
Chapter 10

Chromatin Switching and Gene Dynamics

Associated with Type 2 Diabetes

Ian C. Wood

Abstract Type 2 diabetes (T2DM) is a chronic disease with a rapidly increasing

global burden. An early event in the disease is deregulation of glycaemic control

resulting in periods of hyperglycaemia. Large-scale clinical studies have shown that

complications resulting from this hyperglycaemia can be manifest long after

glycaemic control has been restored (UKPDS, Intensive blood-glucose control

with sulphonylureas or insulin compared with conventional treatment and risk of

complications in patients with type 2 diabetes (UKPDS 33) UK Prospective Diabe-

tes Study (UKPDS) Group. Lancet 352:837–852, 1998; Chalmers J, Cooper ME,

UKPDS and the legacy effect. N Engl J Med 359:1618–1620, 2008), a phenomenon

known as the “legacy effect” (Holman RR et al., 10-year follow-up of intensive

glucose control in type 2 diabetes. N Engl J Med 359:1577–1589, 2008). Such

continued development of cardiovascular complications, which result from prior

exposure to hyperglycaemia, has led to the proposal of a “metabolic memory”

(Cooper ME, Metabolic memory: implications for diabetic vascular complications.

Pediatr Diabetes 10:343–346, 2009). Such a hypothesis suggests that a transient

exposure to hyperglycaemia results in persistent changes in gene expression that are

not reversed merely by restoring glycaemic control. Support for early, persistent

changes came from the Diabetes Control and Complications Trial (DCCT) which

revealed that early glycaemic control in diabetic patients led to sustained benefits

and better outcomes (Cooper ME, Metabolic memory: implications for diabetic

vascular complications. Pediatr Diabetes 10:343–346, 2009), and it has recently

been proposed that minimising early exposure to hyperglycaemia is paramount

(Aizawa T, Funase Y, Intervention at the very early stage of type 2 diabetes.

Diabetologia 54:703–704; author reply 707–708, 2011). Currently, the most attrac-

tive potential mechanism responsible for the “legacy effect” is epigenetic,

manifested by changes in DNA methylation and/or posttranslational modifications
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on histones. Over the last decade, numerous studies have identified correlations of

specific epigenetic marks with type 2 diabetes, and more recently the mechanisms

by which these changes lead to persistent alterations in gene expression levels have

been interrogated.
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Abbreviations

CBP CREB-binding protein

COMPASS Complex proteins associated with Set1

CREB cAMP response element binding protein

DCCT Diabetes Control and Complications Trial

DNMT DNA methyltransferase

H3K4me1 Monomethylated Histone H3 lysine 4

H3K4me2 Dimethylated histone H3 lysine 4

H3K4me3 Trimethyl histone H3 lysine 4

H3K9me2 Dimethyl histone H3 lysine 9

HDAC Histone deacetylase

HAT Histone acetyltransferase

HMT Histone methyltransferase

HUVECS Human umbilical vein endothelial cells

IL Interleukin

JMJD2 Jumonji domain 2

LSD1 Lysine-specific demethylase 1

NFAT Nuclear factor of activated T cell

PGC-1α Peroxisome proliferator-activated receptor gamma coactivator-1

alpha

SAM S-adenosylmethionine

shRNA Short hairpin RNA

T2DM Type 2 diabetes mellitus

TGF Transforming growth factor

TNF Tumour necrosis factor

VEGF Vascular endothelial growth factor

VSMC Vascular smooth muscle cell
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10.1 Introduction

The proposal that epigenetic mechanisms contribute to the progression and

complications associated with type 2 diabetes has been around for many years. In

1990, Roy et al. reported a persistent change in the levels of fibronectin mRNA in

tissues from diabetic rats and cultured human endothelial cells after a short period

of exposure to high levels of glucose (50 mmol/l) and suggested heritable changes

in chromatin structure as a potential mechanism underlying their observations (Roy

et al. 1990). More recently, such a suggestion has been gaining support with further

studies that provide evidence supporting the notion that changes in chromatin are

induced during diabetes and by exposure to hyperglycaemia (Maier and Olek 2002;

Ling and Groop 2009; Reddy and Natarajan 2011; Villeneuve et al. 2011). Though

there is still relatively limited understanding of the complete molecular details,

changes in posttranslational modifications on histones have been associated with

the gene expression changes seen in diabetes (Pirola et al. 2010). Alterations in

several types of posttranslational modification including DNA methylation, histone

acetylation and histone methylation have been observed in animal and cell models

of diabetes and associated with changes in gene expression (Pirola et al. 2010).

