytic efficiency of Set1, but because 

asymmetrically methylated nucleosomes are specifically targeted for demethylation by Jhd2 222. 

While this has not been confirmed in mammals, it suggests that loss of H3K4 methylation in 

DPY30-KO cells is caused by both reduced methyltransferase activity and increased 

demethylase activity. 

 

In the same manuscript, Choudhury et al. (2019) show that reduction of H3K4 methylation in 

Sdc1 mutant yeast imparts only a modest effect on transcription, causing dysregulation of only 

4% of genes, and with no apparent relationship between the change in gene expression and 

H3K4 methylation at each gene 222. Some argue that H3K4me3 is not related to transcription in 

yeast at all 243. In Drosophila embryos, blocking H3K4 methylation by substitution of H3K4 
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with alanine or arginine causes variegated growth defects, but cells are still able to activate and 

maintain target gene expression in response to developmental signals 244. In mouse embryonic 

stem cells (mESCs), deletion of a subunit of SET1A complexes causes loss of most H3K4me3 

from target genes but minimal changes to transcriptional activity of those genes 245. Therefore, in 

yeast, Drosophila, and mice, most genes do not require H3K4 methylation to be expressed. 

Although H3K4 methylation is well correlated with 192,193 and predictive of 246–248 transcription, 

it is not clear whether it is possible to predict which, if any, genes are actually regulated by 

H3K4 methylation. 

 

The biological functions of TrxG H3K4 methyltransferases are not entirely related to their 

catalytic activities. These large multimeric complexes can also regulate gene activity by binding 

and bridging interactions between other chromatin factors, and this may furthermore be the more 

biologically impactful function. For example, MLL4 directly binds to the H3K27 

acetyltransferase P300 and H3K27 demethylase UTX; the combined presence of these three 

factors at cis-regulatory loci establishes an active enhancer landscape in mESCs 249. MLL3 and 

MLL4, the major writers of H3K4me1 at enhancers, are involved in RNAP2 recruitment to 

enhancers and downstream expression of target genes, but their methyltransferase activity, and 

thus H3K4me1, is not required for these functions 226,250. Similarly, in human hematopoietic stem 

cells, the SET domain of MLL1 is not necessary for hematopoietic target gene expression or for 

the leukemogenic effect of MLL1 mutant oncoprotein 251. Instead, the MLL1 complex appears to 

regulate target gene expression in these cells by recruiting MOF, a histone acetyltransferase 251. 

Deletion of the SET domain of Set1a in mESCs reduces H3K4 methylation at bivalent genes and 

impairs differentiation to embryoid bodies, but has no effect on mESC self-renewal and 
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maintenance 252. Deletion of the complete Set1a gene, meanwhile, causes mESC cell death 252. 

Overall, TrxG H3K4 methyltransferases perform specialized, rather than fundamental, roles in 

the regulation of gene transcription that do not always rely on enzymatic activity. 

 

1.3.10 H3K4me1 molecular functions 

H3K4me1 occurs on nearly one third of all H3 histones in mESCs 226. It is particularly enriched 

at enhancers, where levels are highly dynamic and well correlated with lineage-specific gene 

expression 253. Conserved peptide motifs have been identified that bind preferentially to 

H3K4me1, such as the MBT and PHD domains 254, linking H3K4me1 to proteins that can 

modify gene expression. Mass spectrometry approaches have catalogued H3K4me1-associating 

proteins, most notably the TrxG ATP-dependent chromatin remodeling complexes 255. Following 

up on one, Local et al. (2018) show that BAF preferentially binds to and moves nucleosomes 

marked with H3K4me1 255. H3K4me1, but not H3K27ac, is necessary to establish an open 

chromatin state at enhancers 226,256. H3K4me1 is also involved in the recruitment of Cohesin, a 

protein complex involved in enhancer-promoter looping 199,255. Accordingly, H3K4me1 

promotes physical interactions between enhancers and promoters that regulate gene transcription 

levels 199. During mESC differentiation to neural progenitor cells, MLL3 and MLL4 deposit 

H3K4me1 at a subset of induced enhancers; contacts between these enhancers and target 

promoters are severely limited in cells expressing catalytically dead point mutants of MLL3 and 

MLL4, which leads to impaired activation of lineage-specific genes and delays differentiation 

257. The degree to which individual genes are affected is proportional to the number of MLL3/4-

regulated enhancers they contact during differentiation 257. Furthermore, loss of H3K4me1 leads 

to partial depletion of H3K27ac in enhancers 226,256. Overall, H3K4me1 fine-tunes enhancer 
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activity 258 by maintaining DNA accessibility and contributing to enhancer-promoter contacts. 

H3K4me1 is also enriched at the borders of promoters. Since H3K4 cannot be simultaneously 

mono- and trimethylated, H3K4me1 delimits the boundaries of H3K4me3-positive TSS-

proximal regions—effectively repressing undesirable H3K4me3-dependent transcription 

initiation from outside of that region 259. 

 

1.3.11 H3K4me3 molecular functions 

H3K4me3 occurs on 0.35% of H3 molecules in mESCs 226 and is enriched almost exclusively 

near TSSs of actively transcribed or poised genes 260. A functional role for H3K4me3 in 

promoters is supported by the demonstration that replacing it with H3K4me1 decreases 

transcription 259. Further, ectopic addition of H3K4me3 to inactive gene promoters is sufficient 

to activate sustained gene expression (but is blocked by DNA methylation) 202. Mechanistically, 

epigenetic readers have been catalogued that bind specifically to H3K4me3 via conserved PHD, 

Tudor, or chromodomain peptide motifs 261–264. Most notable is the general transcription factor 

TAF3, part of the RNAP2 preinitiation complex, which is recruited to active promoter 

nucleosomes by selective anchoring to H3K4me3 265. This likely has gene-specific rather than 

fundamental roles in transcription since TAF3 depletion alters expression of only 5.6% of genes 

178 and can be recruited in other ways, such as a TATA box DNA motif. Also notable is the 

SAGA complex, a multimeric transcriptional coactivator, which is recruited to H3K4me3 and 

acetylates nearby histones 263. Disrupting SAGA complex activity alters expression of 8.2% of 

genes 266, again indicating context-specific effects. H3K4me3 may also serve anti-repressive 

roles. Transcriptional repression by H3K27me3 is blocked in H3K4me3-enriched loci because 

PcG catalytic activity is allosterically inhibited by H3K4me3 267. For this reason, trimethylation 
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of H3K4 and H3K27 almost never occur on the same histone in vivo 268. Similarly, 

transcriptional silencing by de novo DNA methylation is blocked by mono, di, or trimethylation 

of H3K4 because DNMT3L binds specifically to the unmethylated residue 269. In this way, 

H3K4me3 may maintain plasticity of reversibly repressed bivalent genes by preventing 

irreversible silencing 270. Overall, H3K4me3 regulates transcription via direct and indirect 

recruitment of transcriptional machinery and by antagonizing deposition of repressive chromatin 

modifications. Due to input from other epigenetic factors, transcription can occur in the absence 

of H3K4me3 and it is difficult to predict what genes, under what circumstances, strictly require 

H3K4me3 178. H3K4me3 may also have a non-transcriptional role in the recruitment of DNA 

repair machinery to sites of DNA damage, meiotic recombination 178, or antigen receptor gene 

(V(D)J) recombination 264. 

 

1.3.12 Cellular functions of H3K4 methylation in mature islets 

While the genome-wide distributions of some histone marks have been characterized in adult 

mouse and human islets 133,271–274, it is usually in their capacity as markers to construct maps of 

cis-regulatory loci. Links to phenotypes or functions in these and other studies have been 

correlative and limited data is available on the function of H3K4 methylation in mature islets. 

 

Writers and erasers of H3K4 methylation are implicated in mature β-cell metabolic functions. 

Islet cells express SETD7, a non-TrxG lysine methyltransferase, which is recruited to the Ins1/2 

locus by PDX1 to support Ins1/2 gene expression, perhaps by depositing H3K4me2 275. Deletion 

of SETD7 in β-cells in vivo paradoxically increases Ins1/2 expression; however, it should be 

noted that this function may be independent of histone methylation since SETD7 also methylates 
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PDX1 itself to augment its regulatory action 276. Deletion of the H3K4 mono- and di-

demethylase Lsd1 leads to insulin hypersecretion and aberrant expression of genes involved in 

nutrient processing in adult β-cells; whether this effect is mediated by an increase in H3K4 

methylation is not clear 277. Recruitment of MLL3/4 COMPASS-related complexes by direct 

binding with MAFA and MAFB may be necessary for the transcription activation of most 

MAFA/B target genes 278; again, the involvement of H3K4me1 is not clear. 

 

H3K4me3 is implicated in maintenance of α- and β-cell identities. The α-cell lineage-

determining gene Arx is marked by H3K4me3 in α-cells but not β-cells, in which Arx is instead 

enriched for DNA methylation 279. Deletion of Dnmt1, a DNA methyltransferase, in β-cells 

causes loss of DNA methylation and gain of H3K4me3 at Arx, and β-cells to express Arx and 

transition to α-cells 279. In α-cells, genes encoding β-cell transcriptional regulatory proteins are 

often in bivalent chromatin marked by both H3K4me3 and H3K27me3; unspecific chemical 

inhibition of histone demethylases promotes partial reprogramming of α-cells toward a β-cell 

fate 280. PAX6, another islet-enriched transcription factor involved in maintaining β-cell function 

and identity 114, has also been shown to recruit active COMPASS and COMPASS-related 

complexes to target promoters and enhancers in lens epithelial cells 281 but this has not been 

tested in islet cells. 

 

H3K4me3 is implicated in suppressing replication in β-cells. Increased MLL1 and H3K4me3, 

along with decreased H3K27me3 at the p16INK4a and p19ARF (cyclin-dependent kinase inhibitors; 

i.e., repressors of replication) gene loci is linked to their de-repression and reduced β-cell 

proliferation in aged islets 282. Similarly, the MLL1/2 COMPASS-related subunit MEN1 
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maintains H3K4me3 at cyclin-dependent kinase inhibitor genes p18INK4c and p27Kip1 283. Mice 

heterozygous for Men1 exhibit reduction of H3K4me3 and downregulation of p18INK4c and 

p27Kip1 in islets, β-cell hyperplasia, and hypoglycemia 283. Promoters of genes upregulated with 

advanced age in islets show an increase in H3K4me3 284. But interestingly, genes downregulated 

with advanced age appear to maintain juvenile levels of H3K4me3. Downregulation does, 

however, coincide with increased H3K27me3 at promoters 284. 

 

1.4 One-carbon metabolism 

Methylation of H3K4 requires a supply of one-carbon units. Nutrients such as glucose, B 

vitamins, and certain amino acids are carriers of transferable methyl moieties that feed into a 

network of biochemical reactions collectively called one-carbon metabolism. A major product of 

one-carbon metabolism is S-adenosylmethionine (SAM), the methyl donor used by histone and 

DNA methyltransferases. The folate cycle, methionine cycle, and transsulfuration are central 

pathways of one-carbon metabolism (Fig. 1.4) 285. 

 

1.4.1 Folate cycle 

Folate coenzymes are a group of methyl carriers categorized based on their similar structure and 

chemistry to the stable synthetic species folic acid (vitamin B9) 288. Animals cannot synthesize 

folates de novo but express transport proteins and enzymes that manipulate them in support of a 

variety of metabolic processes 286. 5-methyltetrahydrofolate (5-MTHF) is the most abundant 

folate species in circulation and in non-hepatic tissues 289. It is transported into cells through 

reduced folate carrier 1 (RCF) or through proton-coupled folate transporter (PCFT) in some 

tissues 290. Once inside, 5-MTHF is retained in the cell by polyglutamation 285. 5-MTHF serves 
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Figure 1.4 | One carbon metabolism. Black text depicts metabolites. Metabolites with transferable methyl moieties 

are in bold. Gray boxes depict enzymes. Some pathways are tissue-specific: DHFR activity is predominantly in the 

small intestine and liver, BHMT is expressed in liver and kidneys, transsulfuration occurs in liver, brain, and 

pancreas 286. Adapted from Mentch et al. (2016) 287. 

 

as a methyl donor for the conversion of homocysteine to methionine catalyzed by the vitamin 

B12-dependent enzyme methionine synthase (MTR). After catalysis, MTR reductase (MTRR) 

restores MTR activity. The product of 5-MTHF demethylation is tetrahydrofolate (THF), which 

can be reactivated by loading of a methyl unit to the N5 and/or N10 positions. The major source 

of these methyl groups is C3 of serine, which itself can be derived from intermediates of 

glycolysis and gluconeogenesis 291. The methyl unit is transferred to THF by the B6-dependent 

enzyme serine hydroxymethyltransferase (SHMT), generating glycine and 5,10-

methylenetetrahydrofolate (5,10-CH2-THF), which is subsequently converted to 5-MTHF by the 
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B2-dependent enzyme methylenetetrahydrofolate reductase (MTHFR), completing the folate 

cycle, or to 10-formyl-tetrahydrofolate (10-f-THF) by the enzyme methylenetetrahydrofolate 

dehydrogenases (MTHFD). 

 

In addition to their actions supporting homocysteine remethylation, folates 10-f-THF and 5,10-

CH2-THF donate one-carbon units for purine and thymidine synthesis, respectively 285. In rapidly 

dividing mammalian cells in culture, the largest burden for folate one-carbon groups is in 

diversion to DNA and RNA synthesis 286 and essentially all de novo generated purines and 

thymidines include carbons sourced from serine via a folate intermediate 292. Unmet demand for 

nucleotide synthesis may be responsible for the well-known neural tube defects caused by folate 

deficiency during pregnancy 293. Furthermore, one-carbon transformations are red/ox reactions. 

Oxidation of 5,10-CH2-THF to 10-f-THF is coupled to reduction of NAD+ to NADH and 

represents a biologically meaningful source of reducing equivalents in mitochondria and cytosol 

292. 10-f-THF can also be fully oxidized to CO2 to generate NADPH and ATP 291. THF has been 

found tightly bound with mitochondrial demethylase enzymes; formaldehyde, the product of 

demethylase reactions, reacts with THF to produce 5,10-CH2-THF 294,295. In this way, THF 

protects the enzymes from oxidative cross-linking and scavenges formaldehyde for re-entry into 

the one-carbon pool 296. 

 

1.4.2 Methionine cycle 

Methionine is an essential amino acid, although it can be synthesized by methylation of 

homocysteine. Circulating levels of methionine average 30 μM in healthy adults but vary widely 

– more than any other coding amino acid 297. Over half of the daily dietary intake of methionine 
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is converted to SAM, especially in the liver, which performs ~85% of all transmethylation 

reactions in the body 298. SAM serves as the principal methyl donor for a large variety of 

intracellular reactions. It is between 10 μM to 90 μM intracellularly but less than 0.5 μM in 

serum so each cell synthesizes SAM to meet its needs 287,298. SAM is created by the reaction 

catalyzed by methionine adenosyltransferase (MAT) between methionine and ATP. Mammals 

possess two MAT isozymes, MAT1A and MAT2A. MAT1A is expressed in hepatocytes and 

bile duct epithelial cells, whereas MAT2A is widely expressed in other cell types alongside a 

non-enzymatic accessory protein MAT2B which stabilizes MAT2A homodimers 299,300. SAM-

dependent transmethylation reactions yield the demethylated byproduct S-adenosylhomocysteine 

(SAH) 298. SAH is a potent competitive inhibitor of SAM-dependent transmethylation reactions. 

For this reason, and because the physiological concentration of SAM is near the KM of SAM-

dependent methyltransferase enzymes 287, methyltransferase enzymatic activity is sensitive to 

both SAM and SAH concentrations. Therefore, the SAM to SAH ratio is frequently taken as an 

indicator of cellular “methylation potential” 301. Differences in kinetic parameters of MAT 

isozymes lead cells that express MAT1A to have much higher levels of SAM, SAM to SAH 

ratio, and DNA methylation than cells that express MAT2A 301. In either case, SAH is converted 

to homocysteine in a reversible reaction catalyzed by SAH hydrolase (SAHH). Kinetics favour 

the reverse reaction so rapid removal of homocysteine by export or transformation is essential 

301. Liver and kidney are major sites of homocysteine metabolism, although the gut and pancreas 

also express all necessary enzymes. Homocysteine can be remethylated into methionine with 

involvement of the folate cycle as described. In some tissues, a parallel folate-independent 

pathway generates methionine by transfer of a methyl group from betaine to homocysteine, 

catalyzed by betaine-homocysteine S-methyltransferase (BHMT) in complex with vitamin B6, 
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and generating dimethylglycine (DMG) and methionine 285. A second potential fate for 

homocysteine is metabolism through the transsulfuration pathway, described very briefly below. 

The third potential fate is auto-oxidation with subsequent formation of reactive oxygen species 

like H2O2 
302. A high level of circulating homocysteine is an independent risk factor of coronary, 

cerebral, and peripheral atherosclerosis, partly due to oxidative damage and inflammation in cells 

of blood vessel walls 303. 

 

1.4.3 Transsulfuration 

In cells of the liver, pancreas, and brain, homocysteine can be processed via the vitamin B6-

dependent transsulfuration pathway. The first reaction, catalyzed by cystathionine β-synthase 

(CBS), condenses homocysteine with serine to yield cystathionine. In the second reaction, 

cystathionine is converted to cysteine by cystathionine γ-lyase (CSE). Cysteine can then be used 

in protein synthesis, production of coenzyme A, or to generate the antioxidant glutathione. Half 

of the glutathione in liver is derived via transsulfuration of homocysteine 304. High levels of 

cellular SAM promote entry of homocysteine into the transsulfuration pathway by allosteric 

inhibition of MTHFR and allosteric activation of CBS 286. In this way, the share of demethylated 

methionine cycle metabolites diverted away from SAM regeneration increases when SAM levels 

are high. The caveat is that cysteine production is limited by methylation capacity since 

homocysteine is an essential precursor. Thus, liver cells express glycine N-methyltransferase 

(GNMT) to decrease the SAM/SAH ratio by transferring the methyl group from SAM to glycine, 

generating sarcosine and SAH, which is then available for transsulfuration 305. In yeast, products 

of transmethylation reactions, including histone methylations, act as “methyl sinks” to ensure 
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sufficient quantities of SAH are available for production of essential sulfur metabolites 

downstream of transsulfuration 306. 

 

1.4.4 Regulation of chromatin methylation by one-carbon metabolism  

DNA and histone modifications are metabolic products. SAM is the methyl donor for 

methylation; folates support SAM synthesis; α-ketoglutarate is required for demethylation; 

succinate and fumarate inhibit demethylases. Therefore, levels and compartmentalization of 

these metabolites impact levels of DNA and histone methylation. Because the majority of 

methyltransferase reactions occur in the nucleus, MAT2A is enriched in the nuclear 

compartment and interacts with several nuclear enzymes to provide SAM for local use 307–309. 

Similarly, the H3K4- and H3K9-specific demethylase LSD1 is a THF-binding protein 310. Since 

THF is implicated in quenching and scavenging formaldehyde evolved during demethylase 

reactions, folate may protect LSD1 and DNA from oxidative damage during enzymatic histone 

demethylation 310. 

 

More generally, excessive intake of methionine, choline, betaine, and folate leads to DNA 

hypermethylation 285 and inadequate intake of methionine, choline, or folate leads to decreased 

levels of SAM and global DNA hypomethylation in liver cells 311. Elevation of SAH, such as 

occurs in hyperhomocysteinemia, is also sufficient to induce global DNA hypomethylation 312. 

Global DNA hypomethylation is a consistent feature of cancer, likely because transformed cells 

require large quantities of methionine to support a poorly understood methyl sink whereby most 

methyl groups are diverted away from other uses like DNA synthesis and methylation 313. On the 

other hand, a methionine- and choline-deprived diet causes hepatic carcinoma in rats, likely due 
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to transcriptional destabilization downstream of DNA hypomethylation 313. Chronic alcohol 

consumption (a risk factor for liver cancer) leads to hepatic DNA hypomethylation 314 caused at 

least in part by inhibition of MTR leading to reduction of methionine 315. Dietary methionine 

restriction causes reduction of H3K4me3 in liver cells 297, and transformed (but not un-

transformed) fibroblasts 316, probably related to the high methionine demand displayed by liver 

and transformed cells. Restriction of threonine, which provides essential one carbon units for 

THF remethylation in stem cells, causes dramatic and specific loss of H3K4me3 in mESCs 317. It 

is not clear why methylation of H3K4 is more sensitive than other H3 lysines to methionine and 

threonine restriction. Also via THF remethylation, glucose-derived one carbon units fuel SAM 

generation and an increase in H3K36me3 that reprograms macrophages in response to 

inflammatory stimulation 318. Overall, global cellular abundance of DNA and histone 

methylation are responsive to availability of SAM within the in vivo physiological range of SAM 

precursors. 

 

Genetic ablation of Mtrr causes global DNA hypomethylation in liver and placenta but not brain 

or germ cells 319,320, indicating that links between DNA methylation and one-carbon metabolism 

show tissue-specific effects. Even if a cell does not display global reduction of DNA 

methylation, disruption of one-carbon metabolism can affect specific loci that are linked to gene 

expression changes 321. Indeed, folate deficiency causes intergenerational epigenetic inheritance 

of congenital malformations that may be encoded in locus-specific changes in DNA methylation 

321,322 and H3K4me3 323. 
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Enzymatic activities of different histone methyltransferases are governed by unique kinetic 

properties. Fluctuations in substrate availability are therefore expected to impact their activities 

to different degrees. For example, writers of H3K27me3 have a KM for SAM of 1.24-1.64 μM 287 

while SMYD2, a writer of H3K36me3, has a KM of 0.07 μM 324. One would therefore predict 

that H3K36me3 is less altered by a decrease in SAM than H3K27me3 within the physiological 

range (10-90 μM). 

 

1.4.5 One-carbon metabolism in mature islets 

While there are strong links between one-carbon metabolism and glucose homeostasis in insulin 

target tissues 286,325–334, the field of islet biology has shown little interest in one-carbon 

metabolism. Mice fed a folate-restricted diet show modest impairment of glucose tolerance, 

insulin tolerance, as well as increased adiposity and circulating homocysteine 330. A high-

methionine/low folate diet gives a similar phenotype 329, but in both studies it is not clear how 

islet functions are affected. Some work using transformed β-cell lines suggest a role for one-

carbon metabolites in GSIS. Homocysteine exposure reversibly impairs insulin secretion in 

response to a variety of insulinotropic agents, including glucose and KCl in the rat BRIN-BD11 

β-cell line 335. Addition of catalase to homocysteine-treated BRIN-BD11 cells effectively 

removed H2O2 derived from homocysteine auto-oxidation, but did not restore GSIS, suggesting 

H2O2 is not key to the detrimental actions of homocysteine 336. Maintenance of the RINm5F rat 

insulinoma β-cell-line in folate-deficient media for one to two weeks causes accumulation of 

homocysteine and H2O2, impedes insulin production and secretion, and ultimately triggers 

apoptosis 337. Expression of the cell surface folate transporter (FOLR1) is a marker of pancreatic 

endoderm cells during differentiation of human stem cell derived β-cells 338. A recent screen for 
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genes that improve β-cell regeneration in zebrafish discovered that folr1 overexpression or 

supplemental folate potentiates β-cell differentiation from pancreatic ductal cells 339. 

Metabolomics profiling suggest folate supplementation may have decreased the burden of 

glycine, serine, and threonine to provide one-carbon units during β-cell regeneration 339. Folate 

supplementation affected nucleotide synthesis and fatty-acid related processes, but not 

methionine or SAM levels 339. Finally, human islets exposed to acute lipotoxic stress upregulate 

genes involved in the folate pathway, including SHMT2 and MTHFD2, and exhibit slight but 

significant increase in global DNA methylation; whether this was due to greater methylation 

capacity was not determined 340. 

 

1.5 Thesis objectives 

Transcriptomic studies of tissues during health and disease uncover directional changes in gene 

expression that are generalizable across biological samples 341. This is the case in islets from 

donors with T2D and models of T2D, which show common sets of induced and repressed genes 

between donors 342–347. This suggests that the pathogenesis of metabolic diseases, including T2D, 

involves changes on chromatin, chromatin modifying enzymes, or metabolites used by chromatin 

modifying enzymes, which can contribute to persistent metabolic dysfunction via effects on gene 

expression 133,341,348. While evidence is accumulating for a role of H3K4 methylation in the 

regulation of gene expression during specialized developmental events in mammals, few data are 

available for a continued role in mature tissues 215,225,349,350. The objective of this thesis was to 

understand whether H3K4 methylation regulates gene expression in mature β-cells and to test 

how external metabolic factors—T2D or methylation potential—impact H3K4me3 in mature β-

cells. In Chapter 2, I describe the experimental models and methods used in the pursuit of this 
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thesis. In Chapter 3, I establish that H3K4me3 is a meaningful signal for transcription in mature 

β-cells and present general features of gene dysregulation associated with loss of H3K4 

methylation. In Chapter 4, I show that H3K4me3 peak breadth dynamics encode transcriptional 

information in healthy and diabetic β-cells, and link H3K4me3-dependent gene expression with 

the maintenance of glucose responsiveness. In Chapter 5, I test how dietary restriction of folic 

acid impacts systemic one-carbon metabolism and H3K4me3 in islets. In Chapter 6, I summarize 

the findings from Chapters 3-5 and discuss implications arising from novel findings of this 

research in the chromatin and islet biology fields. 
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Chapter 2: Materials & Methods 

2.1  Animal husbandry 

Mice were housed at the British Columbia Children’s Hospital Research Institute (BCCHRI) 

Animal Care Facility and procedures were approved by the University of British Columbia 

(UBC) Animal Care Committee under certificates A17-0045, A18-0111, and A20-0120. Unless 

otherwise indicated, all in vivo and ex vivo mouse experiments and measurements were 

performed in adult male mice between 7- to 33-weeks of age. Up to five littermates were housed 

per cage with temperature and humidity control under a 12-hour light/dark cycle.  

