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Preface to this thesis

The current thesis "Gene-expression profiling to reveal pathogenic mechanisms in disease"
covers two seemingly incongruent biological topics. The first 4 chapters of my thesis
deal with the effects of diabetic pregnancy on gene expression in the embryo soon after
embryos become sensitive to adverse effects of maternal hyperglycemia. In these chapters,
a high-throughput version of serial analysis of gene expression ("deepSAGE") was used to
profile the spectrum and concentration of mRNAs and miRNAs in single embryos during
and shortly after gastrulation. The last 3 chapters focuses on epigenetic mechanisms
that drive gene expression, DNA methylation profiling of monocytes and macrophages of
patients with Crohn’s disease and how such epigenetic mechanisms affects the expression
of cytokines in these cells.

Article 15 of the Doctorate Regulations of the University of Amsterdam states that a
thesis should comprise a scientific treatise on a particular subject or a number of separate
scientific papers that have been published, provided that these demonstrate sufficient
coherence in relation to a particular subject. From my perspective the coherence between
both parts of the thesis is given by the nucleic-acid profiling aspect: the extraction of
high quality data from minute amounts of tissue and in using these data to reconstruct
the biology responsible for the data. For this reason, the title of this thesis highlights the
variety of studies including the role of gene transcription to help understand the basis of
disease.

Notwithstanding, I realize that the decision to include both groups of studies that
cover both mouse and human studies, and both expression and epigenetic mechanisms
to disease in one thesis may be judged as incoherent, but it does actually represent my
diverse areas of interest.

Jing Zhao





CHAPTER 1

THE EFFECT OF DIABETIC PREGNANCY ON EMBRYO DEVELOPMENT:
DEATH OR MALFORMATIONS

Jing Zhao

Tytgat Institute for Liver and Intestinal Research, Academic Medical Center, University
of Amsterdam, Amsterdam, The Netherlands



CHAPTER 1

1.1 Insulin regulation of glucose metabolism
Diabetes mellitus refers to a heterogeneous group of disorders, which have hyperglycemia
induced by deficiency or resistance to insulin, or both, in common [1, 2]. Insulin is a pep-
tide hormone produced by the β-cells of the pancreatic islets. It affects the metabolism of
carbohydrates, fats and protein by promoting the absorption of glucose from the circula-
tion into adipocytes, hepatocytes and striated myocytes [3]. In these tissues, the absorbed
glucose is metabolized or stored as glycogen, triglycerides, or both [3]. The pancreatic
β-cells are known to be sensitive to the glucose concentration in the blood. Their neigh-
boring α-cells secrete glucagon into the blood in an opposite manner, that is, when blood
glucose concentrations are low [3, 4]. Increased blood glucagon concentrations stimulate
hepatic glycogenolysis in the fed state and gluconeogenesis in the fasted state [e.g. 5],
and therefore increase circulating blood glucose concentrations. Increased blood insulin
concentrations suppress high blood glucose concentrations by stimulating glycogenesis in
liver and muscle [6], but when hypoglycemia develops, it first induces glycogenolysis and
subsequently primarily gluconeogenesis [7]. Conversely, if insufficient insulin is available,
converting hyperglycemia to euglycemia increases glycogenolysis and decreases gluconeo-
genesis [8]. As source of insulin and glucagon, the pancreas is, therefore, a key organ to
regulate blood glucose levels [9].

1.2 Type I and II diabetes mellitus
Usually, diabetes mellitus is divided into insulin-dependent or juvenile diabetes mellitus
(type I) and non-insulin-dependent or maturity-onset diabetes mellitus (type II). Type I di-
abetes results from progressive destruction of pancreatic β-cells by autoimmune processes,
leading to insulin deficiency and dependence on exogenous insulin [10]. The tell-tale signs
of this destruction are detectable by a laboratory blood test to look for markers including
antibodies against glutamic acid decarboxylase, membranous tyrosine phosphatase, islet
cells, and insulin [11]. About 10% of all people with diabetes have type I diabetes. Type
I diabetes has been divided into type IA and type IB, with type IA having an autoimmune
cause and type IB having no known cause yet. Histological analysis of the pancreas of
type IA diabetics who died within 18 months after diagnosis revealed a prominent role
for CD8+ cytotoxic T cells and macrophages in β-cell death during the early phase of
insulitis and an emerging role for CD20+ B cells during the late phase of insulitis [12].
CD20 is a phosphoprotein on the surface of all B cells except plasma cells that increases
in concentration as the B cell matures and can, therefore, serve as a marker for infiltrating
β-cells [13]. Insulitis with a high proportion of CD20+ B cells is associated with early on-
set T1D, whereas a low proportion is associated with later onset T1D [14]. Furthermore,
Rituximab (anti-CD20+ antibody) temporally delays or mitigates the onset of diabetes in
man and mice [15,16]. While these data implicate a critical role for CD20+ B cells, the
trigger that initiates islet inflammation remains unknown. Patients diagnosed with type
IB diabetes, with absolute insulin deficiency, have no evidence of autoimmunity and no
other known cause for β-cell destruction [17].

Type II diabetes is characterized by increased insulin resistance and decreased effectiv-
ity of insulin due to excess adipose tissue, or an immunological disorder. Some studies in
humans reported that intestinal bacterial translocation and alterations in the composition
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of gut microbiota [18] mediate inflammation of visceral adipose tissue and its adherent
organs like the pancreas, with upregulation of inflammatory gene expression [19, 20],
increased production of cytokines [21], and infiltration of macrophages [22, 23]. These
typical changes are thought to drive the development of obesity-related disorders such as
Type II diabetes. The destruction of β-cells in type II diabetes is less pronounced than in
type I diabetes and, when it occurs, it is probably caused by accumulation of amyloid in
the pancreatic islets [4]. Amyloids are aggregates of proteins that form fibrils. In humans,
amyloids may cause various diseases. Islet amyloid polypeptide (IAPP or amylin) appears
to play a role in the development of type II diabetes [24, 25]. Because of the relative
deficiency of insulin people may need extra insulin to control blood glucose levels [26].

The distinction of type I and II diabetes is far from straightforward and there is con-
siderable overlap between both diagnoses. Islet cell autoimmunity, which is characteristic
of type I diabetes mellitus, appears to be present in up to 10-15% of subjects diagnosed
clinically with type II diabetes mellitus. The UK Prospective Diabetes Study revealed that
in patients with type II diabetes, the presence of autoantibodies to the enzyme glutamic
acid decarboxylase and islet-cell cytoplasm were a predictor of insulin requirement when
compared with patients not carrying these autoantibodies. These results are strikingly
similar to a number of prospective studies carried out in childhood diabetes, where similar
antibodies were detected [27].

1.3 Gestational diabetes
Gestational diabetes is considered to be a separate category and refers to any degree
of glucose intolerance with onset or first recognition during pregnancy [28]. At present,
the prevalence of gestational diabetes is about 10% of all pregnancies and increasing
worldwide [29, 30]. Most studies consider gestational diabetes a disturbance in glucose
metabolism that results from the increased requirement for glucose by the placenta and
fetus during early pregnancy [31]. Growth retardation, spontaneous abortions and con-
genital malformations associated with maternal diabetes most frequently develop during
the first trimester, indicating that the embryo is most sensitive to the adverse effects of
maternal hyperglycemia during this period [32, 33].

Both in humans and rodents, the incidence and severity of the malformations in the
offspring correlated with blood glucose concentrations in the first 4 weeks of pregnancy
in man and first 10 days in mice, that is, before organogenesis in pregnant women the
fasting serum glucose levels of pregnancies with major anomalies in the offspring were 9.2
± 3.6 mmol/L, whereas those in pregnancies with no anomalies were 6.4 ± 2.1 mmol/L
[34-37]. The glucose concentrations in pregnant diabetic mice that we report were at least
~2-fold higher (e.g. Figure 1 in [38]. However, the glucose concentrations in control mice
were also elevated, which is probably due to the use of an anaesthetic (isoflurane) during
blood collection [39, 40]. The much higher glucose concentrations in animal models, even
if the relatively mild Loeken model [41] is used, than those seen in humans with diabetic
pregnancy has to be kept in mind when extrapolating the experimental results to the
human situation.
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1.4 Animal Models
So far, much of what we know about the autoimmune process in diabetes comes from
the study of animal models.

1.4.1 Genetic rodent models
Type I diabetes

Non-obese diabetic mouse model Non-obese diabetic (NOD) mice were first de-
scribed in 1974. In these mice type IA diabetes and insulitis developed spontaneously.
NOD mice have a mutation in exon 2 of the CTLA-4 gene, which causes it to be spliced
incorrectly [42]. CTLA-4 plays a major role in suppressing the T-cell immune response.
Without the proper functioning of CTLA-4, activated T cells invade the pancreas and
destroy β-cells, resulting in insulin deficiency. Once β-cells destruction is initiated, other
β-cell specific antigens become targets for the immune response including islet glucose-
related phosphatase [43, 44]. This animal model highlights the importance of genetic
predisposition in diabetes-associated autoimmunity, which is one of main explanations for
human type I diabetes.

Bio-breeding rat model The Bio-Breeding (BB) rat model is another often used model
of human type I diabetes. BB is an inbred laboratory rat strain that develops both
diabetes and thyroiditis. It originated in a Canadian colony of outbred Wistar rats in
which spontaneous hyperglycemia and ketoacidosis occurred in the 1970s [45]. The MHC
class II RT1u haplotype on chromosome 20 and a null mutation in the GIMAP5 gene on
chromosome 4 have been identified as susceptibility genes in the BB rat [46, 47]. The
mutation of Gimap5 results in severe T cell lymphopenia in the BB rat [48]. Recently,
8 addition loci on chromosomes 1, 2, 3, 6, 12 and 14 were shown to be linked to type I
diabetes in the BB rat [49].

Type II diabetes

C57BL/KsJdb mouse model The C57BL/KsJdb mouse is a type II diabetes mouse
model reported in 1966 [50]. It is also commonly used as a model for gestational dia-
betes. The gene mutation is located on chromosome 4. The mice suffer from hyperpha-
gia, develop severe hyperglycemia, become profoundly obese, and eventually also infertile
[50-53]. Their life span is about 10 months, when C57BL/KsJdb mice become ketotic
and gradually lose weight.

1.4.2 Chemically induced diabetic models
Alloxan-induced diabetic model

The alloxan diabetic animal model was first described in rabbits in 1943 [54]. Alloxan is
an oxidized pyrimidine derivative that causes diabetes, because it specifically accumulates
in the β-cells of the pancreas through uptake via the GLUT2 glucose transporter [55].
Inside the β-cells, alloxan generates reactive oxygen species (ROS) by reacting with its
reduction product, dialuric acid, in the presence of intracellular thiols. Some studies also
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claim that alloxan disrupts the integrity of the β-cell membrane, because it increases the
permeability to extracellular markers, such as mannitol and inulin, which in turn results
in abnormal ion fluxes across the β-cell membrane [56].

Streptozotocin-induced diabetic model

Streptozotocin (STZ) was discovered in 1960 as a product of the soil organism Strepto-
myces achromogenes [57]. STZ causes destruction of the pancreatic β-cells by damaging
their plasma membrane [58]. STZ induces (near-)complete elimination of the β-cells in
the pancreatic islands, so that the model, without modifications, reflects type-1 rather
than the type-2-like diabetes of pregnancy. For that reason, some models treat STZ-
diabetic mice with slow-release insulin pellets to create a fixed-insulin production model
that fails when demand increases as during pregnancy [41]. Studies in monkeys showed
that STZ can cross the placenta, so that the administration of STZ to already pregnant
animals may cause side effects. However, because of its short half-life at physiological pH
(5-15 min), STZ concentrations in the fetus remain low and do not induce damage in the
fetal pancreas [59].

We have used STZ in our mouse model of diabetic pregnancies. Mice are more re-
sistant to the deleterious effects of STZ than rats. And some mouse strains are more
sensitive than others. C57BL/6 females are resistant to STZ and develop only temporary
mild hyperglycemia [60]. C57BL/6 embryos are resistant to the effects of maternal dia-
betes on Pax3 expression and neural tube defects [61]. In our study, we also tried ICR
female mice, but these mice are, like C57BL/6 mice, also resistant to STZ. By using 5*50
mg/kg STZ injection, more than half of the ICR mice developed only a mild hyperglycemia
in the first three weeks after STZ treatment, even though most of them looked severely
sick. However, such ICR mice became severely hyperglycemic after a single, almost 5-fold
higher dose (240 mg/kg) of STZ [62]. Then gradually they recovered. Compared to
C57BL/6 and ICR, the FVB mouse is a susceptible strain, in which maternal diabetes
inhibits Pax3 expression and significantly increases neural tube defects [61]. Therefore,
we used FVB mice in our studies.

We have used the AMDCC protocol [63], which reproducibly induces diabetes in FVB
mice with a moderate dose of STZ. Since female mice were exposed to male mice 4-6
weeks after STZ treatment and since oocyte DNA does, unlike spermatozoa, not replicate
until after fertilization, it is unlikely that the STZ treatment mutates embryonic DNA in
this protocol. Furthermore, diabetes was mitigated in this model by treatment with a slow-
release depot of insulin [41]. In a slightly different model of murine diabetic pregnancy
(pregnant mice were treated from embryonic day (ED) 5 for 5 consecutive days with 40
mg STZ/day [64]), the destruction of the islet cells was dependent on an immune process
rather than a direct cytotoxic effect. We opted against this model, because treatment
was not yet completed at the embryonic age at which we had planned to harvest the
embryos (ED8.5 and ED9.5), because the STZ could potentially reach the embryo, and
because the characterization of this model is far less detailed than the Loeken model [41]
we opted for. However, it cannot be excluded that the STZ treatment caused epigenetic
modifications in the oocyte DNA.

The differences between the alloxan- and STZ-induced models are minor. After the
administration of alloxan or STZ, blood glucose concentrations decrease transiently due to
the release of insulin from the damaged β-cells and cause rapid breakdown of liver glycogen
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[65, 66]. Six hours after the administration of the drugs, hyperglycemia develops due to
the reduction of insulin release from the damaged β-cells. About ten hours later, plasma
insulin levels fall permanently and result in hyperglycemia [67]. The changes of plasma
glucose levels after STZ treatment happen about one hour later than after alloxan, while
the blood glucose levels after both treatments are similar after 48 hours [689]. Ketosis is
more commonly seen in alloxan-induced diabetes [69, 70].

With respect to the advantages and disadvantages of chemically induced diabetic
animal models, the ease of obtaining diabetic animals, the vast literature that supports
their use as models, and the mechanisms of induction of the most common complications
in offspring of diabetic pregnancy are the most often cited advantages [41, 71, 72]. A
disadvantage of the multiple low-dose STZ administration models is that the chemical
destruction of the cells induces proinflammatory reactions and pancreatic macrophage
infiltration [73, 74].

1.4.3 High-fat diet induced type II diabetic mouse model

A model of type II diabetic embryopathy can also be established by feeding 4-week-old
female mice a high-fat diet (HFD; 58 en% fat) [75]. After 15 weeks on the HFD, mice
that showed characteristics of type II diabetes mellitus were mated with lean male mice.
Diabetic dams produced offspring with neural tube defects (NTD) in 11.3% of cases,
whereas no embryos in the control group which was fed a normal diet (10 en% fat),
developed neural tube defects [76]. Markers for oxidative stress, endoplasmic reticulum
stress, caspase activation and neuroepithelial cell apoptosis were observed in the ED8.5
embryos of the diabetic dams [76].

1.5 Windows of embryonic sensitivity for glucose

The period during which embryos are most sensitive to the detrimental effects of maternal
hyperglycemia is not well established yet. Some studies reported that glucose already
affected the early zygote severely, whereas other studies indicate that ED7-ED8 is the
most sensitive window for glucose teratogenicity.

1.5.1 Treatment of preimplantation embryos with glucose

Maternal hyperglycemia reportedly already has effects on the early zygote, because transfer
of morula- or blastula-stage embryos from diabetic to non-diabetic mice was accompa-
nied by a higher rate of malformations of the neural tube, abdominal wall and limbs, and
with severe growth retardation than transfer of embryos between non-diabetic mice [77].
Similarly, culture of two-cell embryos to the blastocyst stage in 52 mM D-glucose fol-
lowed by transfer to a pseudopregnant doe was also associated with fewer implantations,
growth retardation, and higher rates of resorption [77]. Apparently, an exposure to (ma-
ternal) hyperglycemia during the first 24h after fertilization suffices mediate significant
morphological abnormalities [78].
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1.5.2 Transient glucose injections as a diabetic pregnancy model
The induction of transient hyperglycemia in pregnant mice by repeated subcutaneous
administrations of 0.5-1 mL/h of 12.5 or 25 g% glucose to maintain blood glucose con-
centration at ≥16.7 mmol/L (300 mg%) [79] has demonstrated that ED7.5 is the most
sensitive age for hyperglycemia-induced congenital malformations in the mouse [80, 81].
This moment lies just before the appearance of somites [82] and precedes the onset of neu-
ral tube formation and Pax3 expression, both of which begin on ED8.5 [81]. Although
elegant in its simplicity and transient perturbation of glucose metabolism, which were
crucial for the precise assignment of a time window for glucose sensitivity in the embryo,
the protocol entails substantial discomfort for the mice during the treatment (repeated
subcutaneous injections).

Hyperglycemia in the pregnant doe is only teratogenic in conjunction with diets, such
as Purina 5015 or 5020 (N9F) (see Appendix Chapter 3). A switch from a teratogenic
diet (5015) to one that is not (Purina 5001) can avoid the development of malformed
offspring at ED6, but not later [83], also showing that ED7-ED8 is the time window with
the highest sensitivity of the embryos to the teratogenic effects of hyperglycemia.

1.6 Effect of maternal hyperglycemia on the offspring
Growth retardation, spontaneous abortions and congenital malformations resulting from
maternal diabetes most frequently develop during the first trimester [32, 33]. The chance
that these adverse effects occur is two times higher if hyperglycemia is not controlled
during this period [84].

1.6.1 Growth retardation
In the rodent model of gestational diabetes, early growth retardation is a more consistent
feature. Fifty years ago Rutter showed that the embryonic mouse pancreas does pro-
duce some insulin [85]. Pancreatic development from the foregut is initiated on ED8.5,
which corresponds to Carnegie stage (CS) 13 (~4.5) weeks of pregnancy) in man [86].
Islet formation is complete on ED16.5-18.5, that is, coincident with a major increase in
insulin production between ED15.5 and 18.5. Therefore, there are no major differences
in pancreatic development between humans and rodents at early developmental stages.
When fetuses themselves start to produce insulin between ED15.5 and 18.5, blood glucose
levels drop and inhibit further fetal growth [87]. Therefore, excessive fetal growth is not
commonly observed in offspring of diabetic rodents, even at later stages of pregnancy.
This contrast to the macrosomia in the offspring that is prevalent in humans [88]. In
our mouse studies, we observed the most pronounced effect of hyperglycemia during gas-
trulation and somitogenesis, that is, before the development of the embryonic pancreas
at ED8.5. Furthermore, the (mouse) placenta is not reported as being permeable to in-
sulin. Therefore, the severe growth retardation of the embryos at ED8.5 and ED9.5 in
our studies probably has to be ascribed to the direct effects of maternal hyperglycemia
rather than hyperinsulinism [89]. The reason for growth retardation in the first half of
rodent pregnancy is not yet identified. We observed downregulation of genes involved
in cell proliferation in ED8.5 embryos that were not retarded [38], but severe growth re-
tardation in ED8.5 and ED9.5 embryos that failed to downregulate their gene expression
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profile [89]. Furthermore, we found that hyperglycemic ED9.5 embryos may suffer from
an energy deficiency, as glycolysis, their main energy source, proceeded at only 70% of
that in control ED9.5 embryos [38]. In a study of hyperglycemic ED11.5 rat embryos
(comparable to ED9.5-10 mouse embryos) growth retardation was invariably present as
judged by significant reductions in crown-rump length and somite number and a reduced
total protein and DNA content of the embryos [90]. Growth in hyperglycemic fetal rats
was quantified by measuring the rates of fetal protein turnover in vivo. Both protein
synthesis and degradation decline during normal development. However, protein synthesis
in fetuses was consistently lower in diabetic than in control pregnancies, whereas the rate
of protein degradation increased toward the end of gestation [91]. As a result, net protein
accumulation was lower in hyperglycemic foetuses, in particular at the end of gestation.
An additional reason for the growth retardation in rodent fetuses born by diabetic moth-
ers appears a reduction in placental perfusion, which can amount to almost 50% at the
end of gestation in rats [92]. A higher number of resorptions and malformations, a lower
number of surviving female foetuses, and a pronounced decrease in fetal weight were also
was found in ED18 fetuses of alloxan-diabetic C57BL/6J mice [93]. The lower percentage
of surviving female offspring is surprising, as that male offspring of human pregnancies is
reportedly more sensitive to the adverse effects of maternal diabetes than female offspring
[94]. We did study whether males or females were the more sensitive sex in mice, but
found no differences [89].

1.6.2 Spontaneous abortion
Another type of developmental abnormality resulting from maternal diabetes is abortion
during the first trimester. Some reports demonstrated a clear increase in spontaneous
abortion rates during the first trimester in women with elevated maternal glycohemoglobin
concentrations. Of interest, spontaneous abortion was related to glycemic control in the
period shortly after conception rather than immediately prior to the abortion itself [95-97].
In the STZ-induced mouse model of diabetic pregnancy, we found that maternal hyper-
glycemia caused growth retardation at ED8.5 in ~50% of the embryos, embryonic death at
ED9.5, and termination of pregnancy in litters with >20% dead embryos at ED10.5 [89].
If these findings can be extrapolated to the human situation, growth retardation would be
most severe at Carnegie stage 9 (3.5 weeks of development) and embryonic death would
occur at Carnegie stage 11 ~4 weeks of development or ~6 weeks after the last menstrua-
tion). It is, therefore, not unlikely that abortions in humans also occur in very early stages
of embryonic development, but are perceived as somewhat delayed menstruations.

1.6.3 Congenital malformations
The best-known and most feared complication of gestational diabetes is that of congeni-
tal malformations. Studies reported that, in the absence of special preconceptional care,
~12% of newborns will develop malformations [98-100], which is similar to that reported
in rodent studies [101]. Among the congenital malformations in human embryos with
maternal hyperglycemia, the nervous and cardiovascular systems are most commonly af-
fected, while skeletal and renal anomalies also occur frequently. All these malformations
were confirmed in rodent models. Early studies showed that migration of neural crest
cells played an important role on the occurrence of congenital malformations in offspring
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of diabetic pregnancy [80]. In mice, the neural plate appears at ED7, while neural crest
migration from the postotic area ("cardiac" neural crest) starts at ED8.5. Pax3, an im-
portant regulatory gene in the migrating neural crest [102, 103], becomes expressed in
mouse and chick embryos in the developing neural tube, early migrating neural crest and
dermomyotomal cells entering the limb bud [104-106]. Most of studies of diabetic preg-
nancies in rodents focus, however, on development during organogenesis (ED9-11), that
is, well after neural crest migration has started.

1.6.4 Excessive growth
In man, developmental overnutrition may be one of the explanations for obesity in the
offspring of diabetic pregnancies [88]. In the second half of gestation, the fetus grows
several-fold in size as does its absolute rate of glucose utilization. Placental glucose
transfer to the fetus must, therefore, increase to meet the increasing metabolic require-
ments for glucose of the larger, growing fetus. Furthermore, the fetal pancreas produces
measurable insulin concentrations by mid-gestation. If the maternal blood contains more
glucose, the pancreas of the fetus senses the high glucose levels and produces more in-
sulin in order to use this glucose. In maternal diabetes, the fluctuating blood glucose
concentrations lead to a compensatory increase fetal insulin and leptin production, and
a decrease in adiponectin production. This response stimulates nutrient delivery to the
offspring and the resulting overnutrition of the fetus leads to excessive growth [107, 108].
However, in the presence of chronic hyperglycemia, the fetus develops down-regulation of
glucose-induced and basal insulin secretion [109]. Therefore, the combination of a large
blood glucose supply by the mother and high insulin levels in the fetus results in storage
of energy rather than expenditure in the fetus and stimulation of excessive fetal growth
[110-112].

1.7 Potential Mechanisms
Approximately 12% of human and mouse neonates born to diabetic mothers have iden-
tifiable malformations [98-101]. The mechanism that is responsible for these sequels of
hyperglycemia is still not well understood. However, some studies ascribe the effects to
shortage of energy due to interference with the function of the respiratory chain in mito-
chondria of hyperglycemic embryos, to DNA damage and apoptosis generated by oxidative
stress due to maternal hyperglycemia, or to interference with cytoskeletal remodelling.

1.7.1 Do mitochondria dysfunction in hyperglycemic embryos?
Almost 70 years ago, mitochondria were identified as the site of oxidative phosphorylation
in the cell of eukaryotes [113]. All mitochondria are inherited exclusively from the oocyte:
paternal mitochondria are no longer found in the 4-cell embryo [114]. Mitochondria have
their own genome with 100,000-200,000 circular DNA copies in a mammalian oocyte [115].
Because mitochondrial DNA does not replicate until the blastula stage [113, 116], nidating
embryos contain 50-100-fold fewer mitochondrial DNA copies per cell. Mitochondrial
DNA copy number may prove to be a sensitive parameter for cytoplasmic maturation of
oocytes [117, 118]. In the first week of embryonic development, when the mammalian
embryo passes slowly through the uterine tube, its energy supply still largely depends on
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oxidative phosphorylation. Mitochondrial dysfunction, including decreased mitochondrial
membrane potential and DNA modification, may affect mitochondrial gene expression
and is associated with more frequent developmental retardation and growth arrest in
preimplantation embryos [117, 119]. Furthermore, hyperglycemia-induced mitochondrial
dysfunction reportedly induces apoptosis in the blastocyst [120, 121].

The embryo becomes exposed to hypoxic conditions when entering the uterus [122].
Coincident with the accompanying transition to glycolytic energy metabolism, the mito-
chondrial cristae become tubular and vesicular, while the reappearance of lamellation of
the cristae during early organogenesis is a sign of the reappearance of oxidative metabolism
and mitochondrial maturation [123-125]. Accordingly, the contribution of the citric-acid
cycle to energy supply was still limited and NADH production mainly depended on glycol-
ysis: ATP production from glycolysis was ~150-fold that from oxidative phosphorylation
at ED9.5, whereas the reverse ratio applies to e.g. adult hepatocytes [38]. In agreement,
it was reported that oxidative phosphorylation begins to contribute materially to energy
metabolism in mice after ED9.5 [126, 127].

In our study, the expression of many components of the respiratory chain was changed
in hyperglycemic embryos on ED8.5 and 9.5, mostly in downward direction. The subunits
of mitochondrial enzymes Cox8a (cytochrome c oxidase subunit 8A) and Atp5e (ATP
synthase subunit) were >10-fold down-regulated, suggesting inhibition of mitochondrial
respiration. However, the expression of some other mitochondrial genes, such as Ndufa1
(NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 1), was up to 5-fold
up-regulated in diabetic ED9.5 embryos, but the effects of changes in the activity of this
enzyme are difficult to predict [128]. The observed changes in the expression of mitochon-
drial respiratory genes should therefore probably be interpreted as signs of a slowdown of
developmental maturation. However, it seems unlikely that still hardly functional organs
such as mitochondria are the cause of the growth retardation and premature death of
hyperglycemic embryos at ED8.5 and ED9.5, respectively.

1.7.2 Is oxidative stress the cause of congenital malformations in
hyperglycemic embryos?

Some studies found that reactive oxygen species (ROS) were significantly increased in mi-
tochondria of rat embryos exposed to maternal hyperglycemia or high glucose culture con-
ditions [129-132]. This hypothesis is underscored by the finding that genetic elimination
of the inducible form of nitric oxide synthase (Nos2) reduced the incidence of congenital
malformations in the offspring of diabetic mouse pregnancies [62]. In a study in which rat
embryos were cultured in 50 mmol/l glucose for 48h, the free oxygen radical scavenging en-
zymes superoxide dismutase and its inducer citiolone, catalase and glutathione peroxidase
protected against the pronounced growth retardation and severe malformations normally
seen in hyperglycemic embryos in vitro [133]. Furthermore, exogenous supplementation
with antioxidative agents, such as vitamin E, vitamin C, butylated hydroxytoluene (BHT),
and N-acetylcysteine, diminished diabetic embryopathy in vivo [134-137] and glucose-
induced embryonic dysmorphogenesis in vitro [133, 138], Transgenic overexpression of
copper/zinc superoxide dismutase was also effective [139]. Excess ROS production in
mitochondria increases ROS concentration in the cytosol, where it inhibits the glycolytic
enzyme glyceraldehyde-3 phosphate dehydrogenase (GAPDH). Because of its sensitivity
to ROS, GAPDH is used as a quantitative parameter to measure ROS concentration
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[140]. The finding that embryos from diabetic rats and embryos cultured in high glucose
concentrations have a 40-60% reduction in GAPDH activity and Gapdh mRNA expression
[129], and that supplementing high-glucose culture with N-acetylcysteine (NAC) increased
GAPDH activity [129] underscores the hypothesis that glucose-dependent ROS have an
effect on GAPDH. Similarly, the administration of antimycin A, a mitochondrial complex
III inhibitor that increases superoxide production, decreased expression of transcription
factor Pax3 and produced cardiovascular and neural-tube defects [141]. Pax3 is expressed
in neuroepithelium, neural crest cells and somatic mesoderm [80] and crucial for migra-
tion of neural crest cells. Hyperglycemia-induced suppression of Pax3 expression correlates
with neural tube defects [142, 143].

However, these associations do not explain how oxidative stress is generated in hyper-
glycemic embryos. One hypothesis posits that hexosamines contribute to the generation
of oxidative stress by inhibiting the pentose shunt pathway. Induction of hexosamine
synthesis by high blood glucose concentrations has been associated with the teratogenic
effects of diabetic pregnancy [144, 145]. Basically, increased glucose flux increases the flux
through the hexosamine synthetic pathway. Fructose-6-phosphate and glutamine are con-
verted by glutamine:fructose-6-phosphate amidotransferase (GFAT) [146] to glucosamine-
6-phosphate, which in turn inhibits the activity of glucose-6-phosphate dehydrogenase
(G6PD), the main rate-determining enzyme of the pentose shunt pathway. The reduc-
tion in G6PD activity limits NADPH production, which in turn is coupled to glutathione
reductase-mediated glutathione production. Reduced glutathione concentrations limit
catalase activity and, consequently, enhance superoxide-induced oxidative stress. Glucose
(1 mL of 25%) was injected subcutaneously to ED7.5 day pregnant mice to maintain
blood glucose ≥17 mmol/L over a 1-hr period and compared to the effects of a 1 mL
injection of 4% glucosamine. After 3 hr, hyperglycemia and glucosamine increased hex-
osamine synthesis and inhibited pentose shunt activity mildly. Furthermore, both glucose
and glucosamine significantly decreased GSH, although the GSH/GSSG ratio was again
only mildly affected. Glucose and glucosamine both inhibited Pax3 expression and in-
creased neural tube defects, and these effects were prevented by GSH ethyl ester [147,
148]. Our findings potentially underscore the hexosamine hypothesis, because we found
a ~30% reduction in glycolysis (lactate production) in hyperglycemic embryos [38]. If
causally linked, these combined findings suggest a rechanneling of hexoses from glycolysis
to the hexosamine pathway and not a metabolite-driven increase in hexosamine synthesis.

1.7.3 Interference of cytoskeletal remodelling
Mutant mouse models suggest that perturbations of mesoderm specification and cell
migration during and shortly after gastrulation can cause neural-tube and cardiovascular
defects [149]. The cytoskeleton, which consists actin microfilaments, microtubules, and
intermediate filaments, plays an important role in cell migration [150]. Actin can form
a complex and dynamic network beneath the plasma membrane [151]. Microfilaments
maintain cell shape and anchor cytoskeletal proteins by providing the internal stiffening
rods in microvilli [152]. Our data show that severe disruption of expression of genes
involved in cytoskeletal remodelling was the most pronounced change in our hyperglycemic
embryos at both ED8.5 and ED9.5 [38]. N-Wasp, Arp2/3, Cofilin and Rac1 were all
>2-fold down regulated in hyperglycemic embryos. Furthermore, Actg1 was remarkably
downregulated (>100-fold). We have no specific hypothesis on the role of cytoskeletal
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remodelling in the function of embryonic cells, but in adult cells it is, among others,
involved in cellular secretion and glucose uptake. Assuming that embryonic cells probably
exert some of the same functions, we will briefly review some findings in insulin-secreting
and glucose-consuming cells.