10.2 DNA Methylation

Methylation of DNA involves the addition of a methyl group to specific cytosine

residues of DNA by DNA methyltransferase enzymes (DNMTs). DNA methylation

was the first described epigenetic mark and methylation of the DNA for a specific

gene generally leads to silencing of expression of that gene. DNA methylation

has long been known to function as a cellular memory, and the mechanisms by

which DNA methylation can be inherited over many cell generations are well

understood (Jaenisch and Bird 2003). There is some good correlative data which,

collectively, points an accusing finger at DNA methylation for a role in metabolic

memory and diabetes, reviewed in Maier and Olek 2002. DNMTs use the donor

S-adenosylmethionine (SAM) for the methyl group, and perturbations in the level

of available SAM, which is influenced by diet, can have some profound effects on

the extent of DNA methylation. Low levels of SAM are associated with global

hypomethylation and may contribute to formation of cancers (Singh et al. 2003).

Individuals with diabetes show reduced concentrations of SAM in their blood

suggesting a potential hypomethylation of genes in these individuals and potential

for perturbed gene expression levels (Poirier et al. 2001). In addition to global

effects on methylation resulting from fluctuations in the levels of SAM, DNA

methylation is also influenced by many cell signalling pathways. Methylation of

cytosines within specific genes is controlled by the recruitment of DNMTs by

regulatory cofactors in response to local environmental cues (Szyf and Detich
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2001; Turek-Plewa and Jagodzinski 2005). DNA methylation was originally

thought to be an essentially irreversible modification that could only be removed

through the process of cell division and DNA replication. However, there is now

compelling evidence supporting a mechanism of active demethylation, though a

precise molecular explanation for this process is still the subject of some conjecture

(Wu and Zhang 2010). Given that DNA methylation can be regulated by the local

cellular environment and, once deposited, methyl marks have the potential to be

stably maintained over many cell generations, it is an excellent candidate for a

mechanism responsible for cellular memory in type 2 diabetes. Consistent with

such notion, a role for DNA methylation has recently been identified as a contribu-

tory mechanism to learning and memory in the brain, and memories can be

maintained many years after the event that initiated them (Day and Sweatt 2010).

The discovery of active DNA demethylation does provide some optimism that any

cellular memory encoded by DNA methylation could eventually be reset with the

use of an appropriate intervention.

Though there is no definitive experimental data that has unequivocally

demonstrated that DNA methylation is responsible for metabolic memory in type

2 diabetes, many studies have reported associations between altered methylation in

models of diabetes and as a result of hyperglycaemia in culture. In the Zucker (type

2) diabetic fatty rat, increased levels of global DNA methylation were observed at

12 and 21 weeks in the liver although not in the kidney or heart (Williams and

Schalinske 2011). The authors also observed an increase in expression of DNMT1

in the liver at 21 weeks, but not at 12 weeks. The significance of this increase is not

entirely clear, as it follows the increase in DNA methylation; it cannot be the driver

for it though it may be involved in maintaining high methylation levels. Cultures of

the human hepatocellular carcinoma cell line, HepG2, also show an increase in

DNMT activity and global DNA methylation in response to a 72-h exposure to high

(16.7 mmol/l) glucose (Chiang et al. 2009).