 

2.2 Mouse strains 

Mice harboring conditional alleles of Dpy30 (derived from EUCOMM EM:09575 351) and 

Rosa26mTmG (Jax 007576 352) were crossed with Pdx1-CreERTg (Jax 024968 353) or Ins1Cre (Jax 

026801 354) lines. Genotypes used for Pdx1-CreER studies were: KO: Pdx1-CreERTg/0; 

Dpy30flox/flox; Rosa26mTmG/+; WT: Pdx1-CreERTg/0; Dpy30+/+; Rosa26mTmG/+ or Pdx1-CreER0/0; 

Dpy30flox/flox; Rosa26mTmG/+. Genotypes used for Ins1Cre studies were: KO: Ins1Cre/+; Dpy30flox/flox; 

WT: Ins1+/+; Dpy30flox/flox; HET: Ins1Cre/+; Dpy30flox/+. Genotype used for folic acid restricted 

diet studies was: Ins1Cre/+; Rosa26mTmG/+. Mice were maintained on a mixed genetic background. 

Genotyping primers are listed in Table 2.1. At 8-weeks-old, Pdx1-CreER mice were 

administered 8 mg tamoxifen (Sigma) dissolved in 100 μL corn oil by oral gavage three times, 

with ~48-hours between administrations. The first day of injection is considered day 0. BKS 

Leprdb/db mice and BKS Dock7m/m controls (Jax 000642) were used at 12-weeks-old.  
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Table 2.1 Genotyping primer sequences 

Genotypin

g PCR 
Primer 1 Primer 2 Primer 3 

Pdx1-

CreER 

AACCTGGATAGTGA

AACAGGGGC 

TTCCATGGAGCGAAC

GACGAGACC 
- 

Ins1-Cre 
GGAAGCAGAATTCC

AGATACTTG 

GTCAAACAGCATCTT

TGTGGTC 

GCTGGAAGATGGCG

ATTAGC 

mTmG 
CTCTGCTGCCTCCTG

GCTTCT 

CGAGGCGGATCACA

AGCAATA 

TCAATGGGCGGGGG

TCGTT 

Floxed 

Dpy30 

GTGAGTGCCAGGAA

CCAAAT 

GTTGTGAGCTGCCAT

GAAGA 
- 

 

2.3 Diets 

Mice were fed ad libitum with a standard chow diet (Teklad 2918) unless otherwise specified. 

Mice in folate-restriction studies were transferred to folic acid-restricted (FR) or normal-folic 

acid (NF) diets at 8-weeks-old. FR and NF diets are custom amino acid-defined diets formulated 

by Research Diets Inc (New Brunswick, NJ, USA); compositions of the diets are provided in 

Appendix A. 

 

2.4 Cell culture 

Primary mouse islet cells were maintained in RPMI 1640 medium containing 11 mM glucose 

(Gibco), 10% (v/v) FBS (Gibco), 50 U/ml penicillin, 50μg/mL streptomycin (complete RPMI) in 

37°C, 5% CO2 atmosphere. Folic acid-free RPMI (Gibco) and 10K MWCO dialyzed FBS 

(Gibco) were used for islets collected from NF or FR diet-fed mice. Drosophila S2 cells were 

maintained at ambient temperature and air in Schneider's Drosophila Medium (Gibco) containing 

10% (v/v) heat inactivated FBS, 50 U/ml penicillin, 50μg/mL streptomycin, with passaging once 

per week. 
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2.5 Islet and β-cell isolation 

Pancreata were perfused with 3 to 5 mL 700 U/mL collagenase type XI (Sigma-Aldrich) in 

Hank’s Buffered Saline Solution (HBSS: 138 mM NaCl, 5.3 mM KCl, 0.44 mM KH2PO4, 0.34 

mM Na2HPO4, 5.5 mM D-Glucose, pH 7.3) through the bile duct, excised, and held for 15-

minutes at 40°C before manual shaking and hand-picking of islets. To isolate mouse β-cells, 

islets from Pdx1-CreERTg/0; Dpy30+/+; Rosa26mTmG/- or Pdx1-CreERTg/0; Dpy30flox/flox ; 

Rosa26mTmG/-transgenic mice were washed 3 times in 10 mL room temperature PBS + 2 mM 

EDTA with centrifugation at 200 × g for 1 min at room temperature, and then dispersed by 

constant gentle pipetting in 1 mL of 0.025% Trypsin-EDTA (Thermo Fisher Scientific) in PBS at 

room temperature for 8-10 minutes. Trypsin was quenched by addition of 9 mL room 

temperature complete RPMI, cells were centrifuged for 3-min at 600 × g at 4°C and resuspended 

in 0.3-0.5 mL ice-cold sorting buffer (PBS, 2 mM EDTA, 1% (w/v) BSA). After passing through 

a 70 μm cell strainer, singlet eGFP+ tdTomato- cells were enriched by fluorescence-activated 

cell sorting (FACS) using a FACS-Aria II with a 100 μm nozzle. 

 

2.6 Chromatin immunoprecipitation sequencing (ChIP-seq) 

A native ChIP protocol 355 was used to generate ChIP-seq libraries in biological duplicate, with 

modifications. For Pdx1-CreERTg/0; Dpy30+/+; Rosa26mTmG/+ and Pdx1-CreERTg/0; Dpy30flox/flox; 

Rosa26mTmG/+ mice, 100,000 eGFP+ tdTomato- islet cells were pooled with 50,000 Drosophila 

S2 cells by FACS. For Leprdb/db and Lepr+/+ mice, 100,000 dispersed islet cells were counted by 

hemacytometer and pooled with 50,000 Drosophila S2 cells without sorting. Pooled cells were 

centrifuged at 600 × g for 5 minutes at 4°C, supernatant removed, and then cell pellets were 

flash-frozen and stored at -80°C for up to one month. Upon thawing, cells were permeabilized in 
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nuclear isolation buffer (0.1% Triton X-100, 0.1% sodium deoxycholate) containing 1 mM 

phenylmethylsulfonyl fluoride (PMSF) and EDTA-free protease inhibitor cocktail (Roche)) on 

ice. Chromatin was fragmented to mononucleosomes by micrococcal nuclease (MNase) (NEB) 

in digestion buffer (50 mM Tris pH 7.9, 5 mM CaCl2, 1.5 mM DTT) for 7.5-minutes at 37°C, 

then quenched by addition of 0.1 volume of a solution containing 2% Triton X-100, 2% sodium 

deoxycholate, and 100 mM EDTA. Soluble chromatin was pre-cleared with Protein A 

Dynabeads (Thermo Fisher Scientific) pre-adsorbed with normal rabbit IgG (Millipore, 12-370) 

for 2-hours at 4°C rotating 9 rpm, and then rotated overnight at 4°C with 1 μg of H3K4me3 

(Abcam, ab1012), 2 μg H3K4me1 (Abcam, ab8895), 1 μg H3K27ac (Active Motif, 39034), or 2 

μg H3K27me3 (Millipore, 07-449) antibodies pre-adsorbed to 10 μL of Protein A Dynabeads 

(Thermo Fisher Scientific) in 150 μL of ChIP buffer (20 mM Tris pH 8.0, 2 mM EDTA, 150 

mM NaCl, 0.2% Triton X-100, 1 mM PMSF, and EDTA-free protease inhibitor cocktail 

(Roche)). After washing the beads twice with ice-cold wash buffer (20 mM Tris pH 8, 150 mM 

NaCl, 2 mM EDTA, 1% (v/v) Triton X-100, 0.1% (w/v) SDS) and twice with ice-cold high-salt 

wash buffer (20 mM Tris pH 8, 500 mM NaCl, 2 mM EDTA, 1% (v/v) Triton X-100, 0.1% 

(w/v) SDS), DNA was eluted in elution buffer (100 mM NaHCO3, 1% (w/v) SDS, 50 μg/mL 

RNase A) for 1-hour at 55°C, with addition of 1 μL 20 mg/mL proteinase K after the first 30-

minutes and occasional manual inversion. DNA was purified using standard 

Phenol:chloroform:isoamyl alcohol extraction and ethanol precipitation and used for library 

preparation with the NEBNext Ultra II DNA Library Prep Kit for Illumina (NEB) with 9 

(H3K4me1, H3K27me3) or 13 (H3K4me3, H3K27ac) amplification cycles. Indexed libraries 

were analyzed for size distribution using the Bioanalyzer High Sensitivity DNA chip (Agilent) 

and for concentration using the Qubit dsDNA HS Assay (Thermo Fisher Scientific), then pooled 
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and sequenced on the NextSeq 500 platform (Illumina; NCS v2.2.0.4) for 2 × 78 nucleotide 

paired end reads, targeting 40 million read pairs per sample. Sequence data is available in the 

Gene Expression Omnibus (GEO) under accession number GSE181951. 

 

2.7 ChIP-seq data analysis 

ChIP-seq reads were quality trimmed using Trimmomatic v0.38 356 and aligned to concatenated 

mouse (GRCm38/mm10) and Drosophila (BDGP6.28) genome assemblies using Bowtie2 

v2.3.4.1 with options ‘--very-sensitive --no-unal --no-discordant’ 357. Multi-mapped reads, reads 

with mapping quality MAPQ < 20, and suspected PCR-duplicates were discarded using 

Samtools 358. To scale enrichment according to the Drosophila cell spike-ins, the fraction of 

remaining reads that mapped to the Drosophila genome was determined, and a scaling factor was 

calculated for each replicate as (minimum Drosophila read fraction per histone mark)/(sample 

Drosophila read fraction). After determining a scaling factor, each sample was downsampled to 

the lowest mapped read count per each histone mark using Samtools, and then reads mapped to 

the Drosophila genome were removed. For visualization, libraries were converted to bedgraph 

format using the calculated scaling factor in the ‘-scale’ argument of BEDtools v2.26.0 

genomecov 359. Genome browser views were generated for merged replicates using Spark 360 and 

TSS profiles using Deeptools v3.4.2 361. Peak calling was performed with MACS2 v2.2.6 in each 

biological replicate with parameters ‘--broad --llocal 100000’ 362. Peak regions that were 

detected in only one biological replicate or that overlapped with high-background blacklisted 

regions defined by the ENCODE project 363 were discarded. Chromosomes X, Y, and M were 

also excluded from the analyses. I defined TSS locations as the 5’ end of the most abundant 
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annotated transcript of each gene detected in the RNA-seq data. H3K4me3 peaks were assigned 

to genes for which they overlap the region ±1 kb of the TSS. 

 

2.8 Messenger ribonucleic acid sequencing (mRNA-seq) 

eGFP+ tdTomato- β-cells (70,000-226,000 per mouse, biological triplicate) were purified and 

counted by FACS and supplemented with a 10% spike-in of Drosophila S2 cells. The cells were 

sorted directly into Trizol LS Reagent (Thermo Fisher Scientific) and total RNA was extracted 

according to the manufacturer’s instructions. Residual DNA was digested by Turbo DNase 

(Thermo Fisher Scientific) for 30-minutes at 37°C. Purified total RNA content was measured 

using the Qubit RNA HS assay (Thermo Fisher Scientific). mRNA was enriched from 400 ng of 

total RNA per sample using the NEBNext Poly(A) mRNA Magnetic Isolation Module (NEB) 

and used to prepare libraries with the NEBNext Ultra II Directional RNA Library Prep Kit for 

Illumina (NEB) with 11 amplification cycles with single-indexed primers. Multiplexed libraries 

were quantified, pooled, and sequenced for 2 × 38 nucleotide reads as described above, targeting 

33 million read pairs per sample. Sequence data is available in GEO under accession number 

GSE181951. 

 

2.9 mRNA-seq data analysis 

Sequenced reads were aligned to the concatenated mouse (GRCm38/mm10; Gencode vM24) and 

Drosophila (BDGP6.28; Ensembl release 99) genomes and transcriptomes using STAR v2.7.3a 

364 with default settings. Transcript abundance was calculated using Salmon v1.4.0 365 in 

alignment mode with seqBias and gcBias options. Gene counts and differential expression were 

calculated using DESeq2 366 with default parameters and implementing the apeglm method of 
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effect-size shrinkage 367. Genes with fewer than two counts in any sample were filtered out and 

genes showing ≥ 2-fold difference in expression with P ≤ 0.01 (Wald test with Benjamini and 

Hochberg adjustment for multiple comparisons) are considered differentially expressed. Genes 

showing <1.1-fold difference in expression are considered stable. Except in Fig. 3.6c, 

Drosophila transcripts were removed after abundance calculation; for Fig. 3.6c, Drosophila 

transcripts were used as control genes in the estimateSizeFactors function of DESeq2, and then 

removed. 

 

2.10 Single-cell mRNA-seq 

Islets were dissociated to single-cell suspensions as described in section 2.4 without FACS-

enrichment. The cell suspensions were processed through the Chromium Single Cell 3’ protocol 

using the Chromium Controller (firmware v4.0) with Reagent Kit v3.1 (10X Genomics) and 

Dual Index Kit TT Set A (10X Genomics) according to the manufacturer’s instructions for a 

targeted 5,000-cell recovery. Total cDNA was amplified for 11-cycles, and then 13-cycles during 

index-ligation. cDNA concentrations were quantified by qPCR with the NEBNext Library Quant 

Kit for Illumina (NEB). Libraries were pooled and sequenced for 28-90 paired-end nucleotide 

reads to an average depth of ~70,000 mapped fragments per cell. Sequence data is available in 

the GEO under accession number GSE181951. 

 

2.11 Single-cell mRNA-seq data analysis 

Cellranger (v5.0.0, 10X Genomics) was used to generate FASTQ files and demultiplex reads. 

Cell barcode detection, read mapping, quality filtering, and transcript counting were performed 

using Alevin (Salmon v1.4.0) 368 against the mouse protein-coding transcriptome (Gencode 
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vM24), which I appended with the Tdtomato and Egfp sequences, as well as the complete mouse 

genome (GRCm38/mm10) as mapping decoys for selective alignment 369. Additional cell quality 

filtering was performed using Seurat v4.0 370 based on unique features (> 1,000 genes) and 

mitochondrial RNA content (< 25%). Putative doublets were excluded based on a high transcript 

count (> 90,000) or co-expression of Tdtomato and Egfp transcripts, and using DoubletFilter 371. 

Genes detected in < 3 cells were excluded from analysis. After quality filtering, the dataset 

comprised 3,703 WT and 3,641 KO cells. Filtered data were scaled and normalized using 

SCTransform 372 with default parameters. PCA and UMAP dimensionality reduction using the 

first 60 principal components was used to cluster and visualize cell populations. Slingshot 373 

was used to perform pseudotime analysis on β-cell clusters. For cell entropy analysis, I used a 

published R function (https://github.com/skannan4/cm-entropy-score 108) which calculates per-

cell Shannon entropy using the 1,000 most highly expressed genes.  

 

2.12 Immunohistofluorescence 

Mouse pancreata were isolated and fixed in 4% (w/v) paraformaldehyde (PFA) in PBS at 4°C 

overnight. Following washing with PBS and dehydration in ethanol and xylenes, tissues were 

embedded in paraffin and sectioned with a thickness of 5 μm. Immunofluorescent analyses of 

tissue sections was performed as previously described 374 in a blinded fashion from 4 to 6 

sections per biological sample. Primary antibodies used are listed in Table 2.2. 

 

2.13 Immunocytofluorescence 

Islets were dissociated to single cells 3 to 4 hours after isolation and plated in technical duplicate 

in a 24-well cell culture dish with glass coverslips at ~50 dispersed islets/well in complete RPMI. 

https://github.com/skannan4/cm-entropy-score
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The next day, media was changed to 0.5 mL complete RPMI containing 10 μM EdU 

(Carbosynth) and either 5.5 mM or 16.7 mM D-glucose. Cumulative EdU incorporation 

proceeded for 48-hours in these media, with refreshment after the first 24-hours. Cells were then 

fixed in 2% PFA in PBS for 20-minutes, then washed once in PBS before labelling EdU for 20-

minutes with 5 μM Alexa Fluor 647 azide (Thermo Fisher Scientific) in 100 mM Tris pH 8.5, 1 

mM CuSO4, 100 mM sodium ascorbate. Coverslips were subsequently washed 3 times with 

0.5% Triton X-100 in PBS, counterstained with DAPI (Sigma Aldrich, D9542, 1:5,000) in PBS 

for one hour at room temperature, washed three more times in PBS, and mounted with Prolong 

Gold (Thermo Fisher Scientific) mounting medium onto glass slides. 

 

2.14 Transmission electron microscopy 

Islets were fixed in 2% glutaraldehyde (Sigma Aldrich) in PBS and submitted to the Facility for 

Electron Microscopy Research of McMaster University (Hamilton, ON, Canada). There, islets 

were post-fixed with 1% osmium tetroxide, dehydrated in ethanol, and embedded in Spurr’s 

resin before sectioning with a Leica UCT ultramicrotome. Sections were stained with uranyl 

acetate and lead citrate and imaged with a JEOL JEM 1200 EX TEMSCAN transmission 

electron microscope (JEOL, Peabody, MA, USA). 

 

2.15 Immunoblotting 

Islets were lysed in Laemmli sample buffer (2% (w/v) SDS, 10% (v/v) glycerol, 60 mM Tris pH 

6.8, 1mM NaF, 1 mM PMSF, protease inhibitor cocktail (Roche)) for 5-minutes at 95°C and then 

vigorously vortexed 10-20 sec. Protein concentration was measured by BCA assay (Thermo 

Fisher Scientific), then β-mercaptoethanol was added to 5% (v/v) and lysates were reboiled for 
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5-minutes and stored at -80°C. 10 μg lysates were resolved in polyacrylamide gels, transferred to 

PVDF membranes, blocked for 60-minutes in 5% (w/v) skim milk powder in TBST (20 mM Tris 

pH 7.6, 150 mM NaCl, 0.1% (v/v) Tween-20) at room temperature and probed with primary 

antibodies overnight in 5% (w/v) BSA in TBST at 4°C. The next day, after washing membranes 

three times with TBST, HRP-linked secondary antibodies were added for 1-hour at room 

temperature, membranes were washed three times with TBST, and detected using ECL system 

with film. When normalizing to total H3, membranes were stripped for 20-minutes in mild 

stripping buffer (200 mM glycine, 0.1% (w/v) SDS, 1% (v/v) Tween-20, pH 2.2) at room 

temperature, rinsed twice in PBS and twice in TBST for 10 minutes each, then re-blocked and 

probed for histone H3. For detection of (pro)insulin, islets were treated for 4-hours with 10 μM 

MG-132 (Sigma Aldrich) before lysing, and probed using a modified immunoblot protocol to 

improve peptide detection, which is described in detail by Okita, N. et al 375. Primary antibodies 

used for immunoblots are listed in Table 2.2. 

 

2.16 Protein co-immunoprecipitation 

Immunoprecipitation of WDR5 was performed in triplicate in 750-900 dispersed islets pooled 

from three mice. First, nuclei were enriched from dispersed islet cells by incubation in nuclear 

isolation buffer for 10-minutes on ice and pelleting at 600 × g for 5-minutes at 4°C. Chromatin 

was solubilized in IP buffer (20 mM Tris pH 7.4, 150 mM NaCl, 1 mM EDTA, 5% (v/v) 

glycerol, 0.5% (v/v) Igepal ca-630, 5 mM CaCl2, 1 mM PMSF, protease inhibitor cocktail 

(Roche)) by MNase (NEB) digestion for 10-minutes at room temperature. EDTA was added to 5 

mM and samples were centrifuged at 14,000 × g for 5-minutes at 4°C. The protein concentration 

in the supernatant was measured by BCA assay (Thermo Fisher Scientific), and an equal mass of 
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WT and KO nuclear lysate (~30 μg protein) was immunoprecipitated by 1 μg WDR5 (Bethyl, 

A302-429A) or normal rabbit IgG (Millipore, 12-370) antibodies rotating overnight at 4°C. The 

next day, 10 μL protein A Dynabeads (Thermo Fisher Scientific) was added to the 

antibody:lysate mixture and rotated for 2-hours at 4°C. Finally, bead:antibody:antigen complexes 

were washed six times in ice-cold IP buffer and resuspended in Laemmli sample buffer with 5% 

(v/v) β-mercaptoethanol for immunoblotting. 

 

2.17 Insulin secretion assays 

For intraperitoneal insulin tolerance tests, 2 g/kg glucose in a 20% (w/v) water solution was 

injected intraperitoneally following a 6-hour fast. Blood glucose was sampled prior to and 15, 

30, 60, and 120-minutes after glucose injection from a lateral saphenous vein. Serum was 

collected at the 0, 15, and 60-minute time points by centrifuging blood samples at 9,000 × g for 9 

minutes at 4°C and stored at -80°C. Serum insulin was measured by ELISA (Alpco) according to 

the manufacturer’s instructions. For oral glucose tolerance tests, 2 g/kg glucose in a 20% (w/v) 

water solution was administered by oral gavage following a 6-hour fast. Blood glucose was 

sampled prior to and 5, 15, 30, and 60-minutes after glucose administration from a lateral 

saphenous vein. Ex vivo static insulin secretion assays were performed in technical duplicate in 

groups of 50 islets per mouse one day after isolation. Islets were preincubated in KRBH buffer 

(2.8 mM glucose, 20 mM HEPES, 114 mM NaCl, 4.7 mM KCl, 1.2 mM MgSO4, 1.2 mM 

KH2PO4, 2.5 mM CaCl2, 24 mM NaHCO3, 0.1% (w/v) BSA, pH 7.3) for one hour at 37°C and 

then sequentially for 45-minutes in KRBH, either 16.7 mM glucose or 15 mM dimethyl α-

ketoglutarate (Sigma Aldrich), and finally 30 mM KCl. Conditioned medium was collected after 

each incubation. At the completion of the assay islets were lysed in RIPA buffer (Pierce) 
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containing 1 mM PMSF and EDTA-free protease inhibitor cocktail (Roche)) at 95°C for 5 

minutes. Insulin concentration was measured in conditioned medium and islet lysate by ELISA 

(Alpco). DNA concentration of islet lysate was determined by Qubit dsDNA HS Assay (Thermo 

Fisher Scientific) to normalize islet insulin content. 

 

2.18 Insulin tolerance test 

Insulin (Novolin ge Toronto; Novo Nordisk Canada Inc., Mississauga, ON, CAN) was diluted to 

0.1 U/mL in PBS and injected with 0.5 U/kg body mass intraperitoneally after a 2-hour fast. 

Blood glucose was sampled by tail prick prior to and 15, 30, 60, and 120-minutes after insulin 

injection. 

 

2.19 Calcium imaging 

Intact islets were cultured for two days to allow for attachment onto glass coverslips. Prior to 

imaging, coverslips were transferred to a 2 mL imaging chamber and stained with 5 μM Fura-

2AM (Molecular Probes, F1221) for 30-minutes at 37°C in complete RPMI. The imaging 

chamber loaded with a coverslip was then mounted on a Leica SP8 Laser Scanning Confocal 

Microscope with a 10× objective lens and continuously washed with Ringer’s solution (5.5 mM 

KCl, 2 mM CaCl2, 1 mM MgCl2, 20 mM HEPES, 144 mM NaCl, 2.8 mM glucose, pH 7.4) for 

30-minutes. Throughout the experiment, islets were continuously perifused at a flow rate of 2.5 

mL/min with Ringer’s solution. Glucose and KCl concentrations were adjusted by iso-osmotic 

substitution of NaCl where indicated. Fura-2 was excited at 340 nm and 380 nm and emitted 

fluorescence was detected at approximately 510 nm. Cytosolic Ca2+ levels are expressed as the 
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mean ratio of Fura-2 fluorescence emission intensity (F340/F380) of 3-9 islets per biological 

replicate. 