Rapid remodelling of the submembranous cytoskeletal network plays an important role
in the regulation of exocytosis in secretory cells [153, 154]. Actin dynamics in pancreatic
β-cells is regulated by the balance of N-WASP and cofilin activities and determines the
biphasic response of glucose-induced insulin secretion [155]. N-WASP, which promotes
actin polymerization through activation of the actin nucleation factor Arp2/3 complex, is
activated by glucose stimulation in insulin-secreting pancreatic β-cell lines. Cofilin, which
severs F-actin in its dephosphorylated (active) form, is converted to the phosphorylated
(inactive) form by glucose stimulation in β-cells. Low molecular weight GTP-binding
proteins (e.g. CDC42, RAC1 and ARF-6) also play a major role in insulin secretion [156].
For example, a decrease in the production of cell division cycle 42 (CDC42) reduces insulin
secretion [157]. RAB27A, member RAS oncogene family, is involved in the docking of
insulin granules to the cell membrane [158]. In Rac1 -knockout mice, finally, the small
G-protein Ras-related C3 botulinum toxin substrate 1 decreases glucose-stimulated insulin
secretion [159].

Insulin regulates glucose uptake into muscle and fat tissues via a rapid and dynamic
relocation of glucose transporter-4 (GLUT4) to the cell surface [160-162]. GLUT4 is
not very highly expressed in early embryos, but its expression is suppressed by embryonic
hyperglycemia [38]. Active actin cycling enables (insulin-mediated) GLUT4 transloca-
tion/insertion into the muscle cell membrane [163]. The key to this process is Rac-
dependent reorganization of filamentous actin beneath the plasma membrane. Acting
downstream of Rac GTPase, Arp2/3 was found to be responsible for the cortical actin
polymerization evoked by insulin. Silencing of either Arp3 or p34 subunits of Arp2/3
complex abrogated actin remodelling and impaired GLUT4 translocation. Insulin also led
to dephosphorylation of the actin severing protein cofilin on Ser-3. Cofilin knockdown via
siRNA caused overwhelming actin polymerization which subsequently inhibited GLUT4
translocation [163].
γ-Actin is widely expressed in cellular cytoskeletons of many tissues. γ-Actin is found

in the cytoplasm of non-muscle cells and in costameres which form the connection between
the sarcomeres and the cell membrane in muscle cells [164]. The interaction of γ-Actin
with Dystrophin is critical for the formation of mechanically strong links between the
cytoskeleton and the sarcolemmal membrane [165, 166]. Accordingly, skeletal muscle-
specific knockouts of γ-Actin have muscle weakness and fiber necrosis, decreased isometric
twitch force, and disrupted intrafibrillar and interfibrillar connections among myocytes
[167].

1.8 Scope of first part of the thesis

This thesis consists of two parts. The aim of the first part of the thesis was to investi-
gate the effect of maternal hyperglycemia on gene expression in the offspring at an early
developmental stage. As animal model, we used female mice that were made hyper-
glycemic with streptozotocin (STZ) and treated with fixed-release insulin pellets. The
mice were mated ~4 weeks after STZ treatment. Chapter 1 gives an overview of the
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research question and animal model. In Chapter 2, gene expression profiles were in-
vestigated in hyperglycemic embryonic day (ED)8.5 and 9.5 embryos, using ABI SOLiD
SAGE mRNA sequencing. Affected pathways were mainly involved in cell proliferation,
cytoskeletal remodelling and mitochondrial energy metabolism. Many highly regulated
genes and pathways could be linked to neural tube and heart defects by comparing them
to the phenotypes in the Jackson Laboratory Mouse Genome Database. In addition,
energy metabolism (mitochondrial function and glycolysis) of the embryonic cells was in-
vestigated with the Seahorse Extracellular Flux analyser and revealed that glycolysis, the
main energy source in embryos of that age, was inhibited. In Chapter 3, the effects of
maternal hyperglycemia on developing mouse embryos were studied during gastrulation
and organogenesis (ED7.5-ED11.5). Severe growth retardation in ~50% of the embryos
on ED8.5 and death in most of these embryos on ED9.5 were found. Gene expression in
the retarded embryos indicated that they failed to adapt to the hyperglycemic environ-
ment. Maternal diet plays a pivotal role on the effects of hyperglycemia in the offspring.
In the appendix to this chapter we compare the 2 diets tested by us with 2 diets tested
in literature and conclude that the dietary fat content is probably the key component.
In Chapter 4, miRNA expression profiling of hyperlgycemic mouse embryos on ED8.5
and ED9.5 was performed with Next Generation Sequencing on the SOLiD5 platform.
Hyperglycemic embryos failed to mount the increase in prevalent miRNAs seen in control
embryos.
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CHAPTER 2

Abstract
Cardiovascular and neural malformations are common sequels of diabetic pregnancies, but
the underlying molecular mechanisms remain unknown. We hypothesized that maternal
hyperglycemia would affect the embryos most shortly after the glucose-sensitive time
window at embryonic day (ED) 7.5 in mice.

Mice were made diabetic with streptozotocin, treated with slow-release insulin im-
plants and mated. Pregnancy aggravated hyperglycemia. Gene expression profiles were
determined in ED8.5 and ED9.5 embryos from diabetic and control mice using Serial
Analysis of Gene Expression and deep sequencing.

Maternal hyperglycemia induced differential regulation of 1024 and 2148 unique func-
tional genes on ED8.5 and ED9.5, respectively, mostly in downward direction. Pathway
analysis showed that ED8.5 embryos suffered mainly from impaired cell proliferation, and
ED9.5 embryos from impaired cytoskeletal remodeling and oxidative phosphorylation (all P
≤ E-5). A query of the Mouse Genome Database showed that 20-25% of the differentially
expressed genes were caused cardiovascular and/or neural malformations, if deficient. De-
spite high glucose levels in embryos with maternal hyperglycemia and a ~150-fold higher
rate of ATP production from glycolysis than from oxidative phosphorylation on ED9.5,
ATP production from both glycolysis and oxidative phosphorylation was reduced to ~70%
of controls, implying a shortage of energy production in hyperglycemic embryos.

Maternal hyperglycemia suppressed cell proliferation during gastrulation and cytoskele-
tal remodeling during early organogenesis. 20-25% of the genes that were differentially
regulated by hyperglycemia were associated with relevant congenital malformations. Un-
expectedly, maternal hyperglycemia also endangered the energy supply of the embryo by
suppressing its glycolytic capacity.
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2.1 Introduction

Maternal diabetes is a well-established risk factor for congenital malformations in humans
[1]. Among these, neural-tube and heart defects, kidney dysgenesis and the caudal regres-
sion syndrome are often reported [2-6]. The highest relative risk for major neural tube and
cardiovascular defects occurs if the mother develops insulin resistance in the 1st trimester
[7, 8]. Similar phenomena have been reproduced in rodent models of diabetic pregnancy
[9, 10]. The animal studies showed that altered expression of genes that regulate the
migration of neural crest cells and neural plate closure resulted in patterning defects of
the developing head, neural tube and heart [11, 12]. In vitro studies further showed that a
high glucose concentration impaired the proliferation and cell-fate specification of neural
stem cells [13].

In mice, ED7.5 appears to be the most sensitive time window for inducing congen-
ital malformations of the neural tube: hyperglycemia at solely this time point suffices
to induce these malformations [14, 15]. Probably because congenital malformations as-
sociated with diabetic embryopathy manifest themselves only on ED10.5, inventories of
hyperglycemia-induced changes in gene expression in the embryo were established on
ED10.5 [16, 17], ED11.5 [18], and between ED13.5 and ED15.5 [19]. These studies
showed that maternal hyperglycemia affected the expression of genes involved in apopto-
sis, proliferation, migration and differentiation during organogenesis in the offspring. It is,
however, conceivable that these inventories describe the sequels rather than the targets
of the hyperglycemia-induced disturbance in metabolism, because neural-tube formation
and neural-crest migration to the heart are initiated during the 8th embryonic day, that
is, much earlier [20, 21]. We, therefore, analyzed gene expression profiles in embryos of
diabetic and nondiabetic pregnancies on ED8.5 and 9.5, that is, shortly after the embryos
became sensitive to the hyperglycemia.

Our mouse model of diabetic pregnancy is based on that developed by Loeken [11]. In
this elegant model, a moderate dose of streptozotocin (STZ) is used to induce diabetes.
After 4-6 weeks of treatment, female mice were exposed to male mice. Because STZ
has a very short half-life at neutral pH [22] and because oocytes do not replicate their
DNA before fertilization, STZ itself probably has no mutagenic effects on the offspring.
Moreover, the effects of STZ can be largely annulled if the STZ-treated mice are also
treated with the immunosuppressive drug mycophenolate mofetil [23], suggesting that
STZ induces an autoimmune response rather than cytotoxicity. Since the females are not
yet severely hyperglycemic at conception, the protocol also avoids the adverse effects of
severe maternal diabetes on the growth and maturation of preovulatory oocytes and preim-
plantation embryos [24]. In fact, severe hyperglycemia develops only after implantation
of the embryos at ED4.5, which mimics pregnancy-induced diabetes in humans.

We made an inventory hyperglycemia-induced changes in gene expression in the em-
bryo by creating a Serial Analysis of Gene Expression (SAGE) library and quantifying the
mRNA distribution with SOLiD SAGE sequencing [25, 26]. Bioinformatic analyses were
then used to identify differentially expressed genes to delineate highly regulated pathways
and cell-biological processes that were associated with diabetic embryopathy and, finally,
to test whether the identified genes and pathways were, if deficient, responsible for neural
tube or cardiovascular malformations. We found that the expression of genes involved in
the regulation of cell proliferation, cytoskeletal remodeling, and energy metabolism were
most severely affected in ED8.5 and 9.5 embryos. Among the affected genes, many were
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previously shown to be responsible for neural tube or heart develop, and often for both.

2.2 Materials and Methods

2.2.1 Animals
FVB mice (9-11 weeks old) were obtained from Harlan Sprague Dawley (Venray, The
Netherlands) and fed a diet that was based on Purina 9F (http://www.labdiet.com/cs/gro
ups/lolweb/@labdiet/documents/web_content/mdrf/mdi4/~edisp/ducm04_028438.pdf;
production: ABDiets, Woerden, The Netherlands). Mice were kept in groups of 4-5 mice
in open cages at the animal facility, on a 12-h light/12-h dark cycle at 22 °C with free
access to water and food. The study was carried out in accordance with the Dutch Guide-
lines for the Care and Use of Laboratory Animals and approved by the Ethical Committee
for Animal Research of the University of Amsterdam (ALC101225).

2.2.2 Induction of diabetes
The pregnant diabetic mouse model was adopted from Loeken c.s. [11]. This model has
been extensively evaluated with respect to the malformations it induces in the central-
nervous (CNS) and cardiovascular systems of the offspring. Diabetes was induced as
recommended by the Animal Models of Diabetic Complications Consortium (AMDCC;
[27]). Animals to be treated with streptozotocin were randomly chosen. The diabetic
group included 33 and the control group 16 mice. 4-5 diabetic and control mice were
housed in one cage. Prior to treatment, female mice were fasted for 6 hours. Sixty
mg/kg streptozotocin (STZ; Sigma, Zwijndrecht, The Netherlands), freshly dissolved
in 0.1 M sodium citrate (pH 4.5), was injected intraperitoneally for 5 successive days.
Mice were screened for glucosuria with KETO-DIABUR-TEST 5000 test strips (Roche,
Almere, The Netherlands) from 6 days after the first injection of STZ onwards. Body
weight was checked twice weekly. Blood glucose levels were measured before the first
injection of STZ and 3 weeks thereafter with a Glucometer Elite (Bayer, Mijdrecht, The
Netherlands). Hyperglycemia was treated with subcutaneous sustained-release insulin
implants ("linbits"; LinSHIN, Toronto, Canada) that release ~0.1 U/day*implant for at
least 30 days. Depending on whether the concentration of blood glucose was 20-25,
25-30, or >30 mmol/L, 1, 1.5, or 2 linbits were implanted. Thereafter, blood glucose
was measured weekly. STZ-treated female mice lost ~10% of their body weight in the
first 3 weeks after treatment, but regained it upon treatment with the insulin implants
(Supplementary Figure 1). STZ-treated mice without insulin supplementation were not
included in the study. Two-to-three weeks after linbit implantation, mice that maintained
glucose levels within the 10-15 mmol/L range were mated with nondiabetic male FVB
mice. Noon of the day on which a copulation plug was found was set as embryonic
day (ED) 0.5. Only pregnant females with blood glucose levels >17 mmol/L at ED7.5
were included in the experiment (~15 mmol/L is a critical value to induce hyperglycemic
damage in embryos [15, 28, 29]). Pregnant mice were anesthetized with CO2 and then
sacrificed by cervical dislocation and embryos were recovered between ED7.5 and ED11.5.
The developmental stage of the embryos was checked with the criteria of Kaufman [30]
(see Supplementary Table 1). Only embryos at the proper developmental stage were
included in the study.
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2.2.3 Quantification of mRNAs by SOLiD SAGE sequencing
Since we did not have an estimate of the variance in gene expression in our experimen-
tal animals, we relied on an approximation [31]. Based on a power of 0.8 and a false
discovery rate (FDR) of 0.05, ≥8 arrays, that is, ≥8 embryos per time point and treat-
ment should give informative results [31]. Therefore, 8 male diabetic and 8 male control
embryos were randomly chosen from the collection for RNA isolation and SAGE analysis.
Total RNA was extracted from the anterior half of embryos (transverse cut made just
caudal to the heart) on ED8.5 and from the thoracic segment on ED9.5 (transverse cut
made anteriorly between head and thorax, and posteriorly just caudal to the heart), using
the TriPure Isolation Reagent (Roche, Almere, The Netherlands). Embryos were frozen
and thawed 3 times using liquid nitrogen. After centrifugation, the organic phase of the
TriPure extract was re-extracted 3 times. The combined aqueous phases were extracted
with choloroform:isoamyl alcohol (24:1) and precipitated with ethanol after addition of
10 µg glycogen. The quantity of total RNA was determined with Qubit 1.0 Fluorom-
eter (Invitrogen, The Netherlands), while the quality was assessed with the Bioanalyser
RNA 6000 Nano Chip (Agilent Technologies, Amstelveen, The Netherlands). The RNA
integrity number (RIN) of the samples was 9.0-10.0. The total RNA yield per embryo
was 0.8±0.1 µg on ED8.5 and 1.8±0.3 µg on ED9.5.

The relative abundance of individual mRNAs was determined by the SOLiD SAGE
approach. A double-stranded cDNA library was prepared from at least 0.5 µg RNA,
using the SOLiD SAGE Sequencing kit with the Barcoding Adaptor Module (Applied
Biosystems, Bleiswijk, The Netherlands; catalog #4452811) and the "working with small
amounts of total RNA (1-2 µg )" protocol [26]. Polyadenylated mRNAs were captured
with oligo(dT) Dynabeads (Invitrogen; supplied in the kit) and converted to cDNA while
attached to the beads. After second-strand synthesis, the cDNA was cleaved with NlaIII.
An adapter containing an EcoP15I-recognition site was ligated to the 5’end of the fragment
still attached to the bead. EcoP15I cleaves DNA 25-27 bp downstream and releases a
tag with a 2-bp overhang. After ligating another adaptor to this overhang, the tag was
amplified as described (http://tools.lifetechnologies.com/content/sfs/manuals/cms_084
611.pdf). This protocol generates only 1 read per mRNA molecule.

The amplified cDNA libraries, each with a specific barcode introduced during PCR
amplification, were pooled in equal ratios. Size and concentration of the libraries were
determined using the Bioanalyser DNA-1000 or high-sensitivity chip (Agilent Technologies,
Amstelveen, The Netherlands). After affinity selection on beads, the pooled libraries
were amplified by emulsion PCR to >30,000 copies, followed by further enrichment on
beads and purification as described in SOLiDTM 4 System Templated Bead Preparation
Guide. High-throughput sequencing was carried out on a SOLiDTM 5 system (Applied
Biosystems, Bleiswijk, The Netherlands). The sequencing data are available at NCBI
(accession number: PRJNA275285; SRA study: SRP056150).

To generate pure reads for analysis, adaptors were removed with Pyrodigm trimming
[32]. Alignment was done with the "Burrows-Wheeler aligner" (BWA) against the Mus
musculus reference genome "mm10". More specifically, the BWA-backtrack algorithm,
which is designed for sequence reads up to 100bp, was used [33]. The DESeq2 package
(available through Bioconductor [34]) was used to analyze differential gene expression.
Normalization for number of reads per embryo was performed using the "Estimate Size
Factors" in the DESeq2 package. P-values were adjusted for multiple testing using the
Benjamini-Hochberg procedure. A Padj <0.05 was considered statistically significant.
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Clusters were generated with generalized linear models (GLM) based on expression pat-
terns of top 100 genes ranked by P value. Pathway analysis with MetaCoreTM software
(GeneGo, Inc., St. Joseph, MI, USA) was used to assess the significance of changes in
gene expression in specified pathways [35, 36]. The significance was based on the degree
of overlap between the user’s dataset and a set of genes corresponding to a network or
pathway queried, assuming the probability that randomly obtained overlaps of a certain
size between the user’s set and a network or pathway follow a hypergeometric distribution
[37]. MetaCoreTM determines the degree of association of uploaded datasets with prede-
fined pathways and expresses the similarity in P-values, with lower P-values being more
relevant.

2.2.4 Quantitative PCR analysis of gene expression
Quantitative PCR was performed using a Lightcycler 2.0 with the Fast Start DNA Ma-
sterplus SYBR Green I kit (Roche, The Netherlands). Primers were designed by the
Primer-BLAST tool from NCBI and supplied in Supplementary Table 2. cDNA synthesis
was performed by gene-specific priming with 40 pmol gene-specific primer and 20 pmol
18S primer. cDNA was diluted 40 times before assaying mRNA expression and 1,000-fold
more for 18S expression. Gene expression was normalized relative to the expression of
Tor3a and 18S. Tor3a was selected as reference genes with the NormFinder software [38]
from the SAGE expression data. The average expression of Tor3a and 18S was calculated
for each of the genes separately and put at 100% before their relative presence in each of
the samples was used for normalization.

2.2.5 Sex identification
DNA from the visceral yolk sacs of ED8.5 embryos, or the posterior part (cut made
just caudal to the heart) of ED9.5 embryos was isolated with TriPure Isolation Reagent
(Roche, Almere, The Netherlands). The tissues were taken from the remaining parts
of the embryos after harvesting the anterior part (ED8.5) and heart-containing segment
(ED9.5) for mRNA quantification (next section). The sex of the embryos was determined
by a multiplex PCR amplification using primers to amplify the male-specific Sry gene and
the autosomal Il3 gene for reference [39].

2.2.6 Rate of oxygen consumption and glycolysis
Real-time rates of cellular oxygen consumption (respiration) and proton excretion (glycol-
ysis) in control and hyperglycemic ED9.5 embryo cells were determined using the Seahorse
Extracellular Flux (XF-96) analyzer (Seahorse Bioscience, Billerica, MA). 5*104 freshly
isolated embryonic cells were seeded in an XF microplate and cultured for 2 hours in the
presence of 11.1 mmol/L D-glucose and 10% fetal bovine serum prior to measurement of
the oxygen consumption rate (OCR) and extracellular acidification rates (ECAR). Sequen-
tial additions of the ATP synthase inhibitor oligomycin, the uncoupling ionophore carbonyl
cyanide-p-trifluoromethoxyphenylhydrazone (FCCP), and the cytochrome-c-reductase in-
hibitor antimycin A were as per the manufacturer’s instructions and allowed determination
of the basal rate of oxygen consumption (no additions), the rate of oxygen consumption
linked to ATP production (oligomycin addition), the maximal respiration capacity (FCCP
addition), and the rate of non-mitochondrial oxygen consumption (antimycin A). The
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ECAR was determined under basal conditions (no additions) and after inhibition of mito-
chondrial ATP synthesis with oligomycin. The number of cells was estimated as protein
content, which was determined for each well using a standard BCA protein assay. OCR
and ECAR values are normalized to mg protein and expressed as the mean ± SEM.

2.2.7 Data analysis
Gene expression is shown as mean ± SEM. The tests of glucose level and oxygen consump-
tion and extracellular acidification measurements were performed by ANOVA or Student’s
t-test. A P <0.05 was considered statistically significant and <0.1 as indicating a trend.

2.3 Results

2.3.1 The mouse model of diabetic pregnancy
In this study we investigated the effects of hyperglycemia on embryos in the early somite
period, that is, on ED8.5 and ED9.5 (7-20 somites). The blood glucose levels in the
dams from the induction of diabetes to sacrifice are shown in Figure 1. Blood glucose

Fig. 1 Blood glucose levels in pregnant diabetic mice. Blood glucose levels were measured before
streptozotocin ("preSTZ") treatment, 3 weeks after the first STZ injection ("STZ"), on the day of mating
("mating"), on ED7.5 of pregnancy ("ED7.5"), and at sacrifice ("ED8.5-ED11.5"). After STZ treatment,
blood glucose of diabetic mice increased to ~26 mmol/L. Insulin pellets ("linbit") were implanted after
establishing the diabetic state of the mice. Mating was performed when blood glucose was ~14 mmol/L.
The control group was not treated with STZ or insulin. Differences between blood glucose levels of diabetic
(n = 33) and control mice (n = 16) were analyzed by one-way ANOVA and t test. Filled symbols: non-
diabetic control mice; open symbols: STZ-treated diabetic mice. **: P <0.001 (comparison of blood
glucose between STZ and mating, mating and ED7.5). *: P <0.03 (ED7.5 vs ED8.5; ED8.5 did not
differ from ED9.5-ED11.5).

concentrations of female mice after induction of diabetes (P <0.001), during the mating
period (P <0.01), and during pregnancy (P <0.001) were significantly higher than those in
controls. In diabetic mice, maternal blood glucose concentrations decreased to ~50% after
the implantation of sustained-release insulin implants ("linbits"; P <0.001), while maternal
blood glucose concentrations rose markedly between mating and ED7.5 (P <0.001) and
between ED7.5 and 8.5 (P <0.03), after which it plateaued (P8.5vs9.5=0.72, P9.5vs10.5=0.38
and P10.5vs11.5=0.28). Because human clinical studies showed that male offspring was more
sensitive to the effect of maternal diabetes than female [40], male mouse embryos were
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investigated. All embryos in the study were alive and none was externally abnormal or
delayed in development (Supplementary Figure 2).

2.3.2 Global profile of gene expression in ED8.5 and 9.5 embryos

To obtain a comprehensive overview of the response of embryos to maternal hyperglycemia
at an early developmental stage, whole transcriptome profiles of ED8.5 and ED9.5 embryos
were investigated with SOLiD SAGE mRNA deep sequencing. To obtain a representative
expression-profile library, construction had to be started with at least 0.5 µg mRNA to
assure that the number of detected genes for a library was not dependent on the input of
total RNA (Supplementary Figure 3). We obtained ~8*106 pure reads and the expression
profile of ~2*104 genes per embryo.

The dendrogram generated by non-supervised hierarchical clustering with correlation
as similarity measure and average linkage as clustering parameter revealed that maternal
diabetes separated control and hyperglycemic groups into distinct branches on ED9.5
(Figure 2B), but not yet on ED8.5 (Figure 2A). The length of a branch reflects the degree
of difference between samples. Of the 8 control and 8 hyperglycemic ED8.5 embryos that
were analyzed, a subgroup of 3 control embryos clustered with the hyperglycemic embryos
(Figure 2A). These differently behaving control embryos were from 2 litters that also had

Fig. 2 Hierarchical clustering of the changes in gene expression in control and hyperglycemic ED8.5 and
ED9.5 embryos. Messenger RNA from control and hyperglycemic ED8.5 (left panel) and ED9.5 embryos
(right panel) was extracted (8 embryos per group) and each used for the construction of a separate
SOLiD SAGE library. "C" and "D" at the bottom margin of the panels indicate "control" and "diabetic"
(hyperglycemic) embryos, respectively. Hierarchical clustering was performed by DESeq analysis. The
dendrogram on the top of the panels reflects the correlation in differential gene expression between
embryos, with less height indicating a higher similarity. The dendrograms at the left margin indicate
the correlation in the response of the respective genes. The intensity of the blue color represents the
relative level of expression of a gene (after transforming the data for variance stabilization). One ED8.5
hyperglycemic embryo was removed because the input of mRNA was low (<0.5 µg) and subsequent
output of mRNA too small (see Supplementary Figure 1). Three ED8.5 control embryos clustered with
the hyperglycemic embryos and were not included in the analyses (see main text). At ED8.5, 2305 genes
were differentially expressed (panel A; 7 hyperglycemic and 5 control embryos were compared). On ED9.5,
4640 were differentially expressed (panel B).
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a member in the main control group. Furthermore, one hyperglycemic embryo behaved
quite differently from the remaining embryos, because the input of mRNA for cDNA
synthesis was too small (0.3 µg; no saturation in genes detected, see Supplementary
Figure 3). To identify the regulated pathways on ED8.5, we performed pathway analysis
on the 7 hyperglycemic and 5 control embryos that clustered together. Compared to
the control group, 2305 (ED8.5) and 4640 (ED9.5) unique transcripts met our boundary
condition for significance (Padj <0.05) and were ≥ 1.5-fold up- or downregulated as a
result of maternal diabetes. The log2 fold change distribution of differentially expressed
genes (Padj <0.05) in the entire population on ED8.5 and 9.5 is shown in Figure 3. The

Fig. 3 The distribution of the fold-change of differentially expressed genes in ED8.5 and 9.5 embryos.
Panels A and B show the fold-change of the 2305 and 4640 differentially expressed genes on ED8.5 and
9.5, respectively, with fold change ≥1.5, as detected after DESeq analysis. The X-axis shows bins with
log2-fold change, while the Y-axis indicates the frequency of each event. Note that the majority of genes
were downregulated in hyperglycemic embryos (~80% on ED8.5 and ~65% on ED9.5).

majority of these genes were down-regulated (~80% on ED8.5 and ~65% on ED9.5). After
removal of RIKEN, EST, unassigned and hypothetical gene sequences, 1024 functional
unique genes were changed in expression in ED8.5 and 2148 genes in ED9.5 hyperglycemic
embryos (~45% of the original number on both days). Of the genes that were differentially
expressed on ED8.5, ~85% was also differentially expressed on ED9.5 (Figure 4A), but
represented only ~40% of all differentially expressed genes on that day, implying that the
main difference between ED8.5 and ED9.5 was that the number rather than the identity
of affected genes had expanded. A list of all differentially expressed genes on ED8.5 and
ED9.5, and their fold change, can be found in Supplementary Table 3.

To validate the SAGE analysis, among 2148 unique differentially expressed genes on
ED9.5, 11 down-regulated (Ndufa6, Actg1, Glut4, Fgf2, Tpm4, Marcksl1, Myosin1H,
Axin1, Mrto4, Psmc4 and Ptpn11) and 4 up-regulated (Mrps23, Rnaseh2c, Cdk1 and
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Fig. 4 Genes differentially expressed in hyperglycemic ED8.5 and ED9.5 embryos associated with
cardiovascular and/or neural defects. Panel A: 1024 and 2148 were differentially expressed, unique
functional genes in embryos from hyperglycemic and control dams on ED8.5 and 9.5, respectively, 876 of
which were common to ED8.5 and ED9.5. The Jackson Laboratory Mouse Genome Database (MGD) at
the Mouse Genome Informatics website (URL:http://www.informatics.jax.org; October 2014) was queried
by selecting "Phenotypes & Mutant Alleles–Phenotypes, Alleles & Disease Models Query–Anatomical
Systems Affected by Phenotypes" and searching with "Cardiovascular system", "Nervous system" and
"Embryogenesis" as key words (total number of genes retrieved: 3955). Panel B shows a Venn diagram
of the number of genes associated with the respective categories in the MGD database. Of these genes,
131, 164 and 123 among the 1024 differentially expressed genes on ED8.5 (panel C), and 287, 362 and
243 out of 2148 genes on ED9.5 (panel D) were associated with cardiovascular, neural or embryogenesis
defects, respectively.

Ubxn8) genes were selected for validation by quantitative PCR (qPCR). The prevalence
ranged from rare to abundant. In addition, 11 genes without change in expression (Padj
>0.05 and fold-change ~1; Gtf3c2, Raf1, Tab2, Trip13, Atp5c1, Cdc20, Tor3a, Mtch1,
Pax3, Bax and Arg1) were selected. Figure 5 shows the correlation of expression levels of
these genes between SOLiD SAGE sequencing and qPCR in control embryos (the values
and the color code of the symbols are shown in Supplementary Table 4). The range
of expression across which this correlation was tested was ~103. Apart from 3 obvious
outliers (Cdc20, Actg1, and Atp5c1), the expression as assayed by SAGE sequencing and
qPCR correlated (R2=0.57). We have not been able to identify technical errors that could
have accounted for the outliers.

2.3.3 Pathways regulated by maternal hyperglycemia
Since a global analysis does not reveal a direction in the changes and lacks functional
detail, we scrutinized the data for biological pathways with functional implications with
MetaCoreTM. The 2305 transcripts on ED8.5 and the 4640 transcripts on ED9.5 that
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Fig. 5 Correlation of mRNA expression levels analyzed by SOLiD SAGE sequencing and quantitative
PCR analysis. The mRNA of 8 euglycemic embryos on ED9.5 was quantified by SOLiD SAGE sequenc-
ing. Based on Padj (<0.05) and fold-change (>1.5) of differentially expressed genes in SOLiD SAGE
sequencing, 11 genes without change, 4 up-regulated genes and 11 down-regulated genes were selected
for validation by qPCR. The mRNA of 8 other euglycemic embryos on ED9.5 was quantified by qPCR
after cDNA synthesis by gene-specific priming. The X-axis shows the number of reads after SOLiD SAGE
sequencing and normalization for total reads in each embryo. The Y-axis indicates gene expression in
qPCR normalized by the expression of reference genes Tor3a and 18S. The error bar indicates ± SEM.

were differentially expressed between embryos of hyperglycemic and control mice were
analyze for linkage to pathways in the MetaCoreTM suite. As shown in Table 1, the
cell cycle and cell proliferation on ED8.5 (positions 1-3 and 8 on ED8.5; position 4 on
ED9.5), cytoskeletal remodeling and cell adhesion on ED9.5 (positions 1, 2, 5, 7, and 9
on ED9.5; positions 4, 5, 7 and 9 on ED8.5), and oxidative phosphorylation (position 3 on
ED9.5 and 6 on ED8.5) were very prominent among the top 10 highly regulated pathways
that differ between hyperglycemic and control embryos on ED8.5 and 9.5 (all P ≤ E-5).
The level of significance was higher on ED9.5, largely because more genes were affected.
Taking into account that the cited regulated pathways often shared genes, the cell cycle
was more prominently affected in hyperglycemic embryos on ED8.5 than ED9.5 (P value
smaller on ED8.5 than ED9.5), whereas cytoskeleton remodeling, together with cell ad-
hesion and migration, and oxidative phosphorylation became more vulnerable on ED9.5
(P value larger on ED8.5 than ED9.5). The suppression of oxidative phosphorylation by
maternal hyperglycemia became more important on ED9.5 as deduced from the ~100-fold
smaller P value on ED9.5 compared to ED8.5. Four pathways (oxidative phosphorylation,
Wnt/TGFβ signaling, cytoskeleton remodeling (ephrin B), and cytoskeleton remodeling
(remodeling), were highly regulated in both ED8.5 and ED9.5 embryos. On closer in-

31



CHAPTER 2

spection, only 0%, 4%, 12%, and 19% of the 21, 16, 31 and 27 genes, respectively, that
were differentially regulated in these pathways at ED8.5, were not present in the same
pathways on ED9.5. Because the number of genes affected in these pathways increased
1.5-2.5-fold, this finding indicates that the number of affected genes in these pathways
increased between ED8.5 and ED9.5 rather than the identity of the pathways involved.

Part A. ED8.5

Rank Pathways Pvalue
1 Cell cycle _Spindle assembly and chromosome separation E-8
2 Development_Flt3 signaling E-6
3 Cell cycle_Role of Nek in cell cycle regulation E-6
4 Cytoskeleton remodeling_Cytoskeleton remodeling E-6
5 Cytoskeleton remodeling_Regulation of actin cytoskeleton by Rho GTPases E-6
6 Oxidative phosphorylation E-6
7 Cytoskeleton remodeling_Reverse signaling by ephrin B E-5
8 Development_IGF-1 receptor signaling E-5
9 Cytoskeleton remodeling_TGF, WNT and cytoskeletal remodeling E-5

Part B. ED9.5

Rank Pathways Pvalue
1 Cytoskeleton remodeling_Cytoskeleton remodeling E-10
2 Cytoskeleton remodeling_TGF, WNT and cytoskeletal remodeling E-10
3 Oxidative phosphorylation E-8
4 Cell cycle_Chromosome condensation in prometaphase E-7
5 Cell adhesion_Integrin-mediated cell adhesion and migration E-7
6 Chemotaxis_CXCR4 signaling pathway E-6
7 Cytoskeleton remodeling_Reverse signaling by ephrin B E-6
8 Development_EPO-induced Jak-STAT pathway E-6
9 Cell adhesion_Chemokines and adhesion E-6

Table 1 Highly regulated pathways in ED8.5 and ED9.5 hyperglycemic embryos. Pathways that were
identified by MetaCoreTM as highly regulated by maternal hyperglycemia in ED8.5 (Part A) and ED9.5
(Part B) embryos. The selection of pathways was limited to those with a P value ≤ E-5.