The db/db mouse contains a natural mutation in the leptin receptor gene and is a

well-established model of diabetes, providing an in vivo model to study the

progression of and mechanisms underlying diabetes (Lee et al. 1996). In these

mice, the gene encoding the insulin-like growth factor 1 receptor (Igfr1) shows

enhanced levels of DNA methylation and reduced levels of mRNA expression in

skeletal muscle compared to wild-type mice (Nikoshkov et al. 2011). Human

patients with type 2 diabetes also show increased methylation within the gene for

peroxisome proliferator-activated receptor gamma coactivator-1 alpha (PGC-1α)
within skeletal muscle, and the levels of methylation showed inverse correlation

with mRNA levels (Barrès et al. 2009). In pancreatic islet cells from patients with

type 2 diabetes, the insulin gene shows increased levels of DNA methylation and

decreased levels of mRNA compared to nondiabetic individuals (Yang et al. 2011).

Consistent with a role for hyperglycaemia in this response is the observation that rat

pancreatic beta cells showed similar changes when cultured in high glucose

(16.7 mmol/l) for 72 h (Yang et al. 2011). These recent data provide some

suggestions that perturbation in DNA methylation resulting directly or indirectly
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from hyperglycaemia results in changes of gene expression relevant to type 2 dia-

betes in different tissues.

Technological advances such as microarray analysis and high-throughput

sequencing techniques over recent years now allow researchers to interrogate the

entire genome and uncover novel target genes whose involvement was previously

unrecognised. One recent study used a high-throughput sequencing approach to

examine the epigenetic landscape of cultured human aortic endothelial cells

exposed to hyperglycaemia (30 mmol/l glucose). The analysis revealed an increase

in DNA methylation across many sites within the genome (Pirola et al. 2011). Such

methylation would be predicted to result in reduced gene expression, and although

this was not directly tested, it was shown that the regions of increased DNA

methylation did not overlap with regions of high levels of histone acetylation

which were associated with gene expression (Pirola et al. 2011).

These data suggest an involvement of DNA methylation in defining the patho-

physiological phenotype of cells from individuals with type 2 diabetes. Such

changes in DNA methylation may be the direct result of a short period of

hyperglycaemia, and the hypothesis that such changes are responsible for, or at

least contribute to, the observed metabolic memory is attractive. To date much of

the data collected on DNA methylation and type 2 diabetes is correlative, and it is

not clearly understood if DNA methylation changes cause or are the result of

complications associated with type 2 diabetes. Hopefully such questions will be

addressed in the future.

10.3 Histone Methylation

Like DNA, histones are also a substrate for methylation. Both lysine and arginine

residues on histones can be methylated and multiple methyl groups can be added to

each. Lysine can be mono-, di- or trimethylated, while arginine can be mono-,

symmetrically di- or asymmetrically dimethylated (Fig. 10.1). The consequence of

the methylation is dependent on the exact nature of methylation. For example,

trimethylation of histone H3 lysine 4 (H3K4me3) is associated with active gene

promoters, while methylation of H3K9 is associated with gene repression. Histones

are methylated by a series of enzymes known as histone methyltransferases (HMTs)

and histone methylation was originally thought to be irreversible. However, over

the last few years, several enzymes have been identified that that can actively

remove methyl groups from histones, and it is now appreciated that histone

methylation is very dynamic and contributes to many physiological responses

(Shi et al. 2004; Tsukada et al. 2006). Unlike DNA methylation, the process by

which posttranslational modifications such as histone methylation can be preserved

across multiple cell divisions remains unclear. However, some data suggest that

during DNA replication, the histones are partitioned between the old and newly

synthesised DNA and that newly inserted histones are modified to match their

neighbours (Xu et al. 2010). Histone methylation impacts on chromatin function by
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influencing the set of proteins that are recruited to a specific gene. Adding or

removing methyl groups on specific histone residues creates, or destroys, binding

sites for specific proteins via their chromodomains, PHD fingers or Tudor domains

(Chen et al. 2011; Sanchez and Zhou 2011; Yap and Zhou 2011). Ultimately the

proteins recruited induce changes in the expression of the underlying genes, either

directly by influencing the activity of the RNA polymerase or its associated

subunits or indirectly by initiating further chromatin modifications or changes to

the overall structure.