 

2.20 Respirometry 

Islets were dissociated to single cells 3-4 hours after isolation and plated at 100 islets/well in a 

Seahorse 24-well cell culture dish in technical duplicate. Cells were cultured for 2-days in 

complete RPMI to allow for attachment to the culture dish and then for 1-hour in XF RPMI 

medium (Agilent) with 2.8 mM glucose, 1% FBS, 1 mM pyruvate, and 2 mM glutamine to reach 

a metabolic baseline. Oxygen consumption was then measured using a Seahorse XF24 

Extracellular Flux Analyser (Agilent). The injection ports were loaded with the following 

compounds in XF Assay Media (Agilent): A, 167 mM glucose; B, 10 μM oligomycin; C, 15 μM 

FCCP; D, 10 μM antimycin A and 1 μM rotenone. Measurements were normalized to the DNA 

content of assayed cells, which were determined using Qubit HS DNA Assay (Thermo Fisher 

Scientific) after lysing in RIPA buffer upon completion of the assay. 

 

2.21 Metabolite quantification 

One hundred islets were collected from each mouse, rinsed twice in ice-cold PBS, and stored at -

80°C. Blood was collected from a lateral saphenous vein after 2-hour fast into 1.7 mL Eppendorf 

tubes on ice that were previously rinsed with a saline/EDTA solution. Plasma and cell fractions 

were separated by centrifugation at 9,000×g for 9 min at 4°C. Plasma was pipetted into a clean 

tube and both tubes were stored at -80°C. Islets and blood cell pellets were packaged in dry ice 

and sent to Dr. Joshua Miller’s laboratory at Rutgers University, New Brunswick, NJ, USA for 

quantification of SAM, SAH, methionine, cystathionine, betaine, and choline by high-performance 
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liquid chromatography with ultraviolet detection. Total plasma folates concentration was measured 

by Janette King at the Analytical Core for Metabolomics and Nutrition at BCCHRI using the 

ARCHITECT i1000SR immunoassay analyzer, Abbott Laboratories (Abbott Park, IL, 60004 USA). 

Plasma methionine, homocysteine, and cysteine concentrations were measured by Roger Dyer at the 

Analytical Core for Metabolomics and Nutrition at BCCHRI using ultra-high performance liquid 

chromatography tandem mass spectrometry. 

 

2.22 Analysis of publicly available sequence data 

Publicly available data were reprocessed for consistency. Gene expression omnibus accession 

numbers GSE50244, GSE50386, GSE107489, GSE124742, and GSE174194 were downloaded 

from the Sequence Read Archive (SRA) using the sratoolkit (https://github.com/ncbi/sra-tools) 

and analyzed according to the experimental application, as described above. 

 

2.23 Statistics 

Unless otherwise stated, plots show mean ± standard deviation (SD) with points representing 

each biological replicate. In boxplots, the central horizontal line marks median, the upper and 

lower limits of the box the first and third quartiles, and whiskers span 1.5× the interquartile 

range, in the style of Tukey. Spearman’s rank coefficient was used to estimate correlation. 

Regression lines were calculated using a generalized additive model. P-values were calculated 

using Student’s t-tests with Welch’s correction, Wilcoxon rank sum test, Wald test, mixed-effect 

model, one- or two-way ANOVA, Fisher’s exact test, or permutation test, as indicated. 

Correction for multiple comparison using the Benjamini-Hochberg method was applied where 

indicated. Statistical calculations were performed in R or Prism 8 or 9 (GraphPad Software, La 
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Jolla, CA, USA). P < 0.05 was deemed significant except in RNA-seq data, for which the cutoff 

P < 0.01 and fold-change ≥ ±2 was used. 

 

Table 2.2 Primary antibodies 

Target Host Supplier Cat# Application Dilution 

ACTIN Mouse DSHB JLA20-c WB 1:10,000 

ASH2L Rabbit Bethyl A300-489A WB 1:10,000 

DPY30 Rabbit Atlas HPA043761 IHC 1:500 

WB 1:1,000 

Glucagon Mouse Millipore G2654 IHC 1:1,000 

H3 Rabbit Abcam ab1791 WB 1:1,000,000 

H3K4me1 Rabbit Abcam ab8895 ChIP 2 μg 

IHC 1:1,000 

WB 1:100,000 

H3K4me3 Rabbit CST C42D8 IHC 1:1,000 

WB 1:1,000 

Mouse Abcam ab1012 ChIP 1 μg 

H3K27ac Rabbit Active Motif 39034 ChIP 1 μg 

CST D5E4 WB 1:1,000 

H3K27me3 Rabbit Millipore 07-449 ChIP 2 μg 

WB 1:100,000 

Insulin Guinea Pig Agilent IR-002 IHC 1:4 

Mouse CST L6B10 WB 1:10,000 

Normal IgG Rabbit Millipore 12-370 CoIP 1 μg 

RBBP5 Rabbit Bethyl A300-109A WB 1:10,000 

WDR5 Rabbit Bethyl A302-430A WB 1:2,000 

A302-429A CoIP 1 μg 
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Chapter 3: H3K4me3 regulates gene expression in β-cells 

3.1 Rationale 

Tissue-specific transcriptional programs rely on precise activation and maintenance of specific 

genes and stable repression of other genes. Active and repressed genes have stereotypical 

patterns of chromatin modification which are useful in the systematic classification of gene 

activity 376. For example, H3K4me3 is reliably enriched on nucleosomes at the 5’ end of actively 

transcribed genes and is therefore the canonical marker of active promoters across all eukaryotes 

185,377–379. While H3K4me3 is a well-accepted marker of active promoters, experimental evidence 

for the functional necessity of H3K4me3 in the regulation of transcription is rare and 

controversial (reviewed in ref. 380). On one hand, H3K4 methylation may regulate gene 

activation via recruitment of transcription factors and cofactors 255,381–383, facilitating enhancer-

promoter interactions 199, and/or by preventing repression 267 and irreversible silencing 270. On 

the other hand, global (i.e., genome-wide) decreases in H3K4me1 or H3K4me3 levels are 

remarkably well tolerated in embryonic stem cells and during development in genetic knockout 

models 226,244,250, perhaps due to redundancy with other regulatory inputs and/or environmental-

context-dependency 250,380. Evidence in multicellular animal models points to a requirement for 

H3K4 methyltransferases during certain specialized developmental events, whereas evidence for 

general transcriptional functions in mature tissues is lacking 215,225,349–351. Therefore, to what 

extent H3K4me3 functionally contributes to transcription is unclear, and evidence is lacking in 

post-development tissues where lineage-specific transcriptional programs have already been 

established. 
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H3K4 methylation is catalyzed by conserved histone lysine methyltransferases, primarily the 

COMPASS and COMPASS-related complexes in mammals. These consist of one MLL/SET 

catalytic subunit complexed with the four core structural subunits WDR5, RBBP5, ASH2L, and 

DPY30, as well as a retinue of auxiliary proteins that contribute to enzymatic activity and 

targeting 213. In contrast to the other core subunits, DPY30 is not required for the assembly of the 

complex and is not required for methyltransferase activity in vitro, although inclusion of DPY30 

boosts activity between 1.5- and 3-fold 241,242. In vivo loss of DPY30 leads to reduction of 

H3K4me3 and H3K4me1 222. In this chapter, I use an inducible Dpy30-KO model to test whether 

H3K4 methylation regulates gene expression in mature mouse β-cells. I hypothesized that loss of 

DPY30-dependent H3K4me3 from mature β-cells would lead to dysregulation of the β-cell gene 

expression program by impairing expression of genes in particular epigenetic contexts and 

increasing transcriptional variability of genes marked by broad H3K4me3 peaks.  
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3.2 Conditional deletion of Dpy30 reveals a slow turnover of H3K4me3 and H3K4me1 in 

mature mouse β-cells 

To induce synchronized deletion of Dpy30 in mature β-cells, mice harbouring a Pdx1-CreER 

transgene 353 and LoxP sites flanking the fourth exon of Dpy30 (ref. 351, originally Knockout 

Mouse Programme EM:09575) were administered tamoxifen at 8-weeks of age (henceforth: 

“Dpy30-KO”) (Fig 3.1a). Pdx1-CreER+/0; Dpy30wt/wt and Pdx1-CreER0/0; Dpy30fl/fl (Dpy30-WT), 

also administered tamoxifen, were used as controls. Removal of Dpy30 exon 4 causes a 

frameshift mutation in all annotated Dpy30 transcripts. As expected, knockout of Dpy30 led to 

depletion of H3K4me3 and H3K4me1 in islets (Fig. 3.1b) but did not impact the assembly of the 

other core components of the COMPASS complex WDR5, RBBP5, and ASH2L, or their 

association with chromatin compared to WT islets (Fig. 3.1c). 

 

The rate of loss of H3K4 methylation in KO β-cells was measured using immunofluorescence at 

15-day intervals after tamoxifen administration. As seen in Fig. 3.2, H3K4me3 is stable for at 

least 15 days and then gradually lost during the subsequent 45 days. H3K4me1 shows a similar 

pattern but its loss is even more gradual. On the other hand, DPY30 is undetectable by 15 days 

after tamoxifen administration in Dpy30-KO β-cells (Fig. 3.2a). These data indicate that Dpy30 

is necessary for maintenance of H3K4me3 and H3K4me1 levels in mature mouse β-cells. The 

slow turnover of H3K4me3 and H3K4me1 afforded an opportunity to parse the relative 

contribution of H3K4 methylation, versus DPY30 itself, in controlling gene expression. 
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Figure 3.1 | Knockout of Dpy30 in β-cells leads to reduction of H3K4me3 and H3K4me1. a, Top: schematic 

showing the core subunits of COMPASS complexes and a nucleosome methylated on H3K4. Bottom: genome-

aligned RNA-seq reads at the Dpy30 gene locus in Dpy30-WT and -KO cells. b, Immunoblots showing DPY30, 

H3K4me3, H3K4me1, H3K27ac, H3K27me3, total histone H3, and ACTIN in islets from Dpy30-WT and -KO mice 

45 days after tamoxifen administration. Numbers beneath each band indicate the band intensity normalized to the 

left-most sample. c, Immunoblots showing TrxG core subunits RBBP5, ASH2L, and WDR5, and nucleosome 

protein histone H3, coimmunoprecipitated with WDR5 or an IgG control from Dpy30-WT or -KO islet cell nuclei 

45 days after tamoxifen administration. Representative immunoblots of three independent coIPs are shown. IP: 

immunoprecipitation. 
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Figure 3.2 | Knockout of Dpy30 reveals a slow turnover of H3K4me3 and H3K4me1 in mature β-cells. a, Mean 

immunofluorescent intensity of DPY30, H3K4me3, and H3K4me1 in Dpy30-WT and -KO β-cell nuclei at the 

indicated days after tamoxifen administration. Data are normalized to intensity of α-cell nuclei; n = 3 mice of each 

genotype and time-point. b, Example images of Dpy30-KO islets used for measurements in panel (a) showing 

H3K4me3 (cyan), insulin (magenta), and glucagon (yellow). The boxed areas are shown zoomed-in below. Scale 

bars: 50 μm. 
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3.3 Transcriptome remodeling in Dpy30-KO cells is secondary to reduction of H3K4 

methylation 

I reasoned that defects arising in Dpy30-KO β-cells by 15-days post-tamoxifen (when DPY30 is 

lost but H3K4me3 and H3K4me1 levels are unchanged) highlight functional contributions of 

DPY30 itself. Defects arising later, by 45-days post-tamoxifen (when H3K4 methylation is 

reduced) highlight functional contributions of H3K4 methylation. As H3K4 methylation and 

TrxG complexes are each positively associated with transcriptional activity 208,384, I assessed 

transcriptomes from Dpy30-WT and -KO β-cells mice in order to determine to what extent H3K4 

methylation and DPY30 contribute to gene expression regulation. To this end, the Rosa26mTmG 

reporter transgene 352 was crossed onto Pdx1-CreER+/0 Dpy30+/+ (WT) and Dpy30-KO mice to 

identify Cre-recombined cells. GFP+ β-cells were enriched using FACS from Dpy30-KO and -

WT islets 15- and 45-days post-tamoxifen then processed for bulk mRNA-seq. Loss of DPY30 

had little effect on gene expression in β-cells, with only three differentially expressed genes 

(Dpy30, Edn3, C3) (≥2-fold change, P ≤ 0.01 Wald test with Benjamini-Hochberg correction) 

identified at 15-days post-tamoxifen (Fig. 3.3a and Appendix B). At 45-days post-tamoxifen, 828 

genes were differentially expressed, with the majority (634) showing lower expression in Dpy30-

KO cells (Fig. 3.3b and Appendix B). Together, these data support a functional role for H3K4 

methylation in the regulation of gene expression. 

 

I checked COMPASS and non-COMPASS H3K4 methyltransferase gene expression in the day-

45 mRNA-seq data for evidence of compensatory upregulation. None is evident (Fig. 3.3c). In 

fact, expression of methyltransferases tended to be lower in Dpy30-KO cells; however, none 

reached statistical significance. 
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Figure 3.3 | Transcriptome remodeling downstream of loss of H3K4 methylation in Dpy30-KO β-cells. a-b, 

Scatterplots showing log2(fold-change) and –log10(P-value) of gene expression in Dpy30-KO versus -WT cells 15-

days (a) and 45-days (b) after tamoxifen administration. Genes showing a ≥2-fold increase or decrease in expression 

with P ≤ 0.01 (Wald test with Benjamini-Hochberg correction) are coloured red or green, respectively, and 

enumerated above. The full-length transcript of Dpy30 is outlined and labeled in blue. c, Expression of core 

COMPASS, COMPASS-related, and non-COMPASS genes in Dpy30-WT and -KO cells 45-days after tamoxifen 

administration. H3K4 methyltransferase enzymes are in bold.  
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3.4 Depletion of promoter-associated H3K4me3 in Dpy30-KO chromatin revealed using 

ChIP-seq with spike-in calibration 

To more directly link gene expression regulation to H3K4me3 in mature β-cells, I assessed the 

distribution of H3K4me3 in Dpy30-WT and -KO chromatin using ultra-low-input native 

chromatin immunoprecipitation sequencing (ChIP-seq) 355 45-days post-tamoxifen. Initially, I 

processed whole islets for ChIP-seq. This analysis suggested a slight, general reduction in 

H3K4me3 enrichment at TSSs (Fig. 3.4a, left). Examination of some notable genes revealed, for 

example, loss of H3K4me3 at the β-cell-enriched Ins1 gene, but elevated H3K4me3 at the α-cell-

enriched Gcg gene and minimal change at Polr2d, a housekeeping gene (Fig. 3.4b, left).  

 

I reasoned that H3K4me3 from non-Cre-recombined cells was being preferentially 

immunoprecipitated in Dpy30-KO animal islets since there was less H3K4me3 in KO cells. To 

mitigate this, I FACS-purified recombined GFP+ islet cells using mTmG. It was also necessary 

to account for the global decrease in H3K4me3 signal in Dpy30-KO cells since sequencing 

techniques including ChIP-seq make an implicit assumption that the total signal per cell is 

identical between samples 385. I therefore spiked-in Drosophila S2 cells during FACS isolation as 

an internal reference between samples 386. ChIP-seq with these additional strategies revealed 

dramatic depletion of H3K4me3 in Dpy30-KO chromatin (Fig. 3.4a, right) and effectively 

removed signal from non-recombined cells (Fig. 3.4b, right). I therefore performed ChIP-seq 

under the same conditions for H3K4me1, H3K27ac and H3K27me3. Together, these four histone 

modifications distinguish active promoters, enhancers, and developmentally repressed chromatin 

387. 
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Figure 3.4 | FACS-enrichment and spike-in calibration of H3K4me3 ChIP-seq reveals differences between 

Dpy30-WT and -KO chromatin. a, Heatmaps of H3K4me3 enrichment at the TSS ±3 kb of all expressed genes in 

whole islets (left) or FACS-enriched β-cells with spike-in calibration (right) from Dpy30-WT and -KO mice 45-days 

after tamoxifen administration. b, Genome browser view of H3K4me3 enrichment of a β-cell-enriched-gene Ins1, α-

cell-enriched gene Gcg, and housekeeping gene Polr2d for the samples described in panel (a).  
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3.5 The change in TSS-proximal H3K4me1 enrichment in Dpy30-KO chromatin is 

proportional to initial H3K4me3 enrichment 

Like H3K4me3, H3K4me1 is strongly depleted in Dpy30-KO cells (Fig. 3.5a-b).  Interestingly, 

residual H3K4me1 at promoters is enriched more closely to the TSS in Dpy30-KO chromatin 

(Fig. 3.5a-b). This led to some genomic loci actually gaining H3K4me1 in Dpy30-KO cells; 

however, this appeared to be restricted to sites previously covered with H3K4me3 (Fig. 3.5a). To 

quantify this relationship, H3K4me1 and H3K4me3 enrichment in the TSS ±1 kb of all active 

promoters was compared. In these central promoter regions, the degree to which H3K4me1 is 

changed in Dpy30-KO cells is well correlated to the initial enrichment of H3K4me3 (Spearman’s 

correlation R = 0.8319, Fig. 3.5c). Given that H3K4me1 levels were still on a downward 

trajectory when ChIP-seq was done (day-45, see Fig.3.2a), this suggests that H3K4me3-positive 

loci proceed through a monomethylated intermediate in the inducible Dpy30-KO model before 

becoming unmethylated, and raises the question of whether H3K4me1 can support transcription 

at the TSS. 

 
 



64 

 

 

Figure 3.5 | The change in TSS-proximal H3K4me1 enrichment in Dpy30-KO chromatin is proportional to 

initial H3K4me3 enrichment. a, Genome browser representation of H3K4me3, H3K4me1, and genome-aligned 

mRNA in WT and KO chromatin. Regions enriched for H3K4me3 in WT chromatin are highlighted in yellow. b, 

Average enrichment profiles of H3K4me3 and H3K4me1 in the region ±3 kb with respect to the TSS of all 

expressed genes in WT and KO chromatin. c, Contour scatterplot showing H3K4me3 enrichment in WT chromatin 

(x-axis) plotted against the log2(fold-change) of H3K4me1 enrichment in KO versus WT (y-axis) in the regions ±1 

kb with respect the TSS of all expressed genes. R indicates the Spearman’s rank correlation coefficient. The 

log2(fold-change) of H3K27ac enrichment is shown as a colour gradient. 
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3.6 Genome-wide reduction of H3K4me3 and H3K4me1 does not cause a general 

reduction in mature mRNA expression 

In the mRNA-seq dataset generated from β-cells 45 days after tamoxifen administration, the 828 

significantly dysregulated genes represent only 5.6% of 14,677 total detected genes. This could 

indicate that DPY30 is necessary to maintain H3K4me3 at the genes that became downregulated 

but not at other genomic loci. To determine whether reduction of H3K4me3 in Dpy30-KO 

chromatin is global or locus-specific, I compared H3K4me3 enrichment between Dpy30-KO and 

-WT chromatin in 10-kb bins spanning the genome. H3K4me3 enrichment is reduced genome-

wide in Dpy30-KO chromatin (Fig. 3.6a). This is also true for H3K4me1, with the exception of 

nine 10-kb bins (Fig. 3.6b) (examination of those bins indicate that they span large promoters 

that were highly H3K4me3-enriched in WT cells). Therefore, DPY30 is necessary for 

maintenance of H3K4 methylation throughout the genome in mouse β-cells. It follows that even 

TSSs associated with genes that are stably expressed (<1.1-fold change in RNA expression) or 

upregulated (≥2-fold, P ≤ 0.01 Wald test with Benjamini-Hochberg correction) show significant 

loss of H3K4me3 and H3K4me1 in Dpy30-KO cells (Fig. 3.6d-e). Importantly, like the ChIP-seq 

data, the mRNA-seq data in Dpy30-KO and -WT cells were calibrated using Drosophila cell 

spike-in and so cellular mRNA content can be semi-quantitatively compared 385,388. The 

transcriptomes of Dpy30-KO and -WT β-cells are well correlated, and the total mRNA 

expression of KO cells is not decreased (Fig. 3.6c, note that the regression line overlaps with the 

diagonal). Therefore, global depletion of H3K4 methylation does not cause a general decrease in 

mature mRNA expression. 
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Figure 3.6 | Genome-wide reduction of H3K4 methylation does not cause a general reduction in mRNA 

expression. a-b, Scatterplot of H3K4me3 (a) and H3K4me1 (b) enrichment in 10-kb bins spanning the genome. A 

red line shows the smoothed trend generated with a generalized additive model. c, Scatterplot showing mean gene 

expression in Dpy30-KO versus -WT cells. A red line shows the smoothed trend generated by a generalized additive 

model. d, Box and whisker plots of H3K4me3 and H3K4me1 enrichment in the TSS ±3 kb of all expressed genes in 

Dpy30-WT and -KO cells. e, Box and whisker plots of the log2(fold-change) of H3K4me3 or H3K4me1 enrichment 

in the TSS ±3 kb of genes whose mRNA expression is downregulated, stable, or upregulated in Dpy30-KO 

compared to -WT cells. P indicates the Wilcoxon rank sum test with Benjamini-Hochberg correction versus no 

difference between WT and KO (i.e. versus y = 0). 
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3.7 Genes experiencing a relatively high loss of H3K4me3 and H3K4me1 in Dpy30-KO 

cells are downregulated 

Next, the influence of residual H3K4me3 and H3K4me1 on expression at individual promoters 

was examined. Identification of areas of significant enrichment over background using MACS2 

362 indicated that H3K4 methylation is not completely lost at the majority of promoters in Dpy30-

KO cells. I segregated genes into three groups according to residual H3K4 methylation. Group i 

retains at least some H3K4me3 enrichment at the TSS (10,045 genes), group ii has lost 

H3K4me3 but retains at least some H3K4me1 enrichment (2,302 genes), and group iii has lost 

H3K4me3 and H3K4me1 (111 genes) (Fig. 3.7a). As a group, genes that retain at least some 

enrichment for H3K4me3 at the TSS are not generally downregulated in Dpy30-KO cells (Figure 

3.7b). Loss of both H3K4me3 and H3K4me1 from the TSS is linked to significant impairment of 

gene expression, and genes that lose H3K4me3 but retain H3K4me1 show an intermediate 

phenotype (Fig. 3.7b). To visualize this relationship in a threshold-free manner, I plotted the 

change in H3K4me3, H3K4me1, and mRNA expression for all active TSSs (Fig. 3.7c). As 

expected, most genes clustered in the bottom left quadrant, indicating reduction of both 

H3K4me3 and H3K4me1 from the TSS. Strikingly, genes that are highly downregulated (red) 

clustered at the extreme edge of this quadrant, indicating that genes experiencing the greatest 

relative loss of both H3K4me3 and H3K4me1 tend to be highly downregulated (Fig. 3.7c). 

Together, these data support a role for H3K4me3 in contributing to active gene expression: while 

the genome-wide reduction of H3K4me3 did not influence total cellular mRNA content, excess 

loss of H3K4me3 on a per-gene basis leads to downregulation of that gene. These data also 

suggest that H3K4me1, widely considered a mark of active enhancers but not promoters 389, can 

partially compensate for loss of H3K4me3 at promoters.  
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Figure 3.7 | Loss of H3K4 methylation from the TSS reduces gene expression. a, Genome browser view 

showing examples of genes that retain H3K4me3 (i), lose H3K4me3 but retain H3K4me1 (ii), or lose H3K4me3 and 

H3K4me1 (iii) from the TSS in KO chromatin. b, Box and whisker plot of the log2(fold-change) of RNA expression 

of gene groups described in panel (a). P indicates the Wilcoxon signed-rank test result with Benjamini-Hochberg 

correction. c, Contour scatterplot showing the log2(fold-change) of H3K4me1 enrichment in KO versus WT (x-axis) 

plotted against the log2(fold-change) of H3K4me3 enrichment in KO versus WT (y-axis) in the TSS ±1 kb of all 

expressed genes. The log2(fold-change) for RNA expression of the associated genes is shown as a colour gradient. 
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3.8 Genes in weakly active chromatin are susceptible to transcriptional downregulation 

in Dpy30-KO cells 

To gain insight into what chromatin features cause some genes to lose H3K4 methylation and 

become downregulated in Dpy30-KO β-cells, I compared the chromatin profile of downregulated 

and stably expressed genes. The downregulated gene set has a relatively inactive profile even in 

Dpy30-WT cells: enrichment for H3K4me3 and H3K27ac are low and H3K4me1 and 

H3K27me3 are high in comparison to stably expressed genes near the TSS (Fig. 3.8a-b).  