2.3.4 Differentially expressed genes are involved in heart and/ or
neural-tube defects

To establish if the differentially expressed genes on ED8.5 and ED9.5 could account
for heart or neural-tube defects if downregulated, we queried the Jackson Laboratory
Mouse Genome Database (MGD; for protocol, see the legend of Figure 4). This database
contains 3781 genes that, if deficient, cause cardiovascular defects, 5195 genes that cause
neural ("cerebrospinal") defects, and 2746 genes that have general effects on embryonic
development (database queried in October 2014; Figure 4B). Among the 1024 genes that
were present in the MGD and differentially expressed in hyperglycemic and control embryos
on ED8.5, 131, 164 and 123 (6.8, 6.2, and 8.9% in each group) were related to defects
in cardiovascular, neural, and general embryonic development (Figure 4C), respectively,
while among the 2148 genes that were in the database and differentially expressed on
ED9.5, 287, 362, and 243 (14.9, 13.7 and 17.6% in each group) were related to the
respective defects (Figure 4D). Of the differentially expressed genes that were linked with
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cardiovascular or neural-tube defects, 23.3% was associated with both conditions on both
ED8.5 and ED9.5 (~13.6% and ~16.9% were exclusively associated with cardiovascular
and neural-tube defects, respectively, on both days (Supplementary Figure 4). In total,
26% of the differentially expressed genes in either ED8.5 or ED9.5 hyperglycemic embryos
were causally associated, if deficient, with cardiovascular or neural defects according to
the MGD database (Supplementary Figure 5). Of the genes relevant to each defect
that were identified on ED8.5, 85.5% was still present in the group of affected genes on
ED9.5 (Figure 4A), again implying that the hyperglycemic condition of the embryos had
aggravated their condition between ED8.5 and ED9.5.

It should be kept in mind that the MGD database describes the phenotype after
complete inactivation of single genes, whereas a partial polygenic etiology is considered
more likely. We, therefore, checked the number of genes that were >5-fold and >10-fold
up- or downregulated on ED8.5 and ED9.5, and were associated with cardiovascular or
neural malformations if absent (Supplementary Figure 5). On ED8.5, 217 and 55 genes
were changed >5- and >10-fold, respectively, while on ED9.5, these numbers were 299
and 90, respectively. Of these, 23-24% and 4-5% were, if deficient, associated with
congenital malformations on ED8.5 and ED9.5, respectively. A 10-fold reduction is what
one reads in published knockdown experiments. Furthermore, the expression of almost all
of them (~98%) was suppressed and at least some of the affected genes may well have
acted synergistically.

The 106, 138 and 99 genes that were differentially expressed in hyperglycemic embryos
on both ED8.5 and ED9.5 in cardiovascular, neural and whole-embryonic developmental
defects, respectively, were used for pathway analysis in MetaCoreTM and found to be
also mainly involved in cytoskeletal organization, including cell adhesion (P <5E-5; not
shown). This finding underscores that the pathways that were identified as being highly
regulated by hyperglycemia in ED8.5 and ED9.5 embryos (Table 1) are very relevant
for the malformations in the cardiovascular and neural systems that are observed in di-
abetic pregnancies. As already stated, a high percentage of these genes affected both
cardiovascular and neural development (Figure 4).

2.3.5 Energy metabolism
The expression of genes involved in oxidative phosphorylation was strongly regulated in
both ED8.5 and ED9.5 hyperglycemic embryos (Table 1). The expression of subunits
of mitochondrial enzymes Cox8a (cytochrome c oxidase subunit 8A) and Atp5e (ATP
synthase subunit) were, for example, >10-fold down-regulated, whereas Ndufa1 (NADH
dehydrogenase subcomplex) was 5-fold up-regulated on ED9.5, all suggesting inhibition
of mitochondrial respiration and adaptation to glycolytic flux. We anticipated that hy-
perglycemia would also affect the expression of glucose transporters. Figure 6 shows that
Glut1, -2, and -3 (Slc2a1-3) were most highly expressed, but all 3 transporters showed a
pronounced decrease in expression between ED7.5 and ED9.5, and were not affected by
hyperglycemia, except for a trend for Glut3 (P=0.08). In contrast, the insulin-responsive
glucose transporters Glut4, -8, and -10 (Slc2a4, -8, and -10) were expressed to a much
lower extent, but increased with development and, with the exception of Glut8, were
negatively affected by hyperglycemia. Glut4 was most sensitive in this respect, with a ~5-
fold decreased expression in hyperglycemic embryos. The expression of sodium-coupled
glucose transporters was extremely low (not shown).
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Fig. 6 Expression of glucose transporters in control and hyperglycemic embryos. The most highly
expressed glucose transporters (Glut1-3) all declined during normal development (ED7.5-9.5), whereas
the insulin-regulated glucose transporters (Glut4, -8, and -10) increased in concentration (note that the
Glut1-3 values are expressed after division by 1,000). Hyperglycemia had no (Glut1 and -2) or a small
negative effect (Glut3 on ED8.5 only) on the highly expressed glucose transporters, but clearly suppressed
two of the insulin-regulated transporters. Diamond symbols indicate the control group and square symbols
the hyperglycemic group. P values compare expression between hyperglycemic and control embryos on
the indicated day.

To investigate whether these changes in gene expression reflected differences in mito-
chondrial function and/or glycolysis, we measured the rates of oxygen consumption and
extracellular acidification in cells of control and hyperglycemic ED9.5 embryos. As shown
in Figure 7, the rate of basal oxygen consumption in diabetic cells was ~85% of that
in control cells (P = 0.03). No differences were observed after oligomycin, FCCP, and
antimycin A addition, revealing that the maximal respiration capacity (FCCP addition)
and the rate of non-mitochondrial oxygen consumption (antimycin A) were not different.
Oxidative phosphorylation (basal OCR-oligomycin-suppressed OCR) in cells from control
and hyperglycemic embryos were not different (68 ± 11 and 47 ± 10 pmol/min.mg pro-
tein, respectively (P = 0.19)). The extracellular acidification rate was significantly lower
in cells from hyperglycemic than from control embryos (~70%; P = 0.01). Furthermore,
glycolysis already functioned at the maximal rate under basal conditions, as the addition of
oligomycin did not increase ECAR. In addition, these data show that ATP synthesis from
glycolysis (~25 nmol/min.mg protein) in cells from control embryos is ~150-fold higher
than that from oxidative phosphorylation (~0.17 nmol/min.mg protein; phosphate/oxygen
ratio set at 2.5). Because both oxidative phosphorylation and glycolysis are ~30% lower
in cells from hyperglycemic embryos, the ratio remains similar. These data show that
glycolytic activity was the main source of energy production in ED9.5 embryos and that
its activity and capacity was substantially lower in hyperglycemic embryos, indicating they
had an energy problem.
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Fig. 7 Oxygen consumption and extracellular acidification in cells of control and hyperglycemic embryos
on ED9.5. Cells obtained from 12 hyperglycemic and 17 control ED9.5 embryos were used to measure
the rate of oxygen consumption (OCR; panel A) and extracellular acidification (ECAR; panel B). Gray
bars represent cells from control and black bars from hyperglycemic embryos. The bars indicate the OCR
and ECAR under basal conditions and after sequential addition of oligomycin, FCCP and antimycin A.
Data represent 3 consecutive measurements of separate dishes with cells from 4 hyperglycemic embryos
and 6 control embryos on average. The Y-axis indicates oxygen consumption (pmoles/min.mg protein) or
extracellular acidification (mpH/min.mg protein). The asterisk indicates a significant difference between
control and hyperglycemic embryos. **: P <0.01. *: P = 0.03 (basal OCR control vs diabetic) and P
= 0.01 (ECAR after treatment of oligomycin control vs diabetic).

2.4 Discussion
Earlier studies on ED10.5-15.5 embryos showed that maternal hyperglycemia affects the
expression of genes involved in apoptosis, proliferation, migration and differentiation [16-
19]. In the present study, we examined the effect of maternal hyperglycemia in mouse
embryos during gastrulation and early organogenesis (ED8.5 and ED9.5). The main find-
ings were that pregnancy aggravated hyperglycemia in mildly diabetic dams, as it does in
humans [41], and that hyperglycemia in the embryo developed before the onset of insulin
production and affected the expression of genes involved in the regulation of cell prolif-
eration, cytoskeleton, and energy metabolism. Approximately 25% of the differentially
regulated genes were associated with cardiovascular and neural malformations if deficient.

2.4.1 Hyperglycemia and glucose transport
Insulin (and glucagon) can be detected only in embryos with >20 somites (ED9.25)
[42], and maternal insulin does not reach the embryo proper [43]. In agreement, our gene
expression data do not show expression of the insulin-signaling factors Insr, Irs1/2, or Akt1
in ED8.5 or ED9.5 embryos (Pik3 is expressed). Embryonic hyperglycemia, therefore, most
likely exerts its teratogenic effects in the absence of insulin, that is, directly on sensitive
cells via glucose transporters or as osmolyte.

Although Glut1, -2, and -3 are mostly expressed in the extraembryonic tissues (yolk
sac, amnion and/or ectoplacental cone) [44, 45], expression of Glut1 and Glut3 in the
embryo was >100-fold and that of Glut2 >10-fold higher than the other glucose trans-
porters. Expression of these Gluts peaked, in agreement with literature [44, 46-49], during
implantation and gastrulation, and declined in a pronounced manner after ED7.5 (Glut2,
Glut3) or ED8.5 (Glut1). Also in agreement with literature [45, 50, 51], the expression
of Glut1, -2, and -3 was not or only mildly affected by hyperglycemia. Since Glut2 defi-
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ciency appears to protect the embryo from the teratogenic effects of hyperglycemia [51],
the pronounced decline of its expression after ED7.5 may explain the window of sensitivity
to hyperglycemia around ED7.5 [15].

In contrast to Glut1, -2, and -3, the expression of Glut4 and Glut10 increased with de-
velopment and was strongly suppressed by hyperglycemia. Expression of Glut4 in postim-
plantation embryos first appears in the yolk sac and ectoplacental cone, and then increas-
ingly also in the embryonic tissues [48, 52]. GLUT4, -8 and -10 are all recruited to the
plasma membrane via an insulin-dependent increase in cytoskeletal actin polymerization
[53-55] and become expressed only when endogenous insulin production starts at ED9.5
[42]. The phenotype of Glut4- [56], Glut8-[57], or Glut10 -deficient [58] embryos does not
suggest a role for these transporters in hyperglycemic embryopathy, but it remains to be
established whether the deficiency protects against the adverse effects of hyperglycemia
in early development [59].

2.4.2 Hyperglycemia and the cytoskeleton
The cytoskeleton plays a prominent role in the changes in cell shape and the morphogenetic
movements that characterize cell behavior during gastrulation and organogenesis [60, 61].
Hyperglycemia suppresses the cell cycle [62] and causes a pronounced downregulation
of the expression of many genes of key components of the cytoskeleton in embryos.
Embryonic hyperglycemia suppressed the expression β- and especially γ-cytoskeletal actin,
the cobblestones of the dynamic submembranous cytoskeletal network, ~3- and ~100-fold,
respectively. The expression of associated small GTPases, including Rho, Cdc42, and Rac,
and the ezrin, radixin, and moesin (ERM) proteins [63, 64] was also affected. Exposure
to glucose phosphorylates and activates Cdc42. Interaction of active Cdc42 with WASP
receptors activates ARP2/3, which enhances actin nucleation and branching. Activated
ARP 2/3, in turn, joins onto pre-existing microfilaments and creates a site for the extension
of new microfilaments (branching). Cofilin, another downstream signal of Cdc42 and other
members of the RHO family that is active in its dephosphorylated form, promotes actin
depolymerization. Integrins or PKC are major activators of cofilin-1. The balance of
N-WASP and cofilin activities determines the direction of cytoskeleton dynamics. Since
the expression of virtually all these genes was affected, cytoskeletal dysfunction must
be a prominent sequel of embryonic hyperglycemia. Hyperglycemia also enhances the
depolymerization and polymerization cycle rate ("dynamic instability") of cytoskeletal
actin [63, 65, 66]. This post-translational effect of hyperglycemia appears to be mediated
by the hyperosmotic stress it causes [67, 68]. The highly significant and largely inhibitory
effects of maternal diabetes on the structure and function of the cytoskeleton indicates
that the teratological effects of embryonic hyperglycemia are at least in part mediated by
this fairly general insult on cellular integrity.

2.4.3 Hyperglycemia and metabolism
The preimplantation embryo becomes exposed to hypoxic conditions when entering the
uterus [69]. Coincident with the accompanying transition to glycolytic energy metabolism,
the mitochondrial cristae become tubular and vesicular, while the reappearance of lamel-
lation of the cristae during early organogenesis is a sign of mitochondrial maturation
[70-72]. In agreement, oxidative phosphorylation begins to contribute increasingly to en-
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ergy metabolism after ED9.5 [73, 74]. Embryonic hyperglycemia delays this maturation
and induces mitochondrial swelling [75]. In agreement, we observed that maternal hy-
perglycemia suppressed the expression of many genes involved in mitochondrial function.
Perhaps even more importantly, we showed that on ED9.5, glycolytic energy production
at ED9.5 still accounts for ~99.5% of total energy production. To place this number in
perspective, one has to realize that the oxygen consumption rate at ED9.5 was only ~1%
of that of primary hepatocytes, while glycolysis measured as the rate of extracellular acid-
ification exceeded that of primary hepatocytes by ~10-fold in experiments carried out in
the same month on the same Seahorse analyzer (EH Gilglioni, unpublished data). These
numbers demonstrate that glycolysis is still the predominant energy source at ED9.5 and
that the ~30% decline in glycolytic activity and capacity deprived hyperglycemic ED9.5
embryos of a substantial share of their capacity to produce ATP. This finding contrasts
with the prevalent hypothesis that the teratogenic effects of hyperglycemia have to be
ascribed to the oxidative stress that arises from flooding the embryonic mitochondria with
respiratory substrates [76, 77], and/or to the activation of the hexosamine pathway and
associated inhibition of NADPH regeneration[78], which would compromise the still poorly
developed antioxidative defense [79].

2.4.4 Hyperglycemia and congenital malformations
The association of maternal diabetes and congenital malformations of the cardiovascular
and neural systems is quite strong [2, 5]. To demonstrate that some of the genes that are
differentially regulated by hyperglycemia are indeed causally involved in the development
of malformations, one has to interfere with their expression. In this respect, it should be
kept in mind that the majority of genes were downregulated on both ED8.5 and ED9.5
(~80% on ED8.5 and ~65% on ED9.5). We, therefore, queried the Jackson Laboratory
MGD database of genes causing cardiovascular or neural if deficient. This query showed
that 20-25% of the genes regulated by hyperglycemia have already been demonstrated
to cause heart, neural-tube, or embryonic malformations if deficient. Almost one quarter
of these genes are shared between heart and neural tube, in agreement with the fact
that these malformations often co-occur [2, 4, 5]. A similar approach was carried out
on ED10.5 embryos from hyperglycemic and control mice [16, 17]. In this study, which
focused on neural-tube defects, the genes that were affected by maternal diabetes and that
caused malformations were far more often part of the Wnt, Hh, Notch, or MAPK signaling
pathways than of the cytoskeletal network. These data suggest that the hyperglycemia-
induced involvement of the cytoskeleton is no longer prominent at ED10.5. Similarly, the
effect of hyperglycemia on mitochondrial structure reportedly disappears with age in the
embryo [75].

2.5 Limitations of the study
The choice of the animal model is obviously crucial for the relevance of the outcome of the
study. We used STZ to induce diabetes and insulin pellets to modify the type-1 diabetic
state into the more type-2-like diabetes of pregnancy. In agreement with this aim, the
dependence on insulin increased with the duration of pregnancy. The genetic non-obese
diabetic (NOD) model resembles the STZ model in also being an autoimmune type-1-like
model [80], but has not been studied extensively as a diabetes of pregnancy model, possibly
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because it also produces laterality defects [81, 82]. Recently, a type-2-like murine model
of diabetic pregnancy was reported in which insulin resistance was induced by feeding
mice for 15 weeks a very high-fat (~60 en%) diet [83]. The controls were fed a 10 en%
fat diet. However, as we (unpublished observations) and others [84, 85] have experienced,
a high fat content of the diet (>20 en%), as found in the 5020 (9F) and 5015 mouse
diets, appears to be a precondition for the development of cardiovascular and neural tube-
closure defects in the offspring, because otherwise similar diets that contain <13.5 en%
(e.g. mouse diet 5001) do not produce the malformations. Since the effect of dietary
fat is established almost instantaneously [84], diet-induced obesity models of diabetic
pregnancy offer no obvious advantages over the established STZ model as modified by
Loeken [11]. Another caveat of our study is that we carried out gene expression analysis
on only 2 stages of development (ED8.5 and 9.5). These stages, which correspond to very
early pregnancy in human (~3 weeks gestation), were considered potentially interesting,
because they precede the appearance of malformations. Because we could not select for
affected embryos we opted to use a validated mouse model of diabetic pregnancy.
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Supplementary information

Supplementary Fig. 1 Body weight after STZ treatment and linbit implantation. Body weight was
measured before STZ treatment ("0"), 14 days after the first STZ injection, on the day of linbit implan-
tation (arrow) and on the indicated days after linbit implantation. Round (N=4) and diamond (N=12)
symbols represent two different series of female mice. The error bar show SEMs.

Supplementary Fig. 2 H&E stained sections of control and hyperglycemic ED9.5 mouse embryos.
Panels A and C: control, normoglycemic embryos; panels B and D: experimental, hyperglycemic embryos.
Bar: 100 µm.
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Supplementary Fig. 3 Correlation between total RNA input and number of sequenced genes after
SOLiD SAGE sequencing. Between ~0.3 and 5.2 µg total RNA from 29 hyperglycemic and control
embryos was used for SOLiD SAGE deep sequencing. The X-axis indicates the amount of RNA used
for cDNA synthesis and sequencing, while the Y-axis indicates the saturation in the number of unique
expressed genes for each individual embryo.

Supplementary Fig. 4 Genes differentially expressed in hyperglycemic ED8.5 and ED9.5 embryos asso-
ciated with cardiovascular and/or neural defects. Panel A: 1024 and 2148 were differentially expressed
unique functional genes in embryos from hyperglycemic and control dams on ED8.5 and 9.5, respectively,
876 of which were common to ED8.5 and ED9.5. Panels B-D show Venn diagrams of the number of
differentially expressed genes associated with cardiovascular (panel B), neural (panel C), and both car-
diovascular and neural malformations in Jackson’s MGD database in ED8.5 (blue), ED9.5 (red), or both
ED8.5 and ED9.5 embryos (overlap).
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Supplementary Fig. 5 Prevalence of genes that were differentially regulated in hyperglycemic ED8.5
and ED9.5 embryos in the MGD data base. Approximately 45% of the detected differentially expressed
sequences represented unique genes at both ED8.5 and ED9.5 (removal of Riken, expressed sequence tags
(EST), unassigned and hypothetical genes). Of these, ~21% and ~5% were 5- and 10-fold upregulated,
respectively, at ED8.5 and ~14% and ~4%, respectively at ED9.5. Approximately 26% of the differentially
regulated genes are associated with cardiovascular, neural, or embryogenesis defects if absent. (MGD data
base). Among ≥5-fold upregulated genes, this percentage is 23-24% and among ≥10-fold upregulated
genes 18-20%.

Age (ED) # somites Features
ED8.5 ~7 No "turning" of embryos, neural folds, atrial chamber, allantois
ED9.5 ~20 Completed turning, closed neural folds, four heart chambers, fore-

limb, eyes

Supplementary Table 1 Criteria to determine the developmental stage of ED8.5 and ED9.5 embryos.
The age of embryos was defined according to the criteria of Kaufman [30].
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Supplementary Table 3 Unique differentially expressed genes in ED8.5 and ED9.5 hyperglycemic and
control embryos, and their presence or absence in the MGD database. All listed genes (1024 at
ED8.5 (sheet 1) and 2148 at ED9.5 (sheet 2)) are unique and were >1.5-fold in- or decreased in ex-
pression (Padj <0.05) in hyperglycemic embryos. Columns A to H represent "Gene Name", "Ensembl
Gene", "Unigene", "Fold Change", "Log2 Fold Change", "P adjusted value", "Chromosome" and "Gene
Description", respectively. The gray fields indicate that the indicated gene was ≥ 5-fold up- or down-
regulated and present in the subfield cardiovascular, neural, and embryogenesis defects of the Jackson
Laboratory Mouse Genome Database (MGD). Columns L to W represent the normalized number of
reads for the hyperglycemic and control embryos at ED8.5 and columns L to AA at ED9.5. (Available:
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4951019/bin/pone.0158035.s009.xls)

Gene Name SAGE Value±SEM Q-PCR Value±SEM Color
Mrps23 400 ± 30 1E-05 ± 2E-06
Gtf3c2 1115 ± 54 6E-06 ± 1E-06
Ndufa6 792 ± 61 9E-06 ± 2E-06
Tpm4 2850 ± 247 2E-05 ± 5E-06
Marcksl1 4753 ± 1057 6E-05 ± 1E-05
Myosin 1H 524 ± 32 4E-05 ± 1E-05
Raf1 623 ± 50 6E-06 ± 1E-06
Tab2 301 ± 48 3E-06 ± 2E-07
Axin1 212 ± 29 3E-06 ± 3E-07
Mrto4 474 ± 43 2E-05 ± 2E-06
Psmc4 1364 ± 50 8E-06 ± 1E-06
Rnaseh2c 541 ± 77 4E-07 ± 5E-08
Mtch1 4472 ± 170 9E-05 ± 2E-05
Pax3 265 ± 32 2E-06 ± 2E-07
Pnpt11 505 ± 50 3E-05 ± 3E-06
Bax 1210 ± 94 2E-05 ± 2E-06
Arg1 1284 ± 114 3E-06 ± 7E-07
Cdk1 2985 ± 207 1E-05 ± 1E-06
Ubxn8 638 ± 77 9E-07 ± 2E-07
Trip13 603 ± 52 8E-06 ± 6E-07
Tor3a 63 ± 9 3E-07 ± 3E-08
Glut4 30 ± 4 3E-06 ± 3E-07
Fgf2 12 ± 2 2E-05 ± 2E-06
Cdc20 325 ± 54 2E-03 ± 6E-04
Actg1 928 ± 118 2E-04 ± 1E-05
Atp5c1 9624 ± 2882 5E-07 ± 5E-08

Supplementary Table 4 Expression levels of genes shown in Figure 5.
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CHAPTER 3

Abstract
Maternal hyperglycemia causes congenital malformations in offspring, but the cause of this
teratogenic effect is still unknown. We investigated effects of maternal hyperglycemia on
mouse embryos during gastrulation and early organogenesis (ED7.5-11.5). Female mice
were made diabetic with streptozotocin, treated with controlled-release insulin implants,
and mated. Maternal blood glucose concentrations increased up to embryonic day (ED)
8.5. Maternal hyperglycemia induced severe growth retardation (~1 day) in ~50% of the
embryos on ED8.5, death in most of these embryos on ED9.5, and the termination of
pregnancy on ED10.5 in litters with >20% dead embryos. Due to this selection, develop-
mental delays and reduction in litter size were no longer observed thereafter. Male and
female embryos were equally sensitive. High-throughput mRNA sequencing and pathway
analysis of differentially expressed genes showed that retarded embryos failed to mount
the adaptive suppression of gene expression that characterized non-retarded embryos (cell
proliferation, cytoskeletal remodeling, oxidative phosphorylation). The failure of perigas-
trulation embryos of hyperglycemic mothers to grow and survive is associated with their
failure to shut down pathways that are strongly down-regulated in otherwise similar non-
retarded embryos. Malformations, therefore, appear to develop in the subset of embryos
that survive the early and generalized adverse effect of hyperglycemia.
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3.1 Introduction

The incidence of diabetes is increasing annually world-wide [1], including that in pregnant
young adults [2]. Preexisting diabetes affects ~1.3% of all pregnancies and is rising
in prevalence, while gestational diabetes affects ~7.5% of pregnancies and appears to
remain constant [3]. Maternal diabetes is a major cause of congenital malformations in
the offspring [4-6].

Rodent models of pregestational diabetes are usually based on alloxan- or streptozo-
tocin (STZ)-induced diabetes in females. Neural-tube and cardiovascular malformations
are most frequently seen [7, 8], and may result from an adverse effect of high glucose
concentrations on the normal development of neural crest cells [9, 10]. Neural-tube de-
fects range from a wavy neural tube via spina bifida at various locations to exencephaly
and craniorhachischisis [11], while cardiovascular malformations typically display defects
of the outflow tract, atrial septum and atrioventricular valves, and extensive apoptosis
[8, 12]. The frequency of these malformations in several mouse strains is 10-15% of live
ED10.5-13.5 embryos [8, 12-14]. In rats [15], but possibly not in mice [16], pregnancies in
such preconceptionally diabetic females are accompanied by growth retardation, develop-
mental delay, embryonic death, and increased perfusion of the affected implantation sites
[17].

The rodent embryo is most sensitive to the teratogenic effect of maternal hyper-
glycemia if exposed during the pre- and early somite stages of development (ED7.5-8.5
in the mouse) [18-20]. Accordingly, mutant mouse models suggest that perturbations of
mesoderm specification and cell migration during and shortly after gastrulation can cause
neural-tube and cardiovascular defects [21]. We reported recently that maternal hyper-
glycemia impaired expression of genes involved in cell proliferation in non-retarded ED8.5
mouse embryos, and genes involved in cytoskeletal remodeling and oxidative phosphoryla-
tion in non-retarded mouse ED9.5 embryos [22]. A quarter of the differentially regulated
genes (mostly down-regulated) were associated with neural-tube or cardiovascular defects
if deficient [22]. Studies of older mouse embryos (ED ≥ 10.5) with manifest diabetic
embryopathy showed that maternal hyperglycemia affected the expression of genes in-
volved in apoptosis, proliferation, migration and differentiation during organogenesis in
the offspring [8, 11, 23-25]. This change in the spectrum of affected genes is compatible
with developmental stage-specific adaptation of gene expression.

A major difference between our and earlier reported findings is that many hypergly-
cemic ED8.5 and ED9.5 mouse embryos were developmentally retarded, whereas growth
retardation and developmental delay were explicitly reported as not being observed in
ED10.5 litters of diabetic dams [24, 26]. In the present study, therefore, we investigated
the developmental progress of hyperglycemic embryos between ED7.5 and ED11.5 to de-
termine if the manifestation of diabetic embryopathy at and after ED10.5 was preceded
by a more general adverse effect on embryonic development. The study was performed in
the FVB mouse strain, which is susceptible to malformations induced by maternal hyper-
glycemia [27]. Diabetes was induced with streptozotocin and treated with insulin implants,
so that severe hyperglycemia only developed after implantation of the embryos [13]. Path-
way analysis after high-throughput mRNA sequencing of one-day retarded hyperglycemic
embryos revealed that these embryos typically failed to mount the adaptive and generally
suppressive response in gene expression that characterized the hyperglycemic ED8.5 and
ED9.5 embryos that were not retarded.
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3.2 Materials and methods

3.2.1 Animals
FVB mice (9-11 weeks old) were obtained from Harlan Sprague Dawley (Venray, The
Netherlands) and fed an irradiated diet that was based on the Purina 9F diet (http:
//labdiet.com/pdf/5020.pdf; production: ABDiets, Woerden, The Netherlands). Mice
were kept on a 12-h light/12-h dark cycle at 22°C with free access to water and food.
The study was carried out in accordance with the Dutch Guidelines for the Care and Use
of Laboratory Animals and approved by the Ethical Committee for Animal Research of
the University of Amsterdam (ALC101225).

3.2.2 Induction of diabetes
Diabetes was induced in female FVB mice with streptozotocin as recommended by the
Animal Models of Diabetic Complications Consortium (AMDCC; [28]) and as described
in our previous study [22]. In brief, animals to be treated with streptozotocin were
randomly chosen. The diabetic group included 54 and the control group 37 mice. 4-5
diabetic or control mice were housed in one cage. Sixty mg/kg streptozotocin (STZ;
Sigma, Zwijndrecht, The Netherlands), freshly dissolved in sodium citrate (0.1 M, pH
4.5), was injected intraperitoneally for 5 consecutive days. Hyperglycemia was treated
with subcutaneous sustained-release insulin implants (LinSHIN, Toronto, Canada) that
released ~0.1 U/day per implant for at least 30 days. Mice were mated to proven fertile
males. Pregnant mice were sacrificed by cervical dislocation and embryos recovered on
ED7.5, ED8.5, ED9.5, ED10.5. ED11.5, or ED13.5 (one litter only). The age of the
embryos was verified by comparison with the criteria of Kaufman [29].

3.2.3 Sex identification
Because male human embryos were reported to be more sensitive to hyperglycemia than
female embryos [30], whereas the reverse was described for mouse embryos [31], we studied
male and female embryos separately. DNA from the visceral yolk sacs of ED8.5 embryos,
or the posterior part (cut made just caudal to the heart) of ED9.5 embryos was isolated
with TriPure Isolation Reagent (Roche, Almere, The Netherlands). The tissues were taken
from the remaining parts of the embryos after harvesting the anterior part (ED8.5) and
heart-containing segment (ED9.5) for mRNA quantification. The sex of the embryos was
determined by a multiplex PCR amplification using primers to amplify the male-specific
Sry gene and the autosomal Il3 gene for reference [32].

3.2.4 Embryo morphology
ED8.5-ED10.5 embryos were fixed in Bouin’s fixative (saturated picric acid (15), formalde-
hyde (5), glacial acetic acid (1; v/v)) for 2 hours at 4°C, stored in 70% ethanol, and em-
bedded in paraffin. Serial transversely cut 7 µm-thick sections were stained with hema-
toxylin and eosin (HE), and photographed with a Leica DMRA2 microscope equipped
with a Leica DM300 photo camera. Digital images from serial sections of mouse embryos
were used to prepare three-dimensional reconstructions with Amira 5.2 software package
(Visage Imaging, San Diego, CA, USA).
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3.2.5 Quantification of mRNAs by SOLiD SAGE sequencing
In our previous study, we compared gene expression in control with hyperglycemic, non-
retarded ED8.5 or 9.5 embryos [22]. In the present study, we compared gene expression in
control ED7.5 and ED8.5 embryos with hyperglycemic, one-day delayed ED8.5 and ED9.5
embryos, respectively. Total RNA was extracted from whole ED7.5 and one-day delayed
hyperglycemic ED8.5 embryos, and from the anterior half of embryos (transverse cut made
just caudal to the heart) on ED8.5 and one-day delayed hyperglycemic ED9.5 embryos
with the TriPure Isolation Reagent (Roche, Almere, The Netherlands). Embryos were
frozen and thawed 3 times using liquid nitrogen. After centrifugation, the aqueous phase
of the TriPure extract was re-extracted 3 times with choloroform:isoamyl alcohol (24:1)
and precipitated with ethanol after addition of 10 µg glycogen. The quantity of total
RNA was determined with a Qubit 1.0 Fluorometer (Invitrogen, The Netherlands), while
the quality was assessed with a Bioanalyser RNA 6000 Nano Chip (Agilent Technologies,
Amstelveen, The Netherlands). The RNA integrity number (RIN) of all samples was
between 9.0 and 10.0. The total RNA yield per embryo was 1.0±0.1µg for one-day
delayed ED8.5 embryos and 0.9±0.1µg for one-day delayed ED9.5 embryos. The relative
abundance of individual transcripts was determined by the SOLiD SAGE approach, as
in our previous study [22]. Pathway analysis of the differentially expressed genes was
performed using QIAGEN’s Ingenuity Pathway Analysis (IPA®, QIAGEN Redwood City,
www.qiagen.com/ingenuity).

3.2.6 Statistical analyses
Blood glucose concentrations and litter size are expressed as mean ± SEM. Statistical
analyses were performed using nonparametric Mann-Whitney U and Kruskal-Wallis tests.
The number of normal and retarded embryos was compared with embryonic age and
streptozotocin treatment as variables, using contingency-table statistics. Expected values
were based on column and row totals or Mendelian expectation (gender). In case of
a significant overall Chi-squared value, the contributions to the Chi-squared value were
tested to determine the source of the observed difference. A P-value <0.05 was considered
statistically significant.

3.3 Results

3.3.1 Biometric data of the mouse model of diabetic pregnancy
The details about the efficacy of the STZ treatment protocol can be found in our previous
study [22]. All mice treated with STZ became diabetic. Blood glucose concentrations
reached steady-state levels (~25 mmol/L) within 3 weeks after inducing diabetes with
STZ. After administering the controlled-release insulin implants, glucose levels declined
but remained higher (~14 mmol/L) in diabetic than in nondiabetic mice. Due to the fixed
release rate of insulin and the increasing demand for insulin with progressing pregnancy
[13], blood glucose concentrations increased again ~1.7-fold in the first week of pregnancy
and plateaued after ED8.5. Only pregnant females with blood glucose concentrations
exceeding 17 mmol/L at sacrifice were included in the analysis.
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Figure 1 shows that among 54 female diabetic mice, 18 (~30%) did not become
pregnant within 3 weeks after being exposed to a proven fertile male. Of these 18 mice,
a vaginal plug was observed in 13 females (~70%). At sacrifice, 5 of the 13 uteri (~40%)
were swollen and congested with blood, as occurs after death of all embryos. In the
non-diabetic control groups, 7 out of 37 mice (~20%) did not become pregnant within
3 weeks (no difference with the STZ group, P=0.13). No swollen and congested uterus
was observed in any of these mice. The average litter size of control mice was 9.4±0.5.