To uncover the consequences of metabolic disturbance on histone methylation,

Miao et al. profiled the levels of dimethylated histone H3 lysine 4 (H3K4me, which

is preferentially, but not exclusively, associated with active genes) and

dimethylated histone H3 lysine 9 (H3K9me2, which is associated with repressed

genes) of monocytes cultured in normal or high (25 mmol/l) glucose (Miao et al.

2007). This study identified 9 and 26 genes that showed decreased and increased

H3K4me2 levels in high glucose conditions, respectively. One of the genes

showing increased levels of H3K4me2 was the histone K9 demethylase JMJD2A.

Increased expression of JMJD2A could reduce epigenetic silencing at other loci by

Fig. 10.1 Posttranslational modification of lysine and arginine residues in histones. (a) Illustra-

tion shows the results of posttranslational modifications on the structure of lysine.

Acetyltransferases can add an acetyl moiety onto the lysine to give acetyl lysine (left) which not

only provides a structural change but also removes the positive charge carried by the native lysine.

Methyltransferases can add one, two or three methyl groups onto the lysine to produce three forms

of methylated lysine (right). Unlike acetylation, the addition of methyl groups does not affect the

positive charge carried by the lysine. (b) Illustration showing the results of posttranslational

modifications on the structure of arginine
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removing H3K9 methylation, inhibiting the H3K9me dependant repression at these

genes and thus providing a feed forward mechanism. It is not clear that JMJD2A

expression is actually increased though as no measurements of this were reported

and overall the changes in H3K4me2 levels at genes did not correlate well with

changes in expression of the associated mRNA. Thus, although the H3K4me levels

were increased, there is not really a strong argument that the levels of JMJD2A

would necessarily go up as a result. The levels of H3K9me2, which is associated

with gene repression, were increased in 39 genes and decreased in 11 genes. Unlike

H3K4me2 and consistent with many other studies, the changes in the levels of

H3K9me2 did correlate very well with changes in gene expression (Miao et al.

2007).

Increased inflammatory gene expression has long been associated with type

2 diabetes and insulin resistance (Dandona et al. 2004), and many groups focus

on the mechanisms responsible for such changes. A major driver of inflammatory

gene expression is the transcription factor NF-κB (though it also has other roles too)

which is regulated both by expression levels and through a cytoplasmic sequestra-

tion mechanism. In bovine endothelial cells, a transient (16 h) exposure to

hyperglycaemia (30 mmol/l glucose) increased levels of NF-κB mRNA which

were sustained over a 6-day period (Brasacchio et al. 2009). Increased NF-κB
levels were associated with monomethylation of H3 lysine 4 (H3K4me1) most

likely brought about as a result of recruitment of the histone methyltransferase

SET7 to the NF-κβ promoter (Brasacchio et al. 2009). Indeed knockdown of SET7

abolished the increase in NF-κΒ in response to hyperglycaemia. As well as the

addition of an activating histone modification, hyperglycaemia produced a reduc-

tion of the repressive H3K9 methylation mark by the histone demethylase, LSD1

(El-Osta et al. 2008; Brasacchio et al. 2009). Induction of NF-κΒ activity may also

be important in modulating the VSMC phenotype during diabetes, and cultured

porcine VSMCs show increased NF-κΒ function when cultured in high (25 mmol/l)

glucose (Yerneni et al. 1999). NF-κB activity drives expression of many inflamma-

tory genes such as tumour necrosis factor (TNF)-α and interleukin (IL)-1β and

plays a contributory role to vascular complications such as atherosclerosis.

Hyperglycaemia also increases expression of a second transcription factor,

NFAT, associated with proliferation and migration of VSMC as well as neointima

formation. Mouse cerebral arteries cultured in 20 mmol/l glucose and blood glucose

levels of 17.6 mmol/l in mice resulted in an increase of nuclear NFAT activity and

potentially contribute to vascular dysfunction in patients with type 2 diabetes

(Nilsson et al. 2006; Nilsson-Berglund et al. 2010).