Accordingly, the downregulated gene set shows lower absolute expression than stably expressed 

genes in Dpy30-WT cells (Fig. 3.8c). Furthermore, the DNA sequence of downregulated gene 

loci tends to be relatively G/C-rich (Fig. 3.8d-e). Imprinted genes, comprising genomic loci for 

which one allele is silenced by DNA methylation, tend to be downregulated in Dpy30-KO cells 

(Fig. 3.8f), raising the possibility that H3K4me3 impedes de novo DNA methylation at some 

genes in mature β-cells; however, I did not directly measure DNA methylation. To summarize, 

genes that are downregulated in Dpy30-KO cells tend to already be in a relatively inactive or 

repressed state in Dpy30-WT cells and may be susceptible to silencing in the absence of 

H3K4me3. 
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Figure 3.8 | Genes in weakly active and suppressed chromatin are susceptible to transcriptional 

downregulation in Dpy30-KO cells. a, Average enrichment profiles of H3K4me3, H3K4me1, H3K27ac, and 

H3K27me3 in Dpy30-WT chromatin for TSS ±3 kb of genes that are stably expressed (black) or downregulated 

(green) in Dpy30-KO cells. b, Box and whiskers plots showing quantification of data in panel (a). c, Box and 

whisker plot showing mRNA expression in Dpy30-WT cells for genes stably expressed or downregulated in Dpy30-

KO cells. d, Average %GC content profile in the gene body ±5 kb of genes that are stably expressed (black) or 

downregulated (green) in Dpy30-KO cells. e, Box and whiskers plot showing quantification of data in panel (d). f, 

Box and whiskers plot showing average log2(fold change) of gene expression of all genes and of imprinted genes 

(GSEA:M2491; ref 390). P values calculated using Wilcoxon signed-rank test with Benjamini-Hochberg correction.  
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3.9 H3K4 methylation prevents localized polycomb repression 

The TrxG was originally defined as antagonists of PcG repressive activity 391. I therefore 

examined how the genomic distribution of PcG-dependent H3K27me3 is affected by loss of 

TrxG-dependent methylation. As shown in Fig. 3.9, H3K27me3-positive compartments show 

similar distribution in Dpy30-WT and -KO chromatin. H3K27me3 enrichment in 10-kb windows 

across the genome remained similar between Dpy30-KO and -WT (Fig 3.10a), together 

indicating that global reduction of H3K4me3 and H3K4me1 did not result in expansion of 

polycomb-repressed compartments. Focusing in promoters, H3K27me3 enrichment remained 

similar overall but tended to accumulate at genes that are downregulated in Dpy30-KO cells (Fig. 

3.10b-d). These data indicate that H3K27me3 organization is largely insensitive to reduction of 

H3K4 methylation in this model; however, maintenance of H3K4 methylation is necessary to 

prevent localized polycomb repression in mature β-cells. 

 

 

Figure 3.9 | Megabase-scale organization of H3K27me3 compartments is preserved in Dpy30-KO cells. 

Genome browser view of H3K4me3, H3K4me1, H3K27ac, and H3K27me3 in Dpy30-WT and -KO chromatin. 



72 

 

 

3.10 H3K27ac is partially a consequence of H3K4me3 

H3K27ac intensity is diminished from TSS’s and throughout the genome in Dpy30-KO cells 

(Fig. 3.10a-c). Like H3K4me3 and H3K4me1, H3K27ac is reduced even at promoters of genes 

that are stably expressed or upregulated (Fig. 3.10d, right), indicating that the generalized 

decrease in H3K27ac in Dpy30-KO cells is not a consequence of gene downregulation. H3K27ac 

is also decreased at promoters where H3K4me1 is increased (Fig. 3.5c), supporting a role for 

H3K4me3 upstream of H3K27ac. Despite the global reduction, however, H3K27ac is still 

positively associated with gene expression in Dpy30-KO chromatin: H3K27ac peaks gaining 

intensity were near upregulated genes, and H3K27ac peaks losing intensity were near 

downregulated genes, more frequently than expected by chance (Fig. 3.11). These observations 

are consistent with reports that H3K27ac is partially downstream of H3K4 methylation 226 and of 

transcription 171. Interestingly, the correlation between gene expression level and enrichment for 

H3K27ac, and the anticorrelation between gene expression level and enrichment for H3K27me3 

or G/C content, is strengthened in Dpy30-KO cells compared to -WT cells (Table 3.1). This 

suggests that loss of H3K4me3 allows other histone modifications and the underlying DNA 

sequence to have a larger influence on gene expression. 
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Figure 3.10 | Changes to H3K27me3 and H3K27ac across the genome and at promoters in Dpy30-KO cells. a, 

Scatterplot of H3K27me3 and H3K27ac enrichment in 10-kb bins spanning the genome. b, Genome browser view 

of a highly downregulated gene Rab34 showing loss of H3K4me3, H3K4me1, and H3K27ac, and accumulation of 

H3K27me3 in Dpy30-KO cells. c, Average enrichment profiles of H3K27me3 or H3K27ac in the TSS ±3 kb of all 

expressed genes in Dpy30-WT and -KO chromatin. d, Box and whisker plots of the log2(fold-change) of H3K27me3 

or H3K27ac enrichment in the TSS ±3 kb of transcriptionally downregulated, stable, or upregulated genes in Dpy30-

KO compared to -WT cells. P-values calculated with Wilcoxon rank sum test with Benjamini-Hochberg correction 

versus no difference between WT and KO (i.e., versus y = 0).  
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Figure 3.11 | Changes in H3K27ac enrichment in Dpy30-KO cells positively correlate with nearby gene 

expression changes. a, Pie chart showing the number of H3K27ac peaks that are increased >1.5-fold, decreased 

1.5-fold, or <1.5-fold changed for enrichment of H3K27ac in Dpy30-KO versus -WT chromatin. b, Association 

frequency of H3K27ac peaks classified in panel (a) with genes that are upregulated or downregulated in Dpy30-KO 

cells. Association was tested between H3K27ac peaks with the nearest active TSS and compared with association 

frequencies after randomizing peak locations 100 times. ** P < 0.01 by permutation test. 

 

Table 3.1 Relationship between gene expression level and H3K27ac, H3K27me3, or GC content is stronger 

after loss of H3K4 methylation. Correlations measured using Spearman’s rank test. 

(Epi)genetic feature Correlation with gene expression level 

 Dpy30-WT Dpy30-KO % Change 

 H3K27ac 0.5132 0.5455 + 6.283 

H3K27me3 – 0.3819 – 0.4389 – 14.93 

G/C content – 0.0805 – 0.0957 – 18.85 
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3.11 H3K4 methylation maintains transcriptional consistency in β-cells 

The above analyses show that H3K4 methylation contributes to maintenance of active gene 

expression in β-cells. Bulk downregulation of gene expression is not the only potential 

consequence of loss of H3K4me3, however. Transcription from genes promoters is stochastic 

and H3K4 methylation may impart greater consistency of gene expression between cells 180,392. 

To determine if reduction to H3K4 methylation reduces transcriptional consistency, islets from a 

Dpy30-WT and a -KO mouse were isolated 45 days after tamoxifen administration and subjected 

to single cell RNA-seq, generating 2,510 WT and 2,597 KO cell transcriptomes that passed 

quality filtering and that were identified as β-cells based on unsupervised clustering and high 

expression of Ins1/2. A population of β-cells expressing Tdtomato, indicating that they are not 

Cre-recombined, formed a distinct cluster apart from the KO Gfp+ β-cells. I therefore compared 

Tdtomato+ β-cells to recombined Egfp+ β-cells in KO islets (henceforth mT and mG, 

respectively) as this is a direct comparison of Dpy30-expressing and -KO β-cells from the same 

organ (Fig. 3.12a). To model the divergence of mG from mT β-cells, I performed pseudotime 

ordering using the mT cluster as the ground state (Fig. 3.12b). As seen in Fig. 3.12c, Ins1 and 

Ins2 expression become notably more stochastic over pseudotime. To quantify transcriptional 

variability of cells, I calculated transcriptomic entropy scores for each β-cell. Transcriptomic 

entropy is a measure of the “specialization” of a cell’s transcriptome, where a low entropy 

describes a narrow distribution of highly expressed genes in each cell, versus a high entropy 

where there is less distinction between highly- and lowly-expressed genes – a characteristic of 

immature cell states, including immature β-cells 108. In Dpy30-KO β-cells, there is an overall 

increase in transcriptional entropy along pseudotime (Fig. 3.12d) and in mG cells compared to 
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mT cells (Fig. 3.12e). Therefore, DPY30-dependent H3K4 methylation helps to maintain low 

transcriptomic entropy in mature β-cells. 

 

Finally, I asked whether reduction of gene expression consistency is linked to H3K4me3 peak 

breadth at the promoter, since broad H3K4me3 peaks may enforce high transcriptional 

consistency 180,392, that is, low cell-to-cell variability of the expression of a given gene. I 

hypothesized that genes with broad H3K4me3 peaks are more susceptible to increasingly 

stochastic expression when H3K4me3 levels are reduced, compared to other genes with narrower 

H3K4me3 peaks. To test this, I ranked H3K4me3 peaks in Dpy30-WT cells in order of 

increasing breadth, grouped them into 20 quantiles, each representing 622 H3K4me3 peaks with 

an associated gene, and compared the variance/mean ratio of gene expression in each group 

between mT and mG cells. Overall transcriptional variability between cells is increased in mG 

cells (Fig. 3.12f). As expected, there was a positive relationship between H3K4me3 peak breadth 

and the change in transcriptional variability, where greater H3K4me3 peak breadth was linked to 

greater gain of variability in Dpy30-KO cells (Fig. 3.12g). This supports a role for H3K4me3 in 

maintaining consistent gene expression. 

 

Intriguingly, a similar pattern emerges in human β-cells from donors with T2D. Analysis of 

publicly available datasets for H3K4me3 ChIP-seq in healthy human β-cells (GSE50386, ref. 393) 

and scRNA-seq from human donors with or without T2D (GSE124742, ref. 394) shows that 

transcriptional variability is higher in donors with T2D and that the change in variability is 

positively related to H3K4me3 peak breadth (Fig. 3.12h-i). Transcriptional variability is also 
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increased in β-cells from a mouse model of T2D, Leprdb/db, but a link to H3K4me3 peak breadth 

is not apparent in this dataset (GSE174194, ref. 395) (Fig. 3.12j-k). 
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Figure 3.12 | Reduction of transcriptional consistency in Dpy30-KO and diabetic β-cells. a, UMAP 

visualization of β-cell transcriptomes from a KO mouse. Expression of Tdtomato, Egfp, and their overlap are shown 

as a colour gradient (n = 2,597 β-cells). b, Pseudotime representation of (a). c, Scatterplot showing Ins1 and Ins2 

expression in β-cells plotted against pseudotime. d, Scatterplot showing gene expression entropy scores of β-cells 

plotted against pseudotime. e, Box and whisker plot showing the transcriptional entropy of β-cells in Tdtomato+ and 

Egfp+ clusters (n = 274 and 2,323 cells, respectively). f, Box and whisker plot showing the variance/mean ratio of 

gene expression across β-cells in Tdtomato+ and Egfp+ clusters (n = 274 and 2,323 cells, respectively). g, 

Variance/mean ratio of β-cell gene expression in Egfp+ versus Tdtomato+ clusters (y-axis) plotted as a function of 

H3K4me3 breadth in quantiles (x-axis) (622 genes/quantile). Data presented as mean ± SD. h-i, same as f-g in β-

cells from human donors with or without T2D, using data from GSE50386 and GSE124742. j-k, Same as f-g in β-

cells from Leprdb/db and Lepr+/+ mice, using data from GSE174194. P-values calculated using Wilcoxon signed-rank 

tests.  
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3.12 Discussion 

The complexity and inter-relatedness of TrxG activity has made confirming gene activation by 

H3K4me3 extremely challenging. First, there are many enzymes that write H3K4me3 which 

have partially overlapping genomic targets. Compensation from other enzymes therefore 

maintains high levels of H3K4me3 and likely obfuscate true roles of H3K4me3 if only one or a 

few enzymes are deleted 178. Second, the enzymes themselves have biological functions 

independent of their methyltransferase activity. Transcriptional defects arising from their 

deletion are not necessarily downstream of methylation deficiency 226,250. In this chapter, I 

deleted a core component of all six TrxG complexes, DPY30, to cause dramatic reduction of 

H3K4me3 genome-wide in mature murine β-cells. Using time-resolved transcriptomic analysis, 

transcriptome remodeling is shown to follow depletion of H3K4 methylation. Loss of H3K4 

methylation led to a less active and more repressed epigenome profile which locally correlated 

with gene expression defects, especially at genes that may be sensitive to repression. Gene 

expression became more stochastic. These analyses support a role for H3K4me3 in the regulation 

of gene expression in mature β-cells. 

 

Empirical normalization of cellular DNA and mRNA content by spike-in calibration 396,397 

revealed a global reduction of H3K4me3 and H3K4me1 after Dpy30 deletion. mRNA expression 

was linked to local changes to histone methylation but overall cellular mRNA levels were not 

reduced. These epigenetic modifications may, therefore, be important for allocation of 

transcriptional machinery to particular genes, rather than their absolute activity 398. In other 

words, promoter-associated H3K4me levels modulate the expression of target genes but global 

H3K4me levels should not be taken as a reflection of a cell’s transcriptional output (Fig. 3.13). 
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Figure 3.13 | Model for H3K4me3-dependent gene expression. a, Promoter-associated H3K4me3 is locally 

correlated with transcriptional output of the associated gene. b, Generalized reduction of H3K4me3 enrichment 

across all genes does not reduce total mRNA expression in a β-cell, although transcription does become more 

variable. c, Gene-specific reduction of H3K4me3, relative to other genes, leads to transcriptional downregulation. 

 

Loss of H3K4me3 at the promoter leads to significant reduction to gene expression in this model. 

Targeted deposition of H3K4me3 at inactive gene promoters can activate gene expression, as 

shown using a dCas9-methyltransferase fusion protein 202. Together this indicates that H3K4me3 

serves as a meaningful activating signal for gene expression, even in fully differentiated cells. I 

noted that genes that are already in a relatively inactive or repressed chromatin state are 

sensitized to downregulation when H3K4 methylation is reduced. Rather than indicating a 

unique reliance for H3K4me3 by these genes, this may be a consequence of the model used: 

deletion of Dpy30 leads to generalized slow demethylation of H3K4; genes which had little 



81 

 

H3K4me3 to start with are more likely to become truly demethylated within the timescale of the 

experiment. Therefore, although a minority of genes were downregulated in Dpy30-KO cells, 

these results do not exclude a more general role for H3K4me3 in maintenance of gene expression 

in β-cells. I suspect that a later time-point would allow greater depletion of H3K4 methylation 

and identify more H3K4me-dependent genes. Nevertheless, it is important to note that many 

genes are expressed in the apparent absence of H3K4me3 in Dpy30-KO and -WT cells, and in 

other models, for example ref. 244. Among genes that completely lose H3K4me3 in Dpy30-KO 

cells, while significantly downregulated as a group, there are many genes that are not 

downregulated. H3K4me3 (and H3K4me1) are therefore not strictly required for all gene 

expression in β-cells. What causes certain genes to rely on H3K4me3, while others are 

unperturbed by loss of H3K4me3, is an open question, and probably related to compensation and 

competition from other chromatin factors. 

 

Since H3K4 cannot be simultaneously mono- and trimethylated, enrichment of H3K4me3 causes 

H3K4me1 to be generally excluded near TSSs. The degree of exclusion relates to the 

transcriptional output of the TSS, where lowly expressed genes display closer infiltration of 

H3K4me1 222,384. In Dpy30-KO cells, replacement of H3K4me3 with H3K4me1 in the TSS was 

associated with transcriptional downregulation. Surprisingly, replacement of H3K4me3 with 

H3K4me1 buffered gene downregulation compared to complete demethylation, suggesting that 

H3K4me1 partially compensates for loss H3K4me3 in promoters. This mirrors a finding that 

transcriptional enhancers can function with H3K4me3 instead of H3K4me1 250. Together, these 

results argue against an immutable functional distinction between H3K4me1 and H3K4me3. 
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Previous studies have shown that deletion or mutation of TrxG H3K4 monomethyltransferase 

enzymes MLL3/4 leads to diminished H3K27ac at enhancers 399, and that the effect is partially a 

consequence of loss of MLL3/4, and partially of loss of H3K4me1 226. Dpy30-KO cells displayed 

a generalized loss of H3K27ac, including at TSSs that gained H3K4me1, consistent with the 

cited studies and extending them to show that H3K27ac is partially downstream of H3K4me3. 

Mechanistically, reduction of H3K27ac from TSSs may be caused by reduced recruitment of 

H3K4me3-interacting histone acetyltransferases, for example refs. 400–402. Despite the 

generalized reduction of H3K27ac, its local enrichment remained linked to gene expression in 

Dpy30-KO cells, which is consistent with a report that histone acetylation is largely dependent 

on transcription in yeast 171. Links between H3K27ac and H3K4 methylation and between 

H3K27ac and gene expression in Dpy30-KO cells are therefore consistent with previous reports 

and extends them into an in vivo mammalian setting. 

 

In addition to alterations in gene expression regulation manifesting as up- or downregulation, 

Dpy30-KO β-cells display a more stochastic gene expression profile. High gene expression 

variability between cells in a tissue is a beneficial feature in some circumstances – it can increase 

adaptability to stress and can reflect a high degree of cell subtype specialization. In other 

circumstances, high variability is associated with aging and disease 403–406. Very broad H3K4me3 

peaks are proposed to confer high transcriptional stability 180, and experimental perturbation of 

H3K4me3 enrichment using Dpy30-KO in this chapter supports this idea. Further, transcription 

of genes with H3K4me3 peaks of any breadth tends to become more variable in Dpy30-KO cells, 

meaning that H3K4me3 generally confers consistent mRNA transcription. At the molecular 

level, differences in how stochastic mRNA expression is likely result from changes to 
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transcriptional bursting kinetics, which are uniquely shaped by promoters and enhancers by 

controlling aspects of transcription initiation 407,408. This suggests that H3K4me3 partially 

controls bursting kinetics, as has been carefully demonstrated of H3K4me1 and H3K27me3 

197,199, and I envisage that transcription-control deficits leading to high variability in Dpy30-KO 

cells culminate into the observed changes in bulk gene expression. However, defining exactly 

how H3K4me3 influences transcriptional activity of select genes will require detailed 

consideration of the larger epigenetic environment and RNA polymerase activity. Nevertheless, 

the analyses presented in this chapter show that maintenance of H3K4me3 is a meaningful 

requirement for the regulation of gene expression in mature β-cells. 
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Chapter 4: H3K4 methylation influences β-cell gene expression, function, and 

diabetes 

4.1 Rationale 

Insufficient insulin release by β-cells is the primary etiology of T2D and is associated with 

metabolic and transcriptional remodeling in β-cells and other tissues 344,409,410. Individual risk and 

prognosis of T2D is influenced by genetic and environmental factors including age, exercise, and 

nutrition 409. The influence of genetic and environmental factors on the regulation of gene 

transcription is partially facilitated by chromatin modifications 411,412. There is mounting 

experimental evidence that chromatin modifications play a central role in the maintenance of 

mature β-cell identity and function, and that the epigenetic landscape is reshaped in β-cells 

exposed to chronic metabolic stress and T2D 275,277,279,344,413–417. However, the role of H3K4me3 

in mature β-cells has not yet been explored. Studies in Chapter 3 established that H3K4 

methylation contributes to the regulation of gene expression in mature β-cells but left 

unanswered what role H3K4me-dependent gene expression plays in the function of mature β-

cells, and their dysfunction in T2D. 

 

Most actively transcribed genes are marked by symmetrical 1-2 kb wide peaks of H3K4me3 

enrichment centered at the TSS, but a small number of genes possess H3K4me3 peaks that 

extend up to tens of kb in length downstream into the gene body. Genes with these so-called 

“broad” peaks are tumor suppressors or are linked to cell identity and fulfill cell-type specific 

functions. Proposed functions of the broad H3K4me3 peaks themselves include enforcement of 

high transcription levels, high transcriptional consistency, and regulation of enhancer activity 
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179,180. The relative breadth of H3K4me3 peaks likely encodes transcriptional information for 

other genes as well. Expansion and contraction of H3K4me3 peak breadth, rather than peak 

height or area, are most predictive of differential RNA expression levels when H3K4me3 levels 

are perturbed using neural stimulation, conditional Kmt2a/b (MLL1/2) knockout, dietary 

methionine restriction in mice, or methionine-restricted culture medium in a human cell line 

392,418. In light of these reports and my finding in Chapter 3 that H3K4me3 functionally 

contributes to mRNA expression in healthy β-cells, I wondered if H3K4me3 peak breadth 

dynamics encode gene expression changes associated with T2D. In this chapter, I test the 

hypotheses that genes that are sensitive to H3K4me3 in β-cells contribute to β-cell function and 

that the genome-wide distribution of H3K4me3 is altered in a mouse model of T2D. 
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4.2 β-cell lineage-enriched transcription factor genes have broad H3K4me3 peaks 

In healthy mouse β-cells, H3K4me3 is enriched in 18,936 distinct peak regions with a median 

breadth of 1.2 kb, and with 95% of peaks spanning less than 3.7 kb. Ranking H3K4me3 peaks by 

breadth revealed a class of exceptionally broad peaks of up to 21 kb, which included H3K4me3 

peaks covering gene promoters of hallmark β-cell-enriched transcription factors (Fig. 4.1a), 

consistent with the idea that genes important for cell identity are marked with broad H3K4me3 

peaks 179,180. The majority (29/39, or 74%) of genes disallowed in islets 102, meanwhile, do not 

have any detectable H3K4me3. Gene expression is moderately correlated with promoter 

H3K4me3 peak breadth (Spearman rank correlation R = 0.4287); however, genes with broad 

peaks (henceforth, the top 5%; breadth of 3,718 – 21,304 bp) do not have exceptionally high 

RNA expression (Fig. 4.1b). For example, Fig. 4.1c shows the broad H3K4me3 profile of a β-

cell transcription factor gene, Nkx6-1, contrasted with an expression-matched housekeeping 

gene, Rplp0, which has a typical H3K4me3 profile. These data confirm that genes critical to the 

β-cell lineage are marked by broad H3K4me3 enrichment in β-cell chromatin, but this does not 

simply reflect high expression of these genes. 

 

4.3 H3K4me3 peak breadth stratifies genes dysregulated in Leprdb/db and human T2D 

I examined the relationship between H3K4me3 enrichment and transcriptional changes that 

occur in a mouse model of T2D. Leptin receptor-deficient Leprdb/db mice exhibit overfeeding, 

obesity, fasting hyperglycemia, and glucose intolerance, along with β-cell dysfunction and 

dedifferentiation 124. I compared the H3K4me3 chromatin profiles in WT mouse β-cells for genes 

upregulated, downregulated (≥2-fold changed, P ≤ 0.01, Wald test with Bejamini-Hochberg 

correction), or stably expressed (≤1.1-fold changed) in a publicly available Leprdb/db versus 
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Lepr+/+ RNA-seq dataset 419. Genes that are downregulated in Leprdb/db islets show an 

exaggerated shoulder of H3K4me3 enrichment extending into the gene body in WT (non-

diabetic) β-cells (Fig. 4.2a). Genes upregulated in Leprdb/db islets displayed weak enrichment for 

H3K4me3 (Fig. 4.2a). To conduct a quantitative analysis, I ranked all TSS-associated H3K4me3 

peaks by breadth and grouped them into 20 quantiles, so that each quantile captures 5% of all 

genes with similar H3K4me3 breadth. Enrichment analysis shows that genes downregulated in 

Leprdb/db mice are strongly enriched for broad H3K4me3 peaks, while upregulated genes are 

strongly enriched for narrow H3K4me3 peaks (Fig. 4.2b). Furthermore, housekeeping genes 

(GSEA:M11197, 420), genes involved in endocrine pancreas development (GSEA:M12875), and 

genes related to maturity onset diabetes of the young (GSEA:M18312) tend to have broad peaks 

(Fig. 4.2b). As H3K4me3 peak breadth is positively correlated with expression (Fig. 4.1b), I 

tested whether this observation could be secondary to a relationship wherein highly expressed 

genes become downregulated, and lowly expressed genes become upregulated. Ranking genes 

on the basis of RNA expression indicates that each gene set except housekeeping genes is more 

effectively stratified by H3K4me3 peak breadth than by expression (Fig. 4.3), supporting a 

primary link with H3K4me3. These data show that genes that are differentially expressed in 

Leprdb/db islets are diametrically stratified according to H3K4me3 breadth, with upregulated 

genes tending to have narrow peaks and downregulated genes tending to have broad peaks (in 

non-diabetic mice). Importantly, these observations are repeatable in humans using publicly 

available H3K4me3 ChIP-seq data of non-diabetic human β-cells 393 and islet RNA-seq data 

from non-diabetic (HbA1c < 6, n = 51) and type 2 diabetic (HbA1c > 6.5, n = 11) human donors 

410 (Fig. 4.4). 
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Figure 4.1 | β-cell lineage-enriched transcription factor genes are marked by broad H3K4me3 peaks. a, 

H3K4me3 peaks in WT mouse β-cells ranked by peak breadth. Peaks associated with hallmark β-cell transcription 

factor genes are labeled. b, H3K4me3 peaks ranked by breadth (x-axis) plotted against RNA expression of the 

associated gene (y-axis). R indicates Spearman’s rank correlation coefficient. c Example of H3K4me3 density at a 

β-cell transcription factor gene Nkx6-1 and an expression-matched housekeeping gene Rplp0. 
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Figure 4.2 | Genes dysregulated in Leprdb/db islets are stratified by their H3K4me3 peaks. a, Average 

enrichment profile of H3K4me3 in Dpy30-WT mouse β-cells in the regions spanning –3 kb to +5 kb with respect to 

the TSS of genes that are downregulated (green), upregulated (red), or stably expressed (black) in Leprdb/db versus 

Lepr+/+ islet cells. b, Heatmap showing the enrichment of gene sets in Dpy30-WT mouse β-cell transcriptome data 

that has been grouped into 20 quantiles based on promoter H3K4me3 peak breadth. Each quantile includes 5% (622) 

of genes with similar promoter H3K4me3 peak breadth, with narrowest H3K4me3 peaks at left and broadest 

H3K4m3 peaks at right. The number in each square indicates the number of genes of each gene set matching to each 

quantile. P-values were calculated using one-sided Fisher’s exact tests. 
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Figure 4.3 | β-cell-enriched gene sets are more strongly stratified by H3K4me3 peak breadth than by RNA 

expression level. Heatmap showing enrichment analysis of mouse β-cell genes that are ranked and grouped by 

H3K4me3 peak breadth from narrow to broad (as in Fig. 4.2b), or ranked and grouped by gene expression level 

from low to high expression. The number in each square indicates the number of genes of each geneset matching to 

each quantile. Each quantile includes 622 mouse genes. P-values were calculated using two-sided Fisher’s exact 

tests. 
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Figure 4.4 | In human β-cells, lineage-enriched genes and genes dysregulated in T2D are stratified by the 

breadth of promoter-associated H3K4me3 peaks. a, H3K4me3 peaks in human β-cells ranked by peak breadth. 