3 ED10.5

1 ED9.5

2 ED8.5

1 ED7.5

2 ED11.5

2 ED10.5

1 ED9.5

3 ED10.5

1 ED9.5

4 ED8.5

7 no embryos

30 pregnant

7 plug7 not pregnant

37
control mice 1 ED11.5

4 ED10.5

9 ED9.5

8 ED8.5

8 ED7.5

5 swollen uteri

8 no embryos18 not pregnant

5 no plug

13 plug

54
diabetic mice

36 pregnant

1 ED13.5

3 ED11.5

7 ED10.5

14 ED9.5

9 ED8.5

2 ED7.5

Fig. 1 Fecundity of female diabetic and control mice and the gestational age at which the mice were
killed. "Plug" and "no plug" indicate mice with or without visible vaginal plug. "No embryos" indicates
that a vaginal plug was seen, but a normal uterus without embryos was found at harvest, whereas a
"swollen" uterus indicates that a vaginal plug was seen and a uterus without embryos that was swollen
and reddish with engorged blood vessels was found at harvest. All EDs represent the embryonic day when
the mice were sacrificed. The numbers indicate the number of mice sacrificed.

An inventory of the visible congenital malformations in 10 litters of ED9.5-11.5 em-
bryos of pregnant diabetic mice yielded 12 abnormal embryos among in total 96 embryos
(~13%; Supplementary Table 1), which is similar to that found in literature [13, 23].
Among the abnormal embryos, neural-tube defects ("wavy" neural tube and spina bifida,
sometimes at several locations) were prevalent, as reported [11]. Some embryos were also
retarded in development. Figure 2A shows, for example, an ED9.5 embryo with a simple
tubular heart and a short, straight tail, features which are typical for embryos at ED8.5
[29]. Additionally, this embryo has enlarged pericardial and neural-tube cavities, which is
suggestive for cardiac failure (Figure 2B). Other embryos had extensive fields of pycnotic
nuclei in both embryonic atria (Figure 2C-E) compared to control embryo (Figure 2F).
These morphological findings confirm those reported earlier in rat [15] and mouse embryos
[10, 11, 13, 14].
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Fig. 2 Growth retardation and apoptosis in hyperglycemic embryos. Panel A shows a retarded hypergly-
cemic ED9.5 embryo with an incompletely turned caudal part of the body ("straight tail") and a simple
heart tube, which are compatible with a one-day delayed development. Panel B shows a hematoxylin
and eosin-stained section of a delayed ED9.5 embryo. NT: dilated neural tube; OFT: outflow tract; V:
ventricle, both in dilated pericardial cavity. Panels C and D (D is a magnification of the box in C) shows
a hematoxylin and eosin-stained heart of an ED10.5 embryo from a diabetic mouse. Note the massive
pycnotic fields in the dorsal wall of the embryonic atria. The 3D reconstruction (panel E; dorsal view of
the heart region) identifies the pycnotic regions (yellow) in the left and right atria (green: the unaffected
region; purple: ventricles and outflow tract). Panel F shows the hematoxylin and eosin-stained heart of
a control ED10.5 embryo. Scale bars: 100 µm.

3.3.2 Maternal hyperglycemia causes embryonic growth retarda-
tion on ED8.5 and death on ED9.5

Since growth retardation appeared a common feature in embryos with maternal hyper-
glycemia and since ED7-8 was reported as the most sensitive period for the teratogenic
effect of hyperglycemia in mice [20], we investigated the frequency of delayed development
in ED7.5-10.5 embryos. Criteria used to stage embryos under the dissecting microscope
were the number of somites that had developed, the "turning" of the embryo for ED8.5
embryos and the development of the head and heart for ED9.5 embryos [29]. Table 1
shows the effect of maternal hyperglycemia on embryonic growth. In the control group,
growth retardation occurred in 5% and 8% of the embryos on ED8.5 and ED9.5, re-
spectively, without sex difference. In the diabetic group, however, 54% of the embryos
had incurred a severe growth retardation, equivalent to ~1 day, on ED8.5 (P <1E-9 vs
non-diabetic group). On ED8.5, 3 litters consisted of retarded embryos only, in 2 lit-
ters 60-70% of the embryos were retarded, and in 4 litters 10-40% of the embryos were
retarded. Intriguingly, only 14% of the retrieved embryos with maternal hyperglycemia
were retarded on ED9.5 (P <1E-9 vs ED8.5; 9 litters without retarded embryos, 4 litters
with 1-2 retarded embryos, and 1 litter with 6 retarded embryos) and still fewer (3%)
on ED10.5 (2 embryos in 2 litters; Table 1). We did not observe a correlation between
retarded embryonic growth and maternal blood glucose on ED8.5 or ED9.5 (Figure 3).

To track the fate of the retarded embryos, we determined the number of live embryos
per litter for each age (Figure 4 and Table 2). Maternal hyperglycemia resulted in growth
retardation in ~50% of ED8.5 embryos, but only few retarded ED9.5 or ED10.5 embryos
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Fig. 3 Blood glucose levels in pregnant diabetic mice with and without developmental retardation
in the offspring. Blood glucose levels were measured before streptozotocin ("preSTZ") treatment, 3
weeks after the first STZ injection ("STZ"), on the day of mating ("mating"), on ED7.5 of pregnancy
("ED7.5"), and at sacrifice (ED8.5 or ED9.5; "sacrifice"). Insulin pellets ("linbit") were implanted after
establishing the diabetic state of the mice. Blood glucose concentrations were comparable in both groups
at all sampling moments, including that just prior to mating (P = 0.21). Blue symbols: no retardation;
orange symbols: retardation in the offspring.

were found (Figure 4A; P <0.001). Coincident with the drop in the percentage of growth-
retarded ED9.5 embryos in litters of diabetic mice, the number of live ED9.5 embryos
decreased from 9.8±0.3 on ED8.5 to 6.3±0.9 on ED9.5 (Figure 4B and Table 2; P=0.021),
indicating that many of the retarded embryos had died. More remarkably, the number
of live embryos in litters of diabetic mice increased again to 9.7±0.7 on ED10.5 (Figure
4B and Table 2; P=0.019). In conjunction with the apparent death of litters with a high
percentage of retarded embryos (see previous section), we interpret the transient one-
third reduction in the number of live embryos per litter in diabetic pregnancies on ED9.5
compared to ED8.5 and ED10.5 as showing that embryos that were severely growth-
retarded on ED8.5 had died on ED9.5. We explain the apparent increase in the number
of live embryos per litter on ED10.5 as a severe selection against and termination of litters
of diabetic dams, in which >20% of the embryos were growth-retarded on ED8.5, because
litters with few live embryos disappeared between ED9.5 and 10.5.

# litters litter size
ED Ctrl STZ Ctrl STZ
7.5 7 2 10.7±1.0 10, 10
8.5 7 8 9.0±0.8 9.8±0.3
9.5 6 12 8.8±1.5 6.3±0.9*
10.5 4 7 10.0±0.9 9.7±0.7

*: Kruskal-Wallis test: P=0.02 within STZ group

Table 2 The effect of hyperglycemia on litter size. FVB females were made hyperglycemic and treated
with insulin as described in the Materials and Methods section. Embryos were recovered between ED7.5
and ED10.5 and were considered alive if the heart was beating. The average number (± SEM) of embryos
per litter is shown. The influence of developmental age and streptozotocin (STZ) treatment on litter size
(SEM) was analyzed with the Kruskal-Wallis test.
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Fig. 4 The effect of hyperglycemia on the prevalence of developmental retardation and litter size in
pregnant diabetic mice. FVB females were made hyperglycemic with streptozotocin and treated with
insulin pellets. Embryos were harvested on ED8.5 (n=9 litters), ED9.5 (n=12 litters) and ED10.5 (n=7
litters). Panel A: number of non-retarded and retarded embryos in a litter. "Non-retarded" indicates
that the morphology of the embryos was appropriate for gestational age, whereas "retarded" indicates
the morphology of the embryo resembled normal morphology one day earlier according to the criteria of
Kaufman [29]. *: P<0.001. Panel B: number of live embryos in these diabetic litters. Gray symbol
on ED8.5: one litter with only 1 embryo was considered an outlier (Grubb’s and Dixon’s outlier tests:
P<0.001 and <0.002, respectively). *: P<0.05. Note that ~50% of diabetic embryos were seriously
retarded in development on ED8.5 (panel A), that this led to a severe reduction in the number of live
embryos per litter on ED9.5 (note "dumbbell" appearance of distribution) and the absence of these small
litters on ED10.5 (panel B).

3.3.3 No sex difference in effect of hyperglycemia on embryonic
growth

Because the sex of the embryo may determine its sensitivity to the teratogenic effects of
maternal hyperglycemia [33], we identified the male embryos by determining the presence
of the Sry gene in the amniotic and chorionic membranes of ED7.5 and in the tails of older
embryos. Table 1 shows that there was no significant difference in the percentage of male
or female embryos that was growth-retarded on ED8.5 or ED9.5. In a very small number
of embryos, PCR amplification failed. Since this failure occurred as often in normal as in
retarded embryos, it did not affect the interpretation of the data.

3.3.4 Gene expression profile and pathway analysis of one-day de-
layed embryos

Our previous study showed that maternal hyperglycemia mainly suppressed the expres-
sion of genes involved in cell proliferation in ED8.5 embryos and the remodeling of the
cytoskeleton and oxidative phosphorylation in ED9.5 embryos [22]. To investigate the
effects of growth retardation on gene expression, we performed SOLiD SAGE sequencing
(accession number: PRJNA328571; study accession: SRP078567). In total, 8 ED7.5 em-
bryos and 5 ED8.5 embryos from non-diabetic control mothers, and 7 ED8.5 embryos, 8
ED8.5 one-day delayed embryos (ED8.5-1), and 4 ED9.5 one-day delayed embryos (ED9.5-
1) from diabetic mothers were screened. Clusters were generated with generalized linear
models (GLM) based on the expression of the top 100 genes ranked by P-value, which
separated the retarded from the non-retarded embryos in diabetic pregnancies and from
the corresponding embryos in control pregnancies (Figure 5A-C).

Differential gene expression was further analyzed with the Wald test in the DESeq2
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Fig. 5 Hierarchical cluster analysis of gene expression in control and hyperglycemic one-day delayed
ED8.5 and ED9.5 embryos. Panel A: Control ED7.5 embryos were compared to diabetic 1-day retarded
ED8.5 embryos. Panel B: Control ED8.5 embryos to diabetic 1-day retarded ED9.5 embryos; Panel C:
diabetic non-retarded ED8.5 embryos to diabetic 1-day retarded ED9.5 embryos. Hierarchical clustering
was performed by GLM. The tree diagram on the top of the panels reflects the correspondence in gene
expression between embryos, with less height of the branches indicating a higher similarity. The dendro-
grams at the left margin indicate the correlation in the response of the respective genes. The intensity of
the blue color represents the relative level of expression of a gene (after transforming the data for variance
stabilization). "C" and "D" at the bottom margin of the panels indicate "control" and "diabetic" (hyper-
glycemic) embryos, respectively. Panel D: Venn diagram of the number of differentially expressed genes
(without RIKEN, EST, unassigned and hypothetical gene sequences) in control and non-retarded diabetic
ED8.5 embryos (C8.5_D8.5; green), in non-retarded and 1-day retarded diabetic embryos (D8.5_D9.5-
1; red) and in control and 1-day retarded diabetic embryos (C8.5_D9.5-1; blue). The numbers in the
overlapping areas show the number of genes differentially regulated in the two or three overlapping com-
parisons. Note that the number of differentially expressed genes is high if control embryos are compared
with non-retarded diabetic embryos, but very small if control embryos are compared with retarded diabetic
embryos.

package (available through Bioconductor [34]). A Padj <0.05 was considered statistically
significant. As summarized in Figure 5D, 3773 genes were differentially expressed in non-
retarded ED8.5 embryos of diabetic dams compared to ED8.5 embryos of control dams,
whereas this number was only 320 if retarded ED9.5-1 embryos of diabetic mothers were
compared to ED8.5 embryos of control mothers. When non-retarded ED8.5 embryos were
compared to ED9.5-1 embryos (both offspring of diabetic dams), 3063 genes were differ-
entially expressed (Figure 5D). These data show that gene expression in retarded embryos
of diabetic pregnancies was more similar to that in embryos of the same developmental
stage of control pregnancies than to that in non-retarded embryos of diabetic pregnancies.

To find out whether the discrepancy between retarded and non-retarded embryos of
diabetic dams converged on only a few metabolic or signaling pathways or, alternatively,
indicated a failure of the retarded embryos to adapt to the maternal hyperglycemic condi-
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tion we performed pathway analysis of the differentially expressed genes. Figure 6 shows
that Integrin, Integrin-linked kinase (ILK), Rho-family GTPases and Ephrin-B signaling
were most highly (down-)regulated in ED8.5 embryos of diabetic mothers compared to
ED8.5 embryos of control mothers (see 3rd column). Only genes involved in antioxidant
action of vitamin C were significantly upregulated. These pathways concur largely with
those we identified earlier [22] on the MetaCoreTM platform (GeneGo, Inc., St. Joseph, MI,
USA; for a list of the embryos compared in our previous [22] and present study, see Sup-
plementary Table 2). Relative to embryos of control mothers, ED9.5-1 embryos differed
from ED8.5 embryos from diabetic mothers in a similar, but much weaker downregulation
of pathways, so that only few of these pathways were significantly regulated (compare
2nd and 3rd columns in Figure 6). This weaker downregulation of gene expression is also
seen in the direct comparison of ED8.5 and D9.5-1 embryos from diabetic dams (reversed
color in 1st column). The response in ED8.5-1 of diabetic mothers compared to ED7.5
embryos of control mothers was more mixed: genes involved in ILK signaling and antioxi-
dant action of vitamin C were e.g. highly upregulated, whereas NRF2-mediated oxidative
stress and EIF2-mediated translation was significantly downregulated (4th column). These
data suggest that growth-retarded embryos in diabetic pregnancies fail to shut down many
pathways that are strongly down-regulated in otherwise comparable non-retarded embryos
and that this failure leads to their demise between ED8.5 and ED9.5.

3.4 Discussion

In our experimental model, mouse embryos become sensitive to maternal hyperglycemia
on ED7.5, as previously reported [20], and develop visible malformations from ED10.5
onwards. Unexpectedly, we observed a severe growth retardation in ~50% of the embryos
of diabetic dams at ED8.5 and a ~30% decrease in litter size of these diabetic dams on
ED9.5. Because we also observed diabetic dams with only dead embryos in their uterus, we
interpret (for a graphical illustration of our reasoning, see Figure 7) the transient decrease
in litter size of diabetic dams on ED9.5 as showing that embryos that were severely
growth-retarded on ED8.5, had died. The apparent normalization of the litter size of
diabetic dams on ED10.5 can only be understood if diabetic pregnancies, in which >20%
of the embryos had died from the sequels of maternal hyperglycemia, had terminated. As
a result of this selection, no evidence (the percentage retarded embryos was not different
from that in control pregnancies) of the deleterious effect of maternal hyperglycemia on
embryonic growth was still demonstrable on ED10.5. Growth retardation was reported
in ED11.5 rat embryos (26-29-somites, equivalent to ~ED10 mouse embryos [35, 36])
when cultured in very high-glucose media [15, 37]. Growth retardation and a temporary
reduction in litter size were, however, not noted in diabetic mice [16]. However, in another
study, a ~0.5 day developmental delay on ED8.5 and a temporary reduction in litter size
of diabetic pregnancies on ED9.5 were found, but the number of pregnancies studied
was deemed too small to permit a conclusion [38]. These findings imply an early, rather
general and possibly metabolic effect of maternal hyperglycemia during and immediately
after gastrulation that leaves few traces due to the elimination of affected litters between
ED9.5 and ED10.5, and a later, teratological effect that has thus far received most interest.
If our finding can be extended to the human situation, the early effect would occur in the
third week of gestation, so that the consequence, embryonic death, might not even be
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Fig. 6 Pathway analysis of differences in gene expression between euglycemic control and hyperglycemic
non-retarded and retarded ED7.5 and ED8.5 embryos. Diabetic non-retarded ED8.5 embryos were
compared to diabetic 1-day retarded ED9.5 embryos (D8.5_D9.5-1; left column), control ED8.5 embryos
to diabetic 1-day retarded ED9.5 embryos (C8.5_D9.5-1; 2nd column), control ED8.5 embryos to diabetic
non-retarded ED8.5 embryos (C8.5_D8.5; 3rd column), and control ED7.5 embryos to diabetic 1-day
retarded ED8.5 embryos (C7.5_D8.5-1; 4th column). Color intensity indicates stronger control, with blue
and orange reflecting a negative and a positive Z-score, respectively, relative to the second term in the
comparison. Note marked difference between 2nd and 3rd columns, which reflects the effect of growth
retardation.
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Fig. 7 The fate of embryos in hyperglycemic litters. Schematic representation of the fate of embryos
in diabetic dams. This scheme, which is based on the data presented in Table 2 and Figure 4, depicts
the fate of 10 imaginary litters, with 10 embryos each, in the uterus of diabetic dams. Between ED7.5
and ED10.5, hyperglycemic embryos develop normally for gestational age (white), become delayed in
development (gray), or die (black). The developmental delay in diabetic pregnancies typically developed
between ED7.5 and ED8.5, and most embryos with a developmental delay died between ED8.5 and ED9.5.
If >20% of the embryos in a litter were affected, the remaining embryos died between ED9.5 and ED10.5.
Due to the demise of retarded embryos, average litter size declined from 10 on ED7.5 to 6 on ED9.5. As
a result of selection against litters in which >20% of the embryos had died, small litters were no longer
seen on ED10.5 and average litter size had increased again. The only trace of the affected litters was
a lower percentage of pregnancies among diabetic relative to control females. The background rate of
retarded development was ~5%.

noted, except possibly for a perceived difficulty to become pregnant.
Even a temporary increase in circulating glucose concentration on ED7-8, that is,

during gastrulation, suffices to bring about neural tube defects [20]. Our data shows
that blood glucose levels in diabetic dams had increased to a plateau by that time [22].
Euglycemia during gastrulation is apparently crucial for normal embryonic development
and further organogenesis (cf. [21]), because nearly half of the embryos of diabetic mice
had developed a growth delay on ED8.5. Glycolysis is still the prevailing energy source
in ED9.5 mouse embryos [22, 39], although studies in rat [40, 41] and mouse embryos
[42] suggest that the production of lactate decreases and mitochondrial activity slowly
increases during early organogenesis. We observed that glycolytic activity and capacity
had declined substantially in ED9.5 mouse embryos from diabetic mothers, suggesting
that hyperglycemic embryos had an energy problem [22]. In agreement, exposure of
such embryos to a supernormal glucose concentration did not increase glucose oxidation
[41, 42], but caused swelling of mitochondria [43] and a significant decrease in reduced
glutathione [44].

These findings raise the question how such a general disturbance of metabolism can
result in malformations in a restricted range of organ systems, such as the neural tube
and heart. Our present data may explain this paradox, because shortly after becoming
sensitive to hyperglycemia, embryos do suffer from a generalized adverse effect. Because
embryos that were most severely affected by maternal hyperglycemia did not survive, the
embryos with malformations appear to be those that were only relatively mildly affected
by the early toxic effect of maternal hyperglycemia. The difference between the 2 groups
of embryos appears to reside in their adaptive response in gene expression: the growth-
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retarded embryos were unable to adapt to the hyperglycemic condition by a pronounced,
generally downward change in gene expression that was found in the non-retarded ED8.5
embryos [22]. It is tempting to speculate that this failure to adapt to maternal hyper-
glycemia represents or includes a causal factor for the failure to grow and survive. The
differential sensitivity of the (mouse) embryos to glucose may develop if the complex
downstream effects of maternal hyperglycemia, including glutathione synthesis and oxida-
tion, hexosamine synthesis, p53 upregulation and apoptosis [8, 13, 45, 46], are not strictly
deterministic, but vary stochastically, so that the outcome is not uniform.

Non-retarded ED8.5 embryos of diabetic dams suffer mainly from impaired cell prolifer-
ation, and ED9.5 embryos from impaired cytoskeletal remodeling and oxidative phosphory-
lation [22]. Pathway analysis on one-day delayed ED8.5 hyperglycemic embryos revealed
a remarkably muted adaptive response in gene expression relative to the non-retarded
hyperglycemic embryos. Integrin (ILK) signaling, antioxidant action of vitamin C and
NRF2-mediated oxidative stress remained most strongly affected in growth-retarded em-
bryos. ILK is the major regulator of Integrin-mediated signaling. Integrins are cell-adhesion
molecules that bind to the extracellular matrix (ECM) and forge a connection between
the ECM and the actin cytoskeleton [47]. Oxidative stress emerges as a more prominent
factor in the present analysis on the Ingenuity platform than our previous analysis on
the MetaCoreTM platform, but also this response was suppressed in the growth-retarded
mouse embryos.

3.5 Conclusions
Our study showed that maternal hyperglycemia has an early and generalized adverse
effect on embryonic development between ED7.5 and ED9.5 (equivalent to 18-28 days
development in humans), whereas the characteristic malformations of the neural tube and
cardiac outflow tract become apparent only thereafter. Hyperglycemia-mediated changes
in gene expression were markedly absent in growth-retarded ED8.5 (mouse) embryos, while
malformations developed in non-retarded, surviving embryos that were able to mount an
adaptive response to hyperglycemia on ED8.5.
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Supplementary information

litter # embryos resorbed abnormal age (ED) malformation
or dead

1 9 0 3 9.5
open neural tube (tail);
retarded embryo;
pycnotic cells in atrium

2 4 0 1 9.5 retarded embryo

3 12 0 1 10.5 pycnotic cells in atrium and
open neural tube (body)

4 9 2 1 10.5 pycnotic cells in atrium and
big pericardium

5 9 1 2 10.5 open neural tube;
retarded heart development

6 11 0 0 10.5 none

7 10 0 3 10.5

dilated heart and retarded
brain development;
spina bifida;
retarded heart development

8 11 0 0 10.5 none
9 11 2 1 10.5 spina bifida
10 10 4 0 11.5 none
total 96 9 12

Supplementary Table 1 Malformations in the offspring of 10 consecutive pregnant diabetic mice.

Embryonic Day (ED) treatment Zhao, 2016 present
ED7.5 control +(8)
ED8.5 control +(5) +(5)
ED9.5 control +(8)
ED8.5 diabetic +(7) +(7)
ED9.5 diabetic +(8)
ED8.5-1 diabetic +(8)
ED9.5-1 diabetic +(4)

Supplementary Table 2 Comparisons of gene expression data made in Zhao et al (2016) and present
study.
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Abstract
Congenital malformations commonly occur in the offspring of diabetic pregnancies. In a
pilot study, we observed that the offspring of diabetic mice that were fed a CRM(E) diet
did not develop malformations, whereas those that were fed the ABD-N9F diet did. In 77
embryos of 8 CRM(E)-fed euglycemic does, 4% resorptions and no malformations were
observed, whereas 13% resorptions and one malformed embryo were observed among 192
embryos of 22 hyperglycemic CRM(E)-fed does. However, in 8 euglycemic ABD-N9F-fed
does, 16% resorptions and 4% malformations were found among 69 embryos, whereas 10%
resorptions and 13% malformations were found among 96 embryos of 10 hyperglycemic
ABD-N9F-fed does. These findings were compared to literature data on the comparison
between Purina diets 5001 (not teratogenic) and 5015 (teratogenic). The comparison
suggests that a higher dietary fat content confers teratogenicity to hyperglycemic condi-
tions.
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A3.1 Introduction
Congenital malformations commonly occur in the offspring of diabetic pregnancies. In
streptozotocin-induced hyperglycemic mice, the frequency of NTDs in the offspring
amounts to 10-15% of the life embryos [1]. Despite intensive exploration, the underlying
biological mechanism that causes the malformations is still not well understood. In a pre-
liminary study, we observed that the offspring of diabetic mice that were fed our standard
chow diet (CRM(E)) did not develop malformations, whereas those that were fed a N9F-
like (ABD-N9F) diet did. Since the mouse strain used (FVB) and other environmental
conditions were not different, this finding suggests that the choice of diet can mitigate
the teratogenic effects of diabetic pregnancies.

A3.2 Material and Methods

A3.2.1 Animals and diets
Female FVB mice (9- to 11-weeks old) were obtained from Harlan Sprague Dawley (Ven-
ray, The Netherlands) and fed SDS CRM(E) (Tecnilab, Someren, The Netherlands) or a
diet resembling Purina 5020 (N9F) in macronutrient composition (ABD-N9F; produced
by ABDiets, Woerden, The Netherlands). A main difference in macronutrients between
CRM(E) and the N9F diets is the 2.4-fold higher dietary fat content. The composition
and saturation index of the dietary fat in CRM(E) and ABD-N9F is similar. ABD-N9F
contains slightly more vitamin K and folic acid than SDS CRM(E), and slightly less cobalt,
iodine, and fluorine. SDS CRM(E) was the standard chow. Mice were put on the ABD-
N9F diet one week before starting treatment with STZ. All animals were maintained on a
12-h light/12-h dark cycle at 20°C with free access to water and food. The studies were
carried out in accordance with the Dutch Guidelines for the Care and Use of Laboratory
Animals and approved by the Ethical Committee for Animal Research of the University of
Amsterdam.

A3.2.2 Induction of Diabetes
The pregnant diabetic mouse model was exactly that used in the accompanying studies
[2]. Pregnant mice were sacrificed by cervical dislocation and embryos were recovered on
ED 7.5-11.5. Staging of embryos was verified by comparison to criteria of Kaufman [3].

A3.2.3 Histology
Whole embryos were fixed for 2 hours at 4°C in Bouin’s fixative and stored in 70% ethanol.
Serial 7 µm thick sections cut from paraffin-embedded specimens were stained with
haematoxylin and eosin (HE), photographed with a Leica DMRA2 microscope equipped
with a Leica DM300 camera. Alternatively, deparaffinated sections were pretreated se-
quentially with H2O2 (3% (v/v) in PBS) for 30 minutes and TENG-T (10 mM Tris, 5
mM EDTA, 150 mM NaCl, 0.25% gelatin, 0.05% Tween-20, pH=8.0) for 15 minutes to
reduce the endogenous peroxidase activity and non-specific antibody binding, respectively.
The sections were then incubated overnight at room temperature with a monoclonal an-
tibody against Pax3 (αPax3, 1:500; Developmental Studies Hybridoma Bank, Iowa City,
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IA 52242), washed in PBS, and incubated with goat anti-mouse antibody (1:100; Sigma
code A3562) at room temperature for 1.5-2 hours. After further washing in PBS, the
sections were incubated in NTM (100 mM Tris pH 9.5, 100mM NaCl, 50 mM MgCl2)
containing NBT/BCIP (1:50 in NTM; Roche code 1681 451) for ~30 minutes, washed in
PBS, briefly dehydrated in ethanol and xylene, and mounted in Entellan (Merck, Darm-
stadt, Germany). Digital images from the serial sections of mouse embryos were used
to prepare three-dimensional reconstructions with Amira 5.2 software package (Visage
Imaging, San Diego, CA, USA).

A3.2.4 Statistics analysis
Blood glucose concentrations are expressed as mean ± SEM. Statistical analyses were
performed using Student’s t test. A P value <0.05 was considered statistically significant.

A3.3 Results

A3.3.1 The effect of diet on teratogenicity of hyperglycemia
The aim of our study was to investigate the effect of maternal hyperglycemia on the
prevalence of congenital malformations and the associated changes in gene expression in
a mouse model of diabetic pregnancies. STZ was used to induce hyperglycaemia. Control
mice were injected with saline. Measurements of tail-vein blood-glucose concentrations
in mice on the CRM(E) and ABD-NF9 diets (Figure 1) showed that blood glucose levels
before STZ treatment were 1.4-fold higher in mice fed the ABD-N9F than the CRM(E)
diet. On both diets, blood glucose levels reached steady state levels ~3 weeks after
beginning the STZ treatment. Only STZ-treated mice with blood glucose levels ≥17
mmol/L were included in the study. The slow release insulin implants resulted in mitigation
of blood glucose levels within a few days, with constant levels between 10-15 mmol/L
being reached after 1-2 weeks. Blood glucose levels of STZ-treated mice increased with
progressing pregnancy.  

 9

Figure 1. Blood glucose levels of hyperglycemic pregnant mice fed the CRM(E) 

and ABD-N9F diets.  

Blood glucose levels were measured before STZ treatment, 3 weeks after the first 

STZ injection, on the day of mating, on ED7.5, and at sacrifice. The arrow indicates 

the implantation of an insulin pellet. The control groups were not treated with STZ. 

Differences in blood glucose concentrations of hyperglycemic groups fed CRM(E) 

(n=11) or ABD-N9F (n=10), or control groups fed CRM(E) (n=6) or ABD-N9F (n=16) 

were analyzed by t test. *: P<0.0001, #: P<0.001. 

 

 

 

 

 

 

 

 

 

Fig. 1 Blood glucose levels of hyperglycemic pregnant mice fed the CRM(E) and ABD-N9F diets.
Blood glucose levels were measured before STZ treatment, 3 weeks after the first STZ injection, on the
day of mating, on ED7.5, and at sacrifice. The arrow indicates the implantation of an insulin pellet. The
control groups were not treated with STZ. Differences in blood glucose concentrations of hyperglycemic
groups fed CRM(E) (n=11) or ABD-N9F (n=10), or control groups fed CRM(E) (n=6) or ABD-N9F
(n=16) were analyzed by t test. *: P<0.0001, #: P<0.001.
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In our first series of experiments, the mice were fed the low-fat CRM(E) diet. As
shown in Table 1, we observed 3 resorptions (4%) and no malformed embryos among 77
embryos from 8 litters in the euglycemic CRM(E)-fed control group and 25 resorptions
(13%) among 192 embryos from 22 litters (ED 9.5, 10.5 and 11.5) in hyperglycemic
CRM(E)-fed group, with only one embryo suffering from spina bifida (Figure 2A and B).
Immunohistochemical staining of this embryo (Figure 2D and F) showed that PAX3 was
primarily present in the neural tube and dermomyotomes. Compared to control embryos
(C and E), the staining intensity of PAX3 was decreased in somites, but not in the neural
tube.

 

 10

Figure 2. Haematoxylin/Eosin and PAX3 staining of an malformed ED11.5 

hyperglycemic embryo of which the mother was fed CRM(E).  

H/E (panel A) and PAX3 staining (panels C-F) of ED11.5 control (panels C,E) and 

hyperglycemic embryos (panels D,F). 3D reconstruction (B) shows a dorsal view of 

brain and spinal cord of the abnormal ED11.5 embryo. Red circle: region of spinal 

bifida. Scale bars: 100μm. 
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Fig. 2 Haematoxylin/Eosin and PAX3 staining of an malformed ED11.5 hyperglycemic embryo of which
the mother was fed CRM(E). H/E (panel A) and PAX3 staining (panels C-F) of ED11.5 control (panels
C,E) and hyperglycemic embryos (panels D,F). 3D reconstruction (B) shows a dorsal view of brain and
spinal cord of the abnormal ED11.5 embryo. Red circle: region of spinal bifida. Scale bars: 100µm.

Because of the low prevalence of congenital malformations in the CRM(E)-fed hyper-
glycemic group of mice, we also tested the N9F mouse diet, because this diet brought
about the anticipated effects in studies using the same STZ/insulin mouse model of dia-
betic pregnancy [4]. In the control group fed ABD-N9F, 11 (16%) embryos were resorbed
and 3 (4%) had malformations among 69 embryos from 8 pregnant mice. In the hyper-
glycemic group fed ABD-N9F, 12 embryos (13%) had malformations and 10 (10%) were
resorbed among 96 embryos from 10 litters. The 13% rate of affected embryos is similar
to that reported in literature [1]. Compared to mice fed CRM(E), the ABD-N9F diet had
a significantly higher incidence of malformations in both the control and hyperglycemic
groups (P=1.66E-6). A significant difference was also found for incidence of resorptions
in the control group (P=0.04), but not in the hyperglycemic group (Table 1).