Consistent with increased function of transcription factors that regulate inflam-

matory associated genes, VSMC from type 2 diabetic mice (db/db) show persistent

changes in inflammatory gene expression even after isolation and culturing in vitro

(Li et al. 2006). Correlating with this increased gene expression are reduced levels

of the repressive histone mark H3K9me3 at the promoters of inflammatory genes

(Villeneuve et al. 2008). The reduced levels of H3K9me3 are associated with

reduced expression and a reduced recruitment of the histone methyltransferase

Suv39h1 (Fig. 10.2a), which is the key methyltransferase responsible for the
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deposition of this mark, to the promoters of inflammatory genes. Ectopic expression

of Suv39h1 in VSMC from db/db mice could reverse the inflammatory phenotype

and led to the decrease in inflammatory gene expression. When cultured for a 2-

week period in high glucose (25 mmol/l), human VSMC also showed a decrease in

the levels of H3K9me3 at inflammatory gene promoters, and consistent with the

mouse model, SUV39H1 is implicated in this response. In this case, knockdown of

SUV39H1 by shRNA potentiated inflammatory gene expression, while ectopic

expression of SUV39H1 reduced the induction of inflammatory gene expression

by TNF-α (Villeneuve et al. 2008).

Mesangial cells are smooth muscle cells which regulate capillary blood flow in

the kidney and show a loss of contractility in diabetes. When exposed to high

glucose (30 mmol/l) for 48 h, cultured mesangial cells showed an increased

expression of several extracellular matrix-encoding genes. This increased gene

expression could be inhibited by an antibody to TGF-β1 (a secreted peptide

known to play a role in type 1 diabetes) suggesting the increase involves TGF-β1

Fig. 10.2 Changes in chromatin modifications in response to hyperglycaemia. Exposure of

endothelial cells to high concentrations of glucose leads to changes in the recruitment of different

chromatin-modifying enzymes to specific gene promoters and a subsequent change in the expres-

sion levels of those genes. (a) In the presence of high glucose, the histone methyltransferase Set7/9

and the histone demethylase LSD1 both show increased recruitment to chromatin in endothelial

cells, while recruitment of the histone methyltransferase SUV39H1 is reduced. Changes in the

recruitment of these enzymes result in an increase of H3K4me and decrease in H3K9me and

increased expression of genes including NF-κb, TNF-α, TGF-β and IL-β. (b) In the presence of

high glucose, the histone acetyltransferase p300 shows enhanced recruitment to some genes and

leads to increased levels of H3K9 and H3K14 acetylation levels and expression of genes such as

NF-κb, CREB and AP-1. The precise molecular details connecting high glucose levels to the

recruitment of these chromatin-modifying enzymes are yet to be uncovered
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activity (Sun et al. 2010). The increases in gene expression correlated with a

decrease in the repressive marks H3K9me2 and H3K9me3 and an increase in the

active marks H3K4me1, 2 and 3 across those genes. The changes seen in H3K4

methylation appear to involve the histone methyltransferase Set7/9 as recruitment

of Set7/9 is enhanced in response to high glucose and knockdown of Set7/9 inhibits

the increase in expression (Sun et al. 2010). Clearly other chromatin-modifying

factors must also be involved as Set7/9 is only able to monomethylate H3K4 and

has no direct effect on the levels of H3K9 methylation.

These data identify some changes in histone methylation levels at specific genes

associated with type 2 diabetes. Short periods of hyperglycaemia have been

suggested as the priming event for long-term progression of complications in type

2 diabetes, and it is clear that increasing the glucose levels to which cells are

exposed is sufficient to trigger changes in histone methylation in some cell types.

The identification of specific histone methyltransferases and demethylases that

respond to hyperglycaemia should facilitate future investigations into the nature

of the signalling pathways involved.