Peaks associated with hallmark β-cell transcription factor genes are labeled. b, H3K4me3 peaks ranked by breadth 

(x-axis) plotted against RNA expression of the associated gene (y-axis) in non-diabetic human islets. R indicates 

Spearman’s rank correlation coefficient. c, Average enrichment profile of H3K4me3 in non-diabetic human β-cells 

in the regions spanning –3 kb to +5 kb with respect to the TSS of genes that are downregulated (green), upregulated 

(red), or stably expressed (black) in T2D. d, Enrichment analysis of human islet genes that are ranked and grouped 
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by H3K4me3 peak breadth from narrow to broad (as in Fig. 4.2b), or ranked and grouped by gene expression level 

from low to high expression. The number in each square indicates the number of genes of each geneset matching to 

each quantile. Each quantile includes 783 human genes. P-values calculated using one-sided Fisher’s exact tests. 

 

4.4 Expression of genes dysregulated in Leprdb/db islets is sensitive to H3K4me3 enrichment 

I wondered if genes that are up- or downregulated in Leprdb/db mice require H3K4me3 for 

expression, i,e, are downregulated in Dpy30-KO mice. Gene set enrichment analysis within the 

H3K4me3 peak breadth quantiles shows that two populations of genes tend to be downregulated 

in Dpy30-KO cells: those at the two extremes of H3K4me3 breadth (Fig. 4.5a). In other words, 

genes that have very narrow or very broad H3K4me3 peaks require H3K4me3 to maintain their 

expression. In Leprdb/db islets, genes with very narrow peaks tend to be upregulated, and genes 

with very broad peaks tend to be downregulated (Fig. 4.5a). For example, hallmark β-cell 

transcription factor genes which have broad H3K4me3 peaks tend to be downregulated, while 

genes disallowed in islets 102 which have small or no H3K4me3 peaks are upregulated in 

Leprdb/db islets (Fig. 4.5b). Disallowed genes are not upregulated in the Dpy30-KO model (Fig. 

4.5b), which could suggest they require H3K4me3 to be induced. Stratified rank-rank 

hypergeometric overlap comparison 421 reveals significant overlap between genes that are either 

up- or downregulated in Leprdb/db cells with genes that are downregulated in Dpy30-KO cells 

(Fig. 4.5c), further supporting that H3K4me3 is required for the expression of genes dysregulated 

in Leprdb/db. Gene ontology analysis of overlapping downregulated genes shows a reduction to 

insulin secretion, response to glucose, and regulation of transcription in both models (Fig. 4.5d), 

suggesting that H3K4me3 is necessary to maintain these critical β-cell functions. Genes that are 

downregulated in Dpy30-KO, and upregulated in Leprdb/db, models are enriched for regulation of 
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cell growth, transport, and unfolded protein/ER stress response (Fig. 4.5e), suggesting that 

H3K4me3 is necessary to activate genes involved in islet stress response and compensation in 

the Leprdb/db model. Therefore, H3K4me3 is necessary for the expression of genes which become 

up- or downregulated in Leprdb/db islets and perform contextually important biological functions. 

 

4.5 H3K4me3 dynamics are linked to differential gene expression in Leprdb/db islets 

I next asked whether H3K4me3 is altered in Leprdb/db islets. Surprisingly, the H3K4me3 

landscape is relatively undisturbed. Western blot shows that H3K4me3 levels are not globally 

altered in islets from Leprdb/db islets (Fig. 4.6a-b). ChIP-seq similarly shows no global change in 

average TSS-associated H3K4me3 enrichment in Leprdb/db islets (Fig. 4.6c). However, 

comparison of H3K4me3 peaks at differentially expressed genes uncovered a positive 

association between breadth and gene expression dynamics, wherein genes that are 

transcriptionally up- or downregulated show corresponding expansion or contraction in HK4me3 

peak breadth, respectively (Fig. 4.6d-e). This finding is in line with a previous report that 

changes in H3K4me3 peak breadth predict changes in gene expression 418. In light of my finding 

in Chapter 3 that H3K4me3 regulates gene expression in β-cells, and in section 4.4 that 

H3K4me3 regulates expression of genes that are up- and downregulated in Leprdb/db mice, this 

supports the idea that differential gene expression between Lepr+/+ and Leprdb/db mice is partially 

driven by changes in H3K4me3 peak breadth. 
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Figure 4.5 | Genes that are dysregulated in Leprdb/db islets are sensitive to loss of H3K4me3. a, Promoter 

H3K4me3 peak breadth quantiles ranked from narrow to broad (x-axis) plotted against the P-value for genes in each 

quantile being generally upregulated or downregulated (y-axis). P-values were calculated by permutation tests in 

gene set enrichment analysis using RNA-seq data from Dpy30-KO/WT (black) and Leprdb/db/Lepr+/+ (purple) islets. 

H3K4me3 peak breadth was measured in WT mouse β-cells ChIP-seq data; 622 genes per quantile. b, Gene set 
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enrichment analysis of genes disallowed in islets and β-cell-enriched transcription factor genes in RNA-seq data 

from Dpy30-KO/WT and Leprdb/db/Lepr+/+ islets. * P < 0.05, Wald test with Benjamini-Hichberg correction. c, 

Stratified rank-rank hypergeometric overlap plot comparing gene expression differences between Dpy30-KO versus 

-WT (x-axis) and Leprdb/db versus Lepr+/+ 347 (y-axis). Colourscale shows the hypergeometric P-value calculated 

using the RRHO2 R package 421. d-e, Gene ontology biological processes enriched among genes that are 

downregulated in both Dpy30-KO and Leprdb/db (c) or downregulated in Dpy30-KO and upregulated in Leprdb/db (d) 

islet cells. The five terms with smallest P-values are shown. P-values represent EASE scores calculated using 

DAVID v6.8.  
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Figure 4.6 | H3K4me3 peak breadth dynamics are linked to differential gene expression in Leprdb/db islets. a, 

Immunoblots of H3K4me3 and total histone H3 in islet lysate from Lepr+/+ and Leprdb/db mice. b, Bar graph showing 

band intensities of data in panel (a). c, Average enrichment profile of H3K4me3 at the TSS of all expressed genes in 

Lepr+/+ and Leprdb/db islets. d, Box and whisker plots of the log2(fold-change) of H3K4me3 peak breadth for 

transcriptionally downregulated, stable, or upregulated genes in Leprdb/db compared to Lepr+/+ islets. P-values 

calculated with Wilcoxon rank sum test with Benjamini-Hochberg correction. e, Examples of H3K4me3 peaks in 

Lepr+/+ and Leprdb/db islets for genes that are downregulated (Pdx1, Slc30a8, Ins1) and upregulated (Aldh1a3, 

Gucy2c, Ldha). 
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4.6 Reduction to H3K4me3 in β-cells leads to hyperglycemia and glucose intolerance 

These observations motivated me to test whether reduction of H3K4me3 from β-cells leads to a 

diabetes-like phenotype. I first examined in vivo metrics of β-cell function in the Pdx1-CreER 

Dpy30-KO mouse model. Blood glucose concentration of unfasted Dpy30-KO mice is 

dramatically elevated from ~45-days after tamoxifen administration without difference in body 

mass (Fig. 4.7). Dpy30-KO mice display glucose intolerance and impaired insulin secretion in 

glucose tolerance tests 45-days after Dpy30 inactivation, whereas no significant defect is seen at 

15- or 30-days (Fig. 4.8). Notably, the delay between Cre induction and appearance of gross 

phenotype supports a primary effect of H3K4 methylation rather than DPY30 in this model, as 

discussed in section 3.3. 

 

 

Figure 4.7 | Dpy30-KO mice develop hyperglycemia. a-b, Unfasted blood glucose concentration (a) and body 

mass (b) of Dpy30-WT and -KO mice during the 60-days following tamoxifen administration. Data presented as 

individual measurements and mean (n = 7 Dpy30-WT, 8 Dpy30-KO, however tracking was stopped after a blood 

glucose reading ≥ 20 mM. Days that tamoxifen was administered are indicated by arrows. 
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Figure 4.8 | Dpy30-KO mice develop glucose intolerance. a-b, Blood glucose (a) and serum insulin (b) 

concentration during intraperitoneal glucose tolerance tests in Dpy30-WT and -KO mice 15-, 30-, and 45-days after 

tamoxifen administration. Data presented as mean + or – SD; n = 8 mice for glucose measurements, 8-15 for insulin 

measurements. P-values were calculated using two-way ANOVA with Geisser-Greenhouse and Benjamini-

Hochberg corrections. * < 0.05 ** < 0.01. 

 

Functional annotation of differentially expressed genes in β-cells 45-days after tamoxifen 

administration highlights a reduction to exocytosis, calcium signaling, and glucose homeostasis 

processes (Fig. 4.9), supporting a defect in insulin secretion in these animals. However, the 

Pdx1-CreER transgene is known to drive recombination in pancreatic islet δ-cells 422 and 

hypothalamic neurons 423; so to confirm that Dpy30 deletion in β-cells is sufficient to drive the in 

vivo phenotype I additionally used the Ins1Cre model 354. Deletion of Dpy30 from maturing β-
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cells using Ins1Cre causes reduction of H3K4me3 and H3K4me1 by 5-weeks of age (Fig. 4.10a-

b). Unfasted blood glucose is dramatically elevated from 4-5 weeks of age, whereas body mass is 

similar among Dpy30-KO, WT, and heterozygous Ins1Cre mice (Fig. 4.10c-d). Ins1Cre Dpy30-KO 

mice show impaired glucose clearance and low serum insulin during glucose tolerance tests (Fig. 

4.10e-f), confirming that β-cell-intrinsic dysfunction is sufficient to drive metabolic defects in 

conditional Dpy30-KO mice. In summary, reduction of H3K4me in β-cells leads to a diabetes-

like phenotype of impaired glucose tolerance, reduced serum insulin, and hyperglycemia. 

 

 

Figure 4.9 | Gene ontology biological processes enriched among genes downregulated or upregulated in 

Dpy30-KO cells. Differentially expressed genes (fold-change >2, P < 0.01, Wald test with Benjamini-Hochberg 

correction) were identified using mRNA-seq 45-days after tamoxifen administration. The five terms with lowest P-

values are shown. P-values represent EASE scores calculated using the Database for Annotation, Visualization, and 

Integrated Discovery (DAVID) v.6.8 424. 
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Figure 4.10 | Deletion of Dpy30 in β-cells using Ins1Cre results in reduction of H3K4 methylation, 

hyperglycemia, hypoinsulinemia, and impaired glucose tolerance. a, Immunoblots of H3K4me3, H3K4me1, and 

total histone H3 in islet lysate from 5-week-old Dpy30-WT, -KO, and -HET mice. b, Bar graph showing band 

intensities of data in panel (a). P-values were calculated using one-way ANOVA with Tukey’s multiple comparisons 

correction; n = 4. c-d, Unfasted blood glucose concentration (c) and body mass (d) of Dpy30-WT, -KO, and -HET 

mice during 4-10 weeks of age. Values from each mouse and time point are shown (n = 10 WT, 15 KO, 7 HET, 

however tracking was stopped after 1-2 blood glucose reading ≥ 20 mM). e-f, Blood glucose (e) and serum insulin 

(f) concentration during intraperitoneal glucose tolerance tests in 5-week-old Dpy30-WT, -KO, and -HET mice. P-

values were calculated by comparison of Dpy30-KO versus -HET (top, teal) or -KO versus -WT (bottom, grey) 

AUC’s using one-way ANOVA with Tukey’s multiple comparisons correction; only values ≤ 0.05 are shown. 

WT: Ins1+/+ Dpy30flox/flox. KO: Ins1Cre/+ Dpy30flox/flox. HET: Ins1Cre/+ Dpy30flox/+. 
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4.7 Reduction of H3K4 methylation impairs insulin gene transcription and peptide 

processing in β-cells 

To understand why Dpy30-KO animals develop hypoinsulinemia, I examined insulin production 

and secretion. Interrogation of the Ins1 and Ins2 gene loci in β-cells revealed broad H3K4me3 

enrichment extending several kb around each gene in Pdx1-CreER; Dpy30-WT chromatin. 

Strikingly, Pdx1-CreER; Dpy30-KO chromatin shows complete loss of H3K4me3 and reduction 

of H3K4me1 and H3K27ac at these loci (Fig. 4.11a). Despite the reduction of active promoter 

marks, mRNA-seq data shows only modest reduction of Ins1 and Ins2 transcripts (–1.152 and –

1.234-fold, respectively, Fig. 4.11b), indicating that while it contributes to their full expression, 

robust expression of these genes can occur in the absence of local H3K4me3. Despite the modest 

reduction in Ins1 and Ins2 RNA, insulin peptide content is reduced 3.4-fold in Dpy30-KO islets 

(Fig. 4.12a). Reduction of insulin content was confirmed in individual β-cells, where reduction 

of insulin granule size and density was apparent in transmission electron micrographs (TEM) 

(Fig. 4.12b-c), suggesting a defect in insulin translation, storage, and/or maturation. Two genes 

downregulated in KO cells, Nnat and Spcs3 (Fig. 4.12d), are components of the signal peptidase 

complex which converts preproinsulin into proinsulin in β-cells 77. Both genes are also 

downregulated in Leprdb/db islets (data not shown), and Nnat is an imprinted gene repressed in 

human obesity 425. Reduction of Nnat causes preproinsulin to be redirected for cytosolic 

degradation, which suggests that an impairment of proinsulin-to-insulin processing contributes to 

reduced insulin content in Dpy30-KO β-cells 77. I performed immunoblots using an anti-insulin 

antibody that detects immature and processed insulin species. To improve detection of 

preproinsulin, I treated islets ex vivo with MG-132 to inhibit proteasomal degradation of 

mistargeted preproinsulin before lysis (as in ref. 77) and used a modified immunoblot method that 
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improves peptide retention on the membrane (ref. 375). While I was nevertheless unable to detect 

preproinsulin in islet lysate, insulin and proinsulin bands were resolved. After adjusting lysate 

loading volumes for differences in insulin content between Dpy30-WT and -KO islets, the ratio 

proinsulin:insulin band density is similar in Dpy30-WT and -KO islets, consistent with a defect 

in insulin production upstream of proinsulin-to-insulin processing (Fig. 4.12e-f). However, 

accurate quantitation from immunoblot is challenging due to the large difference in signal 

intensity between insulin and proinsulin. 

 

 

 

Figure 4.11 | Loss of H3K4me3 from Ins1 and Ins2 gene loci modestly impairs their RNA expression. a, 

Genome browser representation of the levels of H3K4me3, H3K4me1, H3K27ac, and H3K27me3 at the Ins1 and 

Ins2 gene loci in Dpy30-WT and KO chromatin. b, Ins1 and Ins2 mRNA levels in Dpy30-WT and -KO cells. Data 

presented as mean ± SD with values from individual mice (n = 3). Expression and P-values were calculated from 

mRNA-seq data using DESeq2 (Wald test with Benjamini-Hochberg correction). 
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Figure 4.12 | Impairments upstream of proinsulin processing drive reduction to insulin content in Dpy30-KO 

cells. a, Insulin content in Dpy30-WT and -KO islets normalized to DNA content. Data presented as mean ± SD 

with values from individual mice (n = 8 WT, 6 KO). P-value calculated with two-tailed t-test with Welch’s 

correction. b, Representative transmission electron micrograph showing insulin granules in β-cells from a Dpy30-

WT and -KO mouse. Scale bar: 2 μm. c, Quantification of median insulin core granule size and density in TEM 

images exemplified in panel (b). Data presented as mean ± SD with values from individual mice (n = 3), P-values 

calculated using two-tailed t-test with Welch’s correction. d, Heatmap showing expression Z-scores for genes 

involved in insulin processing. e, Immunoblot showing insulin and proinsulin peptide levels in islet lysate from three 

Dpy30-WT mice (10 μg/lane) and three Dpy30-KO mice (34 μg/lane). f, Quantification of the ratio proinsulin/ 

insulin band intensity shown in panel (e). Data presented as mean ± SD with values from individual mice (n = 3). 
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4.8 H3K4 methylation contributes to β-cell glucose-responsiveness via regulation of 

calcium signaling genes 

I confirmed that glucose-stimulated insulin secretion is deficient in ex vivo islets (Fig. 4.13a). 

Notably, accounting for the reduced insulin content of Dpy30-KO islets did not fully explain the 

impairment of insulin secretion. The persistent impairment was specific to high glucose 

stimulation, whereas secretion under basal conditions, stimulated with the membrane-permeable 

Krebs cycle metabolite analogue dimethyl α-ketoglutarate, or depolarizing cells directly using 

KCl, showed no difference between Dpy30-WT and -KO insulin secretion (after controlling for 

insulin content) (Fig. 4.13a), suggesting impaired coupling of glucose sensing to insulin 

secretion. Gene set enrichment analysis suggests a defect in calcium-mediated signaling, whereas 

expression of genes involved in oxidative phosphorylation is elevated in Dpy30-KO cells (Fig. 

4.13b). To confirm a functional defect in stimulus-secretion coupling I measured cytosolic Ca2+ 

during islet stimulation. High glucose-stimulated Ca2+ influx showed a delayed response and 

lower magnitude in Dpy30-KO islets, whereas KCl infusion stimulated normal Ca2+ influx (Fig. 

4.13c), consistent with a defect in metabolic coupling involving glucose catabolism and/or Ca2+ 

signaling upstream of membrane depolarization. Respirometry of dispersed islet cells suggests 

that Dpy30-KO cells do not display defects in mitochondrial glucose catabolism (Fig. 4.13d-e). 

Consistent with the enrichment of oxidative phosphorylation genes, Dpy30-KO cells display 

elevated maximal respiration capacity (Fig. 4.13d-e), as well as expansion of mitochondria area 

(Fig. 4.13f), which could indicate compensation for higher metabolic demand and/or lower 

metabolic efficiency. Overall, reduction to H3K4me3 in β-cells impairs insulin release at 

multiple steps, including Ins1 and Ins2 transcription, preproinsulin processing, and glucose-

stimulated insulin secretion upstream of mitochondrial respiration. 
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Figure 4.13 | Impaired glucose-stimulated calcium signaling, but not mitochondrial respiration, reduces 

insulin secretion from Dpy30-KO islets. a, Insulin secretion from Dpy30-WT and -KO islets during static 

stimulation, normalized to islet insulin content. P-values calculated by multiple two-tailed t-tests with Welch’s and 
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Benjamini-Hochberg corrections; only values < 0.05 are shown. b, Gene set enrichment analysis of calcium-

mediated signaling and oxidative phosphorylation genes in Dpy30-KO versus -WT cells. P-values calculated by 

permutation test with Benjamini-Hochberg correction. c, Cytosolic Ca2+ concentration in islets from Dpy30-WT and 

-KO mice during perifusion of glucose and KCl solutions. P-values calculated for AUC in each time block by one-

way ANOVA between genotypes (n = 4 WT, 3 KO); only values < 0.05 are shown. d, Oxygen consumption rate of 

Dpy30-WT and -KO dispersed islets during treatment with the indicated compounds. n = 3 Dpy30-WT, 4 Dpy30-

KO mice. e, Respiration of Dpy30-WT and -KO islet cells in 16.7 mM glucose and their maximal respiration 

capacity, inferred from the data shown in panel (d). P-values calculated by two-tailed t-test with Welch’s correction 

(n = 3 WT, 4 KO). f, Bar graph showing the fraction of cytoplasm area occupied by mitochondria in TEM images of 

Dpy30-WT and -KO β-cells. P-value calculated using two-tailed t-test with Welch’s correction. All panels show 

mean ± SD. Glc: Glucose. α-KG: dimethyl α-ketoglutarate. FCCP: Carbonyl cyanide 4-

(trifluoromethoxy)phenylhydrazone. NES: Normalized enrichment score. 

 

As a final functional test of Dpy30-KO cells, I measured their propensity to replicate in response 

to short-term high glucose stimulation because reduced H3K4me3 has been proposed to drive 

greater β-cell replication 282–284. I quantified replication in Dpy30-WT and -KO cells by 

measuring EdU incorporation of islet cells cultured ex vivo in 5.5 mM versus 16.7 mM glucose 

for 48 hours. While 16.7 mM glucose media induced a ~22-fold increase of replication in 

Dpy30-WT β-cells, Dpy30-KO β-cells were induced less than 2-fold, and not statistically 

significantly differently than 5.5 mM (Fig. 4.14). The basal replication rate appeared similar to 

Dpy30-WT cells and was non-zero, indicating that KO cells are still capable of replication. 

Therefore, reduction to H3K4me3 leads to loss of acute glucose-stimulated insulin secretion and 

compensatory replication of β-cells. 
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Figure 4.14 | H3K4 methylation is required for high glucose-stimulated β-cell proliferation. a, Representative 

immunofluorescence images of EdU incorporation in Dpy30-WT and -KO mouse islets that were dispersed and 

cultured in 5.5 mM or 16.7 mM glucose for 48-hours, as indicated, showing EdU (white) and DAPI (white) staining 

and eGFP (green) and tdTomato (red) endogenous fluorescence. Scale bars: 100 μm. b, Bar graph showing 

quantification of EdU+ eGFP+ double positive cells as a fraction of total eGFP+ cells (n = 3 per treatment and 

genotype). P-values calculated using two-way ANOVA with Tukey’s correction. ns: not significant (P > 0.05). 
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4.9 Discussion 

In this chapter, I show that H3K4me3 peak organization in mature β-cell chromatin is linked to 

transcription of critical -cell genes and to their dysregulation in T2D. Transcriptome 

remodeling in diabetic Leprdb/db mouse islets, a model of hyperphagia-induced T2D, is encoded 

by changes in H3K4me3 peak breadth. Using a genetic model to deplete H3K4 methylation from 

mature β-cells, I show that H3K4me3 regulates the expression of genes necessary for mature β-

cell function and that are dysregulated in Leprdb/db islets. Depletion of H3K4 methylation is 

deleterious to multiple aspects of insulin production and glucose-responsiveness in β-cells and 

causes Dpy30-KO mice to develop hyperglycemia, impaired glucose clearance, and reduced 

insulin secretion. 

 

This work adds to existing evidence that maturation of β-cells and the maintenance of mature β-

cell function relies on epigenetic control of gene expression 426. While epigenetic features of 

fully differentiated cells have limited flexibility, their genome-wide enrichment and organization 

can be altered by environmental factors including nutrient stress 427. In particular, the availability 

of metabolites required by histone methyltransferases (e.g., SAM) or demethylases (e.g., α-

ketoglutarate) may shift, owing to metabolic rewiring or changes in nutrition 412. In the case of 

Leprdb/db mice, however, my observation that global enrichment of H3K4me3 is not altered en 

masse implies that changes in H3K4me3 are not caused by a deficiency or surfeit of metabolites 

required for methylation or demethylation reactions. Rather, changes to H3K4me3 are locus-

specific and linked to transcriptional up- or downregulation (Fig. 4.15), suggesting that targeted 

recruitment of histone methyltransferase or demethylase enzymes to particular genes drives 

changes in H3K4me3 between Lepr+/+ and Leprdb/db mice. Two potential candidate  
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Figure 4.15 | Model for H3K4me3 in healthy and diabetic mouse β-cells. Contraction of H3K4me3 at broad-

peaked, β-cell enriched gene promoters, and expansion of H3K4me3 at narrow-peaked, stress-response and 

disallowed gene promoters, regulates transcriptome remodeling in diabetic mouse β-cells. 