Taken together, this pilot experiment revealed that dietary composition of the chow is
crucial for the effectiveness of the mouse model of diabetic pregnancy, with the ABD-N9F
diet being effective in this respect and the CRM(E) not.
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hyperglycemic groups control groups
SDS CRM(E) ABD-N9F SDS CRM(E) ABD-N9F

Pregnant mice (N) 22 10 8 7
Total embryos (N) 192 96 77 69
Malformed embryos (%) 0.5 13* 0 4
Resorption (%) 13 10 4 6#

Table 1 Effect of maternal diet (CRM(E) or ABD-N9F) on the developmental fate of control and
hyperglycemic embryos. Malformed embryos and resorption in hyperglycemic and control groups fed
with SDS CRM(E) or ABD-N9F were analysed by t test. *: P<0.0001, #: P<0.05.

A3.4 Discussion
Our study demonstrates that the composition of the diet is critical for the frequency
of congenital malformations in mouse models of diabetic pregnancy. We observed no
effect of the diet on the sensitivity of the mice to STZ or the severity of the subsequent
hyperglycemia. However, if the mice were fed the CRM(E) diet, fewer than expected
malformations were seen in the offspring. Only after the CRM(E) diet was exchanged for
ABD-N9F, 10% resorptions and 13% malformations were found, which is comparable to
that reported in literature [1].

Another well-documented example of a mitigating effect of the diet on the teratogenic
effect of hyperglycemia in mouse embryos is that of the Purina 5001 relative to the Purina
5015 diet [5-7]. Similar effects of both diets were found in non-diabetic pregnancies of
the neural-tube defects-prone SELH/Bc mouse strain [8, 9]. Since the CRM(E) and N9F
(Purina 5020) diets, like the Purina 5001 and 5015 diets, differ in almost every nutrient
listed, we compared the 4 diets to search for common determinants (Table 2). Relative
to the AIN-95 reference [10], vitamins nor minerals appeared to be deficient in any of the
diets, although menadione (K) was low in ABD-N9F, riboflavin in 5001 and 5015, choline
in CRM(E), and pyridoxine (B6) in 5001. In agreement with supplementation studies in
the SELH/Bc mouse model [8], none of these relative deficiencies could be linked to the
higher teratogenicity of hyperglycemia in 5015 and N9F. The only consistent difference
that corresponds with teratogenicity is the higher dietary fat content (≥2-fold higher in
5015 or N9F than in 5001 or CRM(E), respectively), although dietary fat content did not
sensitize SELH/Bc mice to the teratogenic effect of hyperglycemia [8]. However, the fat
source in this experiment differed (soybean oil vs lard). Essential fatty acids did not seem
to be limiting in the teratogenic diets, but the minimal requirement for linolenic acids in
mice is not known [10]. We, therefore, conclude that the high dietary fat content is most
likely the culprit that predisposes the offspring of diabetic does to the teratogenic effects
of hyperglycemia.
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non-teratogenic diets teratogenic diets reference
diet

composition 5001 CRM(E) 5015 N9F N9F AIN-95
Purina SDS Purina ABDiets Purina

5020
mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg

carotene 2.3 0.5 0.2 1.23 0.8
retinol (A) 4.5

(15 kIU)
4.9
(16 kIU)

5.4
(18 kIU)

15 kIU 15 kIU 0.72
(2.4 kIU)

tocopherol (E) 37.8
(42 IU)

93
(103 IU)

59.4
(66 IU)

57 IU 57 IU 22 (32 IU)

menadione (K) 1.3 185 3 0.2 3.1 1
calciferol (D3) 4.5 kIU 3.66 kIU 3.3 kIU 3.3 kIU 3.3 kIU 0.025

(1.0 kIU)
thiamin (B1) 16 16 13 22 15 5
riboflavin (B2) 4.5 13.6 5.6 13 8 7
niacin (B3) 120 82.5 74 57 90 15
panthothenic acid
(B3/5)

24 25.7 20 18 21 16

choline (B4/7) 2250 1040 2000 2177 2200 2000
pyridoxine (B6) 6 18.3 9.62 16 8 8
folic acid (B9) 7.1 4.4 2.9 6.4 2.9 0.5
cyanocobalamine
(B12)

0.05 0.082 0.051 74 0.051 0.01

ascorbic acid (C) 0 1,8 0 0 0 0
biotin (H) 0.3 0.5 0.3 0.9 0.3 0.2
inositol 0 2302 0 419.3 NA or 0

fluoride 16 10 6.5 1.4 12 1
cobalt 0.9 0.5 0.63 0.2 0.55
iodine 1 0.58 1.4 0.6 1.5 0.15
selenium 0.3 0.32 0.3 0.4 0.24 0.15
iron 270 144 160 208 200 35
zinc 79 88 120 91 120 10
manganese 70 91 120 88 115 10
copper 13 16 18 19 17 6
chromium 1.2 0.02 0.41 0.56 1.00
sulfur 36 2700 2700 2700
sodium 4000 3000 4300 4300 2500 500
chloride 6700 4400 7000 7000 4200 500
calcium 9500 7400 8000 8000 8100 5000
phosphorous 6600 6300 5000 5000 6000
available P 3900 4000 3000
potassium 11800 6900 8300 8300 6900 2000
magnesium 2100 2200 1600 1600 1600 500
molybdenum

cholesterol 209 0 32 210

gr% gr% gr% gr% gr% gr%
starch 21 42.63 32.6 36.4 39.40
glucose 0.19 0.11 0.18 0.16
fructose 0.27 0.11 0.16
sucrose 3.83 3.94 0.9 0.69
lactose 2.01 2.48 0.00 0.77
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non-teratogenic diets teratogenic diets reference
diet

composition 5001 CRM(E) 5015 N9F N9F AIN-95
en% en% en% en%

AFE (Protein) 29.8 22.2 19.8 26.0 23.1
AFE
(Carbohydrate)

56.7 68.7 54.2 48.7 55.4

AFE (Oil; ether
extract)

13.4 9.1 26.1 25.3 21.6

gr% gr% gr% gr% gr% gr%
protein 23/25 18.6/NA 17/18.9 22,6/NA 20/21.6
carbohydrate NA/47.5 3.4/NA NA/47.5 42,8/NA NA/52
fat 9,8/NA
total fat (ether ex-
tract)

4.5/5 NA 11/11.1 NA 9.0/9.0

total fat
(acid hydrolysis)

4.5/6.4 NA 11/12.0 NA 9/9.1

C12:0 lauric 0.03 0.02
C14:0 myristic 0.15 0.11
C16:0 palmitic 0.33 1.73
C18:0 stearic 0.06 0.80
C14:1 myristoleic 0.02 0.00
C16:1 palmitoleic 0.12 0.18
C18:1 oleic 0.89 2.75
C18:2 linoleic 1.05 0.91 1.96 2.46 2.31 0.68
C18:3 linolenic 0.09 0.11 0.15 0.24 0.21 0.20*
C20 arachidonic 0.02 0.19 0 0.54 0.02
Ω3 fatty acids 0.3 0.13 0.21 0.32

total monounsatu-
rated fatty acid

1.62 1.03 3.96 2.93 2.87

total saturated
fatty acid

1.48 0.57 3.72 2.66 2.71

Table 2 Comparison of non-teratogenic (5001, CRM(E)) and teratogenic (5015, N9F) with the AIN-95
dietary guidelines. The dietary content of the respective compounds is shown as mg/kg or gr%. Vitamin
C (ascorbic acid) is not necessary for rodents. AFE: Atwater fuel energy. NA: not available. gr% of
protein, carbohydrate, fat, total fat (ether extract) and total fat (acid hydrolysis) is composed of two
numbers. The first number represents crude % and the second number represents % of ration (moisture
10%). The value of C18:3 linolenic is an estimate for rats. Backgrounds: purple: supplier; olive: units;
salmon: low content relative to AIN-95.
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CHAPTER 4

Abstract
Maternal diabetes is one of major causes of congenital malformations in offspring, but the
underlying mechanism is still unclear. MiRNAs play an important role in transcriptional
and post-transcriptional regulation of gene expression. However, no miRNA expression
profiling of hyperglycemic offspring are thus far available. Female mice were made dia-
betic with streptozotocin, treated with slow-release insulin tablets, and mated. MiRNA
expression profiling with Next Generation Sequencing on the SOLiD5 platform was per-
formed on 8 control and 5 hyperglycemic embryonic day (ED)8.5 and 9 control and 6
hyperglycemic ED9.5 embryos. Differential expression was analyzed with the Wald test.
On ED8.5, the abundance of expressed miRNAs was similar in control and hyperglycemic
ED8.5 embryos. The spectrum of expressed miRNAs had not changed in ED9.5 embryos,
but the abundance of most miRNAs increased ~5-fold in control embryos. However,
hyperglycemic ED9.5 embryos were unable to mount this increase in prevalence. Only 3
miRNAs were differentially expressed in control and hyperglycemic ED9.5 embryos, but
their putative target genes were underrepresented in the Jackson database of genes causing
cardiovascular or neural malformations.
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4.1 Introduction

With a prevalence of ~8% of all pregnancies, diabetes is one of the most common com-
plications of pregnancy [1]. Diabetic pregnancies are associated with various adverse
outcomes on the offspring, including congenital malformations. Among these, neural
tube defects and cardiovascular malformations are most common [2]. In the mouse, ED7
is the most sensitive time window for inducing malformations of the neural tube or heart.
Hyperglycemia at solely this time point suffices to induce these malformations. The neural
plate appears on ED8.0 and starts to fold at ED8.5. Furthermore, neural crest cells start
to migrate to the heart region on ED8.5. The congenital malformations associated with
diabetic embryopathy become clearly visible on ED10.5, indicating that ED8.5 and 9.5 are
promising embryonic ages to detect changes in gene expression that may be responsible
for maternal diabetes-induced malformations.

MiRNAs are single-stranded, noncoding molecules of ~22 nucleotides that mediate
posttranscriptional inhibition of gene expression [3]. Presently, ~1,900 different miRNAs
are identified in humans [4]. After binding of a seed sequence of 2-8 nucleotides at the
5’ end of miRNA to a complementary sequence in the 3’ untranslated region of mRNA,
miRNAs suppress mRNA translation or induce degradation of the bound mRNA by RNase
activation [3]. Because of imperfect binding of the seed sequence, each miRNA can inhibit
the expression of many genes, while each mRNA can potentially be targeted by several
miRNAs [5]. Although a role for miRNAs in the development of late complications of
diabetic pregnancy, such as macrosomia, has been demonstrated [6], their role in the
teratogenicity of hyperglycemia in early diabetic pregnancy remains poorly explored [7].

In a previous study, maternal hyperglycemia regulated the expression of 1024 and 2148
unique genes in the offspring on ED8.5 and ED9.5, respectively, mainly in downward di-
rection [8]. In ED8.5 embryos cell proliferation was a prominent affected pathway, while
ED9.5 embryos suffered from impaired cytoskeletal remodeling and oxidative phosphory-
lation (all P≤E-5). Among the differentially expressed genes, ~10 and ~14% were known
to be involved in cardiovascular and neural-tube development, and of these, 88% was
downregulated on ED8.5 and 69% on ED9.5. To find out if, and if so, which miRNAs
may affect gene expression in ED8.5 and ED9.5 hyperglycemic embryos, we determined
the miRNA expression profiles in these embryos.

4.2 Materials and Methods

4.2.1 Experimental animals

Female FVB mice (9- to 11-weeks old) were obtained from Harlan Sprague Dawley (Ven-
ray, The Netherlands) and fed a Purina 9F-based diet as described [8]. The diet was
started one week before treatment with streptozotocin (STZ). Mice were kept in groups
of 4-5 mice in open cages and exposed to a 12-h light/12-h dark cycle at 22°C with free
access to water and food. The studies were carried out in accordance with the Dutch
Guidelines for the Care and Use of Laboratory Animals and approved by the Ethical Com-
mittee for Animal Research of the University of Amsterdam (ALC101225).
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4.2.2 Induction of diabetes
Diabetes was induced in female FVB mice with streptozotocin exactly as described in
our previous study [8]. Hyperglycemia was treated with subcutaneous sustained-release
insulin implants (LinSHIN, Toronto, Canada) that released ~0.1 U/day per implant for
at least 30 days. Mice were mated to proven fertile males. Embryos were recovered on
ED8.5 and 9.5.

4.2.3 RNA isolation
Total RNA was extracted from exactly as described for our earlier study [8]. The RNA
integrity number (RIN) of the samples was 9-10. The yield of total RNA per embryo was
0.8±0.1 µg on ED8.5 and 1.8±0.3 µg on ED9.5.

4.2.4 Sex identification
Only male embryos were studied. The sex of the embryos was determined by a multiplex
PCR amplification using primers to amplify the male-specific Sry gene and the autosomal
Il3 gene for reference [9].

4.2.5 MiRNA profiling by SOLiD sequencing
The relative abundance of individual miRNA was determined by the SOLiD SAGE ap-
proach. Libraries for SOLiD miRNA sequencing were prepared according to manufacturer’s
protocol (SOLiDTM Total RNA-Seq Kit Protocol, Applied Biosystems; http://tools.lifete
chnologies.com/content/sfs/manuals/cms_078610.pdf). Depending on the input, the
"RNA 6000 Nano Kit" or the "Small RNA Kit" (Agilent Technologies, Amstelveen, The
Netherlands) was used to determine the percentage of small RNAs in total RNA. Based
on the percentage of small RNAs, 0.3-0.8 µg total RNA of ED8.5 or ED9.5 embryos
was annealed and ligated overnight with the adapter mix, consisting of oligonucleotides
with a single-stranded degenerate sequence at one end and a defined sequence required
for SOLiD sequencing at the other. After hybridization and reverse transcription cDNA
was purified by MinElute PCR purification (QIAGEN, Venlo, The Netherlands) and elec-
trophoresis on 10% polyacrylamide gels. cDNA fragments of 60-80 nt were excised and
PCR amplified, with a barcode included in one of the primers. The primers also contained
a P1 or P2 sequence for the emulsion PCR. The amplified 105-130 bp PCR products
were purified on 8% polyacrylamide gels, amplified for an additional 5-10 PCR cycles, and
purified with PureLinkTM PCR Micro (Invitrogen, The Netherlands). After determining
yield and size distribution, the amplified cDNA libraries, each with a specific barcode, were
pooled in equal ratios. Depending on the concentration, the size of the products was de-
termined with a Bioanalyser DNA-1000 or a "high-sensitivity" chip (Agilent Technologies,
Amstelveen, The Netherlands). The final combined libraries were clonally amplified on
beads by emulsion PCR to >30,000 copies. After a final enrichment on beads and pu-
rification, high-throughput sequencing was carried out on a SOLiDTM 5 system (Applied
Biosystems, Bleiswijk, The Netherlands). The sequencing data are available at NCBI
(accession number: PRJNA342467; SRA study: SUB2057278).

MiRNA abundance was calculated from the sequence reads with the LifescopeTM
v2.5.1 (Applied Biosystems). Alignment was done against the Mus musculus reference
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genome "mm10". No mismatch was allowed. The DESeq2 package (available through
Bioconductor [10]) was used to analyze differential gene expression. Normalization for
number of reads per embryo was performed using the "Estimate Size Factors" in the DE-
Seq2 package. P-values were adjusted for multiple testing using the Wald test procedure.
Clusters were generated with hclust method based on expression patterns of top 100 genes
ranked by P value. A Padj <0.05 was considered statistically significant.

4.3 Results

4.3.1 Repeatability of miRNA expression sequencing
As in our previous study of mRNAs (Figure 1A), the number of detected mRNAs did not
increase with the input of total RNA if >0.4 µg was used. The initial total RNA input
ranged from 0.3-0.8 µg. Figure 1B shows the number of detected miRNAs in each library.
In our miRNA sequencing protocol, an adaptor mix of oligonucleotides was ligated to the
miRNA. MiRNA quantification requires either ligation of a stem-loop adapter (Taqman),
as we did, or addition of a polyA+ tail (Quanta Biosciences, Qiagen) to the 3’ end of
miRNA molecules before reverse transcription. Principally, these methods are comparable,
with potentially variable efficiencies of adapter or polyA+-tail ligation [11]. For this reason
we deemed the method that depends on polyA+-tail addition unsuitable to validate the
reproducibility of our miRNA assay. To determine the quantitative reproducibility of our

Fig. 1 Reproducibility of the production of miRNA libraries and sequencing. Panel A shows the corre-
lation between total RNA input and number of sequenced mRNAs after SOLiD SAGE sequencing. Panel
B shows the correlation between total RNA input and number of sequenced miRNAs after SOLiD SAGE
sequencing. The X-axis indicates the amount of RNA used for cDNA synthesis and sequencing, while
the Y-axis indicates the number of different mRNAs and miRNAs identified in each individual embryo.
Panel C shows the correlation in miRNA sequence counts between two separate library constructions of
the same total RNA of a control ED 8.5 embryo. Panel D shows the similarity in miRNA sequence counts
between two sequencing runs of the same ED9.5 library. Note that data are presented as log10 values.
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library construction, the procedure of library preparation was repeated on the same total
RNA, including the use of two different barcodes during sequencing. Figure 1C shows that
we achieved a good correlation (R2 =0.58, P<0.001) between the two sessions. As an
additional quality check, miRNA libraries were also sequenced twice in separate sequencing
runs. A very high correlation between libraries (R2 =0.99, P<0.001) was observed for
this part of the protocol (see e.g. Figure 1D). These results indicate library construction
and sequencing were quantitatively reproducible.

4.3.2 Differential miRNA expression profiles of control and hyper-
glycemic embryos at ED8.5 and ED9.5

To investigate if maternal hyperglycemia affects miRNAs abundance at ED8.5 or ED9.5,
miRNAs were quantified by sequencing libraries of 8 control and 5 hyperglycemic embryos
on ED8.5, and 9 control and 6 hyperglycemic embryos on ED9.5. Individual ED8.5
and ED9.5 embryos yielded 0.57±0.05*106 reads. Unsupervised hierarchical clustering
of the expression datasets revealed an incomplete separation of the expression profiles
of control and hyperglycemic embryos on ED8.5 (Figure 2A) and ED9.5 (Figure 2B).
Application of the Wald test identified no differentially expressed miRNAs in hyperglycemic
ED8.5 embryos and three miRNAs as differentially expressed in ED9.5 hyperglycemic
embryos (Figure 3; miR-505-5p (P=0.0002), miR-770-5p (P=0.028), and miR-1a-1-5p
(P=0.045)).

Fig. 2 Hierarchical agglomerative clustering of miRNA expression in hyperglycemic and euglycemic
control embryos. Hierarchical agglomerative clustering was performed using hclust method. The tree
diagrams at the top of the figures reflect the difference in expression pattern between the embryos, with
height reflecting the difference. The tree diagram at the left margin groups the respective genes by
expression level. The age and treatment of the embryos is indicated below each lane. Panels A and B
show hyperglycemic (D) and control (C) embryos at ED8.5 and ED 9.5, respectively.

To identify if these miRNAs could be involved in pathways that regulate cardiac or
neural-tube development in offspring of hyperglycemic pregnancy, miRDB, a database
for miRNA target prediction and functional annotations (http://mirdb.org/miRDB/,Aug
ust2014,miRBaseV21), was queried with the bioinformatics tool MirTarget2 [12]. This
query identified 78, 50 and 50 target genes with a prediction score of ≥80 for miR-
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Fig. 3 Differential expression of candidate miRNAs detected by Wald test. Differentially expressed
miRNAs were identified by the DESeq2-Wald test. Expression levels of miR-505-5p, miR-770-5p and miR-
1a-1-5p in control and hyperglycemic embryos on ED9.5 were shown in Panel A, B and C, respectively.
"C" and "D" indicate control (N=9) and hyperglycemic (N=6) embryos.

505-5p, miR-770-5p and miR-1a-1-5p, respectively. Among 3955 gene deficiencies with
a cardiovascular or neurological phenotype in the Jackson Laboratory Mouse Genome
Database (MGD) at the Mouse Genome Informatics website (http://www.informatics.
jax.org;October2014), only 1% were potential target genes of miR-770-5p, miR-505-5p
and miR-1a-1-5p (Supplementary File 1). Since miRNA binding leads to inhibition of
translation or to mRNA degradation [3], we also checked if the potential target genes were
differentially expressed in hyperglycemic ED9.5 embryos [8] and found that the expression
of only 12 of these genes (7%) was changed, mostly in downward direction. And most
of them were involved in the regulation of cell adhesion and cytoskeleton remodeling,
which were the most significantly regulated pathways in ED9.5 hyperglycemic embryos
found in our previous study [8]. This outcome suggested that individual miRNAs did not
play an important role in the regulation of embryonic development in ED8.5 and ED9.5
hyperglycemic embryos.

4.3.3 Global abundance of miRNAs in control and hyperglycemic
embryos at ED8.5 and 9.5

To further understand whether miRNAs played a role in early development of hyper-
glycemic embryos, the overall expression level of all identified miRNAs in control and
hyperglycemic ED8.5 and ED9.5 embryos was investigated. Figure 4C shows that 440 out
of 543 miRNAs identified (81%) were identifiable in all 4 groups of embryos studied. Fur-
thermore, only 17 miRNAs were exclusively present in control or hyperglycemic embryos
(3% each). In ED9.5 embryos, the abundance of most miRNAs increased ~5-fold in con-
trol embryos. However, hyperglycemic D9.5 embryos were unable to mount this increase
in prevalence. Regression analysis showed that the abundance of expressed miRNAs was
similar in control and hyperglycemic ED 8.5 embryos (Figure 4A). In ED9.5 control em-
bryos, the spectrum of expressed miRNAs hardly changed, but the abundance of virtually
all miRNAs had increased almost 5-fold relative to control ED8.5 embryos. However, the
concentration of expressed miRNA in hyperglycemic ED9.5 embryos was similar to that in
ED8.5 embryos, showing that the hyperglycemic condition blocked the increase in preva-
lence seen in control ED9.5 embryos (Figure 4A; P<0.0001). If miRNA concentration in
control ED8.5 and ED9.5 embryos or that in hyperglycemic ED8.5 and ED9.5 embryos
were directly compared (Figure 4B), miRNA concentration in hyperglycemic embryos was
also similar on ED8.5 and ED9.5, whereas that in control ED9.5 embryos was higher
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than that in control ED8.5 embryos. However, if we omitted miRNAs with an abundance
<0.1% (32% of all identified miRNAs), both lines were significantly different (P<0.0001),
with a similar prevalence of miRNAs in ED8.5 and ED9.5 hyperglycemic embryos and a
~5-fold increase in the prevalence of miRNAs of ED9.5 control relative to ED8.5 control
embryos.

Fig. 4 Global prevalence of miRNAs in control and hyperglycemic ED8.5 and ED9.5 embryos. 507
and 533 miRNAs were detected on ED8.5 and 9.5, respectively. The prevalence of miRNAs is shown as
10log. Panel A: The concentration of miRNAs in control embryos is shown on the X-axis and that of the
corresponding miRNA in hyperglycemic on the Y-axis. Red dots represent ED8.5 embryos and blue dots
ED9.5 embryos. Panel B: The concentration of miRNAs in ED9.5 embryos is shown on the X-axis and
that of the corresponding miRNA in ED8.5 embryos on the Y-axis. Red dots represent hyperglycemic
embryos and blue dots represent control embryos. Solid lines indicate regression analysis. The horizontal
and vertical lines at "-3" identify the miRNA samples left out in the secondary analysis of this graph
(32%; see text for details). Panel C: Venn diagram of identity of miRNAs in control and hyperglycemic
ED8.5 and ED9.5 embryos. Note that 81% of all miRNAs was expressed under all conditions and that
only 3% was expressed exclusively in control or hyperglycemic embryos.

4.4 Discussion
We previously showed that hyperglycemia due to diabetic pregnancy severely downreg-
ulated genes involved in the cell proliferation on ED8.5 and in cytoskeletal remodelling
and mitochondrial energy metabolism on ED9.5 [8]. Furthermore, we showed that of the
~50% of embryos of hyperglycemic dams were severely retarded in their growth and died
during this period, in all likelihood because they failed to adapt their gene expression
profile in the way non-retarded ED8.5 and ED9.5 hyperglycemic embryos did [13]. In this
study, we present the profiling of miRNA expression of control and non-retarded hyper-
glycemic embryos on ED8.5 and ED9.5. Our results show that ED8.5 and ED9.5 express
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a similar spectrum of miRNAs. The overall abundance of miRNAs was similar in ED8.5
control and hyperglycemic embryos, but hyperglycemic ED9.5 embryos failed to increase
their miRNA abundance with the 5-fold increase (relative to ED8.5 embryos) seen in the
control embryos. However, only 3 miRNAs were differentially expressed on ED9.5 and
the predicted target genes of the miRNAs were underrepresented in the Jackson database
of genes causing cardiovascular or neural malformations. We have not yet been able
to deduce a causal relation between the failure to increase miRNA abundance and the
suppression of expression of genes involved in cytoskeletal remodelling and mitochondrial
energy metabolism in hyperglycemic ED9.5 embryos.

4.4.1 Reproducibility of miRNA quantification vs biological varia-
tion

In miRNA quantification, technical issues, such as library construction and quantitative
sequencing, can differ between sessions and affect the outcome. To establish the repro-
ducibility of our miRNA quantification protocols, two separated libraries were constructed
from the same embryonic RNA isolate and two separate sequencing runs of the same
miRNA library were quantified. Because we showed good correlation between the out-
comes of library construction and of miRNA quantification, the lack of clustering of the
miRNA composition between control and hyperglycemic embryos on both ED8.5 and 9.5
indicated pronounced biological variation within the groups. In agreement, the Wald test,
which is considered a less stringent statistical tool than the Bejamini-Hochberg method
e.g. DESeq [14], only identified 3 differentially expressed miRNAs between control and
hyperglycemic ED9.5 embryos. In agreement, when we did perform a stringent DESeq or
Limma analysis on our data, no differentially expressed miRNAs were found.

4.4.2 Suppression of miRNA prevalence in ED9.5 hyperglycemic
embryos

The global analysis of miRNA expression between ED8.5 and ED9.5 revealed that the
composition of the population of miRNAs hardly changed in response to age (ED9.5 vs
ED8.5) or experimental intervention (hyperglycemic vs euglycemic; Figure 4C). However,
as Figure 4A and B show, hyperglycemic embryos differed from control embryos in that
they could not mount the ~5-fold increase in concentration of most miRNAs that was
seen in control embryos.

The biological effects of changes in the abundance rather than the composition of the
cellular miRNA population have hardly been studied thus far. Because hyperglycemia had
its biggest impact on pathways regulating cytoskeletal composition and reorganization
[8], we studied its regulation by miRNAs. Less than 0.03% of >222,300 publications in
PubMed (year 2016) on cytoskeletal proteins dealt with miRNAs. None of these stud-
ies identified any of the 3 differentially regulated miRNAs in the present study. Similarly,
only ~0.1% of 26,000 publications on oxidative phosphorylation dealt with miRNAs, again
without implicating any of the 3 differentially expressed miRNAs we found. In contrast,
~1% of >450,000 publications on cell proliferation deal with miRNAs. Since hyper-
glycemia affected cell proliferation mainly on ED8.5, this inhibition apparently did not
involve regulation by miRNAs.

Hyperglycemia appears to be associated with suppression of miRNA expression [6, 7].

85



CHAPTER 4

One of these studies [7] demonstrated in vitro that high glucose concentrations (40
mmol/L) decreased the expression of miR-200a/b, 466a-3p and 466d-3p and increased
the expression of the predicted target genes Dcx (doublecortin) and Pafah1b1 (platelet-
activating factor acetyl-hydrolase isoform 1b, subunit1) in embryonic neural stem cells.
The Dcx and Pafah1b1 genes have been associated with neural tube defects. miR-200a/b
and 466d-3p were present in our embryos, but at vanishing low prevalence (miR-200a-3p:
0.17% and miR-466d-3p: 0.0003% at both ED8.5 and ED9.5; miR-200a-5p at 0.0009% at
ED8.5 and 0.0016% at ED9.5). Because these experiments were carried out on a purified
target cell population (neural stem cells), it remains possible that our approach obscured
differential expression of miRNAs in subpopulations of cells.

The massive downregulation of the expression of genes involved in the cell proliferation,
cytoskeletal remodelling and energy metabolism in the ~50% of embryos that can cope
with the hyperglycemic challenge in the perigastrulation period, and the failure to thrive
and mount the adaptive change in gene expression in the remaining embryos shows that
hyperglycemia represents a generalized adverse effect for embryos. Our present finding
that hyperglycemic ED9.5 embryos were unable to mount the ~5-fold increase in the abun-
dance of most expressed miRNAs seen in ED9.5 control embryos suggests a correlation
between both observations
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CHAPTER 5

5.1 Epigenetic modifications

Epigenetics refers to heritable traits ("phenotypes") that cannot be attributed to changes
in DNA sequence, including changes in DNA methylation and acetylation, and chromatin
structure. The knowledge about epigenetic mechanisms has expanded and therefore has
become increasingly complex including, in addition to DNA modifications, histone methy-
lation, non-coding RNA, microRNA hybridization and nucleosome positioning [1]. Here,
in the context of the current thesis chapters, we limit ourselves to DNA methylation
and histone modification as important processes in regulation of immune responses in
IBD. Because no irreversible changes in DNA sequence are involved, these changes are
potentially dynamic [2, 3]. The effects of epigenetic modifications on cellular and phys-
iological phenotypic traits may result from external (environmental) factors or may be
part of a normal developmental program [4]. An example thereof in early human life is
the demethylation of cytosine in the DNA of the zygote, which coincides with its first
DNA replication [5]. De novo methylation occurs in the cells of the inner cell mass,
from which the embryo properly develops [6]. So-called "maintenance DNA methylation"
retains methylation patterns as differentiated cells undergo mitosis [6, 7].

5.2 DNA methylation
DNA methylation is a heritable epigenetic mark involving the covalent transfer of a methyl
group to either cytosine or adenine. The C-5 position of the cytosine can be methylated
by DNA methyltransferases (DNMTs) [8], which includes isoforms DNMT1, DNMT2,
DNMT3A, DNMT3B and DNMT3L. Methylation of cytosine usually occurs at the po-
sition in the pyrimidine ring containing the thymidine’s methyl group, which will be lost
during transcription because the corresponding RNA base uracil has no methyl group.
In mammals, most of cytosine methylations are exclusively found in CpG dinucleotides,
with the cytosines usually being methylated on both strands [9]. Methylation of DNA is
essential for normal development, because it plays a very important role in key processes
such as genomic imprinting, X-chromosome inactivation, and suppression of transcription
and transposition of repetitive elements. Aberrant DNA methylation contributes to the
development of diseases like cancer [8, 10-12]. For gene transcription to occur, the gene
promoter and other regulatory units, including enhancers, should be readily accessible
to transcription factors [13]. DNA methylation can directly prevent transcription-factor
binding and can lead to changes in chromatin structure that restrict access of transcrip-
tion factors to DNA and may result in transcriptional silencing [14]. Methylated CpGs
attract, for instance, methyl-CpG-binding domain proteins that recruit "repressor com-
plexes", resulting in histone modification, another target of epigenetically active enzymes.
Histones, an alternative target for epigenetic modification, are key protein components
of chromatin that act as spools for the wrapping of DNA. The recruitment of repressor
complexes results in modification of histones, which leads to a more condensed chro-
matin structure known as heterochromatin, oppositely, it is an open and active chromatin
structure required for transcription [15-17].

The relation between the presence of epigenetic marks and transcriptional activity is
not straightforward and is for that reason under intense investigation. DNA methylation
can also positively correlated with gene expression. For instance, the effect of methylation
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of DNA segments of GpG within a coding gene region ("gene-body methylation") can lead
to enhanced transcription, a mechanism that is not well understood. In almost all species
where DNA methylation is present, DNA methylation in gene body regions is especially
enriched in DNA encoding highly transcribed genes [18, 19]. Alternatively, in species
in which low genomic methylation naturally occurs, such as the honeybee, gene bodies
are the exclusive targets of DNA methylation and positively regulate gene expression
[20]. In mammalian genomes, methylation occurs universally and covers 70-80% of all
CpG motifs, intragenic sequences are still more methylated (80-90%) than intergenic
sequences [21]. Why and how gene bodies are heavily methylated has been intensely
researched over the last few years. Some evidence suggests that it could regulate splicing
[22] and suppress the activity of intragenic transcriptional units (cryptic promoters or
transposable elements) [23]. Another example of the complex regulatory properties of
DNA methylation is its known interaction with histone tail methylation. For instance,
gene-body methylation appears closely tied to H3K36 methylation, for instance in yeast
At least in yeast, H3K36me3 recruits enzymes such as histone deacetylases to condense
chromatin and prevent the activation of so-called cryptic start sites [24]. In mammals,
such interactions for instance can be mediated via the PWWP domain (conserved Pro-Trp-
Trp-Pro motif) found on DNMT3A and DNMT3B. Binding of these methylase domains
to H3K36me3 leads to the recruitment of these enzymes to actively transcribed genes.