10.4 Histone Acetylation

Lysine residues on histones are subject to the addition of an acetyl group

(Fig. 10.1a) by enzymes known as histone acetyltransferases (HATs), and this

acetylation can be reversed by a group of enzymes known as histone deacetylases

(HDACs). Inappropriate regulation of acetylation is associated with a host of

human disease states; mutations within the histone acetyltransferase and CREB-

binding protein (CBP) result in Rubinstein-Taybi syndrome, while HDAC

inhibitors are used as anticancer agents (Kalkhoven et al. 2003; Witt et al. 2009).

The addition of the acetyl group to the lysine residue neutralises the positive charge

of the amino group of the lysine residue and is thought to promote a more open

chromatin structure (Hansen et al. 1998). Such a change allows increased accessi-

bility to transcription factors and RNA polymerase and thus enhances levels of gene

transcription. Acetylated lysine residues are also recognised by bromodomain-

containing proteins, and thus, a second mechanism by which acetylation regulates

gene expression is by the recruitment of proteins and/or complexes that regulate

gene expression (Zeng and Zhou 2002).

As with histone methylation, there are a selection of studies that implicate a role

for histone acetylation changes in regulating the phenotype of cells in individuals

with type 2 diabetes. Rats fed a high-fat diet to induce hyperglycaemia showed

increased levels of histone acetylation of the fibrillin 1 gene in both the heart and the

kidney. The increased levels of acetylation were associated with increased levels of

fibrillin mRNA (Gaikwad et al. 2010). Monocytes from patients with diabetes also

show enhanced levels of histone acetylation (Miao et al. 2004) and increased

histone acetylation of some genes, e.g. Mll3 correlates with increased mRNA levels

(Miao et al. 2007). In a genome-wide study using human aortic endothelial cells,
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Pirola et al. identified a number of genes that were associated with increased levels

of H3K9 and H3K14 acetylation subsequent to high glucose (30 mmol/l) exposure

as well as a number of genes that were associated with reduced levels of acetylation

(Pirola et al. 2011). Analysis of the cohort of genes that showed hyperacetylation

identified regulation of apoptosis and the NF-κβ pathways as common pathways

that are influenced by these gene sets. The authors however could not uncover any

clear association with the hypoacetylated gene set and a specific cellular pathway.

Incubation of the endothelial cells with the histone deacetylase inhibitor,

suberoylanilide hydroxamic acid (SAHA), mimicked at least some of the hyperace-

tylation seen with hyperglycaemia. How much overlap there is between

hyperglycaemia-induced hyperacetylation and that induced as a result of histone

deacetylase inhibition is not known; presumably the latter would be more wide-

spread but it may be important to interrogate the response in the future given the

clinical use of histone deacetylase inhibitors to treat diseases such as cancer. In

general, histone acetylation of H3K9 and H3K14 is associated with gene expression

and hyperacetylation of genes in endothelial cells correlated well with an increase

in mRNA levels (Pirola et al. 2011). A mechanism leading to hyperacetylated

histones is suggested by experiments with human umbilical vein endothelial cells

(HUVECS). Incubation of cultured HUVECS in high glucose (25 mmol/l) resulted

in the increase of mRNA and protein level of the histone acetyltransferase p300 and

enhanced recruitment of p300 at the NF-κB and fibronectin genes (Chen et al.

2010). Several transcription factors, including NF-κB, CREB and AP-1, were all

induced by high glucose, and this induction was inhibited by knockdown of p300

while ectopic expression of p300 resulted in the increased expression of fibronectin,

endothelin 1 and VEGF mRNA levels under normal levels of glucose (Chen et al.

2010).