 

transcription factors, MAFA and PAX6, are known interactors of TrxG complexes 278,281, are 

inactivated in Leprdb/db islets 123, and their deletion leads to a similar phenotype as Dpy30-KO 

114,118. Therefore, it is possible that TrxG-dependent H3K4me3 contributes to gene expression 

mediated by these transcription factors, and that H3K4me3 is reduced at targeted loci owing to 

reduced recruitment of TrxG complexes by these and other transcription factors.  More work will 

be required to identify the mediators of H3K4me3 peak size in β-cells. 

 

Insulin peptide content is reduced 3.357-fold in Dpy30-KO islets. Surprisingly, the reduction of 

insulin could not be fully explained by reduction to Ins1 and Ins2 mRNA expression, which were 

reduced only 1.152 and 1.234-fold, respectively. They remained the two most highly expressed 

genes in Dpy30-KO cells despite suffering complete loss of H3K4me3 from their promoters, 

indicating that H3K4me3 is dispensable for the expression of insulin mRNAs. Further, the 
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outstanding deficit in insulin content could not be attributed to impairment of proinsulin-to-

insulin processing, since Pcsk1, Pcsk2, and Cpe are upregulated, and proinsulin did not buildup, 

in Dpy30-KO cells. Rather, H3K4 methylation is essential for the expression of signal peptidase 

complex subunits Spcs3 and Nnat, loss of which is known to impair preproinsulin processing and 

redirect it for degradation 77. H3K4me3-regulated gene expression therefore contributes to 

mRNA transcription and indirectly to peptide processing of preproinsulin genes. 

 

The insulin deficit in Dpy30-KO mice is compounded by an impairment in high glucose-

stimulated insulin secretion. Mitochondrial dysfunction does not appear to be responsible for the 

impairment, since high glucose-stimulated oxygen consumption is unchanged, genes involved in 

oxidative phosphorylation are upregulated, and mitochondrial area and oxidative capacity are 

increased in Dpy30-KO β-cells. Dpy30-KO islets also retained a similar capacity as WT islets to 

secrete insulin during KCl-mediated membrane depolarization, suggesting insulin exocytosis 

machinery remained functional. Instead, this impairment is at least partially caused by 

downregulation of calcium signaling genes leading to reduction in the rate and magnitude of 

calcium influx during high glucose challenge.  

 

Short term high glucose exposure induces mouse β-cells replication 428. I show that Dpy30-KO 

blocks high glucose-induced β-cell replication. Notably, replication in basal glucose 

concentration is non-zero and comparable between Dpy30-KO and -WT β-cells, indicating that 

Dpy30-KO cells retain the ability to replicate. It has been noted previously that knockdown or 

knockout of DPY30 causes a reduction in the proliferation rate in hematopoietic progenitor cells 

429, fibroblasts 430, and pancreas progenitors 351, but that proliferation of mouse embryonic stem 
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cells 431, differentiating hematopoietic progenitor cells 429, K562 leukemia cells 429, or pancreatic 

acinar cells 351 is not inhibited by DPY30 knockdown or knockout. This shows that, rather than a 

direct involvement in cell replication, DPY30 likely influences replication through context-

specific regulation of other genes involved in DNA replication and cell cycle progression 429. 

This suggests that DPY30-dependent H3K4me3 in mature β-cells is necessary for the induction 

of replication in response to high glucose stimulus. Overall, evidence in this chapter 

demonstrates a requirement for H3K4me3 in the maintenance of glucose responsiveness by β-

cells.  
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Chapter 5: Dietary folic acid restriction in mature mice does not reduce 

methylation potential or H3K4me3 in pancreatic islets 

5.1 Rationale 

Among enzymatic cofactors, the intracellular abundance of S-adenosylmethionine (SAM) is 

second only to ATP 286. Generated by the activities of the folate and methionine cycles, SAM is 

an essential donor of methyl groups for myriad processes including nucleic acid and amino acid 

synthesis, and modifications of proteins, nucleic acids, and lipids. SAM is the source of methyl 

groups for histone methylation 432. 

 

In contrast to ATP whose intracellular concentration far exceeds the KM of most enzymes that 

use it, moderate fluctuations to SAM content can have a meaningful impact on enzymatic 

activity 287. Blood SAM levels are variable in human populations. In those with T2D, SAM 

levels are inversely correlated with severity of the disease, such that the ratio of SAM versus its 

demethylated form, S-adenosylhomocysteine (SAH) (SAM/SAH, henceforth, “methylation 

potential”), is almost five times greater in healthy individuals versus the most brittle diabetics 433. 

Further, a sulfur-poor diet, which redirects SAM toward cysteine biosynthesis, may increase 

susceptibility to T2D in humans and mice 434. Reduction to methylation potential has been noted 

in peripheral nerves of Leprdb/db mice 435, as has a reduction in circulating methionine, the 

immediate precursor of SAM 436. Notably, methionine restriction in healthy mice is sufficient to 

reduce methylation potential and H3K4me3 levels in liver 297,418. When I began work 

summarized in this chapter, I had preliminary evidence that H3K4me3 is reduced in islets during 

diabetes, which I later disproved (Fig. 4.6a-c). At that time reduction of islet methylation 
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potential was therefore a good candidate to describe why H3K4me3 levels were reduced. I 

therefore sought to test whether islet methylation potential is sensitive to systemic methylation 

potential, and whether H3K4me3 in islets is sensitive to islet methylation potential. 

 

To experimentally reduce systemic methylation potential, dietary restriction of essential methyl 

donors such as methionine or folic acid is a convenient method 297,437. Since methionine 

restriction causes a potent amino acid response 438 and liver damage 439, I chose to reduce 

methylation potential using a folic acid-restricted diet. 

 

Folic acid, and the folate cycle, facilitate regeneration of SAM (Fig. 1.4). A deficit of folic acid 

is therefore expected to reduce methionine and SAM and increase homocysteine and SAH, itself 

a competitive inhibitor of SAM in methyltransferase reactions 432. Studies in rats show that 

dietary folic acid restriction is sufficient to reduce methylation potential in liver 437 and in whole 

pancreas 440,441, and folic acid restriction in mice reduces DNA methylation in brain, kidney, and 

liver tissues 442. Reduced DNA methylation in liver of people with T2D may be explained by 

reduced folate levels 443. Other studies have reported that changes in methylation potential induce 

global changes in the levels of histone modifications 306,317,418,444–448 but a connection between 

folate and H3K4me3 has not been reported, nor have islets been studied under conditions of low 

methylation potential. I hypothesized that dietary folic acid restriction in mature mice leads to 

reduced methylation potential and H3K4me3 in islets.  
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5.2 Dietary folic acid restriction causes excess weight gain and impairs glucose 

homeostasis in male mice 

At 8-weeks-old, male and female mice began diets of either normal folic acid (“NF”, 2 mg folic 

acid/3987 kcal, equivalent to the American Institute for Nutrition’s recommended folic acid 

intake of 2 mg/kg diet for rodents 449) or folic acid restricted (“FR”, 0.2 mg folic acid/3987 kcal, 

10% of recommended dose) diets. Diets were otherwise identical and included 100 mg/kg 

succinylsulfathiazole to inhibit folate synthesis by gut bacteria. Complete diet compositions are 

listed in Appendix A. Mouse body mass and unfasted blood glucose concentration were 

measured every four weeks. From week-16 on diet, male FR mice had greater body mass 

compared to NF male mice (Fig. 5.1a). Dietary folic acid dose had no effect on female body 

mass or unfasted blood glucose concentration in male or female mice (Fig. 5.1c-d). 

 

Mice were subjected to glucose tolerance tests every four weeks. Male FR mice displayed 

reduced glucose tolerance from 16-weeks on diet compared to male NF mice (Fig 5.2a-b). 

Female FR mice displayed a trend toward reduced glucose tolerance at the end of the study 

period, which was not statistically significant after adjusting for multiple comparisons (P = 

0.1023, two-way ANOVA with Benjamini-Hochberg correction of AUC at 24-weeks of diet) 

(Fig. 5.2c-d). In insulin tolerance tests at 22-weeks of diet, male FR mice displayed reduced 

insulin sensitivity compared to NF mice, whereas female FR mice showed no effect of folic acid 

(Fig. 5.2e-f). Therefore, dietary folic acid restriction starting from 8-weeks-old disrupts glucose 

homeostasis in male, but not female, mice. 
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Figure 5.1 | Body mass and unfasted blood glucose concentration of NF and FR mice. a-b, Unfasted body mass 

(a) and blood glucose concentration (b) of male mice at four-week intervals of diet (n = 14 NF, 13 FR). c-d, Same as 

(a-b) for female mice (n = 13 NF, 12 FR). P-values calculated with a mixed-effect model with Benjamini-Hochberg 

correction; only values < 0.05 are shown. 
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Figure 5.2 | Dietary folic acid restriction impairs glucose homeostasis in male, but not female, mice. a, Blood 

glucose concentration during OGTTs of male mice after 24-weeks of diet. n = 14 NF, 13 FR. P-values calculated 

using two-way ANOVA with Benjamini-Hochberg correction; only values < 0.05 are shown. b, AUC of OGTTs of 
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male mice at 4-week intervals after starting diets. n = 10-15. P-values calculated with a mixed-effect model with 

Benjamini-Hochberg correction; only values < 0.05 are shown. c-d, Same as panels (a-b) for female mice. n = 11-

17. e, Blood glucose concentration expressed as a percent of fasting concentration after IP insulin injection showing 

plasma glucose over time (left) and area over the curve (AOC) of the ITT (right). n = 10 NF, 7 FR. P-values 

calculated using two-way ANOVA with Benjamini-Hochberg correction (left) or t-test with Welch’s correction 

(right). f, Same as panel (e) for female mice. n = 12 NF, 11 FR. 

 

5.3 Folic acid increases in vitro high glucose-stimulated insulin secretion 

Since the impairment of insulin tolerance indicates that dietary folic acid restriction likely affects 

the function of insulin target tissues, I tested whether folic acid restriction can directly impact 

islets insulin secretion. First, examination of healthy mouse β-cell RNA-seq data introduced in 

Chapter 3 confirmed expression of genes in the folate and methionine cycles, at least at the RNA 

level (Fig. 5.3). This provides support for the ability of β-cells to process folates. I next 

performed in vitro insulin secretion assays. Islets from male chow-fed mice were cultured in 

RPMI 1640 medium with either 1 or 0 mg/L folic acid for 48-hrs before static insulin secretion 

assay in folic acid-free buffer. In vitro folic acid restricted culture reduced high glucose-

stimulated insulin secretion (Fig. 5.4a), confirming that folic acid contributes to islet function. 

Similar results were obtained by recovering chow-fed mouse islets overnight in RPMI 1640 

medium with 1 mg/L folic acid, and then performing the static insulin secretion assay in buffer 

containing either 1 or 0 mg/L folic acid (Fig. 5.4b) – suggesting that folic acid signaling is 

directly involved in high glucose-stimulated insulin secretion by mouse islets. 
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Figure 5.3 | Folate and methionine cycle genes are expressed in mature mouse β-cells. Expression of genes 

encoding proteins involved in the folate and methionine cycles, in bulk RNA-seq of β-cells from 10-week-old male 

Pdx1-CreERTg/0 mTmG+/- mice. Note that the enzyme encoded by Bhmt provides an alternative (folate-independent) 

route to regenerate methionine from homocysteine. ND: not detected. 

 

 

Figure 5.4 | Folic acid increases in vitro high glucose stimulated insulin secretion. a, Insulin secretion and 

content from chow-fed male mouse islets incubated ex vivo for 48-hrs with RPMI media containing 1 or 0 mg/L 

folic acid, then stimulated with glucose solutions without folic acid. b, as (a) but islets were recovered for 16-hrs in 

RPMI with 1 mg/L folic acid, then stimulated with glucose solutions containing 1 or 0 mg/mL folic acid. P-values 

calculated by two-way ANOVA with Benjamini-Hochberg correction. Displaying mean ± SD; n = 4 to 5. 
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5.4 Acute folate restriction does not cause transcriptome remodeling in mouse islets 

After confirming that islet function is acutely sensitive to folic acid availability, I wondered if 

folic acid restriction elicits an acute transcriptional response in islet cells. I performed mRNA-

seq in islets from chow-fed male mice that were cultured for 24-hours ex vivo in media 

containing 1 or 0 mg/L folic acid (n = 3). Only one gene—Lrrk2, a cytosolic kinase and GTPase 

450 of unknown significance in islets—was identified as differentially expressed (Fig. 5.5). I 

concluded that gene expression is not acutely sensitive to folic acid availability in islets and 

returned to examining the in vivo dietary model. 

 

 

Figure 5.5 | Ex vivo folic acid restriction for 24-hours does not cause transcriptome remodeling in mouse 

islets. Differentially expressed genes (P < 0.01, Wald test with Benjamini Hochberg correction) are red. 
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5.5 Dietary folic acid restriction did not alter relative fat, liver, or pancreas mass 

Organ mass data were collected after 24-weeks of diet. As shown in Fig. 5.6, gonadal and 

inguinal fat depots, liver, and pancreas masses were not altered by folic acid restriction in male 

or female mice. 

 

 

Figure 5.6 | FR diet does not alter relative fat, liver, or pancreas mass. a-d, Gonadal fat (a), inguinal fat (b), liver 

(c), and pancreas (d) mass relative to body mass in male mice after 24-weeks of NF or FR diets. e-f, Same as (a-d) 

for female mice. P-values calculated using multiple two-tailed t-tests with Welch’s and Benjamini-Hochberg 

corrections. Showing mean ± SD with values from individual mice; n = 5-12. 
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5.6 Dietary folic acid restriction did not reduce methylation potential in blood or islets 

As expected, the FR diet led to a lower plasma folate concentration by 24-weeks of diet (Fig. 

5.7a). The folate cycle facilitates regeneration of SAM via methylation of homocysteine into 

methionine, the immediate precursor of SAM 432,451. Homocysteine can alternatively be 

processed into the transsulfuration pathway to exit the methionine cycle. For this reason, 

circulating biomarkers of the methionine cycle and transsulfuration pathway were quantified. 

Plasma homocysteine concentration was elevated in FR mice, supporting an impairment of 

homocysteine remethylation (Fig. 5.7f). Despite this, no differences in the circulating 

concentration of the other methionine cycle metabolites methionine, SAM, or SAH were 

observed (Fig. 5.7b-e). Cystathionine and cysteine, which are intermediates of transsulfuration, 

were also not different between NF and FR mice (Fig. 5.7g, h). Two other dietary methyl donors, 

betaine and choline, were also not different. In islets from NF and FR mice, no difference was 

observed in any measured one carbon metabolite including SAM or SAH (Fig. 5.8). Altogether, 

plasma homocysteine is the only one-carbon metabolite that was disturbed in the FR diet. 

Therefore, dietary folic acid restriction to 10% of the recommended dose was not sufficient to 

reduce methylation potential in circulation or in islets. 

 

5.7 Dietary folic acid restriction did not reduce H3K4me3 in islets 

Histone methylation reactions source methyl groups from SAM, and SAH inhibits 

methyltransferase reactions 286. Since the FR diet did not lead to a decrease in SAM or an 

increase in SAH in islets, it is unsurprising that islet H3K4me3 levels were also similar between 

NF and FR mice (Fig. 5.9). 
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Figure 5.7 | FR diet has minimal impact on circulating one-carbon metabolite concentrations. a-j, Blood 

concentration of total folates (a), methionine (b), SAM (c), SAH (d), SAM/SAH ratio (e), total homocysteine (f), 

cysteine (g), cystathionine (h), betaine (i), and choline (j) in female mice after 20-24 weeks of diet. a, b, f, and g 

were measured in plasma fraction, c, d, e, h, i, and j were measured in blood cell fraction. P-values calculated using 

multiple two-tailed t-tests with Welch’s and Benjamini-Hochberg correction; only values < 0.05 are displayed. 

Showing mean ± SD and values from individual mice; n = 7-10. 
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Figure 5.8 | FR diet does not reduce methylation potential in islets. a-g, Islet lysate concentration of methionine 

(a), SAM (b), SAH (c), SAM/SAH ratio (d), cystathionine (e), betaine (f), and choline (g) in female mice after 20-24 

weeks of diet. Showing mean ± SD and values form individual mice; n = 5. 
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Figure 5.9 | FR diet does not alter H3K4me3 levels in islets. a, Immunoblots of islet lysates collected after 24-

weeks of diet showing H3K4me3, total H3, and ACTIN. Male and female samples were blotted on the same 

membrane but are shown separately for clarity. b, Comparison of relative band intensities for data in panel (a). P-

values calculated using two-way ANOVA with Benjamini-Hochberg correction; only values < 0.05 are shown. 

Showing mean ± SD with individual values; n = 4. 
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5.8 Discussion 

In this chapter, dietary folic acid restriction was used to reduce methylation potential in mature 

mice in order to test the relationship between systemic methylation potential and H3K4me3 in 

islets. Contrary to my hypothesis, the FR diet failed to reduce methylation potential in islets or in 

circulation. 

 

Compared to the NF diet, the FR diet was formulated with a 10-fold lower concentration of folic 

acid and led to a 5.3-fold reduction in circulating folate after 24-weeks of feeding. A 1.9-fold 

increase in circulating homocysteine shows that folic acid restriction impaired the regeneration 

of methionine from homocysteine, as intended, since this is the reaction that links the folate 

cycle with the methionine cycle. This was not associated with a decrease in circulating 

methionine or SAM, however. This finding suggests that dietary methionine was sufficiently 

robust to maintain normal circulating methionine and SAM levels despite impaired recycling 

from homocysteine in the FR diet. The rise in homocysteine was also not sufficient to cause a 

rise in circulating SAH in this model. 

 

The finding that in vitro folate restriction impaired insulin secretion from islets suggests that 

islets use folate. The reduction of circulating folate did not lead to a change in SAM or SAH 

concentration in islets, however. It is possible that a more extreme restriction of folic acid in the 

FR diet could have decreased methylation potential—FR diets used in Balaghi et al.’s studies 

lacked any folic acid and led to reduced methylation potential in liver and in whole pancreas of 

rats 437,440,441. On the other hand, those reports may reflect species differences or a higher 

sensitivity to dietary folic acid by those tissues compared to islet or blood cells. Indeed, results 
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from Zhao et al. (2018b) suggest that removing the remaining 0.2 mg/3987 kcal of folic acid in 

my FR diet may not have changed my results—they reported a 6.3-fold decrease in serum folates 

and a 1.5-fold increase in serum homocysteine in mice fed a 0 mg/kg folic acid diet for 25-weeks 

(they did not measure methionine, SAM, or SAH) 330. These values are not substantially different 

to the 5.3-fold decrease in plasma folates and 1.9-fold increase in plasma homocysteine at 24-

weeks of FR diet shown above. Therefore, future work that aims to reduce methylation potential 

in islets should take a more direct approach, such as: methionine restriction; islet-specific 

knockout or knockdown of MAT genes, which convert methionine to SAM; or, islet-specific 

overexpression of Gnmt, which quenches SAM by transferring the methyl moiety to free serine. 

The first two approaches have been shown to reduce SAM and H3K4me3 in other contexts, but 

have not been studied in islets, and Gnmt overexpression depletes SAM and increases SAH in 

liver cells but has not been studied with regard to histone methylation 297,317,452,453. 

 

The folate-restricted diet caused excess weight gain and disrupted glucose homeostasis in male 

mice. This finding is consistent with other studies that have used comparable folate-restricted 

diet regimes in mice 329,330. Low serum folate is also associated with insulin and glucose 

intolerance in humans 454,455 and folic acid supplementation improves glycemic control in 

patients with T2D 456,457. The mechanisms by which folate improves glucose and insulin 

responsiveness are unclear, but several possible explanations exist. First, folate lowers 

homocysteine, a source of vascular and organ oxidative stress 458,459. Excess oxidative stress is 

associated with reduced insulin sensitivity in insulin target tissues and reduced insulin secretion 

by β-cells 460. Homocysteine increases glucose output and reduces insulin’s effect on glucose 

output in hepatocytes in vitro 461. In the transformed rat β-cell line RINm5F, excluding folic acid 
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from culture medium causes accumulation of homocysteine, increases oxidative stress, and 

lowers insulin production 337. However, the effects of homocysteine on primary islets have not 

been studied. Second, folate is an essential cofactor for de novo purine and thymidylate 

synthesis. In replicating mammalian cells in culture, the largest demand for folate is in purine 

synthesis 286, and, the central role for folate in DNA and RNA subunit synthesis is at least 

partially responsible for the effectiveness of antifolates—competitive structural analogues of 

folate derivatives—as anti-cancer therapies 462. The purine nucleotides ATP and GTP are also 

messengers for insulin secretion and signaling 463,464. However, to what extent metabolic 

outcomes of folate cycle dysregulation are caused by deficits of purine and thymidylate synthesis 

requires further study. Third, low folate may reduce methylation status of insulin target tissues. 

While I did not find evidence for a reduction in methylation potential in islets, other tissues may 

be affected. For example, mice fed a low folate diet displayed lower hepatic SAM/SAH ratios 

and DNA methylation than mice fed a control diet 465. Changes to DNA methylation, leading to 

changes in gene expression, are implicated in the pathologies of folate deficiencies 466. Liver and 

kidney are the major sites of homocysteine remethylation 286 so may have the greatest demand 

for folates. However, the degree to which impairment of methylation reactions contributes to 

tissue dysfunction during folate deficiency needs more research. Fourth, folic acid may 

contribute to expansion of β-cell mass via β-cell differentiation 339. However, relevance of this 

finding in mature mammals remains to be determined. 

 

In summary (Fig. 5.10), results in this chapter show that folate deficiency reduces the glucose 

metabolic health of mature male mice but does not reduce methylation potential or H3K4me3 in 

islets. This conclusion could be strengthened and expanded by future experiments characterizing 



128 

 

β-cell function during folate-deficiency and with homocysteine supplementation, and, by 

establishing an alternative method to reduce methylation potential in islets to better understand 

the consequences of that on islet function and gene expression regulation. Whether changes in 

organismal or cellular methylation potential drives changes in chromatin methylation in β-cells 

remains to be experimentally tested. 

 

 

Figure 5.10 | Summary of the phenotype observed in adult mice fed a low folic acid diet from 8 weeks old for 

24 weeks. Only molecules that were quantified are shown. 
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Chapter 6: Conclusions 

6.1 Research summary 

Pancreatic β-cells, like all terminally differentiated cell types, perform specialized functions that 

arise from selective expression of specific genes. Expression patterns are established during cell 

differentiation and maturation, and then maintained during the mature period of that cell’s life, 

which may span decades, cell divisions, and environmental perturbations. The TrxG genes were 

first described as genes that oppose transcriptional silencing during development in Drosophila. 

Rather than activating gene expression, TrxG proteins are chiefly involved in the stable 

maintenance and transmission of active gene expression through time and cell divisions, even in 

absence of the initiating signal. Thus, it was hypothesized that TrxG proteins function in a 

system of cellular memory 467. The prototypical TrxG protein Trx and its mammalian homologue 

MLL1 were later shown to be histone methyltransferases that selectively methylate H3K4 at 

targeted gene promoters 468,469. It was immediately recognized that H3K4me3 could be an 

essential signal in that system of cellular memory 468. To perform this role, H3K4me3 must 

regulate gene expression. This has proven challenging to validate 178. Accumulated evidence 

suggests that, rather than a fundamental role in transcription, H3K4 methylation in mammals is 

required for expression of very few genes, primarily during development or in response to stress 

244,250,251,351, whereas a requirement during homeostatic conditions in mature tissues is uncertain. 

 

In mature β-cells, H3K4 methylation has been linked with maintenance of metabolic function 275–

278, cell identity 279,280, and suppressing replication 282–284, but these links are strictly correlative. 

The purpose of this thesis was to define the functions performed by H3K4 methylation in 

regulating β-cell gene expression and function. There were three objectives: 
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1. Determine whether H3K4me3 regulates gene expression in mature β-cells. 

2. Determine if β-cell (dys)function is associated with patterns of H3K4me3 enrichment. 

3. Test the sensitivity of H3K4me3 enrichment to external metabolic perturbation. 

 

To address these objectives, I first took advantage of an unexpected quality of inducible Dpy30-

KO β-cells—that loss of H3K4 methylation shows much slower kinetics than loss of DPY30—to 

resolve transcriptional defects arising from loss of DPY30 versus loss of H3K4 methylation. 