5.3 Histone code

As already indicated above, another important epigenetic modification is known as the
"histone code", which is the acronym for the hypothesis that the transcription of DNA is
in part regulated by chemical modifications of histone proteins, primarily on their unstruc-
tured ends, or tails [25]. Histones exist in five families and represent globular proteins with
a flexible N-terminus [26]. The H3 and H4 histones have long tails protruding from the
nucleosome, which can be covalently modified at specific stretches of amino acids prefer-
ably lysine. Histones, along with DNA to form nucleosomes, which themselves bundle
to form chromatin fibers, followed by making up the chromosome. Many of the histone
tail modifications were well associated with chromatin structure, however, both of the
histone modification state and chromatin structure were correlated with gene expression
[27]. Posttranslational modifications of histones usually involve lysine acetylation, lysine
and arginine methylation, serine and threonine phosphorylation, or lysine ubiquitination
and sumoylation [28]. These modifications occur, like methylation, mainly within the
histone amino-terminal tails protruding from the surface of the nucleosome, but also on
the globular core region [29]. Histone modifications are proposed to affect chromosome
function via at least two distinct mechanisms. The first mechanism involves changes in
the electrostatic charge of histones due to the modification, which affects their binding to
DNA and as such, accessibility of DNA to transcription factors. The second mechanism
involves modifications of histones in binding sites for protein recognition modules, such
as bromodomains or chromodomains. These latter proteins recognize acetylated lysines
and methylated lysines, respectively [30].

Histones are lysine-rich (hence positively charged) proteins. Acetylation and deacetyla-
tion occur mainly on lysine residues in the N-terminal tails that protrude from the histone
core of the nucleosomes. Acetylation and deacetylation regulates gene regulation and
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are typically catalyzed by enzymes with "histone acetyltransferase" (HAT) or "histone
deacetylase" (HDAC) activity [31]. Acetylation is the process where an acetyl group is
transferred from an acetyl donor (acetyl-coenzyme A) to the N-terminal amino group of
lysine. Deacetylation is the reverse reaction where an acetyl group is removed from lysine
[32]. Histone deacteylating enzymes, which mainly function as transcriptional repressors,
oppose the effects of histone acetylating enzymes by reverting lysine acetylation. Removal
of the acetyl group restores the positive charge of the lysine and potentially stabilizes the
local chromatin architecture [27]. I some cases, however, inhibition of HDACs can also re-
press gene transcriptional activity (e.g. in inflammatory macrophages; this thesis). There
are four classes of HDACs [33]. Class I includes HDACs 1, 2, 3 and 8. Class II is divided
into class IIA and IIB. Class IIA includes HDACs 4, 5, 7 and 9. Class IIB includes HDACs
6 and 10. Class III contains the sirtuins and class IV contains HDAC11 [34, 35].

In our study, we focused on the function of HDAC3 and 6, in a comparative study where
we analyzed inhibitors of HDAC3/6 and panHDAC inhibitory small molecules. Some earlier
studies indicated that therapeutic targeting of HDAC6 and HDAC9 augments the suppres-
sive functions of regulatory T cells that contain the transcription factor Foxp3 [36]. Ro-
dent studies have shown that HDAC3 activity can modify the phenotype of macrophages.
Macrophages that are deficient in HDAC3 display a polarized phenotype that resembles IL-
4-induced alternative activation and are hyperresponsive to IL-4 stimulation [37]. In floxed
Hdac3 -knockout mice, myeloid Hdac3 deficiency mediated enhanced anti-inflammatory
wound healing characteristics [38]. Furthermore, the effect of HDAC3 inhibition mimicked
the effect of pan-HDAC inhibitors on macrophage function in atherosclerosis (i.e. macro-
phages present in atherosclerotic plaques), fibrotic tissue, altered macrophage metabolism
towards enhanced aerobic glycolysis, and protection against apoptosis [39]. In our studies,
we made use of the HDAC inhibitor drug development pipeline of Italfarmaco S.p.A, that
has developed a range of HDAC inhibitors with selective affinities for HDAC3/6, HDAC6,
and HDAC9, amongst others. Although specific inhibitors of HDAC3 activity, such as
RGFP966 (IC50: 0.08 µM; >200-fold selectivity for HDAC3 over other HDACs) are now
available, the Italfarmaco compound set enables us to investigate inhibition of a range of
HDACs in primary blood monocytes and macrophage of human origin, without the need
for gene silencing or other techniques that interact with normal macrophage responses.

As to the data mentioned above, HDAC3 deserves a specific focus for macrophage
function. HDAC3 contains a non-conserved region in its C-terminal region that is required
for transcriptional repression and deacetylase activity [40]. HDAC3 is evolutionarily most
closely related to HDAC8, with 34% overall sequence identity. HDAC3 has the same
domain structure as all class I HDACs, but it exists in multi-subunit complexes that are
different from other known HDAC complexes [34]. It contains both a Nuclear Localization
Signal (NLS) and a Nuclear Export Signal (NES). The NLS functions as a signal for nuclear
action, whereas the NES are typical of HDACs that exert their function outside of the
nucleus. In this process, IkBα is important in the control of HDAC3 shuttling. When IkBα
is degraded, HDAC3 enters the nucleus; when newly-synthesized IkBα is available in the
nucleus, HDAC3 is bound to IkBα and subject to nuclear export [41]. It has been reported
that IkBα-dependent nuclear translocation of HDAC3 is responsible for PPARγ inhibition
by TNFα [41], which interferes with glucose and fatty-acid metabolism in inflammation
and cancer [42, 43]. The presence of both signals within HDAC3 suggests it travels
between the nucleus and the cytoplasm [34, 44].
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5.4 Inflammatory bowel disease

Inflammatory bowel disease (IBD) is an inflammatory condition of the colon and small
intestine. It is said to be a multifactorial disease because the interaction of genetic, envi-
ronmental and immunological factors is invoked to explain its presentation [45]. Crohn’s
disease (CD) and ulcerative colitis (UC) are the principal manifestations of IBD. CD and
UC differ in location and nature of the inflammatory changes. CD can affect any part of
the gastrointestinal tract, from mouth to anus, but in the majority of the cases the disease
symptoms first develop in the terminal ileum. UC, in contrast, is restricted to the colon
and the rectum [46]. No disease-specific markers that can reliably differentiate patients
with CD from UC patients in a blood test are currently available [47]. Although the recent
genome-wide association studies (GWAS) have contributed significantly to understanding
of the pathogenesis of IBD by identifying loci with potential linkage to IBD [48-51], the
exact etiology of IBD remains unknown, more and more evidence suggests that epigenetic
or gene activity-regulating factors may play a crucial role in the origin of IBD [52].

5.5 DNA methylation studies in IBD

As described above, DNA-methyl transferases (DNMTs) methylate the cytosine residue
of DNA, and a number of studies has addressed the potential role of aberrant methyla-
tion/epigenetic enzyme activity in IBD pathogenesis. Three different DNMTs have been
reported to be involved in the pathogenesis of IBD and IBD-CRC: DNMT1, DNMT3A
and DNMT3B. DNMT1 activity is significantly upregulated in IBD and IBD-CRC [53-55].
DNMT1 is highly expressed in actively inflamed colonic mucosa of UC patients as com-
pared to normal colonic mucosa [55]. In addition, overexpression of DNMT1 is proposed
to correlate with an abundance of CD68-positive macrophages, suggesting direct involve-
ment of DNA methylation in a pro-inflammatory response [53]. Stimulation of HCT116
human colon cancer cells with interleukin (IL)-6 increases DNMT1 expression, leading to
increase in methylcytosine in DNA, especially at gene promoter regions [53]. In mice,
loss of the maintenance DNA methyltransferase DNMT1 results in embryonic lethality at
embryonic day (ED)8.5-9.0 and Dnmt1 -mutant embryos display only ~1/3 of the normal
levels of DNA methylation [56]. DNMT3 cooperates with DNMT1 to maintain appropri-
ate DNA methylation levels. Colonic mucosa with active UC expresses more DNMT3B
and less DNMT1 than normal colon [55]. DNMT3A plays an important role in both innate
and adaptive immune responses, and affects, for example, polarization of T helper type
2 (Th2) cells [57]. In these cells, DNMT3A is recruited to the promoter of interferon γ
(IFNγ), so that the promoter undergoes progressive de novo methylation, which inhibits
ATF2/c-Jun and CREB transcription factor binding and further drives polarization of Th2
cells [58]. As such it is believed that all Th polarization processes involve the activity of
DNMT enzyme activity.

Quantitative profiling of DNA methylation of CpG loci throughout the genome has
become possible with microarrays and second-generation sequencing-based approaches
[59]. Until recently, one of the most commonly used technologies was the Illumina Hu-
manMethylation450 BeadChip, which uses the Infinium I and II platforms to generate a
comprehensive genome-wide profiling of human DNA methylation. Presently, more plat-
forms have become available, including the widely used 850 EPIC Infinium Methylation
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array that covers 850,000 CpG areas. The HumanMethylation450 BeadChip assay design
employs two bead types per CpG locus, one for the methylated and one for the non-
methylated state. The Infinium-II design uses a single bead type, with the methylated
state determined at a single base extension step. Similar to bisulfite sequencing and py-
rosequencing, this method of using both Infinium platforms quantifies methylation levels
at specific loci within the genome. The HumanMethylation450 BeadChip can detect over
450,000 methylaton sites per sample at single-nucleotide resolution. It covers 99% of
genes present in NCBI reference sequence database, including those in regions with a low
density of CpG islands and at risk for being missed see for details: https://cancergenome
.nih.gov/abouttcga/aboutdata/platformdesign/illuminamethylation450).

Using this technique, an earlier study defined the global methylation profile characteris-
tic for ileal CD in peripheral blood samples, and found 1117 sites differentially methylated
in CD compared to age matched control patient group. Fifty showed significantly altered
methylation in patients compared with controls, including that of genes that affect im-
mune activation, such as MAPK13, FASLG, PRF1, S100A13, RIPK3 and IL-21R. Gene
ontology analyses implicated immunity-related pathways as targets of epigenetic modifi-
cation (immune system processes, immune response, and defense responses to bacteria).
Ingenuity canonical pathway analyses implicated dendritic cell activity and differential
regulation of cytokines by IL-17A and IL-17F. Furthermore, a significant enrichment of
methylation changes was present within 50 kb of CD GWAS loci such as IL-27, IL-19,
TNF, MST1 and NOD2 [60].

GWAS techniques have identified many loci with an altered DNA methylation status
that are associated with pathways that play a role in IBDs, such as pattern recognition
signaling, cytokine production, and autophagy [61, 62]. However, only 20% of the esti-
mated heritability (30-50%) of CD can be explained by common genetic variants [61, 63,
64]. Furthermore, some CD-associated symptoms appear to be gender-specific [65], with
female-specific symptoms including irregular menstruation [66, 67] and an increased risk
of complications during pregnancy. In order to address these questions, we investigated
the DNA methylation profile of peripheral blood samples from 18 female patients with
histologically confirmed ileal or ileocolic CD and 25 healthy age- and gender-matched con-
trols. 4287 differentially methylated positions (DMPs) that are associated to 2715 unique
genes and 8 differentially DNA methylated regions (DMRs) were found. DMRs refer to
adjacent or nearby sites that have different methylation patterns between samples. Gene
ontology enrichment analysis revealed significant enrichment of DMPs in immune response
processes and inflammatory pathways. Of the 4287 DMPs, 32 DMPs were located on
chromosome X with several hits for MIR223 and PABPC5. Thirty-three IBD-associated
genes were replicated compared with previous genome-wide studies.

5.6 The effect of HDACs on inflammatory responses in
IBD or experimental colitis

Recent human data provide convincing evidence that inhibition of HDACs is a highly
effective therapeutic option to set free anti-inflammatory capacity [68, 69]. The HDAC
inhibitor ITF2357 (givinostat), which is pan-inhibitor and has anti-inflammatory properties
at low nanomolar concentrations in vitro [70, 71], was administered at different doses (50-
600 mg) to healthy males in a phase-I safety and pharmacokinetics trial. The volunteers

94

https://cancergenome.nih.gov/abouttcga/aboutdata/platformdesign/illuminamethylation450)
https://cancergenome.nih.gov/abouttcga/aboutdata/platformdesign/illuminamethylation450)


EPIGENETIC MECHANISMS IN IMMUNE CELLS MEDIATING INFLAMMATORY
BOWEL DISEASE

5

experienced a dose-dependent but transient fall in platelets counts. In peripheral blood
cells of these subjects that were cultured ex vivo with endotoxin, IL-1β, TNFα, IL-6 and
IFNγ production was significantly reduced 4h after dosing, but had returned to baseline
at 12h. No reduction in IL-1RA or IL-10 was observed [68].

Experimental colitis models in mice have been employed to address the cell popula-
tions and potential target tissues of inhibitors of HDAC activity. Pan-HDAC inhibitors,
but not class I-specific HDAC inhibitors, increased the function of Foxp3+ T regulatory
cells and prevented or reduced established colitis in mice [72]. The majority of currently
available HDAC inhibitors are broad-spectrum pan-HDAC inhibitors [73]. Global inhi-
bition of HDAC activity reduces cytokine production, particularly cytokines relevant to
autoimmune/inflammatory disease.

Macrophages are a cell populations known to contribute to intestinal inflammation and
macrophage activation upon lipopolysaccharide (LPS) treatment alters the expression of
class I and class II HDACs in these cells [74, 75]. While class II HDACs seem to play
a dominant role in macrophage polarization, class I HDACs abolish LPS-induced Cox-
2 expression in RAW264.7 macrophages [75, 76]. Additionally, glucocorticoid-induced
inhibition of inflammatory mediator production in human alveolar macrophages requires
HDAC2 [77]. Overall, the inhibition of class I HDACs might provide a therapeutic target
for the modulation of macrophage responses in inflammatory diseases, i.e. as also is
apparent from our data presented in Chapter 7 on the potential of HDAC3 to mediate
human macrophage cytokine secretion.

As referred to above, HDAC3 inhibition appears to mimic the effect of pan-HDAC
inhibitors in atherogenic macrophages by improving their function and altering their
metabolism towards aerobic glycolysis, which protected them from apoptosis [39]. How-
ever, the function of HDAC3 in human macrophages is not well established. We, therefore,
tested the effects of HDAC3 inhibition on cytokine production after LPS treatment in hu-
man macrophages with HDAC inhibitors that targeted both HDAC3 and HDAC6 activity,
HDAC6 activity only, or all HDAC enzymes. From this comparison, we deduced that inhi-
bition of HDAC3 activity markedly reduced LPS-stimulated cytokine production in mono-
cytes and M1 pro-inflammatory macrophages, but had no effect in M2-polarized macro-
phages. Overall, HDAC3 appears an important mediator of the inflammation response
by regulating cytokine production in human monocytes and macrophages. Irrespective,
because most HDAC inhibitors (even those we tested if used at higher concentrations)
are broad spectrum and exert their therapeutic activity in a predictable manner, the effect
of specific HDAC inhibitors on different cell types and tissues remain unpredictable, and
targeting specific cell types to deliver HDAC inhibitor small molecules is under intense
investigation.

IBD develops as a result of an exaggerated immune response at the gut associated
lymphoreticular tissue (GALT) level, to which deficits in central or peripheral tolerance
potentially contribute [78]. The innate immune system constitutes the first line of defense
against preventing pathogen colonization and tumor growth [79] and although innate
immune cells were historically thought to be nonspecific and to lack a memory function,
recent investigations on the repeated challenge with bacterial and/or fungal antigens
and pathogen associated molecular patterns has revealed a high degree of memory in
innate immune cells [80-82]. More specifically, repeated bacterial or fungal challenges
lead to dramatically enhanced or decreased immune response upon a second challenge, a
phenomenon largely mediated by epigenetic mechanisms [80].
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Macrophages are the principal cells that mediate endotoxin tolerance in vivo [83] and
in vitro [84-86]. The key standard readout for endotoxin tolerance in these cells is a dras-
tic reduction of TNFα production relative to cells exposed to LPS only once [83, 85-87].
Earlier in vitro studies of endotoxin-tolerant mouse macrophages [86, 88, 89] and human
monocytes [83, 90, 91] showed that most of the genes affected by endotoxin tolerance
were pro-inflammatory cytokines and chemokines like TNFα, IL-6, IL-12, IL-1β, CCL3
CCL4 and CXCL10 [85, 87, 92, 93]. Upregulated genes were more varied, consisting of
anti-inflammatory cytokines, such as IL-10, TGFβ and IL-1RA [85, 87, 92, 93]. Notably,
a high naturally occurring variation in cytokine responses amongst individuals is evident
[94]. In Chapter 7, we investigated the role of HDAC activity in mediating innate immune
cells memory by repeated LPS challenge in the presence of HDAC3/6 inhibiting molecules.
Endotoxin tolerance was associated with IL-4-polarized human M2 macrophage cells, but
not with IFNγ-polarized M1 macrophage cells, as also reported earlier [95]. The potential
of IFNγ to attenuate tolerance was dependent on HDAC3 activity, as only M1 macro-
phages treated with HDAC3/6i, but not HDAC6i displayed tolerance. Although it is not
clear if intestinal macrophage anergy, as seen in mucosal tissues, actually reflects endo-
toxin tolerance or a related feature, our findings warrant further investigation into the
potential of inhibition of HDAC3 activity as therapeutic option for IBD patients.

5.7 Scope of second part of the thesis
The aim of the second part of the thesis was to investigate the effect of epigenetic
modifications on inflammatory bowel disease, in particular Crohn’s disease (CD), and
on the inflammatory response in human monocytes and macrophages. Chapter 5 gives
an overview of the research question and methods, intestinal inflammation and epige-
netic modifications. The research question addressed in Chapter 6 was to assess if the
genome-wide DNA-methylation profile of peripheral blood cells can be associated with
CD in women. This question was addressed by determining genome-wide DNA methyla-
tion in peripheral blood cells from 18 female patients with histologically confirmed ileal or
ileocolic CD and 25 healthy age- and gender-matched controls with the Illumina Human-
Methylation450 BeadChip. 4287 differentially methylated positions (DMPs) associated
with 2715 unique genes and 8 differentially methylated regions were found. Thirty-two
DMPs were located on chromosome X. Gene ontology enrichment analysis revealed signif-
icant enrichment of our DMPs in immune response processes and inflammatory pathways.
In Chapter 7, the effect of histone deacetylase 3 (HDAC3) activity on the inflammatory
response in human monocytes and macrophages was investigated. LPS was used to stim-
ulate cytokine expression. The potential of HDAC3 to intervene with cytokine expression
and LPS tolerance was tested with the HDAC-specific inhibitors targeting both HDAC3
and HDAC6 (HDAC3/6i), HDAC6 only (HDAC6i), or a pan-HDAC inhibitor. Pan-HDAC
and HDAC3/6i inhibition markedly reduced endotoxin-stimulated cytokine production in
monocytes and M1 inflammatory macrophages, but had no effect in M2-polarized cells.
HDAC3/6 inhibition restored endotoxin tolerance in IFNγ-polarized M1 cells, but did not
affect IFNγ signalling via STAT1. Since HDAC6i had no effect in this respect, these data
suggest that HDAC3 inhibition may mitigate monocyte activation.
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CHAPTER 6

Abstract
Crohn’s disease (CD) is a chronic inflammatory disorder belonging to the inflammatory
bowel diseases (IBD). CD affects distinct parts of the gastrointestinal tract, leading to
symptoms including diarrhea, fever, abdominal pain, weight loss and anemia. The aim
of this study was to assess whether the DNA methylome of peripheral blood cells can be
associated with CD in women. Samples were obtained from 18 female patients with histo-
logically confirmed ileal or ileocolic CD and 25 healthy age- and gender-matched controls
(mean age and standard deviation: 30.5 ± 6.5 years for both groups). Genome-wide DNA
methylation was determined using the Illumina HumanMethylation 450k BeadChip. Our
analysis implicated 4,287 differentially methylated positions (DMPs; corrected p <0.05)
that are associated to 2,715 unique genes. Gene ontology enrichment analysis revealed
significant enrichment of our DMPs in immune response processes and inflammatory path-
ways. Of the 4,287 DMPs, 32 DMPs were located on chromosome X with several hits for
MIR223 and PABPC5. Comparison with previously performed (epi)genome-wide studies
revealed that we replicated 33 IBD-associated genes. In addition to DMPs, we found
eight differentially methylated regions (DMRs). CD patients display a characteristic DNA
methylation landscape, with the differentially methylated genes being implicated in im-
mune response. Additionally, DMPs were found on chromosome X suggesting X-linked
manifestations of CD that could be associated with female-specific symptoms.
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6.1 Introduction

Crohn’s disease (CD) is an inflammatory bowel disease (IBD) characterized by a chronic
inflammatory condition of the gastrointestinal tract. On a worldwide basis, CD has a
prevalence of 0.5% with an annual incidence of 12.7 per 100,000 person-years [1]. The
inflammation associated with CD can reach through all layers of the intestinal wall, causing
complications such as strictures and fistula. The terminal ileum is the most prevalent site
for inflammation and strictures, often requiring surgical ileocecal resection. Different
immunosuppressive therapies are commonly applied, such as thiopurines, corticosteroids,
and anti-tumor necrosis factor (aTNF) agents, all of which have variable success rates.
Aside from complications within the gastrointestinal tract, CD occasionally manifests itself
in an extra-intestinal fashion. Certain CD-associated symptoms appear to be gender-
specific [2], with female-specific symptoms including irregular menstruation [3, 4] as well
as an increased risk of complications during pregnancy [5].

Despite the extensive research performed on CD, the etiology is unknown. Numerous
studies have sought to associate genetic changes to the pathogenesis of CD with genome
wide association studies (GWAS) finding many loci that are associated with pathways
that have been well established in IBDs, such as pattern recognition signaling, cytokine
production and autophagy [6, 7]. However, only 20% of the estimated heritability (30-
50%) of CD can be explained by common genetic variants [6, 8, 9]. A growing body of
literature suggests that additional factors such as diet [10], the gut-microbiome [11] and
the epigenome [12-15] add to the development and progression of CD.

While the genome remains static for one organism over time and across different cell
types, the epigenome can vary considerably. One of the well-described epigenetic mod-
ifications is cytosine methylation, which involves the attachment of a methyl group to
a cytosine followed by a guanine (CpG site). Aberrant methylation patterns have been
implicated in many complex disorders, such as cancers [16], diabetes [17] and juvenile
stress [18]. In this study, the aim was to explore how the methylome of peripheral blood
is affected in female CD patients. To this end, the HumanMethylation450 BeadChip array
(450k) was used to find differentially methylated positions (DMPs) and regions (DMRs)
in DNA isolated from peripheral blood. We specifically looked at blood due to the relative
ease and non-invasive nature in obtaining the samples. First, we sought to find differen-
tially methylated loci through a hypothesis-free approach. Here, we specifically chose to
assess the methylome of female CD patients to see whether CD manifests in the methylome
of chromosome X, the results of which could help understand female-specific CD symp-
toms. Second, we aimed at replicating previously reported genes through a hypothesis-
driven approach, whereby we assessed the methylation patterns of CD-associated genes
retrieved from GWAS [6, 8, 9] and epigenome-wide association studies (EWAS) [12-14,
19, 20].

6.2 Materials and Methods

6.2.1 Patient inclusion
Our CD samples consisted of 18 female CD patients with histologically confirmed in-
testinal CD (age range: 22 to 43) that visited the outpatient clinic at the Academic
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Medical Centre (AMC) IBD department in Amsterdam, the Netherlands. Of the 18 CD
cases, only 15 remained after quality control using the MethylAid (version 1.4.0) package
[21]. The healthy control samples were obtained from 25 anonymous healthy women (age
range: 21 to 43) from the biobank located at the AMC Department of Clinical Genetics,
DNA Diagnostics laboratory. Healthy female controls were defined as patients that tested
screen-negative for specific DNA-mutations as part of genetic family studies. The assem-
bly of this cohort was approved by the medical ethics committee of the Academic Medical
Hospital (METC 08/330 # 09.17.0268) and written informed consent was obtained from
both the CD patients and control subjects.

6.2.2 DNA isolation and bisulfite conversion
Peripheral blood was drawn and stored in EDTA to prevent coagulation. Erythrocytes
were lysed before proteins were aggregated out of the sample. Genomic DNA was
extracted through ethanol precipitation, after which the DNA was dissolved in tris-
ethylenediaminetetraacetic buffer (Tris-EDTA) and stored at 4°C. Subsequent bisulfite
conversion of the DNA was performed using the Zymo EZ DNA MethylationTM kit fol-
lowing the manufacturer’s protocol.

6.2.3 Methylation analysis
Whole-genome DNA-methylation profiles were quantified using the Illumina HumanMethy-
lation450k BeadChip Array, which measures 485,577 CpG sites at ServiceXS in Leiden, the
Netherlands. Prior to 450k analysis, quality control of converted DNA was performed by
means of high-resolution melting analysis of the H19 locus [Ensembl: ENSG00000130600]
according to the diagnostics workflow as described by Alders et al. [22].

6.2.4 Differentially methylated loci analysis
The methylation data was imported into the R statistical programming environment (ver-
sion 3.2.2) using the Bioconductor package minfi (version 1.16.0) [23]. Initial quality
control was performed using the MethylAid package, whereby the quality of each sam-
ple was assessed using the internal control probes located on the BeadChip array [21].
Subsequently, probes were removed that were known to be promiscuous, located on the
Y-chromosome, or associated with CpGs with known SNPs (minor allele frequency >0).
The remaining probes were normalized using the functional normalization method [24],
after which M values (M = log2(M/U)) were used for statistical analyses and β-values
(β = M/(M+U+100)) were used for the visualization of the methylation levels [25].
DMPs were obtained through linear regression using the limma package [26, 27].

DMRs were obtained using the DMR-finding function in minfi called bumphunter
[23, 28]. In brief, bumphunter searches for DMRs by looking for CpGs with a mean
difference above a certain threshold. We set the inclusion threshold to 0.08. To remove
single CpGs that exceeded the inclusion threshold from our DMRs, we filtered for at least
four consecutive CpGs to minimize the probability of randomly obtaining consecutive CpGs
whose mean effect size are above 0.08 by chance. See Figure 1 for a brief summary of
our workflow.
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Fig. 1 Data analysis workflow. A brief overview of our data analysis pipeline.

6.2.5 Batch effect correction using factor analysis
We accounted for technical batch effects using the functional normalization method,
which estimates technical variation through the internal technical control probes located
on the 450k array [24]. Unlike technical batch effects, the technical control probes on
the 450k array are unaffected by biological confounders. Finding and correcting for bio-
logical confounders was done through factor analysis, using the R function RUVfit found
within the missMethyl package (version 1.4.0) [29]. RUVfit implements the RUV ("re-
move unwanted variation") functions where negative control probes are used to estimate
the effects of unwanted variation [30, 31]. Negative control probes are CpGs that are
unaffected by the factor of interest but are affected by the batch effect. Due to the fact
that we did not know a priori which CpGs were not differentially methylated, we followed
the guidelines posted in the vignette of the missMethyl package [32]. In short, a linear
regression was performed on the CD status against the uncorrected M values yielding
statistically non-significant CpGs (BH-adjusted p >0.5). Such statistically non-significant
CpGs were deemed unassociated with CD and were therefore used as negative control
probes. We then called the RUVfit function using the RUV-inverse ("RUVinv") function
from the ruv package (version 0.9.6) to estimate and correct for batch effects [30-32].

6.2.6 Differentially methylated position distribution analysis
The DMPs were stratified per genetic feature/chromosome and compared to the to-
tal number of 450k probes associated to the respective genetic feature/chromosome. A
Fisher exact test of independence was then used to calculate the probability that the num-
ber of DMPs found for a specific genetic feature/chromosome was significantly different
from the expected number of DMPs. A second Fisher exact test was then performed
on the number of hypermethylated DMPs versus the hypomethylated DMPs to assess
whether the distribution was significantly different in any genetic feature/chromosome.
Our threshold for statistical significance was set to a Bonferroni-adjusted α of 0.05.

6.2.7 Gene ontology enrichment analysis
Gene ontology (GO) enrichment analysis was performed on the DMPs using the gometh
function from the R missMethyl package [29]. The gometh function corrects for the num-
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ber of probes per pathway thereby giving a balanced overview of the enriched pathways.

6.2.8 Hypothesis-driven analysis
To compare our data with previous GWAS and EWAS data, we generated lists of unique
genes acquired from GWAS and EWAS. The GWAS genes consisted of genes associated
to the significant loci reported in the summary statistics obtained from Franke et al. [9],
Jostins et al. [6] and Liu et al. [8] whereas the EWAS genes consisted of genes associated
to significant loci reported in the summary statistics obtained from Lin et al. [20], Nimmo
et al. [14], Karatzas et al. [19] and McDermott et al. [13]. We then compared and looked
for the genes that were present in all three gene lists and extracted the CpGs associated
to these genes from our own data after which we adjusted for multiple testing accordingly.

6.2.9 Illumina MiSeq Sequencing
Technical validation of several promising 450k CpG sites was performed through targeted
amplicon sequence analysis using the Illumina MiSeq platform. Primers were designed with
a bisulfite-converted reference sequence, human genome build 19 (hg19), using Primer3
[33, 34]. Primer information is described in Supplementary Table 1. Amplicons were
amplified through PCR and pooled per subject after which non-specific products were
removed using the Agencourt AMPure PCR purification kit (Beckman Coulter). Pooled
amplicons were elongated using TruSEQ indices and adapter sequences after which they
were purified. Quality control of the amplicon length within the pools was performed
using Agilent 2100 Bioanalyzer. DNA concentration was measured using Qubit 2.0 Fluo-
rometer (ThermoFisher) and equalized to equimolar concentrations for all subject pools.
MiSeq amplicon sequencing was then performed according to the standard protocol (Sup-
plementary Table 2). Raw sequence data was mapped, aligned and analyzed using GATK
[35, 36], BWA, and Integrative Genomics viewer (version 2.3.57) [37], respectively, against
the bisulfite converted hg19. A minimum of 100 reads per patient amplicon was deemed
successful. While we were capable of correcting for (hidden) technical and biological con-
founders during the 450k methylation analysis, we were unable to correct for confounding
factors during the MiSeq amplicon sequencing experiment.

6.2.10 Visualization of the differentially methylated loci
Individual CpGs were visualized as a strip/boxplot using the ggplot2 package (version
1.0.1) [38]. Regions of CpGs as well as the CpG islands, the histone 3 single- and triple
methylation, the DNase I hypersensitivity sites and the transcription factor-binding sites
were retrieved from the UCSC Genome Browser and visualized using the Gviz package
(version 1.14.0) [39].

6.3 Results

6.3.1 Quality control and exploratory data analysis
Samples were processed according to the flowchart in Figure 1. Initial quality control
using MethylAid [21] indicated that three CD patients failed the bisulfite conversion,
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hybridization, and overall methylation threshold, resulting in their exclusion from down-
stream analyses. Subsequent principal component analysis did not reveal any discernable
separation of the CD patients from the healthy controls (Figure 2). Moreover, the first
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Fig. 2 Exploratory data analysis. Plot of the first two principal components of the overall DNA methy-
lation profiles reveal no discernable differentiation between CD patients (turquoise triangles) and healthy
controls (red circles).

principal component explained only 12.5% of the variance, suggesting that the DNA
methylome does not differ considerably among samples (Supplementary Figure 1a). As
the DNA samples were obtained from peripheral blood, the concern existed that the het-
erogeneity of the blood cell composition confounded our data [40, 41]. We therefore
estimated the cellular composition per sample using the algorithm described in House-
man et al.[41] (Supplementary Figure 1b). When comparing CD versus healthy controls,
a difference in blood cell composition was observed, which was nominally statistically
significant at an α (p value threshold) of 0.05. However, after correcting for multiple
testing using the Bonferroni method, the associations were almost statistically significant
suggesting that CD is potentially associated with changes in the cellular composition.
Calculating the Pearson correlation coefficient for the blood cell distribution with each
principal component revealed a strong correlation of the blood cell distribution with the
first principal component. This correlation was statistically significant for CD8T cells,
CD4T cells, natural killer cells, and granulocytes after correcting for multiple testing us-
ing the Benjamini-Hochberg (BH) procedure (Supplementary Figure 1c). We surmised
that additional biological confounders included age [42] and the usage of aTNF medi-
cation at the time of phlebotomy. To prevent age from confounding our data, we had
age-matched our cohort prior to sampling. Correlating age and aTNF usage with the prin-
cipal components revealed no significant correlation (R2 >0.10), suggesting that neither
affect the methylome significantly (Supplementary Figure 1d,e). To correct for the most
prominent (hidden) biological confounders, such as the cellular composition, we performed
factor analysis using the RUVfit function [30-32,40]. RUVfit is a wrapper function for the
"remove unwanted variation" (RUV) methods [30-32]. While it would have been possible
to include the estimated blood cell composition obtained from the Houseman algorithm
as covariates in the linear model, as described in Guintivano et al. [43] and Hannum et al.
[42], this method was discouraged in Montaño et al. [44] and Jaffe and Irizarry [40] as
the estimated blood cell composition was found to yield biased results. Instead, Jaffe
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and Irizarry suggested the usage of RUV as a way for correcting for composition-based
confounding [40]. The advantage of RUV over other conventional methods is its ability
to discover (hidden) biological confounders aside from blood cell composition. For more
information about our implementation of the RUVfit function, see Section 6.2.5.