Hyperglycaemia induces the expression of some genes in VSMC though

whether VSMC shows increases in histone acetylation in type 2 diabetes similar

to other cell types is not clear. However, it is likely and changes in acetylation do

play an important role in VSMC proliferation and neointima formation. Inhibition

of HDAC enzymes (which should presumably result in hyperacetylation) with the

inhibitor Scriptaid reduced the proliferation of cultured rat VSMC by causing them

to arrest at the G1 phase of the cell cycle. Additionally, in vivo administration of

Scriptaid reduced the level of neointima in a mouse blood vessel injury model

(Findeisen et al. 2011). Such evidence is apparently contradictory, and taken at face

value, it would suggest that hyperacetylation in VSMC would be beneficial. Of

course actively promoting acetylation is not quite the same as inhibiting

deacetylation and these two approaches may not target the exact same set of genes.

Since it was first uncovered, regulation of histone acetylation has proven to be an

important mechanism by which expression levels of genes are regulated in all

tissues and in response to many pathophysiological stimuli. Clinically approved

HDAC inhibitors are already available to treat some cancers so a more detailed

understanding of acetylation in the progression of type 2 diabetes may uncover

some potential opportunities for alternative uses of them.
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10.5 Combinatorial Interactions

Histone proteins can be modified by acetylation, methylation, ubiquitination, phos-

phorylation and sumoylation. Many enzymes exist within the cell that can add or

remove specific marks, usually only at a subset of the potential amino acids within a

single histone. The availability of such an array of modifications led to the proposal

of a histone code (Turner 1993; Strahl and Allis 2000) – histone modifications are

read, either individually or in combination, by other proteins to bring about distinct

functional outcomes. Since then, researchers have come a long way in understand-

ing how single modifications are deposited and removed; however, it is clear that

knowledge of a single epigenetic mark is not sufficient to predict functional changes

in gene activity. Such observations suggest that combinations of histone

modifications must interact, though our understanding of such interactions, or

“crosstalk,” is still in its infancy. It is known that some modifications on histones

are dependent on or enhanced by the presence of others. An initial study identified a

requirement for the ubiquitination of histone H2B for the COMPASS complex to

methylate histone H3 in yeast (Fig. 10.3) (Dover et al. 2002). Enhanced acetylation

of histones can promote the methylation of H3K4 in cardiac myocytes (Fig. 10.3)

(Bingham et al. 2007), while histone deacetylation is required for demethylation of

H3K4 by LSD1 (Lee et al. 2005; Shi et al. 2005).

In type 2 diabetes, no specific interaction between histone modifications or

association with combinatorial marks has yet been uncovered though it is clear

that knowledge of a single mark is not sufficiently predictive of functional

outcomes. For example, the mRNA levels of Mll3 are increased in monocytes

from patients with type 2 diabetes, yet the gene is associated with an increase in the

repressive mark H3K9me2. Similarly, histone acetylation levels of the SBF1 gene

are also increased in monocytes which are exposed to high glucose, but the mRNA

levels are decreased (Miao et al. 2007). Clearly our understanding of the precise

relationship with specific epigenetic marks and gene activity is still incomplete, and

we need to discover how individual marks interact with each other to produce a

specific outcome. Advances in technology are enabling researchers to study a

greater number of histone marks across entire genomes (Barski et al. 2007) as

well as identifying epigenetic marks that coexist on the same nucleosome (Eberl

et al. 2011), while interrogation of the vast amounts of data being generated is

uncovering functional associations between marks and uncovering sets of chroma-

tin marks or chromatin signatures (Hon et al. 2008, 2009).

10.6 Conclusions

Periods of transient hyperglycaemia in patients with type 2 diabetes appear to

induce persistent changes that impact on an individual’s health after many years.

There is compelling evidence for an epigenetic mechanism involving changes in the
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posttranslational modifications of DNA and histones around specific sets of genes

which alter their long-term expression levels. Understanding which genes are

affected and which specific epigenetic marks are involved should open up new

avenues for treatment and/or management of complications associated with diabe-

tes. Gaining an appreciation of the timeline of chromatin changes (and in which

cells these are important) and how these relate to changes in gene expression levels

and disease progression may also provide new opportunities for more accurate

diagnoses that do not rely on quantifying the current metabolic state of an individ-

ual. Such data may provide a better predictive model regarding future potential

complications for an individual who has suffered a period of metabolic disturbance.
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