Transcriptome remodeling occurred after loss of H3K4 methylation, supporting a function for 

H3K4 methylation in the maintenance of active gene expression. Global reduction of H3K4me3 

in Dpy30-KO cells did not lead to global reduction in mRNA expression. However, most active 

promoters retained detectable enrichment of H3K4me3. Genes which completely lost H3K4me3 

were downregulated. Further, the degree to which H3K4 methylation was lost at a given 

promoter correlates with initial enrichment, with the effect that lowly expressed genes were most 

likely to completely lose H3K4 methylation and be downregulated. Therefore, even though only 

~5% of genes are dysregulated in Dpy30-KO cells, these data do not preclude a more general 

role for H3K4me3 in maintaining active transcription in mature β-cells. This work adds to 

growing body of evidence that H3K4 methylation is instructive for gene expression, but is not an 

essential requirement 194,199,201,202,226,254,255,257,259,263,265,267,270,470, and is the first demonstration in a 

terminally-differentiated mammalian tissue. 

 

I show that global enrichment of H3K27ac in β-cells is partially controlled downstream of 

H3K4me3. This extends a previous demonstration that H3K27ac at enhancers in mESCs is 

partially controlled by H3K4me1, and may be caused by reduced recruitment of 
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acetyltransferases that recognize methylated H3K4 400–402. H3K27me3, meanwhile, became 

enriched in promoters of some genes that were downregulated in Dpy30-KO cells. This is 

consistent with evidence that H3K4me3 serves an anti-repressive role by sterically hindering 

deposition of H3K27me3 by PcG proteins 267. Notably, global reduction of active marks 

H3K4me3, H3K4me1, and H3K27ac did not lead to expansion of the megabase-scale 

H3K27me3-positive PcG-repressed domains. While TrxG was initially defined as an antagonist 

of PcG-driven repression 208, this result suggests that H3K4me3 performs this role only at a small 

number of targeted promoters in β-cells, whereas the boundaries of PcG-driven facultative 

heterochromatin are delimited by other means. H3K4me3 may also serve an anti-silencing role in 

β-cells by sterically hindering recruitment of DNA-methyltransferases, but this was not directly 

tested. More generally, the degree to which H3K4me3 regulates transcription via activation 

versus anti-repression requires more research. 

 

There is growing appreciation for the contribution of epigenetic plasticity in the pathogenesis of 

metabolic diseases 341,471. Global shifts in H3K27me3 133 and H3K27ac 416 enrichment, and site-

specific changes of DNA methylation 472 and RNA methylation 417 enrichment have been 

described in islets from donors with T2D or mouse models of T2D. These changes are implicated 

in driving changes in gene expression and consequent changes to β-cell function. In Chapter 4, I 

examined the relationship between H3K4me3 peaks, gene expression, and function in Dpy30-

KO and Leprdb/db mice. Whereas H3K27me3 is reduced 133 and H3K27ac is increased 416 in 

diabetic islets, I did not find evidence for a global shift in H3K4me3 enrichment. Instead of a 

global shift, H3K4me3 peaks at genes upregulated in Leprdb/db islets expand, and peaks at 

downregulated genes contract. Genes that are up- or downregulated in Leprdb/db islets tend to be 
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downregulated in Dpy30-KO islets, indicating that their expression relies on H3K4me3. It is 

notable that less than 5% of genes are downregulated in Dpy30-KO islets but that these genes are 

significantly overrepresented among those dysregulated in Leprdb/db mice. I conclude that 

H3K4me3 is important for transcription of genes that are dysregulated in a mouse model of T2D. 

What drives the change in H3K4me3 at these genes was not determined but may stem from 

differential recruitment of COMPASS complexes and/or histone demethylases by transcription 

factors. Since I also show that β-cell-enriched genes tend to have broad H3K4me3 domains, 

determining what gives rise to broad H3K4me3 domains may shed light on why those genes tend 

to be downregulated in diabetic islets. 

 

Loss of H3K4 methylation in Dpy30-KO β-cells led to functional deficits. Mice became 

hyperglycemic and glucose intolerant due to impaired transcription, maturation, and GSIS. 

Accumulation of H3K4me3 at cyclin-dependent kinase inhibitor genes has been linked to 

suppression of replication in mature β-cells 282–284 but I found that replication was unchanged in 

basal glucose, and inhibited in stimulatory glucose, after loss of H3K4me3. This agrees with 

previous findings that endocrine cell proliferation is blunted in Dpy30-KO mice 351. Therefore, 

H3K4me3 may promote transcription of cyclin-dependent kinase inhibitors, but it is not a 

general “anti-replication” signal in β-cells. Increased rates of replication in islets of MEN1-

happloinsufficient mice 283 may be caused by loss of nonenzymatic anti-tumour activities of 

MEN1 473 rather than a global reduction of H3K4me3. 

 

Having established that H3K4me3 regulates gene expression and function in mature β-cells, I 

next tested how resilient islet H3K4me3 enrichment is to availability of an essential methyl 
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group carrier. H3K4me3 levels were unchanged by dietary restriction of folic acid. While mice 

became hyperhomocysteinemic, this did not lead to reduction in methylation potential in 

circulation or islets, suggesting that H3K4me3 is stable because an (undetermined) metabolic 

compensation preserves systemic SAM pools for methyltransferase reactions. Defects in glucose 

homeostasis in folic acid-restricted mice may be caused by hyperhomocysteinemia 458,459, 

reduced methylation potential in other tissues like liver 465,466, or impairments in nucleotide 

synthesis 286. H3K4me3 may furthermore have been altered at particular genomic loci in islets 

but not globally 321,323 but this was not measured. Therefore, I find that global H3K4me3 levels 

in islets are robust against metabolic perturbation – both by hyperphagia-induced T2D in the 

Leprdb/db model, and by disruption of systemic 1C-metabolism in the folic acid-restriction model. 

 

6.2 Limitations and future directions 

This thesis focused on the link between H3K4me3 and gene expression in mature mouse β-cells. 

Similar strategies could be used to study any of a large number of other chromatin modifications 

that are found in β-cells. A powerful starting point would compare the genome-wide enrichment 

patterns of a selection of histone modifications, histone variants, and DNA modifications in β-

cells from healthy and diabetic individuals – or, models of β-cell dysfunction, or, incompletely-

matured stem cell-derived β-like-cells, or α-cells, according to your interests. Resulting data 

could then be used to predict epigenetic drivers of gene expression dysregulation that contribute 

to β-cell dysfunction. Patterns may also emerge that suggest a mechanism driving epigenome 

dysregulation. For example, a generalized increase of histone acetylation might indicate a shift in 

the expression or localization acetyltransferases or deacetylases, or perhaps a shift in the nuclear 
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pool of their essential cofactors acetyl-CoA, Zn2+, and NAD+. Such approaches could also be 

applied to other tissues for which a causal link between metabolism and chromatin is suspected. 

 

More work is required to determine why some genes are downregulated when H3K4me3 is lost. 

Ultimately, it is probably due to a change in productive elongation by RNAP2 at those genes. 

ChIP-seq or CUT&RUN of total and phosphorylated RNAP2 would therefore help determine 

whether recruitment and/or elongation are altered. Consideration of DNA motifs enriched at 

downregulated genes may also suggest causative transcription factors that act by recruiting 

COMPASS complexes, notably MAFA and PAX6 278,281, or are recruited to sites of H3K4me3, 

such as TAF3 265. Examination of transcriptional bursting kinetics using RNA fluorescence in-

situ hybridization would provide greater detail into RNAP2 activity of selected genes. The 

generalized increase in transcriptional variability I observed in Dpy30-KO mice suggests a 

change in bursting kinetics. PcG proteins repress gene expression by reducing the frequency of 

transcriptional bursts 197, but it is not known how H3K4me3 affects burst frequency, length, or 

magnitude, which are fundamental to transcription. Finally, it would be interesting to determine 

if transcriptional downregulation is reversible by re-introducing DPY30. I predict that most 

genes which require H3K4me3 to activate transcription could be rescued assuming H3K4me3 

acts as an activating mark 202. Some genes, such as imprinted genes that may be targeted by 

DNA methyltransferases, would be irreversibly silenced 270, and genes which gained H3K27me3 

may be reversibly repressed. Nearby chromatin may therefore influence a gene-specific effect of 

global H3K4me3 reduction and potential for rescue that could be tested by re-introducing 

DPY30. 
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The use of Dpy30-KO was useful to separate the effects of COMPASS complex enzymatic and 

non-enzymatic activity in vivo but is imperfect. For one thing, DPY30 may also associate with 

the nucleosome remodeling NuRF complex 237. A transcriptional defect was observed several 

weeks after deletion of Dpy30-KO, suggesting defects arise due to loss of H3K4 methylation. 

However, it is possible that residual DPY30 remained which was below the limit of detection at 

the early timepoint making my conclusion that DPY30 has negligible role in gene expression 

inaccurate. The experimental separation of functions performed by DPY30 versus H3K4 

methylation would be strengthened by knowledge of why loss of DPY30 leads to loss of H3K4 

methylation. In absence of this answer, a complementary model is to introduce an inactivating 

point mutation to the SET domain of a selection of histone methyltransferases. Using this 

strategy, H3K4me1-regulated gene expression is currently being defined in stem cells with 

catalytically dead MLL3/4 199,226,255,257. The same should be done to writers of H3K4me3: 

MLL1/2 and SETD1A/B. Since simple point mutations are not Cre-inducible, studies with these 

would be limited to stem cells and stem cell differentiations, i.e., developmental contexts. More 

complex strategies could of course be devised to study mature tissues, perhaps using transduction 

of a unmodifiable dominant-negative H3 gene 167. Of particular interest in mature tissues is the 

question of whether deposition of new H3K4me3 is necessary for activation of transcription in 

response to external stimuli. This could be an acute signaling event (for example, H3K4me3 

rapidly, transiently accumulates in hippocampus during memory formation 474) or prolonged 

changes to the external environment, such as starting a high fat diet. Attachment of a degron 

sequence to DPY30 may help answer this question, since it would prevent addition of new 

H3K4me3 but already-present H3K4me3 should be unperturbed for days to weeks, at least in β-

cells. 
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Little is known about the actions of one-carbon-metabolism in β-cells. My brief analysis 

highlights two fundamental questions. First, how is one-carbon metabolism involved in glucose-

stimulated insulin secretion? My observation that folic acid potentiates high glucose-stimulated 

insulin secretion, but is not by itself an insulin secretagogue, suggests that the folate cycle is an 

amplifying pathway. It should be noted that folic acid is a carrier of one carbon units but does 

not itself come pre-loaded with one 286. Glycolysis is a major source of one carbon units for the 

folate cycle 475, so shuttling of one carbon units derived from glucose through the folate cycle 

may increase GSIS in some way. Alternatively, red/ox reactions of the folate cycle are a 

significant source (and consumer) of NAD(P)H in both cytosol and mitochondria 476–478, 

especially when mitochondrial respiration is impaired 479. The folate cycle may therefore be an 

important source of reducing equivalents that amplify GSIS. Second, why do β-cells express 

both isoforms of methionine adenosyltransferase? Mat2a is expressed in fetal liver and 

extrahepatic cells whereas Mat1a expression is widely believed to be restricted to mature liver 

tissues 480. These isoforms have different interactomes that also influence their subcellular 

localization, and unique kinetic properties 481. For example, MAT1A is minimally sensitive to 

feedback inhibition, and may be stimulated by SAM, whereas MAT2B is subject to feedback 

inhibition by physiological levels of SAM 481. This causes liver cells to have relatively high 

levels of SAM. Maturing hepatocytes switch from MAT2A to MAT1A expression, whereas a 

switch back from MAT1A to MAT2A may drive liver cell dedifferentiation and proliferation in 

cancer due to reduced SAM biosynthesis 481. The consequences of dual expression in β-cells may 

be investigated using in vitro experiments during gene suppression or deletion, or chemical 

inhibition, of each. Further research could characterize their expression during development and 
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disease, and co-expression (or not) in individual cells. First, protein expression of both should be 

confirmed. Promisingly, both MAT1A and MAT2A proteins are detected in pancreatic acini 482. 

Pancreatic MAT1A is downregulated and MAT2A is upregulated within two days of starting a 

choline-deficient diet in mice, concomitant with a 50% drop in SAM levels, suggesting novel 

regulatory roles 482. Mat2a but not Mat1a RNA is downregulated, in Leprdb/db islets (data not 

shown), suggesting differential regulation between each in islets as well. 

 

Overall, the data presented in this thesis demonstrate that H3K4me3 has a surprisingly limited 

role in regulating gene expression in mature β-cells. Nevertheless, genes that are sensitive to 

H3K4me3 play major roles in the function of β-cells and are often dysregulated in a model of 

T2D. Further, global enrichment of H3K4me3 in islets is robust against external insults in mouse 

models of hyperphagia-induced T2D and dietary restriction of folic acid. Together, these 

findings further our understanding of the regulation of transcription by chromatin. 
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Appendices 

Appendix A  | Diet formulations used in folic acid-restriction studies. 

Product # A20071401 A20071402 

 Normal folic acid (NF) 
Folic acid-restricted 
(FR) 

Ingredient gm gm 

   

L-Cystine 4.2 4.2 

L-Isoleucine 7.6 7.6 

L-Leucine 15.8 15.8 

L-Lysine 13.2 13.2 

L-Methionine 5.1 5.1 

L-Phenylalanine 8.4 8.4 

L-Threonine 7.2 7.2 

L-Tryptophan 2.1 2.1 

L-Valine 9.3 9.3 

L-Histidine 4.6 4.6 

L-Alanine 5.1 5.1 

L-Arginine 6.0 6.0 

L-Aspartic Acid 12.1 12.1 

L-Glutamic Acid 38.2 38.2 

Glycine 3.0 3.0 

L-Proline 17.8 17.8 

L-Serine 10.0 10.0 

L-Tyrosine 9.2 9.2 

Total L-Amino Acids 178.9 178.9 

   

Corn Starch 381 381 

Maltodextrin 10 110 110 

Dextrose 150 150 

   

Cellulose, BW200 75 75 

Inulin 25 25 

   

Soybean Oil 70 70 

   

Mineral Mix S10026 10 10 

DiCalcium 13 13 
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Phosphate 

Calcium Carbonate 5.5 5.5 

Potassium Citrate, 1 
H2O 

16.5 16.5 

Sodium Bicarbonate 7.5 7.5 

   

Vitamin Mix V10001 
(w/ Folic Acid) 

10 0 

Vitamin Mix V14901 
(w/o Folic Acid) 

0 10 

Choline Bitartrate 2 2 

Folic Acid 0 0.0002 

   

Succinylsulfathiazol
e 

10.5 10.5 

   

FD&C Yellow Dye #5 0.05 0 

FD&C Red Dye #40 0 0.05 

FD&C Blue Dye #1 0 0 

   

Total 1064.95 1064.95 

   

Diet # A20071401 A20071402 

   

gm   

Protein 178.9 178.9 

Carbohydrate 660.4 660.4 

Fat 70.0 70.0 

Fiber 100.0 100.0 

gm
% 

  

Protein 16.8 16.8 

Carbohydrate 62.0 62.0 

Fat 6.6 6.6 

Fiber 9.4 9.4 

kca
l 

  

Protein 716 716 

Carbohydrate 2642 2642 

Fat 630 630 

Total 3987 3987 
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kc
al
% 

  

Protein 18 18 

Carbohydrate 66 66 

Fat 16 16 

Total 100 100 

   

kcal / gm 3.7 3.7 

   

Succinylsulfathiazol
e (%) 

1.0 1.0 

Folic Acid (mg/3987 
kcal) 

2 0.2 
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Appendix B  | Dpy30-KO/WT β-cell 

differentially expressed genes  

B.1 15-days post-tamoxifen 

Downregulated Padj < 0.01, fold-change > 2 

geneSymbol baseMean padj 

Dpy30 375.58 1.37E-19 

Edn3 270.10 0.000151 

C3 127.74 0.003238 

 

B.2 45-days post-tamoxifen 

Downregulated Padj < 0.01, fold-change > 2 

geneSymbol baseMean padj 

Jag2 340.40 9.66E-71 

Col6a3 276.56 9.13E-70 

Tmsb10 512.81 9.13E-70 

Spred3 223.85 4.69E-66 

Lrrc24 254.37 8.06E-62 

Tceal8 1448.46 2.06E-61 

Mlph 133.14 2.48E-54 

As3mt 1034.84 2.84E-48 

Kcnj11 2432.59 1.98E-46 

Thbd 178.32 1.70E-45 

Syt3 161.56 2.38E-45 

Cldn3 249.32 1.40E-43 

Ptges 193.09 4.20E-41 

Cyp4f39 409.87 1.47E-40 

Fgd2 534.22 3.90E-39 

Rab34 275.15 3.26E-38 

Slc12a4 98.90 4.39E-38 

Agtrap 834.42 5.28E-38 

Ffar1 2632.46 5.28E-38 

Gm281 155.60 2.72E-37 

Trp53i11 422.53 1.93E-35 

Cldn7 768.93 4.47E-35 

Oxtr 308.35 9.01E-35 

Rab37 2579.99 9.48E-35 

Col9a2 66.05 1.38E-33 

Nat14 166.74 2.13E-33 

Tmem59l 823.91 3.02E-33 

Eef1akmt3 188.52 9.12E-33 

Npr1 386.29 7.98E-32 

Cpm 378.51 3.94E-31 

Atf5 3013.02 5.67E-31 

Dpy30 308.64 6.50E-31 

Emilin1 2356.60 7.50E-31 

Adh1 2168.53 1.49E-29 

Hspa2 424.38 4.26E-29 

Tmem121b 118.02 3.58E-27 

Scrt1 350.09 5.28E-27 

Snhg18 164.90 8.64E-27 

Cd44 726.74 4.01E-26 

Zfp516 3166.63 8.25E-26 

Dnhd1 131.74 1.53E-25 

Tmem215 4764.61 5.25E-25 

Dlg4 1075.20 6.36E-25 

Kcnab3 295.65 5.75E-24 

Igfbp5 232.47 1.17E-23 

Gpr119 310.48 1.29E-22 

Slc17a9 373.61 3.18E-22 

Gpr162 98.41 9.94E-22 

Nupr1 891.74 1.50E-21 

Cspg5 104.82 2.41E-21 

Nfic 1429.08 2.63E-21 

Dusp26 373.88 6.25E-21 

Tmem38a 924.48 7.93E-21 

Arhgef25 219.99 1.02E-20 

Slc2a2 12428.44 2.72E-20 

Gys1 234.73 3.00E-20 

Gstm1 720.36 3.51E-20 

Kdelr3 114.55 4.07E-20 

Zmynd8 2257.38 5.25E-20 

Arpc1b 316.08 5.48E-20 

Fam83g 697.51 5.51E-20 

Vwa1 70.51 1.25E-19 

Nynrin 435.80 2.12E-19 

Mpz 151.61 2.19E-19 

Myt1 1251.85 4.49E-19 

Tubb4a 200.96 5.09E-19 

Zfp239 63.69 5.88E-19 
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Lgi1 892.06 8.10E-19 

Nnat 402.84 9.87E-19 

Rnf208 108.58 1.02E-18 

Dgkg 112.36 1.15E-18 

Kif21b 43.85 1.55E-18 

Arhgef17 2084.51 1.65E-18 

Kdm2b 1415.35 1.89E-18 

Sfrp5 973.41 1.91E-18 

Ceacam1 166.46 5.32E-18 

Mxra8 157.86 5.73E-18 

Stat6 433.63 1.37E-17 

Il11ra1 338.75 2.14E-17 

Stx16 872.52 3.92E-17 

H2bu2 116.03 7.25E-17 

Crip1 168.48 7.54E-17 

Mxra7 121.05 8.65E-17 

Sult4a1 165.21 1.22E-16 

Rassf2 57.85 1.68E-16 

Rnf112 98.97 1.69E-16 

Resp18 14861.93 1.82E-16 

Entpd2 44.77 3.14E-16 

Derl3 270.66 3.47E-16 

Kcnh3 69.93 1.30E-15 

Tmem151b 121.78 1.88E-15 

B3gnt9 297.55 2.00E-15 

Alox8 64.98 2.16E-15 

Gm12397 79.97 3.11E-15 

Rhobtb1 2234.93 3.11E-15 

Cadm4 199.46 3.34E-15 

Tnfsf12 301.22 3.86E-15 

Nol3 212.67 7.61E-15 

Tmem30b 694.30 7.74E-15 

Serhl 171.75 9.69E-15 

Bco1 134.35 1.63E-14 

Usp35 1219.12 1.63E-14 

Gm11769 117.39 1.80E-14 

Elf4 102.59 2.70E-14 

Tspyl3 98.94 4.55E-14 

Serinc2 93.30 4.64E-14 

Mfsd9 47.35 5.47E-14 

Cpne4 73.19 6.39E-14 

Efna2 78.11 6.85E-14 

Prrt3 70.71 6.85E-14 

Syngr3 48.87 7.05E-14 

Gm15651 101.71 7.22E-14 

Tceal3 1720.13 7.36E-14 

Fam189b 249.34 1.03E-13 

Clip3 603.74 1.06E-13 

Dbn1 197.60 1.35E-13 

Hps1 348.17 2.17E-13 

Trip10 102.25 2.52E-13 

Arhgef10 132.13 2.62E-13 

Wnt5b 47.05 2.82E-13 

P3h3 161.56 3.15E-13 

Degs2 165.31 3.35E-13 

Dlec1 75.26 3.42E-13 

Wdr17 52.50 3.91E-13 

Galnt4 843.14 4.24E-13 

Agap2 123.21 6.14E-13 

Scnn1a 49.81 6.14E-13 

Arhgef19 210.34 6.29E-13 

Slc38a5 96.82 6.90E-13 

Adcy3 92.25 7.90E-13 

Bik 50.05 1.12E-12 

Samd14 201.51 1.59E-12 

Rab3d 3927.74 1.81E-12 

B4galt2 162.14 1.98E-12 

Arg1 683.38 2.06E-12 

Col4a1 850.96 2.21E-12 

Unc93b1 337.96 2.29E-12 

Tspoap1 209.19 2.34E-12 

Col6a6 997.35 2.43E-12 

Nxph3 38.95 3.55E-12 

Plut 270.50 4.42E-12 

Gm45137 33.22 5.28E-12 

Dhdh 443.43 5.60E-12 

Muc4 886.71 6.13E-12 

Trim46 230.91 6.97E-12 

Pex11g 267.60 7.15E-12 

Iglon5 45.87 1.16E-11 

Ggnbp1 69.04 1.23E-11 

Ccdc8 194.04 1.36E-11 

Gcgr 519.37 1.59E-11 

Ache 184.53 1.88E-11 

Plekha4 120.18 1.98E-11 

Ajm1 153.29 2.13E-11 
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Hykk 77.63 2.16E-11 

Cldn6 174.67 2.31E-11 

Ubxn10 993.18 2.83E-11 

Fndc5 135.00 2.99E-11 

Gm17767 351.46 3.12E-11 

Ass1 96.38 3.35E-11 

Gm45847 359.00 3.64E-11 

Ttc28 2125.95 3.80E-11 

2700081O15Rik 393.31 4.17E-11 

Upk3a 30.98 4.53E-11 

Rassf4 716.57 7.11E-11 

AI463170 35.90 8.00E-11 

Glp1r 12929.15 1.02E-10 

Prr7 56.38 1.10E-10 

Usp11 429.60 1.21E-10 

Hsf4 88.03 1.93E-10 

St3gal4 83.34 2.69E-10 

Serpini1 992.82 2.99E-10 

Arap1 1062.68 3.23E-10 

2610528J11Rik 26.12 3.34E-10 

4930578M01Rik 151.21 3.68E-10 

Cd164l2 125.95 4.48E-10 

Ddx25 503.40 5.88E-10 

Cfap74 198.10 6.23E-10 

Cdkn1c 33.26 7.16E-10 

Pde4a 112.78 7.41E-10 

Renbp 40.77 7.49E-10 

Il17re 235.00 7.85E-10 

Slc30a8 14436.74 9.07E-10 

Emp2 70.41 1.01E-09 

Gprc5b 169.60 1.10E-09 

Cox6a2 637.98 1.11E-09 

Snhg11 365.09 1.52E-09 

Kctd12b 721.45 1.55E-09 

Ptk7 58.28 1.80E-09 

Nbl1 368.90 1.97E-09 

Rom1 249.08 2.10E-09 

Dtnbos 195.24 2.20E-09 

Dll4 189.17 2.40E-09 

Cd81 1645.94 2.60E-09 

Baiap3 2389.57 2.86E-09 

Kcnj12 203.67 3.51E-09 

Clip4 124.83 3.59E-09 

Tcf7l1 84.61 3.72E-09 

Sema6b 137.27 3.99E-09 

Prss41 25.99 4.22E-09 

Gm45606 354.89 4.45E-09 

Cchcr1 136.82 4.69E-09 

Pnma2 47.80 4.73E-09 

Myom1 63.97 5.37E-09 

1810010H24Rik 104.53 5.75E-09 

Dmtn 49.74 5.79E-09 

Egf 447.00 5.86E-09 

Oit1 33.34 5.94E-09 

Ush1g 24.38 6.61E-09 

1810034E14Rik 69.98 6.62E-09 

Caly 65.83 7.00E-09 

Rcor2 134.89 7.02E-09 

Gstm2 271.05 7.04E-09 

L1cam 89.37 7.97E-09 

Rapgef3 58.02 8.21E-09 

Edn3 174.50 8.69E-09 

Ttc12 29.15 8.74E-09 

Nrxn2 35.07 8.80E-09 

Hhatl 37.99 1.14E-08 

Ifitm2 252.00 1.19E-08 

St6galnac2 31.40 1.45E-08 

Tuba1c 246.88 1.51E-08 

Actn2 37.64 1.71E-08 

Rcn3 143.50 1.76E-08 

Kcnd1 118.97 1.86E-08 

Jph4 117.76 1.91E-08 

Gm14261 41.83 1.91E-08 

Gnat2 549.63 1.94E-08 

Itga9 36.86 2.04E-08 

Npr2 390.51 2.27E-08 

Syt17 30.46 2.38E-08 

Tmc6 269.27 3.47E-08 

Ctsz 838.77 3.67E-08 

Grin1 931.90 3.70E-08 

Inava 114.62 3.70E-08 

Pxdn 99.83 4.05E-08 

Fbxo27 82.12 4.14E-08 

Dync1i1 99.87 4.16E-08 

Ffar3 206.86 5.47E-08 

Pycr1 553.15 5.87E-08 
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Foxred2 509.49 6.16E-08 