6.3.2 Differentially methylated positions in Crohn’s Disease pa-
tients

After normalizing the data and correcting for confounders, we observed 4,287 significant
DMPs (BH-adjusted p <0.05) that were associated to 2,715 unique genes. Of the 4,287
significant DMPs, 949 were hypomethylated with the remaining 3,338 being hypermethy-
lated (Supplementary Table 3). The two most significant DMPs were found within the
protein tyrosine phosphatase PTPRN2 [Ensembl: ENSG00000155093] and the zinc-finger
protein BCL11A [Ensembl: ENSG00000119866], which were moderately hypermethylated
in CD patients versus healthy controls (see dot-boxplots on the right of Figure 3a).

6.3.3 Differentially methylated position distribution analysis
The precise fashion through which methylation affects transcription remains unknown
with the current dogma being that hypermethylated regions within the transcription start
site (TSS) silence the respective gene [45, 46]. To this end, we investigated the DMP
distribution per genetic feature. Here, we used a Fisher exact test to calculate whether the
ratio of DMPs versus the total number of 450k probes per genetic feature was significantly
different from a DMP distribution originating by chance. We observed a statistically
significant difference in the DMP distribution for the transcription start sites (TSS1500
and TSS200), the gene body, the first exon, the 3’ untranslated region (3’UTR) and the
intergenic region (Supplementary Figure 2a and Supplementary Table 5). Only the 5’UTR
was not statistically significant, suggesting that the DMPs are not randomly distributed.
Next, we sought to test whether the direction of methylation was significantly different for
any of the genetic features using a second Fisher exact test. Here we found no statistically
significant differences in the distribution of hypo- and hypermethylated DMPs for any of
the genetic features (Supplementary Figure 2b,c and Supplementary Table 5).

A similar approach was used to assess the DMP distribution per chromosome. Here,
we found a significantly different DMP distribution for chromosomes 1, 19, and X (Figure
3b). Furthermore, analysis of the hypo- and hypermethylated DMP distribution revealed
that while the autosomal chromosomes contained more hypermethylated DMPs than

Fig. 3 (following page) Differentially methylated positions. a) Left: Volcano plot of the -log10 trans-
formed BH-adjusted p on the Y-axis versus the mean effect size in methylation (beta) on the X-axis.
DMPs are indicated in green. Right: Dot-boxplots of the two most significant DMPs: cg26639747
(PTPRN2) and cg27159979 (BLC11A). b) Comparison of the probe distribution on the 450k versus
the DMP distribution per chromosome where the different colors represent the different chromosomes.
The numbers along the barplot represent the percentages of the 450k probes (top) or DMPs (bottom)
per chromosome. Significantly different DMP distributions are indicated in bold red with the aster-
isks indicating the level of significance as found in Supplementary Table 4 (* p < 0.05, ** p < 0.01,
*** p < 0.001, **** p < 0.0001). c) For each chromosome, the percentage hypo- and hypermethylated
DMPs is indicated with barplots in black and grey, respectively.
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hypomethylated DMPs, the inverse was true for chromosome X (Figure 3c Supplementary
Table 4). As we had a female-only cohort, we investigated chromosome X in further detail.
Analysis of the X-associated DMPs yielded 32 DMPs of the 10,246 probes on chromosome
X (Supplementary Table 2). Analysis of the genes associated to the X-linked DMPs
revealed an enrichment of only two genes: MIR223 [Ensembl: ENSG00000207939] (Figure
4a) and PABPC5 [Ensembl: ENSG00000174740] (Figure 4b), which were represented by
two and four DMPs respectively.

a) b)
PABPC5

Fig. 4 Differentially methylated positions on chromosome X. Visualization of the methylation levels
of a) MIR223 and b) PABPC5 ("450K") located on the chromosome X superposed onto the RefSeq
genes ("RefSeq gene"). Enlarged strip/boxplots are provided for the significant CpGs, namely MIR223 :
cg06701191 and cg19127840, and PABPC5: cg16401529, cg04875162, cg09725213, and cg00608151.

6.3.4 Differentially methylated regions in Crohn’s disease patients

Using the bumphunter function [28] we found eight DMRs, which we associated to HLA-J
[Ensembl: ENSG00000204622], BOLA3 [Ensembl: ENSG00000163170], TACSTD2 [En-
sembl: ENSG00000184292], APOBEC1 [Ensembl: ENSG00000111701], MOV10L1 [En-
sembl: ENSG00000073146], OR2L13 [Ensembl: ENSG00000196071], LINC00612 [En-
sembl: ENSG00000214851] and SHANK2 [Ensembl: ENSG00000162105] (Table 1).
While the individual CpGs comprising the DMRs were not significantly differentially methy-
lated, the mean difference across the entire region was moderate but noticeable (Supple-
mentary Figure 3)
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DMR location (hg19) Mean effect size Area DMR DMPs Nearest gene
chr6: 29895175-29895260 -0.172 6.89E-01 4 HLA-J
chr2: 74357527-74357872 0.127 5.10E-01 4 BOLA3
chr1: 59043199-59043280 0.121 4.83E-01 4 TACSTD2
chr12: 7781004-7781288 -0.118 4.72E-01 4 APOBEC1
chr22: 50528213-50528312 0.0992 3.97E-01 4 MOV10L1
chr1: 248100345-248100585 0.0935 3.74E-01 4 OR2L13
chr12: 9217510-9217669 -0.0918 3.67E-01 4 LINC00612
chr11: 70672841-70672878 0.0911 3.65E-01 4 SHANK2

Table 1 DMRs as predicted by the bumphunter function, containing four or more consecutive DMPs.

6.3.5 Pathway enrichment analysis of the differentially methylated
positions

To understand the functional relevance of our reported DMPs, gene ontology (GO) en-
richment analysis was performed. GO enrichment yielded 32 significantly enriched (BH-
adjusted p <0.05) processes, with notable hits for immune response (GO:0006955 and
GO:0002376) and leukocyte activation (GO:0045321) as well as neutrophil chemotaxis
(GO:0030593) (Table 2).

6.3.6 Overlap with previous studies
Next, we compared the genes associated to our DMPs with genes associated to CD and
IBD from previous GWAS [6, 8, 9] and EWAS [12-14, 19, 20] data. The GWAS-derived
list contained 275 genes whereas the EWAS-derived list contained 4,388 genes. When
comparing the GWAS, the EWAS and our own data, we found 33 genes that were present
in all three datasets. Analysis of the CpGs associated to the 33 overlapping genes yielded
136 statistically significant hypothesis-driven DMPs (BH-adjusted p <0.05) (Supplemen-
tary Table 6). Of the ten most significant hypothesis-driven DMPs five, DMPs were
associated to TNF [Ensembl: ENSG00000232810] (Figure 5c) and two were associated
to SP140 [Ensembl: ENSG00000079263] (Figure 5b). Interestingly, while the hypothesis-
driven DMPs found in TNF appear to occur consecutively, our previous DMR analysis did
not yield any hits for TNF, which might be due to the limited mean difference observed
across the TNF -associated DMPs. To validate our findings for SP140 and TNF, we per-
formed MiSeq amplicon sequencing and correlated the results with our findings obtained
from the 450k data. The methylation levels obtained from the MiSeq sequencing were
found to be concordant with the 450k results for SP140 (see MiSEQ track in Figure 5b).
Unfortunately, we were unable to obtain sufficient reads with the primers designed for our
region of interest for TNF. We therefore sequenced downstream of our region of interest,
which yielded adequate reads and revealed methylation levels similar to what was found
using the 450k (see MiSEQ track in Figure 5c). In addition to SP140 and TNF, spe-
cific regions within TNFSF4 [Ensembl: ENSG00000117586] (Supplementary Figure 4b),
IL10/IL19 [Ensembl: ENSG00000136634] (Supplementary Figure 4c), and ORMDL3 [En-
sembl: ENSG00000172057] (Supplementary Figure 4d) were also sequenced, as they had
been associated with CD previously [6]. Overall, the methylation levels obtained through
MiSeq sequencing were found to be concordant with the methylation levels obtained from
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GO Term p value BH-adjusted p value
GO:0002376 immune system process 1.58E-7 1.60E-3
GO:0006955 immune response 9.61E-8 1.60E-3
GO:0007166 cell surface receptor signaling pathway 7.25E-7 4.86E-3
GO:0060326 cell chemotaxis 9.63E-7 4.86E-3
GO:0006909 phagocytosis 3.92E-6 1.55E-2
GO:0030593 neutrophil chemotaxis 4.6E-6 1.55E-2
GO:0098602 single organism cell adhesion 5.62E-6 1.62E-2
GO:0006952 defense response 1.97E-5 2.79E-2
GO:0048583 regulation of response to stimulus 1.44E-5 2.79E-2
GO:0016337 single organismal cell-cell adhesion 2.07E-5 2.79E-2
GO:0045321 leukocyte activation 1.54E-5 2.79E-2
GO:0050900 leukocyte migration 1.84E-5 2.79E-2
GO:0030595 leukocyte chemotaxis 2.06E-5 2.79E-2
GO:1990266 neutrophil migration 1.84E-5 2.79E-2
GO:0071621 granulocyte chemotaxis 1.80E-5 2.79E-2
GO:0071944 cell periphery 2.28E-5 2.88E-2
GO:0001775 cell activation 2.66E-5 3.10E-2
GO:0034109 homotypic cell-cell adhesion 2.76E-5 3.10E-2
GO:0016477 cell migration 3.42E-5 3.63E-2
GO:0006954 inflammatory response 3.94E-5 3.76E-2
GO:0007165 signal transduction 4.36E-5 3.76E-2
GO:0048870 cell motility 4.61E-5 3.76E-2
GO:0051674 localization of cell 4.61E-5 3.76E-2
GO:0070486 leukocyte aggregation 4.21E-5 3.76E-2
GO:0002696 positive regulation of leukocyte activation 4.98E-5 3.76E-2
GO:0071800 podosome assembly 4.69E-5 3.76E-2
GO:0009897 external side of plasma membrane 5.02E-5 3.76E-2
GO:0007159 leukocyte cell-cell adhesion 5.70E-5 4.11E-2
GO:0098552 side of membrane 6.54E-5 4.56E-2
GO:0044700 single organism signaling 7.07E-5 4.72E-2
GO:0050867 positive regulation of cell activation 7.25E-5 4.72E-2
GO:0009611 response to wounding 7.84E-5 4.95E-2

Table 2 Statistically significant gene ontology enrichment on our significant DMPs.

Fig. 5 (following page) Hypothesis-driven differentially methylated positions. a) Venn diagram repre-
senting the overlap between CD-associated genes from our data (2,715 genes), GWAS data (275 genes),
and EWAS data (4,388 genes). Genomic plots of the methylation levels of the DMPs obtained from
the 450k ("450K") compared to the methylation levels obtained from MiSeq sequencing ("MiSEQ")
superposed on known RefSeq genes ("RefSeq gene") for b) SP140 and c) TNF. Note that the MiSeq
sequencing of SP140 missed one CpG covered by the 450k, which was specifically removed due to low read
count (<100; see Section 6.2.9). Enlarged dot-boxplots are provided for the significant CpGs associated
to TNF : cg23384708, cg20477259, cg26736341, cg1360627, and cg17741993, and SP140 : cg05564251
and cg04579254. Dot-boxplots of d) cg16176675 (TIFAB) and e) cg01476222 (TRAF6), as reported
from McDermott et al.
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the 450k array (Supplementary Figure 4a), but the differences between CD patients and
healthy controls were not statistically significant.

In particular, we assessed the methylation levels of the top DMPs as reported by Mc-
Dermott et al. due to the similarity in design and goals with our current study [13]. While
our results mostly correspond with respect to the direction of methylation, our reported
effect sizes differ (Supplementary Table 7). Visualization of the DMPs found in TIFAB
[Ensembl: ENSG00000255833] (cg16176675) and TRAF6 [Ensembl: ENSG00000175104]
(cg01476222), which represent the top DMP and the validated DMP reported by Mc-
Dermott et al., displayed a minor difference that was not statistically significant in our
data (Figure 5d,e). For certain DMPs, we appear to observe opposite effects. Analysis of
the contentious DMPs reveals an association with UC in the dataset of McDermott et al.
suggesting CD-specific methylation.

6.4 Discussion

6.4.1 Quality control and exploratory data analysis
In this study, we studied the methylation differences between female CD patients versus
healthy controls in peripheral blood. To our knowledge, we are the first to perform methy-
lation analysis in peripheral blood using a female-only cohort, which provided us with the
opportunity to investigate CD-associated methylome manifestations on chromosome X.
We used peripheral blood as our sample of interest, with the intention of discovering
epigenetic loci that could be of use in the clinical setting. As peripheral blood is a hetero-
geneous population, our results were confounded by the change in blood cell distribution
in the presence of CD. To correct for the blood cell distribution, we implemented the
RUVfit function [32,40].

6.4.2 Differentially methylated positions in Crohn’s Disease pa-
tients

Our analysis yielded 4,287 sites that displayed statistically significant differences in methy-
lation for CD patients versus healthy controls. Despite finding many DMPs, the effect
sizes were limited, which reflects the results obtained by Harris et al. [12] and McDermott
et al. [13]. The two most significant DMPs were found in PTPRN2 and BCL11A, with
the former being associated to type 1 diabetes in mice [47-49] and the latter to type 2
diabetes in human males [50]. Previous research showed that PTPRN2 in rats displays
phosphatase activity towards inositol phospholipids [51], whereas BCL11A in mice acts
as a negative regulator of p53 [52]. From the literature, it appears as though PT2RN2
and BCL11A are involved in generic pathways suggesting that deregulation of generic
pathways underlie complex disorders such as CD.

6.4.3 Differentially methylated position distribution analysis
Analysis of the distribution of DMPs across genetic features revealed that the DMPs
are not randomly distributed. However, no particular enrichment of either the hyper- or
hypomethylated DMPs was observed. A similar DMP distribution analysis for the chro-
mosomes revealed significant differences in DMP distributions for chromosomes 1, 19,
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and X, where chromosome X displayed a significant depletion in DMPs versus the other
chromosomes. The limited number of DMPs on chromosome X corroborates the overall
nongender-specific nature and incidence of CD [1]. Of the limited number of X-linked
DMPs, we found an enrichment of DMPs associated to the microRNA MIR-223 and
PABPC5. MIR-223 plays an important role in promoting granulocyte differentiation [53]
whose deregulation is associated with various cancers [54-56] as well as endothelial cell
apoptosis [57], implicating a putative role in the formation of ulcers in CD patients. Addi-
tionally, MIR-223 expression was found to be elevated in the inflamed ileum of CD patients
[58], with the expression of MIR-223 being tightly regulated through histone acetylation
and DNA methylation by the AML1/ETO fusion protein, making it an interesting tar-
get for future research [59]. The available literature on PABPC5 describes its discovery
based on similarity towards poly(A) binding proteins, suggesting a role in transcriptional
regulation. Similar to PTPRN2 and BCL11A, it appears as though PABPC5 is involved
in a generic pathway. Nonetheless, the fact that four DMPs were associated to PABPC5
makes it an interesting candidate for future research on CD.

6.4.4 Differentially methylated regions in Crohn’s disease patients

In addition to DMPs, we found eight DMRs. One of the DMRs was located upstream
of the major histocompatibility complex HLA-J (Supplementary Figure 3). HLA genes
are involved in immunoregulation and have been implicated in the pathogenesis of CD
previously [6]. Another DMR was associated to MOV10L1, which has been described
as an RNA helicase involved in piRNA processing [60, 61]. Using the ENCODE data in
the UCSC Genome Browser, we observed that the MOV10L1-DMR associates to a region
that contains transcription factor binding sites (TBFS) [62] for two genes, namely EGR1
[Ensembl: ENSG00000120738] and ZBTB33 [Ensembl: ENSG00000177485]. EGR1 is in-
volved in inflammation through its regulation of downstream targets such as TNF [63, 64].
Inflamed intestinal tissue was found to display increased levels of EGR1 expression in CD
patients [65]. The ZBTB33 protein is a zinc-finger transcriptional regulator, which binds
methylated CpG sites conferring transcriptional repression in an in vitro setting [66]. Un-
like EGR1, no studies have associated ZBTB33 to IBD. While it is enticing for us to
suggest a link between our DMRs and the transcription factor binding sites obtained from
UCSC Genome Browser, no proper conclusions can be drawn given that our samples are
not the same and that TFBS are often cell-type specific [67]. Further research is necessary
to elucidate a putative interplay between our MOV10L1-DMR and EGR1.

6.4.5 Pathway enrichment analysis of the differentially methylated
positions

Our GO-enrichment analysis revealed that our DMPs were enriched in pathways involved
in inflammation and cell activation. Comparable results were reported by McDermott et al.
where differential methylation in peripheral blood mononuclear cells from IBD patients
was associated to genes involved in immune response and T-cell activation [13]. Our
data suggests that the DNA methylome is affected in genes that are involved in pathways
associated to inflammation and immune response.
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6.4.6 Overlap with previous studies
By comparing our results with previous CD studies, we managed to replicate 33 genes.
We confirmed the methylation status of TNF, SP140, TNFSF4, IL10/IL19, and ORMDL3
through MiSeq amplicon sequencing. Our results therefore suggest that deregulation of
the previously mentioned genes could occur at an epigenetic and genetic level, thereby
contributing to the observed inflammatory phenotype.

6.4.7 Limitations of the current study
It is important to realize that the results obtained in the present study cannot be used
as biomarkers. The limited sample size and the minor effect sizes observed obscure the
number of true positives and negatives due to the lack of power. Increasing the power
could be achieved through a meta-analysis whereby various studies of similar in design are
combined. While we have provided a brief comparison of our results with other studies
of similar design, a systematic meta-analysis is necessary to ascertain the limited effect
sizes observed. As such, our results merely provide CpGs that are found to be associated
to CD in our cohort, which nonetheless provide a platform for future studies to elucidate
the role of methylation in CD.

6.5 Conclusion
This study has shown that CD affects the DNA methylome of peripheral blood in female
CD patients versus healthy controls, with the affected genes being enriched in inflam-
matory pathways. While we report differentially methylated loci in peripheral blood, the
effect sizes are limited which was expected given the multifactorial nature of CD. By
elucidating the methylome-associated changes in CD, we sought to gain a better under-
standing of the role of epigenetics in the pathogenesis of CD, thereby opening up new
windows of opportunities for research in the diagnosis or treatment of CD.
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Supplementary Fig. 1 (preceding page) Exploratory data analysis of putative biological confounders. a)
Variance explained per principal component based on our 450k data (turquoise triangles) versus randomly
generated data (red circles). b) Dot-boxplot of the cellular composition as estimated by the Houseman
algorithm [38, 39]. c) Pearson correlation coefficient (R2) of each blood cell proportion with the principal
components. The statistically significant correlations are indicated in turquoise, whereas statistically
non-significant associations are indicated in red. Similar correlations were calculated for d) age and e)
anti-TNF usage.
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Supplementary Fig. 2 DMP-distribution per genetic feature and per chromosome. a) Comparison of
the probe distribution on the 450k versus the DMP distribution per genetic feature where the different
colors represent the different genetic features. The numbers along the barplot represent the percentages
of the 450k probes (top) or DMPs (bottom) per genetic feature. Significantly different DMP-distributions
are indicated in bold red with the asterisks indicating the level of significance as found in Supplementary
Table 4 (* p <0.05, ** p <0.01, *** p <0.001, **** p <0.0001). b) For each genetic feature the
percentage hypo- and hypermethylated DMPs is indicated with barplots in black and grey respectively.

Supplementary Fig. 3 (following page) Differentially methylated regions. Plots of the methylation levels
of the DMRs nearest to: a) HLA-J, b) MOV10L1, c) LINC00612, c) SHANK2, d) APOBEC1, e) OR2L13
and f) TACSTD2 from the 450k ("450K") superposed onto the RefSeq gene ("RefSeq gene"), the CpG
island ("CGI") and the transcription factor binding sites ("TFBS"), as retrieved from the UCSC Genome
Browser. The red transparent rectangle indicates the DMR as reported by bumphunter.
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a) b)

c) d)

p = 7.03e-140
r  = 0.982

Supplementary Fig. 4 MiSeq validation. a) Correlation of the methylation levels obtained from 450k and
MiSeq. Each color represents the gene associated to the plotted CpG. Visualization of the methylation
levels in beta of the DMPs obtained from the 450k ("450K") compared to the methylation levels obtained
from MiSeq sequencing ("MiSEQ") superposed onto the RefSeq gene ("RefSeq gene") for b) TNFSF4,
c) IL10/IL19, and d) ORMDL3.

Primer name Sequence (5’ to 3’) Included 450k probes
SP140_P1 F TGGTAGGAATAAGTGATTTTGTTTTT cg17607231, cg12976883 and

R CTCCACTTACCATCTACCCCTACTA cg03887528
SP140_P2 F TAGGGGTAGATGGTAAGTGGAGATA cg05564251 and cg04579254

R CCAATCCAACCATTTACAAATATAAA
TNF_P3 F GGAGTTGTTTTGGTTTAGATATGTTTT cg01360627, cg23384708,

R AAAAACTTAAAAAACTTCTTCCCAC cg20477259
TNFSF4 F ATTTTTTGTTAGTTTAGAGGAAAAA cg02137984, cg06825478,

R AAAAATTAAACCCTTTCCATCTTC cg17755321
ORMDL3_P2 F GATTGAATTGTGGGTTTAGGATAGT cg12655416

R TATATCCCTTTCCCCTAAACAAAAT
IL10_19_P1 F TGGTAGGAATAAGTGATTTTGTTTTT cg02965290

R CTCCACTTACCATCTACCCCTACTA

Supplementary Table 1 MiSeq primers. The primer data used for MiSeq amplicon sequencing is shown
alongside the included 450k probes.
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Supplementary Table 2 DMPs on chromosome X. The location data: Illumina probe ID, chromo-
some, position, strand, UCSC gene symbol, UCSC genetic feature and regulatory feature, are shown
alongside the methylation statistics: mean difference in mean difference in beta, the p values and
the BH-adjusted p values. DMPs associated to either PABPC5 or MIR223 are indicated in bold.
(Available: https://static-content.springer.com/esm/art%3A10.1186%2Fs13148-016-0230-5/MediaObj
ects/13148_2016_230_MOESM11_ESM.xlsx)

Supplementary Table 3 Annotated data for the DMPs passing BH correction for the hypothesis-free
approach. The location data: Illumina probe ID, chromosome, position, strand, UCSC gene symbol,
UCSC genetic feature and regulatory feature, are shown along with the methylation statistics: mean beta
difference, the p values and the BH-adjusted p. (Available: https://static-content.springer.com/esm/ar
t%3A10.1186%2Fs13148-016-0230-5/MediaObjects/13148_2016_230_MOESM2_ESM.xlsx)

Chromo- DMP distribution Hypo-/hypermethylated
somes DMP distribution

OR (CI-95) pvalue padj OR (CI-95) pvalue padj
chr1 1.27 (1.16-1.39) 7.51E-7 1.73E-5 0.77 (0.60-0.98) 0.03 0.65
chr2 1.10 (0.98-1.23) 0.10 1 1.07 (0.81-1.40) 0.63 1
chr3 1.18 (1.03-1.34) 0.01 0.28 1.05 (0.76-1.42) 0.76 1
chr4 0.82 (0.69-0.97) 0.02 0.38 0.95 (0.61-1.43) 0.84 1
chr5 0.87 (0.74-1.00) 0.06 1 0.76 (0.50-1.12) 0.17 1
chr6 0.98 (0.87-1.10) 0.70 1 0.90 (0.66-1.20) 0.52 1
chr7 0.93 (0.81-1.06) 0.27 1 1.12 (0.81-1.53) 0.47 1
chr8 1.03 (0.89-1.20) 0.65 1 0.91 (0.62-1.31) 0.65 1
chr9 0.96 (0.76-1.19) 0.78 1 0.77 (0.41-1.37) 0.42 1
chr10 1.13 (0.99-1.29) 0.07 1 0.92 (0.65-1.27) 0.63 1
chr11 1.14 (1.01-1.29) 0.03 0.71 1.38 (1.05-1.82) 0.02 0.45
chr12 0.96 (0.83-1.10) 0.57 1.00 1.39 (1.00-1.92) 0.04 0.91
chr13 0.99 (0.81-1.20) 0.96 1 0.81 (0.47-1.34) 0.48 1
chr14 1.12 (0.94-1.32) 0.18 1 0.82 (0.52-1.25) 0.37 1
chr15 1.17 (0.99-1.38) 0.05 1 1.11 (0.74-1.63) 0.62 1
chr16 0.89 (0.75-1.04) 0.13 1 1.26 (0.87-1.81) 0.22 1
chr17 1.06 (0.93-1.21) 0.34 1 0.82 (0.59-1.14) 0.25 1
chr18 0.90 (0.66-1.20) 0.53 1 1.61 (0.81-3.06) 0.16 1
chr19 0.70 (0.59-0.82) 3.18E-6 7.30E-5 0.98 (0.64-1.45) 1 1
chr20 0.93 (0.74-1.15) 0.56 1 0.73 (0.39-1.29) 0.30 1
chr21 1.25 (0.91-1.67) 0.13 1 1.39 (0.67-2.73) 0.37 1
chr22 0.98 (0.76-1.23) 0.91 1 0.50 (0.22-1.01) 0.05 1
chrX 0.32 (0.22-0.46) 1.33E-14 3.06E-13 9.18 (4.08-22.62) 2.42E-9 5.56E-8

Supplementary Table 4 DMP distribution statistics per chromosome. Results are ordered by the first
Fisher test (left three columns), which tests for differences in DMP distribution per chromosome, and
the second Fisher test (right three columns), which tests for differences in the distribution of the hypo-
/hypermethylated DMPs. Statistics provided are the odds ratios with the 95% confidence intervals ("OR
(CI-95)"), the p values and the Bonferroni-adjusted p values.
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DMP distribution Hypo-/hypermethylated
DMP distribution

OR (CI-95) pvalue padj OR (CI-95) pvalue padj
1stExon 0.62 (0.54-0.71) 7.56E-14 5.29E-13 0.87 (0.64-1.17) 0.39 1
3’UTR 1.29 (1.12-1.48) 5.31E-4 3.72E-3 1.21 (0.94-1.56) 0.13 0.91
5’UTR 0.89 (0.81-0.98) 0.0144 0.10 1.20 (1.01-1.42) 0.03 0.23
Body 1.30 (1.22-1.38) 5.63E-18 3.94E-17 0.99 (0.89-1.11) 0.87 1

Intergenic 1.18 (1.10-1.26) 2.14E-6 1.50E-5 0.84 (0.71-0.98) 0.03 0.21
TSS1500 0.87 (0.80-0.94) 5.46E-4 3.82E-3 1.01 (0.85-1.19) 0.90 1
TSS200 0.62 (0.56-0.69) 2.81E-20 1.97E-19 1 (0.80-1.23) 1 1

Supplementary Table 5 DMP distribution statistics per genetic feature. Results are ordered by the
first Fisher test (left three columns), which tests for differences in DMP distribution per genetic feature,
and the second Fisher test (right three columns), which tests for differences in the distribution of the
hypo-/hypermethylated DMPs. Statistics provided are the odds ratios with the 95% confidence intervals
("OR (CI-95)"), the p values and the Bonferroni-adjusted p values.

Supplementary Table 6 Annotated data for the DMPs passing BH-correction for the hypothesis-
driven approach. The location data: Illumina probe ID, chromosome, position, strand, UCSC gene
symbol, UCSC genetic feature and regulatory feature, are shown alongside the methylation statistics:
mean difference in beta, the p values and the BH-adjusted p values calculated for the hypothesis-free
approach and the hypothesis-driven approach. (Available: https://static-content.springer.com/esm/ar
t%3A10.1186%2Fs13148-016-0230-5/MediaObjects/13148_2016_230_MOESM7_ESM.xlsx)

Probe ID DMP location Associated Effect size
(hg19) gene McDermott et al. Our data

CD UC1 (CD)
cg16176675 chr5:134786942 TIFAB 0.092 0.084 0.201
cg21442182 chr13:31446420 0.092 0.260
cg10311161 chr8:68110902 ARFGEF1 0.102 0.086 0.190
cg17579089 chr3:47269695 KIF9 0.09 0.185
cg05025332 chr2:65165160 0.103 0.154
cg20061654 chr22:45608492 C22orf9 0.081 0.074 0.168
cg21935981 chr22:45608465 C22orf9 0.075 0.068 0.060
cg22013370 chr1:241981543 0.105 0.167
cg05921138 chr2:121440849 SORL1 0.102 0.128
cg02619001 chr17:47592333 NGFR 0.075 -0.011
cg07795766 chr22:45608516 C22orf9 0.051 -0.060
cg23320499 chr12:12659177 DUSP16 -0.077 0.113
cg04223044 chr22:45608428 C22orf9 0.072 0.025
cg19380303 chr15:90172193 KIF7 0.082 0.144
cg04407417 chr12:52228651 0.041 0.150

Supplementary Table 7 Comparison of the top DMPs reported by McDermott et al. with our own data.
The location data: Illumina probe ID, chromosome, position, and associated gene are shown alongside
the effect size per study. CpGs where opposite effects were found are indicated in bold.
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Abstract
Epigenetic mechanisms such as histone lysine acetylation and deacetylation by HDACs are
important regulatory factors required for chromatin remodeling and gene transcription.
In macrophages, particularly HDAC3 has been shown to mediate macrophage differentia-
tion and inflammatory activation. We studied the potential of a number of specific small
molecule inhibitors of HDACs to influence human peripheral monocyte derived macro-
phage differentiation, polarization, and tolerance induction.

Monocyte derived macrophages were treated with HDAC3/6-, HDAC6-, and pan-
HDAC inhibitors and left to mature, or were stimulated with IFNγ, IL-4, and LPS. Differ-
entiation markers and cytokine production were measured by FACS analyses and qPCR.
Further, the effect of HDAC inhibition on the induction of tolerance to LPS was studied.

Pan-HDAC, and HDAC3/6 inhibition markedly reduced endotoxin-stimulated cytokine
production in monocytes and M1 inflammatory macrophages, but did not affect M2 po-
larized cells. Inhibition of HDAC6 was without effect. In contrast to reported for mouse
cells, macrophage differentiation to M1 (using IFNγ) or M2 (using IL-4) was not affected
by HDAC3 inhibition, and HDAC3/6 inhibition did not affect IFNγ signaling via STAT1,
or secretion of IFNβ. Endotoxin tolerance was induced in IL-4 treated M2 cells, but not
in IFNγ treated M1 cells. The potential of IFNγ to attenuate tolerance was dependent
on HDAC3 activity, as M1 cells displayed tolerance after treatment with HDAC3/6i, but
not HDAC6i.

We conclude that HDAC3 activity mediates cytokine production and is required for
IFNγ’s potential to augment tolerance induction in human inflammatory macrophages.
Inhibition of HDAC3 could be considered to reduce inflammatory monocyte and macro-
phage activation.
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7.1 Introduction

Histone modification by acetylation and deacetylation regulates chromatin remodeling and
gene transcription. Histone acetyltransferases (HAT) add acetyl groups to lysine residues
enabling transcription factors to bind and activate genes. In contrast, deacetylation in-
duced by histone deacetylases (HDAC), which leads to a compact status of chromatin
and therefore represses gene transcription [1, 2]. Clear evidence that HDACs affects in-
testinal inflammation was shown in animal models of colitis [3, 4]. Furthermore, recent
human data provided convincing evidence that inhibition of HDACs exerts a highly anti-
inflammatory potential [5, 6]. However, clinical trials with nonselective HDAC inhibitors
(HDACi) in cancer patients also revealed the limitations of their administration, because
adverse events, such as diarrhea, nausea and vomiting, were observed [7, 8]. Investigation
of the effect of specific HDAC inhibitors on different cell types and tissues may reduce the
side effects of broad-spectrum HDACi through their increased sensitivity and specificity.

In humans, the HDAC family consist of 18 members, with 4 subclasses based on
sequence homology. The HDAC family includes 18 members divided into class I HDACs
(HDACs 1-3 and 8), class IIa HDACs (HDACs 4-5, 7 and 9), class IIb HDACs (HDACs 6
and 10), class III sirtuins (Sirt1-7) and class IV HDAC11 [9, 10]. Although the members
of each class show high structural similarity, genetic deletion of individual HDACs showed
that each HDAC has specific and unique roles with respect to substrate selectivity [11].
Evidence suggests that some of the class I and class IIb HDAC family members could
contribute to immune pathology in several immune mediated diseases such as RA, while
Class IIa HDAC9 deficiency was found to enhance regulatory T cell function and was
protective in disease models of systemic lupus erythematosus and colitis [12], although
likely HDAC9 does not directly affect inflammatory gene expression.