Neu2 39.11 6.33E-08 

Gm49492 169.88 6.37E-08 

Trpm5 1266.34 6.59E-08 

Stap2 37.69 7.73E-08 

Agrn 182.78 9.87E-08 

Zfr2 309.61 1.18E-07 

Rin2 287.00 1.20E-07 

Cxcl16 27.13 1.23E-07 

Mfsd4b1 70.04 1.24E-07 

Gm30173 142.05 1.35E-07 

Acsf2 120.84 1.36E-07 

Sall4 145.82 1.41E-07 

Medag 28.76 1.58E-07 

Hspb1 336.32 1.60E-07 

Psd 729.93 1.67E-07 

Hmgb3 125.19 1.79E-07 

Sox12 372.01 1.79E-07 

Rhd 93.79 1.88E-07 

C130021I20Rik 95.43 2.76E-07 

Ikzf3 114.41 2.85E-07 

Mif4gd 245.66 2.85E-07 

Zcchc12 293.94 2.91E-07 

Aatk 819.38 3.03E-07 

Ier3 81.61 3.37E-07 

Unkl 83.99 3.38E-07 

Ctf1 106.50 3.52E-07 

Flywch2 41.68 3.82E-07 

Cilp 82.36 4.12E-07 

Dnajc24 688.94 4.46E-07 

Kndc1 49.69 4.66E-07 

Frrs1l 102.69 4.72E-07 

Gm50353 77.62 4.85E-07 

Gm37459 100.13 4.97E-07 

Tekt2 83.84 5.02E-07 

Chp2 97.49 5.70E-07 

Zfp583 44.33 5.92E-07 

Minar2 27.90 6.47E-07 

3-Sep 179.61 7.07E-07 

Scn1b 71.96 9.05E-07 

Doc2b 37.37 9.44E-07 

Lin28a 47.73 9.59E-07 

AW011738 46.20 9.61E-07 

Rtkn 99.30 1.04E-06 

Clmn 98.75 1.05E-06 

Nectin4 44.89 1.08E-06 

Neil2 336.69 1.22E-06 

Per2 553.81 1.40E-06 

C1qtnf4 209.51 1.40E-06 

Gm13421 100.34 1.58E-06 

Bok 35.93 1.65E-06 

Il3ra 109.87 1.65E-06 

Tcim 839.51 1.70E-06 

Bdnf 19.58 1.92E-06 

Hspa12b 128.66 2.20E-06 

1810044D09Rik 51.30 2.22E-06 

Plekhg6 28.71 2.25E-06 

Pnck 125.99 2.32E-06 

Ntm 88.33 2.37E-06 

Krt80 65.25 2.41E-06 

Pyroxd2 94.73 2.53E-06 

Ddah2 25.40 2.63E-06 

Dnaaf4 47.45 2.67E-06 

Map3k21 295.30 2.80E-06 

Igdcc4 88.87 2.86E-06 

Lrrc27 128.07 3.03E-06 

Vamp5 19.69 3.10E-06 

Vgf 700.08 3.20E-06 

Cst6 69.23 3.50E-06 

Carmil2 165.89 3.71E-06 

Ppp1r3b 119.27 3.82E-06 

Syt2 307.79 4.12E-06 

Necab2 703.34 4.30E-06 

Zim1 1065.44 4.43E-06 

Cnr1 65.15 4.46E-06 

Shfl 1146.48 4.80E-06 

Gm44850 109.88 5.06E-06 

Sytl1 617.89 5.68E-06 

Wwc2 26.46 5.75E-06 

Ankrd24 899.00 5.82E-06 

Scarf2 91.09 5.90E-06 

Slc8a2 140.28 6.08E-06 

Gm43909 35.27 6.24E-06 

Hapln4 2124.56 7.28E-06 

Kcnip2 141.78 7.42E-06 

Mapk13 67.11 8.82E-06 
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Aldh1l2 976.79 8.82E-06 

Pabpc1l 53.42 8.99E-06 

5330434G04Rik 148.64 9.30E-06 

Tmem179 95.68 9.65E-06 

Ush2a 784.25 1.06E-05 

Gm19426 15.39 1.06E-05 

Spock3 144.24 1.12E-05 

Adnp2 475.76 1.16E-05 

Slc28a2 43.56 1.19E-05 

Gm20400 53.16 1.19E-05 

Cpne2 21.48 1.19E-05 

Mfap2 42.72 1.19E-05 

Mthfr 834.96 1.19E-05 

Rell2 121.83 1.23E-05 

Msi1 215.32 1.39E-05 

Gm26737 20.78 1.43E-05 

Gm28523 16.27 1.45E-05 

Gstt2 132.01 1.49E-05 

Atp6v1g2 69.86 1.51E-05 

Slc7a2 5977.16 1.58E-05 

Grin2c 256.83 1.59E-05 

Nrep 499.60 1.66E-05 

Hspa1a 20177.01 1.66E-05 

Selenbp1 39.87 1.73E-05 

Adamts10 20.72 1.98E-05 

Nek5 101.70 1.99E-05 

Gpr173 58.48 2.03E-05 

Fmo1 99.27 2.08E-05 

Dlk1 97.85 2.23E-05 

1810021B22Rik 32.01 2.37E-05 

Fgfr4 21.87 2.50E-05 

Gstk1 107.26 2.63E-05 

Aqp4 255.05 2.65E-05 

Epha8 34.00 2.82E-05 

Crybg2 31.13 2.83E-05 

Asb16 20.49 2.88E-05 

Tas1r3 19.84 2.88E-05 

Lmtk3 610.60 3.92E-05 

Gm15417 131.27 3.97E-05 

Rbp4 2655.50 3.99E-05 

Cyp2d22 68.60 3.99E-05 

Gm10941 92.00 4.04E-05 

Cthrc1 63.06 4.22E-05 

Acer2 58.86 4.28E-05 

Fkbp11 822.02 4.29E-05 

Fcgbp 22.15 4.30E-05 

Cpt1c 230.52 4.34E-05 

Ednra 31.57 4.45E-05 

Gm46123 61.60 4.70E-05 

Fgf11 22.15 4.90E-05 

4-Sep 47.12 4.93E-05 

Pdzrn3 36.61 4.95E-05 

Clec11a 57.87 4.99E-05 

Gm30648 542.89 5.92E-05 

B3gat2 19.39 6.00E-05 

Acta1 20.46 6.08E-05 

E530011L22Rik 47.23 6.28E-05 

Gprasp2 1839.44 7.28E-05 

2610035D17Rik 120.24 7.39E-05 

Chst14 37.49 7.73E-05 

Coro2a 64.52 7.86E-05 

Cbs 1460.59 8.04E-05 

Aqp7 28.92 8.22E-05 

Cacna1b 203.55 8.35E-05 

AC149090.1 4117.28 8.64E-05 

Amt 221.94 8.71E-05 

Smco4 45.30 8.87E-05 

Plin3 94.00 9.00E-05 

Ppp4r1l-ps 1299.00 9.45E-05 

Kazald1 77.05 1.08E-04 

Myo3a 26.56 1.08E-04 

Dixdc1 713.66 1.10E-04 

P2ry12 60.26 1.13E-04 

Klhl33 26.35 1.17E-04 

Ttll10 71.27 1.20E-04 

6430562O15Rik 33.25 1.20E-04 

Syt16 89.53 1.24E-04 

Ak5 116.63 1.29E-04 

Kdm6b 858.53 1.30E-04 

Gm41349 29.85 1.32E-04 

Togaram2 43.55 1.37E-04 

Gm46603 82.73 1.38E-04 

Tmlhe 95.80 1.48E-04 

Ankrd45 32.87 1.49E-04 

Gfra3 52.80 1.53E-04 

Tvp23a 78.62 1.56E-04 
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Palm 161.23 1.57E-04 

Zfp951 66.26 1.57E-04 

Sema5a 15.54 1.58E-04 

Tmed6 255.67 1.59E-04 

Dok1 80.25 1.59E-04 

BC051142 72.04 1.63E-04 

Rab15 49.49 1.66E-04 

Oasl1 16.22 1.66E-04 

Sytl3 60.41 1.67E-04 

Speg 43.40 1.79E-04 

Pcsk2os1 375.40 1.80E-04 

Nr1h3 161.37 1.81E-04 

Cacna2d2 113.79 1.86E-04 

Eppk1 90.21 1.92E-04 

Lmx1b 163.46 1.99E-04 

Zmiz1 1276.53 1.99E-04 

Nckap5l 64.00 2.00E-04 

Mapk15 372.42 2.03E-04 

Ikbke 246.01 2.14E-04 

Nxpe4 38.16 2.18E-04 

Slc7a3 19.50 2.18E-04 

AC109619.1 53.80 2.19E-04 

Slc12a5 256.21 2.20E-04 

Nav2 2180.84 2.26E-04 

Gm37859 36.89 2.29E-04 

Angptl7 159.81 2.31E-04 

Lrrc3 39.88 2.38E-04 

Pyy 18636.08 2.42E-04 

Rab26 30.95 2.50E-04 

Srrm4 166.83 2.50E-04 

Scd1 64.79 2.54E-04 

Guca1a 21.32 2.64E-04 

Shroom1 27.80 2.73E-04 

Crocc 1106.94 2.95E-04 

Tppp 17.70 3.09E-04 

Egfl7 24.38 3.12E-04 

Gm30015 24.13 3.28E-04 

Adam32 53.37 3.31E-04 

Ada 29.32 3.41E-04 

Gm9403 31.51 3.58E-04 

Cd24a 1542.38 3.66E-04 

Fam129a 272.18 3.72E-04 

Nol4l 345.50 4.22E-04 

Gm10602 23.26 4.22E-04 

Cacng4 58.14 4.26E-04 

Gna14 21.23 4.31E-04 

Fes 18.79 4.35E-04 

Hyal1 48.74 4.35E-04 

1500004A13Rik 41.98 4.62E-04 

Zswim6 72.33 4.73E-04 

Tagln3 34.79 4.73E-04 

Chd5 611.64 5.51E-04 

Zfp385a 34.57 5.72E-04 

Mest 162.15 5.78E-04 

Mfng 18.04 5.78E-04 

Aox1 254.20 5.99E-04 

Pisd-ps1 154.90 6.02E-04 

A2ml1 54.91 6.16E-04 

Dcdc5 42.64 6.33E-04 

Kcnc3 567.26 6.63E-04 

Fut4 89.66 6.95E-04 

Scn3a 535.50 7.01E-04 

Neat1 5602.04 7.05E-04 

Gm37834 18.23 7.06E-04 

Nyap1 136.55 7.09E-04 

4931431B13Rik 109.35 7.13E-04 

Zfp872 47.12 7.25E-04 

Slc2a10 31.32 7.29E-04 

Susd2 23.01 7.33E-04 

Iqsec1 180.13 7.43E-04 

Syngap1 736.44 7.67E-04 

Gm26691 26.04 7.71E-04 

Xrcc3 240.95 7.73E-04 

Top1mt 25.79 8.29E-04 

Gprin2 25.97 8.32E-04 

Unc5c 257.61 8.41E-04 

Ssc4d 83.87 8.41E-04 

Catip 14.56 8.53E-04 

Caps2 49.62 9.21E-04 

Gm16035 17.23 9.31E-04 

Rnf138rt1 424.82 9.55E-04 

D430040D24Rik 17.76 9.62E-04 

Gm4791 137.81 9.75E-04 

Hspa1b 23664.15 9.88E-04 

Rnasel 59.11 9.93E-04 

9130230L23Rik 31.75 9.95E-04 
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Sec14l4 79.11 0.001011 

9430021M05Rik 17.26 0.001054 

Zfp518a 450.67 0.001072 

Xrra1 31.02 0.001103 

Pcdh15 558.68 0.001173 

Gm50039 14.74 0.001175 

Acvr1c 157.22 0.00123 

Tesc 31.16 0.001234 

Ldb3 21.39 0.001255 

Jhy 94.12 0.001295 

Mycbpap 77.83 0.001299 

Pik3r5 44.33 0.001398 

Tspan8 971.23 0.001444 

Gm20627 19.05 0.001501 

Tcf24 1395.55 0.001578 

1700108N11Rik 13.74 0.001611 

Shank2 76.85 0.001669 

Ppy 18091.19 0.0017 

Rem2 113.29 0.001755 

Sh3bgrl2 90.19 0.00182 

Nrip3 66.72 0.001825 

Atp1a3 26.90 0.001909 

Dok7 67.78 0.001999 

Barhl1 20.89 0.002005 

Rab29 20.34 0.002026 

Astn2 13.25 0.00205 

Nova2 215.75 0.002063 

4632411P08Rik 28.15 0.002108 

Gm45546 20.63 0.002108 

Gm46565 52.94 0.002138 

Uba7 204.72 0.002145 

4930539E08Rik 59.98 0.002255 

Gpr62 33.32 0.002273 

Nsg1 44.62 0.002368 

Rhov 31.76 0.002399 

Crb1 165.50 0.002457 

F5 145.98 0.002469 

Gcnt1 35.86 0.002473 

Sema4c 169.58 0.002507 

Slc38a11 18.27 0.002514 

Rad51ap2 116.63 0.002523 

Gm3924 39.88 0.002642 

Chrm4 57.91 0.002687 

Wdr49 64.33 0.002788 

Rbms3 162.85 0.002846 

Ksr1 23.29 0.002888 

Gm31518 29.83 0.002927 

Gm50462 17.67 0.003184 

Fev 113.04 0.003226 

Afap1l1 19.18 0.003249 

Wipf3 36.12 0.003249 

B3galt2 306.49 0.003314 

Caskin1 148.34 0.003321 

Gm16283 21.49 0.003503 

Nav3 95.83 0.003528 

Tcirg1 144.31 0.003529 

Dtna 31.56 0.003818 

Esyt3 31.59 0.004164 

H2-Q1 10.72 0.004219 

Slc8b1 49.13 0.004324 

Efnb2 26.40 0.004411 

Rab3il1 19.81 0.00449 

Pappa2 5015.56 0.00453 

Ano9 36.46 0.004594 

Dnajc22 28.17 0.004608 

B3gat1 30.39 0.004613 

Cfap73 15.72 0.004623 

Yap1 17.25 0.004882 

Efcab12 23.05 0.004941 

Hhex 395.23 0.00495 

Zan 25.59 0.004963 

Pdk4 221.06 0.004981 

C1qtnf1 25.07 0.005311 

Radil 49.38 0.005615 

Fam13a 16.15 0.005655 

Tro 105.75 0.005703 

Serpinh1 197.65 0.005874 

Zc3h12a 19.79 0.005904 

Syt6 20.55 0.005952 

Rasd1 2225.66 0.00605 

Smim5 21.06 0.006199 

AC107792.1 18.40 0.00637 

Masp1 25.39 0.006674 

Sorcs1 18.96 0.006895 

Sdc1 33.35 0.006921 

Gm10366 13.90 0.007237 
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Col11a2 102.38 0.007809 

Rhbdf1 48.85 0.007811 

Ccdc60 11.10 0.00821 

Zfp36l1 22.73 0.008386 

Gm10282 215.07 0.008622 

Ankef1 29.60 0.008721 

Ehf 377.65 0.00891 

Gm37090 53.17 0.00892 

Dock6 250.90 0.009089 

Adora3 18.25 0.009238 

A330023F24Rik 320.50 0.009263 

Pcdhgc4 817.95 0.00987 

 

Upregulated Padj < 0.01, fold-change > 2 

geneSymbol baseMean padj 

Serpina7 1424.83 2.55E-44 

Sptb 557.98 5.38E-37 

Lipa 365.67 9.86E-36 

Tacr3 123.14 6.67E-33 

Grtp1 1236.10 4.20E-32 

Dner 1142.24 3.19E-29 

Sparcl1 105.97 1.84E-23 

Galns 1228.28 4.61E-23 

Ckb 6851.15 8.21E-22 

Epdr1 307.55 8.65E-21 

B4galt4 307.59 1.52E-19 

Mapt 1808.46 2.87E-19 

Pcp4 545.95 6.06E-19 

S100a4 244.62 2.79E-18 

Gsto1 438.69 2.81E-18 

Me3 254.04 4.84E-18 

P3h2 206.02 5.76E-18 

Pex5l 3053.19 1.37E-17 

Tnfrsf12a 253.30 1.82E-16 

Wasf1 143.77 4.92E-16 

Wfdc16 240.93 1.18E-14 

Txnrd3 184.71 1.38E-13 

Bzw2 497.54 1.45E-13 

Gucy2c 1337.39 1.92E-13 

Mmachc 557.87 4.58E-13 

Cldn2 130.42 5.20E-13 

Pwp2 487.74 1.63E-12 

Coq7 674.57 2.03E-12 

Ptrh1 133.20 3.11E-12 

Pfkp 1130.26 3.31E-12 

Gpx2 1018.85 4.42E-12 

Vegfc 98.89 9.11E-12 

Cdkn1a 2053.60 1.37E-11 

Gnb1l 184.26 1.63E-11 

Pcp4l1 600.83 2.94E-11 

Sept6 114.32 4.17E-11 

Ndufaf2 249.79 7.85E-11 

Tnfrsf23 728.00 1.08E-10 

Fam189a2 143.92 2.09E-10 

Trim9 1122.85 3.48E-10 

Rabepk 277.38 3.77E-10 

Srl 92.65 7.87E-10 

Ybx3 2309.47 1.05E-09 

Ndufb6 1422.94 1.55E-09 

Exosc8 211.04 2.50E-09 

Rps2-ps10 89.05 2.82E-09 

Dach2 192.99 4.33E-09 

Hsd17b10 741.79 5.61E-09 

Mad2l2 325.14 5.66E-09 

Spsb4 109.25 7.56E-09 

Rps6ka6 188.63 1.62E-08 

Nrsn1 702.66 1.66E-08 

Vcl 447.62 1.68E-08 

Ehd4 464.63 1.71E-08 

Dapl1 1522.34 2.04E-08 

2200002J24Rik 56.38 3.63E-08 

Hsd17b12 4365.05 3.70E-08 

Dctpp1 160.74 3.97E-08 

Thyn1 518.00 5.35E-08 

Abcb11 78.86 5.61E-08 

Ccdc85a 111.11 7.01E-08 

Atp5b 22658.88 7.43E-08 

Kntc1 161.71 8.11E-08 

Aass 241.26 8.27E-08 

Sergef 239.25 8.77E-08 

Nhp2 337.70 1.27E-07 

Gtse1 45.19 1.30E-07 

Nt5c 399.13 1.48E-07 

Prr29 32.38 1.83E-07 
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Timm50 628.55 1.94E-07 

Nrtn 364.18 2.00E-07 

Il13ra1 919.05 2.26E-07 

Nln 404.07 2.82E-07 

Cd68 23.30 2.90E-07 

Apex1 508.62 4.74E-07 

Mrm3 152.64 7.48E-07 

Timm10 190.79 8.08E-07 

Gc 7383.39 8.78E-07 

Vav3 52.69 1.27E-06 

Rab32 27.36 1.35E-06 

Ccdc33 26.17 1.85E-06 

Srd5a1 39.99 1.96E-06 

Msra 348.64 1.99E-06 

Gm49477 100.42 1.99E-06 

Taf4b 105.77 2.05E-06 

Insyn1 41.32 4.44E-06 

Zfp365 450.40 4.77E-06 

Cyc1 2008.44 7.35E-06 

Adgra3 428.20 7.43E-06 

Nit2 159.24 7.59E-06 

Eef1akmt4 126.50 7.69E-06 

Gldc 72.39 7.74E-06 

Ccdc87 23.54 8.11E-06 

Tst 51.36 8.20E-06 

BC051226 132.11 9.64E-06 

Cd320 384.05 1.01E-05 

Hectd2os 96.23 1.02E-05 

Nop16 409.17 1.15E-05 

Clybl 242.06 1.22E-05 

Dnaic1 290.23 1.23E-05 

Agt 720.65 1.35E-05 

Pinx1 111.67 1.38E-05 

Ppargc1a 204.81 1.43E-05 

Pim2 2187.24 1.56E-05 

Stom 131.67 1.59E-05 

H2aj 964.90 1.63E-05 

Hsd17b7 276.14 1.77E-05 

Iqgap2 262.05 1.79E-05 

Cklf 99.47 1.79E-05 

Dhrs13 155.29 1.84E-05 

Ttc36 23.36 1.94E-05 

Ascl1 47.43 2.11E-05 

2600014E21Rik 38.18 2.26E-05 

Svopl 40.34 2.32E-05 

Phactr3 267.07 2.58E-05 

Gm13127 45.58 2.76E-05 

Cntn4 31.45 3.15E-05 

Mapkapk3 425.66 4.22E-05 

Mrpl41 744.85 4.39E-05 

Zp2 92.74 4.61E-05 

Grwd1 297.86 4.68E-05 

Rasl10b 447.43 5.19E-05 

Cenpn 40.35 5.20E-05 

Stpg1 22.06 5.69E-05 

Comtd1 184.15 6.52E-05 

Noc4l 280.88 7.25E-05 

Gcat 810.29 8.48E-05 

Pdss1 82.23 9.60E-05 

Uckl1os 109.90 9.67E-05 

Tubb5 3183.26 1.22E-04 

Asf1b 68.41 1.26E-04 

Dipk1a 78.36 1.45E-04 

Itpka 87.91 1.59E-04 

Ttyh1 620.96 1.66E-04 

Gm16006 36.35 1.71E-04 

Psmc3ip 77.37 1.87E-04 

Ppm1e 605.83 2.27E-04 

Steap1 81.80 2.30E-04 

Inka1 14.72 2.31E-04 

Gm10658 17.87 3.13E-04 

Dlg2 96.21 3.53E-04 

Mrpl19 523.08 3.59E-04 

Gm13461 87.09 3.83E-04 

Lmo2 25.84 4.19E-04 

Alb 21.76 4.84E-04 

Phlda3 206.19 6.16E-04 

Plb1 24.96 6.40E-04 

Phb 1659.12 6.58E-04 

Gm20754 22.34 7.64E-04 

Espl1 29.89 7.89E-04 

Gm4798 28.37 8.14E-04 

Col16a1 165.27 8.22E-04 

Gsto2 139.12 0.001042 

Gdap1l1 1834.03 0.001241 

Gm40477 31.80 0.001254 



198 

 

Dynll1 1468.59 0.001268 

Polr1e 194.12 0.001282 

Inka2 359.29 0.001301 

Sftpd 117.73 0.001399 

Pabpn1l 17.07 0.001468 

Tmem74b 16.83 0.001566 

Ube2l6 315.83 0.001588 

Slc14a2 149.48 0.001808 

Panx1 139.36 0.001931 

Barx2 63.95 0.002138 

Pthlh 133.22 0.002507 

Baz1a 198.05 0.002507 

Gm42031 41.66 0.003022 

Tyms 236.30 0.003258 

Neb 101.33 0.003323 

Gm44717 44.07 0.003529 

Gm34680 22.46 0.00378 

Immp2l 103.30 0.003819 

A330009N23Rik 42.22 0.003972 

Ccdc141 139.62 0.003976 

Ntn1 21.86 0.004002 

Srpk3 47.65 0.004401 

Nudc-ps1 55.69 0.004509 

Pecam1 21.92 0.004752 

Oip5 17.56 0.005655 

Gm26712 17.87 0.005864 

4833419F23Rik 14.26 0.006644 

C78197 31.51 0.006698 

Gm8960 20.77 0.007161 

Gm5869 19.35 0.007317 

Shroom4 71.37 0.007736 

Erich6 81.70 0.00778 

Gm2115 373.39 0.008048 

Sh3bp1 17.51 0.008376 

Gm9797 26.23 0.00843 

Ttk 19.62 0.008493 

Pdlim3 12.87 0.008826 

 