However, in macrophages, HDAC3 is particularly put forward to play a crucial role
in the orchestration of inflammatory response of murine myeloid cells such as dendritic
cells [13-15] and macrophages [3, 16]. Next to being a critical enzyme in the initiation
of transcription of inflammatory genes in mouse macrophages [9, 17], HDAC3 was also
shown to limit their alternative activation in vivo [18]. In artherosclerosis, HDAC3 inhi-
bition sufficed to mimic the effect of pan-HDAC inhibitors on atherogenic macrophage
function, altered macrophage metabolism towards enhanced aerobic glycolysis, and pro-
tection against apoptosis [19]. Furthermore, in floxed Hdac3 knockout mice, myeloid
Hdac3 deficiency stimulated anti-inflammatory wound healing characteristics, an effect
attributed to the HDAC3-mediated enhanced secretion of TGFβ [20]. However, a limita-
tion of these studies is that those were done in rodent cells, and the function of HDAC3
human macrophages is less well established.

We therefore investigated the effect of newly developed selective HDAC inhibitors
targeting HDAC3 and HDAC6 activity (HDAC3/6i), HDAC6 activity only (HDAC6i) on
cytokine expression of LPS-primed human peripheral blood-derived monocytes and macro-
phages, and compared them with the effects of a pan-HDAC inhibitor. We also studied
their potential to intervene with IFNγ signaling, macrophage polarization, and LPS tol-
erance induction. Our data show a critical role for HDAC3 activity in mediating cytokine
production whilst in contrast to mouse cells, macrophage differentiation and polarization
patterns are independent of HDAC3 activity.
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7.2 Materials and methods

7.2.1 Reagents
Pan-HDAC inhibitor ITF2357 and specific inhibitors for HDAC3 and HDAC6 (HDAC3/6i)
and HDAC6 alone (HDAC6i) were provided by Italpharmaco and used at indicated con-
centrations and as described previously [9, 19]. Anti-CD14-PE (BD Biosciences)/ anti-
CD163-PE (BD Biosciences)/ anti-CD200R-Alexa Fluor 647 (Serotec) / anti-CD80-PE
(BD Biosciences) and anti-CD64-Alexa Fluor 488 (Biolegend) antibodies were used for
flow cytometric analyses and anti-histone 3 (Abcam), anti-histone 3K18-Ac (Cell Signal-
ing), anti-STAT1, anti-STAT1-p and anti-beta-actin (Santa Cruz) antibodies were used
for Western Blot analysis. LPS (Sigma). Cytokines IFNγ or IL-4 (R&D systems / Pepro-
tech). DAPI (Sigma Aldrich).

7.2.2 Monocyte isolation and cell culture
Peripheral blood mononuclear cells (PBMCs) were isolated from whole blood of healthy
donors using Ficoll (Invitrogen). PBMCs were thoroughly washed with PBS and resus-
pended in IMDM medium containing 10% heat-inactivated FBS and penicillin/strepto-
mycin. Obtained PBMCs were seeded at 8x106 cells in a 12-well culture plate and incu-
bated at 37°C for 90 min. Monocytes were isolated by thoroughly washing the culture
plate with PBS to get rid of the non-adhering cells. Monocytes were used for subse-
quent analyses or polarized immediately after isolation towards M1 (classically activated)
macrophages using 50ng/ml IFNγ, or M2 (alternatively activated) macrophages using 40
ng/ml IL-4 in the culture medium described above for 72 hours.

Freshly isolated monocytes and M1- or M2-polarized cells were pre-treated with a final
concentration of 12, 37, 111, 333 and 1000 nM HDAC3/6i (IC50 towards HDAC3 144
nM; IC50 towards HDAC6 48 nM), or HDAC6i (IC50 towards HDAC3 286 nM, HDAC6 2
nM) and pan-HDACi for 30min prior to stimulation with LPS and/or IFNγ for 24 h. For
the induction of endotoxin tolerance, cells were stimulated with 10 ng/mL LPS for 24 h,
washed with PBS, and challenged with 100 ng/mL LPS.

7.2.3 Cytokine expression analysis
Secreted cytokine levels of TNFα, IL-1RA, IL-6, IL-10, IL-12/23 were quantified in col-
lected supernatant using DuoSet® ELISA Development Systems according the manufac-
turer’s protocol (R&D systemsTM).

7.2.4 Isolation of total RNA and quantitative PCR
Total RNA was extracted using RNeasy Mini Kit (Qiagen #74104; Qiagen Benelux BV,
Venlo, the Netherlands) in accordance with the manufacturer’s instructions. Total RNA
was transcribed into complementary cDNA by qScript cDNA SuperMix (Quanta Bio-
sciences) according to manufacturer’s instructions. Quantitative PCR was performed
using a Lightcycler 2.0 with the Fast Start DNA Masterplus SYBR Green I kit in a Light
Cycler 480 (Roche, Applied Science, The Netherlands). Transcript expression levels were
normalized to the expression levels Gapdh, 36B4 and Hprt. Primer sequences used are
listed in Supplementary Table 1.
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7.2.5 Western blotting
Cells were harvested and lysed in 50µl ice-cold lysis buffer containing 150 mM NaCl, 0.5%
Triton X-100, 5 mM EDTA and 0.1% SDS. Samples were mixed with sample buffer, de-
natured, and separated by SDS-PAGE before blotting onto polyvinyldifluoride membranes
(Millipore). Membranes were blocked with non-fat dry milk (5% solution) and incubated
overnight with primary antibodies. Membranes were washed and incubated with HRP-
conjugated secondary antibodies before visualization of the appropriate proteins using
Lumilite western blotting substrate (Roche).

7.2.6 Nuclear and cytoplasmic fraction separation
Cells were collected, transferred to a prechilled collection tube, and washed twice with
cold PBS. Cells were then suspended in a 500µL hypotonic buffer (Tris 20mM pH 7.4,
NaCl 10mM, MgCl2 3mM), incubated for 15min on ice, and 25µL 10% NP40 was added
and the solution was vortexed. The solution was then centrifuged for 10min, and the
supernatant kept for analyses of the cytosolic fraction. The pellet was resuspended in
50µL of cell extraction buffer (Tris 100mM, NaCl 100mM triton X100 1%, EDTA 1mM,
glycerol 10%, EGTA 1mM, 0.1% SDS, 0,5% deoxycholate, 20mM Na4P2O7) and kept
on ice for 30min with 10min vortexing intervals. This fraction was then centrifuged for
30min at 14000xg and the supernatant used for nuclear fraction analyses.

7.2.7 Flow cytometry
Cells were harvested and subsequently stained using the antibodies and dyes for the anti-
gens of interest before flow cytometric analysis using the LSRFortessa and FACSCalibur
(both BD Biosciences). FlowJo (TreeStar Inc) software was used for data analysis.

7.2.8 Statistical analysis
Each experiment was performed in triplicate and data is shown as mean ± SEM un-
less indicated differently. Statistical analysis was performed with GraphPad Prism v5.0a
(GraphPad Software Inc.). For multi-experimental group analysis, data were subjected
to one-way ANOVA or Student’s t-test followed by post hoc test (Dunnett) for group
differences. The two-tailed level of significance was set at p ≤ 0.05 (*), 0.01 (**) or
0.001 (***) for group differences.

7.3 Results

7.3.1 HDAC3 is not essential for human macrophage polarization
To study the role of HDAC3 in differentiation of freshly isolated human monocytes cells
were polarized into M1 and M2 macrophages, using IFNγ and IL-4, respectively, or left
to adhere without treatment (M0). To assure that proper markers characterizing cy-
tokine differentiated human macrophages and the validity of the markers used to monitor
this process we determined the differentiation status of the cells obtained via cytokine
exposure. We therefore first validated the proper differentiation of the cells in vitro by
quantifying the expression of differentiation markers CD64, CD163, and CD200R [21].
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The top row of Figure 1 confirms that CD163 is expressed as a distinctive marker for
non-committed M0 macrophages, CD64 for M1-, and CD200R for M2-polarized cells,
largely in line with the earlier described cellular markers for macrophage differentiation
[22-25]. When cytokine treated, differentiated and polarized cells were treated with LPS,
the expression and protein secretion of IL-6 and TNFα clearly reflected the M1 or M2
state of differentiation (Figure 1), i.e. M1 committed cells expressed and secreted IL-6 and
TNFα. In the similar monocyte/macrophage cultures we assessed expression of HDAC.
Transcripts of all HDACs measured were expressed equally irrespective of the state of
differentiation (Figure 2).
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Fig. 1 Expression of appropriate markers in human monocyte derived macrophages, and polarized with
IFNγ, or IL-4. Freshly isolated human monocytes from Buffy coats (n=3) were skewed into inflamma-
tory M1 phenotype using 50ng/ml IFN-γ or non-inflammatory M2 phenotype using 40ng/ml IL-4, for 3
days. 1A: The successful polarization to monocytes, M1 or M2 macrophages was verified by analyses of
differential surface markers CD163, CD64 and CD200R respectively, by qPCR. 2A: Gene expression of
HDACs family proteins were measured in different subsets of macrophages. Gene expression was relative
to following reference genes: HKG, TBP, 36B4 and GAPDH. *: P<0.05; **: P<0.001. Data represent
three independent preparations.

We next tested the role of HDAC3 in the potential of IL-4 and IFNγ to polarize macro-
phages, as HDAC3 was described earlier to inhibit M2 polarization in mouse macrophages
[18]. To test this property in human macrophages, cells were treated with different HDAC
inhibitors (HDAC3/6i, HDAC6i and pan-HDACi) for 30 min prior to exposure to IFNγ
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Fig. 2 HDAC isoenzyme expression in M0, classically (M1) and alternatively (M2) activated macro-
phages. Figure 1 expression levels of HDACs in M0, M1 and M2 macrophages: (normalized to HKG:
TBP, 36B4 and GAPDH).

or IL-4. to this end, we used selective HDAC inhibitors (pan-HDAC inhibitors ITF2357
(givinostat), HDAC inhibitors with high affinity to HDAC 3 and 6 at the concentrations
used, and for HDAC6) to investigate the role of HDAC3 in the secretion of cytokines
of monocytes, IFNγ-primed, and IL-4-primed macrophages. HDAC inhibitors were de-
veloped by Italpharmaco and affinities towards HDAC protein activity were established
earlier [9]. Dose-dependent acetylation of lysine 18 in histone 3 (H3K18) was observed
after pan-HDACi, and HDAC3/6i treatment, confirming their efficacy in the dose range
used in the present study (gels not shown), confirming earlier inhibitor affinity tests in
human fibroblast-like synoviocytes (FLS) cells [9]. Further, we excluded compound toxi-
city in cell preparations at the HDACi concentrations used as by verified cell viability by
Dapi exclusion assay (data not shown). The HDAC3/6i used in these studies are shown
to target both HDAC3 and HDAC6 at the concentrations used in this study [19]. HDAC3
has previously been identified as a key epigenetic modulator of inflammatory activation of
murine macrophages and human PBMCs [17, 26], and HDAC6 inhibition was shown to
inhibit proinflammatory TNFα and IL-6 cytokines in lipopolysaccharide (LPS)-stimulated
THP-1 cells [27].

Notably, treatment with HDAC3/6i, HDAC6i, nor pan-HDACi affected the expression
of the differentiation markers CD80, CD163, or CD64 in our macrophage populations
tested (Figure 3A-B). In agreement, HDAC3/6i did not affect the expression of polariza-
tion markers CD80, CD163, CD14, and CD200R determined by FACS (Figure 3C). We
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Fig. 3 Phenotype of classically activated macrophages treated with HDAC3/6i is unaffected. HDAC3/6i
did not affect the phenotype of M1 and M2 macrophages. HDAC3/6i was added to monocytes 30 minutes
before polarizing them with IFN-γ or IL-4 to M1 or M2 macrophages respectively. CD80, CD14, CD200R
and CD163 proteins were detected via FACs. Left panels: % of positive cells of parent; middle panels:
Mean Fluorescence Intensity; right panels: example histogram showing expression of indicated markers
on M0 (red), M1 (blue), M2 (brown), M1 pre-exposed to 100nM (light green) and 500nM (dark green)
HDAC3/6i.
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next sought to understand whether HDAC3/6i affected signal transduction of IFNγ, as
this cytokine was used to achieve polarization of the cells in culture. First, we validated
that HDAC3/6i effectively enhanced acetylation at Histone 3 at the concentration used
(Figure 4A-B) either in the presence or absence of IFNγ. However, no interference in IFNγ
induced STAT1 phosphorylation was observed (Figure 4C) nor did HDAC3/6i abrogate
IFNγ-induced STAT1 translocation to the nucleus (Figure 4D), contrasting earlier obser-
vations in mouse cells deficient in HDAC3 [17]. Hence, HDAC3 does not seem to play
a critical role in differentiation of monocytes towards non-committed, or more polarized
macrophages in our assays, neither did HDAC3 or 6 seem to affect IFNγ or IL-4 mediated
macrophage differentiation judged on the expression of distinctive differentiation markers.

7.3.2 HDAC3 inhibition suppresses cytokine secretion in mono-
cytes and IFNγ-primed macrophages

Next we tested whether HDACi reduced inflammatory cytokine release in stimulated cells.
In LPS-stimulated monocytes (Figure 5) and IFNγ primed M1 (Figure 6) macrophages,
treatment with pan-HDACi and HDAC3/6i, but not HDAC6i, led to a dose-dependent
decrease of TNFα, IL-12/23 and IL-10 cytokine secretion (Figures 5 and 6). IL-6 secretion
was only abrogated at relatively high concentrations (333 and 1000 µM) of pan-HDACi.
Adding IFNγ as a stimulus led to significant down-regulation of IL-6 secretion upon treat-
ment with high concentrations of pan-HDACi and HDAC3/6i, but not HDAC6i. In general,
the inhibitory effect of HDAC3/6i and pan-HDACi on the secretion of cytokines was more
prominent in IFNγ- plus LPS-treated cells that in cells treated with LPS only (Figures
5 and 6). These effects of HDACi on cytokine secretion were selectively seen in inflam-
matory M1 or monocytes, but not M2 macrophages (Figure 7). Interestingly, HDAC6i
treated stimulated M2 cells led to increased IL-6 secretion, in contrast to pan-HDACi and
HDAC3/6i. Secretion of TNFα, IL-10 and IL-12/23 was not altered in M2 macrophages
treated with pan-HDACi, HDAC3/6i, nor HDAC6i. These results demonstrate the promi-
nent role for HDAC3 activity in human monocytes and inflammatory macrophages on the
secretion of inflammatory cytokines.

7.3.3 HDAC3 inhibition recapitulates induction of tolerance for
LPS in M1 macrophages

Epigenetic mechanisms are known to mediate innate immune-cell memory phenomena,
such as training and tolerance to endotoxin [28, 29]. To investigate the role of HDAC3 in
induction of macrophage tolerance to LPS, we studied the effect of HDACi in tolerance
induction in M1- and M2-polarized macrophages (Figures 7 and 8). Freshly isolated
monocytes were polarized with IFNγ or IL-4 to M1 or M2 macrophages, respectively,
then stimulated with a low concentration of LPS overnight, washed, and re-stimulated
with a high LPS concentration, according to previously described protocols [30, 31]. The
decreased production of IL-6 and TNFα indicated that tolerance was induced in M2-, but
not in M1-polarized macrophages pre-exposed to IFNγ (Figure 8), which confirms earlier
data [30, 31]. This finding underscores the potential of IFNβ to attenuate tolerance
induction of macrophages, an effect that likely rests on IFNγ-induced type-I IFN release,
which blocks NF-κB p50 binding to the nucleus in tolerized cells [31]. However, when
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Fig. 5 Effect of HDAC inhibitors on the expression of cytokines in LPS- and/or IFNγ stimulated mono-
cytes. Monocytes were freshly isolated from human buffy coat (n=3). Prior to LPS and/or IFNγ stim-
ulation for 24h, monocytes were treated with increasing concentrations of HDAC inhibitors (HDAC3/6i,
HDAC6 and pan-HDACi, 1/3 dilution series, starting at 1 µM) for 30 min. Cytokines (TNFα, IL-10,
IL-12/23 and IL-6) were detected by ELISA. The Y-axis indicates the percentage of expression levels
of cytokines compared to control. The X-axis indicates the final concentration of the serial dilution of
HDAC inhibitors (0, 12, 37, 111, 333 and 1000 nM, respectively). Left column: Cytokine expression and
effect of HDAC inhibitors in LPS-stimulated monocytes. Right column: Cytokines expression and effect
of HDAC inhibitors in LPS- and IFNγ-stimulated monocytes. *: P<0.05; **: P<0.001.
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Fig. 6 Effect of HDAC inhibitors on the expression of cytokines in LPS- and/or IFNγ stimulated
classically activated M1 macrophages. Prior to LPS and/or IFNγ stimulation for 24h, macrophages
polarized with IFNγ (n=3) were treated with increasing concentrations of HDAC inhibitors (HDAC3/6i,
HDAC6 and pan-HDACi, 1/3 dilution series, starting at 1 µM) for 30 min. TNFα, IL-12/23 and IL-6
cytokines were detected by ELISA. Legend is otherwise identical to Figure 5.

M1 cells were treated with pan-HDACi or HDAC3/6i prior to the second high-dose LPS
challenge, cytokine secretion was reduced to a similar level as seen in M2-tolerized cells
(Figure 8), whilst treatment with HDAC6i was without effect (not shown). The potential
of IFNβ to abrogate LPS tolerance in mouse bone marrow derived macrophages has
been put forward to rely on enhanced STAT1 signaling and maintained secretion of IFNβ
in tolerized cells [30]. This process was demonstrated to be mediated by chromatin
remodeling [30]. Hence, the potential of HDAC3/6i to reinstall tolerance in IFNγ primed
cells could be due to reduced IFNβ secretion, as reported for mouse cells. However, when
we measured the secretion of IFNβ in our HDACi treated cell preparation, an elevated
rather than reduced IFNβ level was seen in cells that were tolerized to LPS after HDAC3/6i,

138



HDAC 3 ACTIVITY IS CRITICAL FOR INFLAMMATORY RESPONSES IN HUMAN
MONOCYTES AND MACROPHAGES

7

dismissing this possibility (Figure 9).
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Fig. 7 Effect of HDAC inhibitors on the expression of cytokines regulated in LPS- and/or IFNγ-
stimulated alternatively activated M2 macrophages. Prior to LPS and/or IFNγ stimulation for 24h,
macrophages polarized with IL-4 (n=3) were treated with increasing concentrations of HDAC inhibitors
(HDAC3/6i, HDAC6 and pan-HDACi, 1/3 dilution series, starting at 1 µM) for 30 min. TNFα, IL-10,
IL-6, IL-1RA and IL-12/23 cytokines were detected by ELISA. Legend is otherwise identical to Figure 5.

7.4 Discussion
We demonstrate that HDAC3 is a critical regulator of inflammatory cytokine expression in
human monocytes and M1 macrophages, but has no effect on M2 polarized macrophages.
Although HDAC3/6i used in this study effectively seem to inhibit the potential of the
respective HDACs, as demonstrated in earlier studies [9, 19], no effect of HDAC3/6i on
IFNγ signaling or its efficacy to polarize the cells, was observed, leading us to conclude
that IFNγ receptor signaling not altered by HDAC3/6i. Instead, LPS induced cytokine
secretion was attenuated in inflammatory monocytes and M1 macrophages, whilst M2
cells were not affected, demonstrating that HDAC3/6 mediate pro-inflammatory cytokine
secretion. Moreover, the potential of IFNγ to overcome endotoxin tolerance, a mechanism
likely mediated by IFNγ-induced maintained STAT1 protein in tolerant cells leading to
enhanced IFNβ signaling [31] and "repressosome" formation [32], was attenuated in by
HDAC3/6i and not by HDAC6i.

Hence, our data suggest that HDAC3 is an important mediator of endotoxin tolerance
in human cells. Likely, HDAC3/6i treatment interferes with the formation of the NcorR-
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HDAC3 repressosome which is shown to be critical for endotoxin tolerance in mouse
cells [32]. This hypothesis is currently under investigation. Overall, our data suggest
that HDAC3 is an epigenetic break on induction of LPS tolerance in M1 inflammatory
macrophages, suggested elsewhere [33]. Hence this function renders HDAC3 a potentially
important anti-cytokine target in inflammatory macrophages in inflammatory disease such
as IBD. Notably, mucosal macrophages exists in several subsets, contingent the state of
inflammation in the context of IBD, the resident cells being anergic in phenotype [34,
35] and not being very responsive to bacterial challenges [36, 37]. Although this cellular
state may be different from a state of tolerance, repeated bacterial challenges of resident
macrophages in the gut mucosa are common. Mucosal IFNγ may antagonize anergy in
mucosal macrophages [38], a phenomenon that, as we show in the current paper, may
be counteracted by exposure of mucosal macrophages to HDAC3i. Thus, our findings
may be important in establishing HDAC3i as therapeutic option to reduce macrophage
cytokine production in the inflamed mucosa, and as such reduce inflammatory insults in
IBD.
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Fig. 8 Tolerance induced by LPS in classically activated cells was restored by HDAC3/6i treatment.
IFNγ or IL-4 polarized classically activated macrophages (M1) or alternatively activated macrophages
(M2) were stimulated with 10 ng/ml LPS for 24 h and subsequently with 100 ng/ml LPS for another 24h.
HDAC3/6i treatment was performed prior of 24h priming with IFNγ, then the cells were repeatedly (two
times) stimulated with LPS. Panel A represents expression of IL-6 (n=9 donors) and TNFα (n=7 donors)
cytokines in M1 and M2 macrophages after two times of LPS stimulation. Panel B represents expression
of IL-6 cytokine in IFNγ primed macrophages pretreated with HDAC3/6i and stimulated repeatedly with
LPS (n=4 donors). "N" represents naive cells. "NT" represents the first stimulation of 10 ng/ml LPS for
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Supplementary information

Gene Forward (5’-3’) Reverse (5’-3’)
GAPDH GTCAGTGGTGGACCTGACCT TGAGCTTGACAAAGTGGTCG
HPRT AGTTCTGTGGCCATCTGCTT GTTAAACAACAATCCGCCCA
36B4 TCATCAACGGGTACAAACGA GCCTTGACCTTTTCAGCAAG
CD64 GCAGGAACACATCCTCTGAA GTAACTGGAGGCCAAGCACT
CD200R GAGCAATGGCACAGTGACTGTT GTGGCAGGTCACGGTAGACA
CD80 CTGCCTGACCTACTGCTTTG GGCGTACACTTTCCCTTCTC
CD14 TGAGCTCAGAGGTTCGGAAG CTCACAAGGTTCTGGCGTG
CD163 ACATAGATCATGCATCTGTCATTTG ATTCTCCTTGGAATCTCACTTCTA
HDAC1 CTTCCTGCTGAGTCCCTCAC GGCACCCTTTATGGTTCAAA
HDAC2 AGGCCCCATAAAGCCACTGCC AGCTCCAGCAACTGAACCGCC
HDAC3 CTGTGTAACGCGAGCAGAAC GCAAGGCTTCACCAAGAGTC
HDAC4 GACGGTGCACTCGGAAGCCC CTACCACGCAGCCCACAGCC
HDAC5 GTGACACCGTGTGGAATGAG AGTCCACGATGAGGACCTTG
HDAC6 GGGTGCCAGCAGCCAGATCG AGCAGGTGGGTGAGGTGGGC
HDAC7 GTCCTGGTGTCTGCTGGATT AAGGGGATCCACCCTGTTAC
HDAC8 GCGTGATTTCCAGCACATAA ATACTTGACCGGGGTCATCC
HDAC9 GCCCACAGGAACTTCTGACT GAACTCTAAGCCAGATGGGG
HDAC10 TCCACCCGAGTACCTTTCAC GATCCTGTGTAGCCCGTGTT
HDAC11 CGAGGCACCTAACATCCATT TGCGCTACAAGAACTTTCCA
SIRT1 TCAGTGGCTGGAACAGTGAG TCTGGCATGTCCCACTATCA

Supplementary Table 1 Primer sequences.
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In dit proefschrift hebben wij geprobeerd door het vaststellen van het profiel van de
genexpressie met behulp van "Next Generation Sequencing" methoden enige oorzake-
lijke mechanismen voor het ontstaan van aangeboren afwijkingen in het nageslacht van
zwangeren met te hoge bloedsuikerwaarden en in het ontstaan van darmbeschadigingen
in patiënten met de ziekte van Crohn. Afwijkingen aan hart en vaten en aan het centrale
zenuwstelsel ontstaan vaak in zwangerschappen met te hoge bloedsuikerwaarden, terwijl
ontstekingen in de wand van de darm kenmerkend zijn voor de ziekte van Crohn. De
oorzaak van de afwijkingen in beide ziekten is nog onbekend.

Hoofdstuk 1 geeft een algemene inleiding over het verloop van embryo ontwikkel-
ing bij zwangeren met te hoge bloedsuikerwaarden. In Hoofdstukken 2-4 hebben we
de effecten van te hoge bloedsuikerwaarden in het bloed van de moeder op de groei en
de veranderingen in genexpressie van muizenembryonen tijdens de vorming van de kiem-
bladen en de vroege orgaanontwikkeling bestudeerd. Te hoge bloedsuikerwaarden werden
teweeggebracht door de β-cellen van de alvleesklier te vernietigen met het antibioticum
streptozotocine. De resulterende suikerziekte werd behandeld met het onderhuids im-
plantaat waaruit een vaste hoeveelheid insuline vrijkwam. Doordat de insuline behoefte
tijdens de zwangerschap toeneemt, nam de suikerspiegel in het moederlijke bloed gelei-
delijk toe gedurende de eerste 8 dagen van de zwangerschap. De embryonen werden
tussen embryonale dag (ED) 7 en 11 onderzocht.

In Hoofdstuk 2 rapporteren wij dat te hoge bloedsuikerwaarden in de moeder op
respectievelijk ED8.5 en ED9.5 de expressie van ruim 1000 en ca. 2150 genen significant
veranderden, waarvan de meeste in neerwaartse richting. Van 20-25% van deze genen is
bekend dat als ze niet functioneel zijn leiden tot aangeboren hart- en vaatafwijkingen en/of
afwijkingen in het centrale zenuwstelsel. Ook bleek dat de expressie van genen betrokken
bij de celdeling sterk aangedaan was op ED8.5, van genen betrokken bij de activiteit
van het celskelet op ED8.5 en ED9.5, en van genen betrokken bij de mitochondriale
energieproductie op ED9.5. Wij konden aantonen dat cellen van ED9.5 embryonen nog
voor het allergrootste deel (>99%) van hun energieproductie afhankelijk zijn van vergisting
(glycolyse) en dat juist deze vergistingscapaciteit in embryonen van diabetische muizen
met 30% was afgenomen.

Een andere waarneming die in Hoofdstuk 3 wordt beschreven was dat ~50% van
de embryonen van diabetische moeders op ED8.5 een ernstige groeivertraging hadden
opgelopen van ~1 dag, en dat vrijwel al deze embryonen op ED9.5 dood waren met als
gevolg dat de nestgrootte van de diabetische dieren afnam. Nesten met >20% dode em-
bryonen waren op ED10.5 niet meer aanwezig was en dus waarschijnlijk te gronde gegaan
was. We vonden geen verschil tussen mannelijke en vrouwelijk embryonen. Analyse van
het genexpressiepatroon van de groeivertraagde embryonen liet zien dat deze embryonen
zich van niet vertraagde broers en zusters onderscheidden in dat ze kennelijk niet in staat
waren de expressie van genen die betrokken zijn bij celdeling en de activiteit van het
celskelet op dezelfde wijze te veranderen als embryonen van diabetische moeders zonder
groeivertraging. Deze bevindingen laten zien dat de waargenomen veranderingen in gen-
expressie van niet in groei vertraagde embryonen van diabetische ouders deze embryonen
beschermde tegen de effecten van te hoge bloedsuikerwaarden. Voorts blijkt uit deze
waarnemingen dat aangeboren afwijkingen zich alleen kunnen ontwikkelen in de over-
levende dieren zonder groeivertraging. In de appendix van Hoofdstuk 3 laten we verder
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zien dat een matig vetrijk dieet (~20 en% vet in de voeding) nodig is om afwijkingen
in embryonen van diabetische moeders te induceren en dat een vetarm dieet bijgevolg
kennelijk beschermt tegen de nadelige effecten van te veel glucose in het bloed.

Omdat zgn. microRNA’s (miRNA’s) vaak betrokken zijn bij de transcriptionele of
post-transcriptionele regulering van genexpressie hebben we hun expressie in embryonen
zonder groeivertraging van diabetische en controle moeders onderzocht (Hoofdstuk 4).
De totale concentratie miRNA’s op ED8.5 was vergelijkbaar in beide groepen, maar nam
de volgende ontwikkelingsdag alleen ~5-voudig toe in controle embryonen.

Hoofdstuk 5 geeft een algemene inleiding over epigenetische aspecten van darm-
ontstekingen. In Hoofdstukken 6-7 hebben we epigenetische aspecten van ontstekingen
bestudeerd. In Hoofdstuk 6 hebben de correlatie tussen het methyleringspatroon van
het DNA in perifere bloedcellen van 18 vrouwelijke patiënten met de ziekte van Crohn en
25 controlepersonen bestudeerd. Op bijna 4300 plaatsen in ~2700 genen was het methy-
leringspatroon anders in zieke en gezonde personen, waaronder plaatsen in de MIR223 en
PABPC5 genen.

Vervolgens hebben we in Hoofdstuk 7 de effecten van een veranderde acetyleringsta-
tus van lysines in histonen op de functionele status van macrofagen en de tolerantie voor
lipopolysaccharide (LPS, een afbraakproduct van de bacteriële celwand) bestudeerd met
behulp van histon deacetyleringsremmers. De uitkomst dan deze experimenten was rem-
ming van histon3 acetylering de productie van cytokinen in M1 macrofagen (met een
inflammatoir fenotype) na blootstelling aan LPS remde, maar geen effect had op de cy-
tokines die door alternatief geactiveerde ("tolerante") M2 macrofagen. Dit effect was niet
afhankelijk van interferon-γ signalering via STAT1 of secretie van interferon-β, maar welk
signaleringspad dan wel gebruikt wordt wordt nog onderzocht. Remming van histon-3
acetylering verminderde de tolerantie van M1 macrofagen voor LPS.
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English summary

In this thesis, we attempted to find causes for the congenital malformations in the offspring
of females with preconceptional hyperglycemia and for the inflammatory bowel disease of
females with Crohn’s disease by establishing the gene expression profile in the target
organs with Next Generation Sequencing methods. Maternal hyperglycemia is one of the
major causes of congenital malformations in the offspring, with the cardiovascular and
neural system most commonly affected. Inflammatory bowel disease is an inflammatory
condition of the small intestine and colon, with Crohn’s disease and ulcerative colitis as
the principal manifestations. Despite intense research efforts, the underlying mechanisms
for these diseases are still unclear.

Chapter 1 gives a general introduction on the fate of embryos of mothers with pre-
conceptional diabetes and the known factors that contribute to the development of the
diseased phenotype. In Chapters 2-4, we studied the effects of maternal hyperglycemia on
gene expression and development of mouse embryos during gastrulation and early organo-
genesis, as well as the effects of maternal diet on the teratogenic outcome of diabetic
pregnancy. We implemented a mouse model of diabetic pregnancies by using streptozo-
tocin to induce diabetes and slow-release insulin pellets to mitigate the hyperglycemia.
Blood glucose levels increased ~2-fold in this model during the 1st week of pregnancy. We
hypothesized the maternal hyperglycemia would affect embryonic development and gene
expression most shortly after the glucose-sensitive time window at embryonic day (ED)
7.5 in mice.

In Chapter 2, we report the effect of maternal hyperglycemia on the gene expression
profile of mouse embryos at ED8.5 and ED9.5, using serial analysis of gene expression
(SAGE) and "deep sequencing". Maternal hyperglycemia affected, mostly in a down-
ward manner, the expression of >1,000 and ~2150 unique functional genes on ED8.5 and
ED9.5, respectively. 20-25% of these differentially expressed genes caused cardiovascular
and/or neural malformations, if deficient. Pathway analysis showed that cell proliferation
was highly affected in ED8.5 hyperglycemic embryos, and cytoskeletal remodeling and
oxidative phosphorylation in ED9.5 hyperglycemic embryos. At ED9.5, ATP production
from glycolysis exceeds that from oxidative phosphorylation ~150-fold, but ATP produc-
tion from both glycolysis and oxidative phosphorylation were reduced to ~70% of controls,
suggesting a severe cellular energy deficiency in the hyperglycemic embryos. Additionally,
we found that a severe growth retardation was commonly observed in ~50% of the embryos
of hyperglycemic dams on ED8.5.

In Chapter 3, we report that most of the retarded embryos died on ED9.5, and
pregnancy was terminated on ED10.5 in litters with >20% dead embryos. As a result,
developmental delays and reduction in litter size were no longer observed after ED10.5,
that is, when the neural and cardiovascular malformations become visible. Male and
female hyperglycemic embryos were equally affected. Gene expression profiling and path-
way analysis of the growth-retarded embryos showed that retarded embryos were unable
to mount the adaptive suppression of gene expression that we described in Chapter 2
for the non-retarded embryos. Apparently, downregulation of cell proliferation, cytoskele-
tal remodeling, and oxidative phosphorylation is necessary for the embryos to survive
maternal hyperglycemia during perigastrulation period. Malformations due to maternal
hyperglycemia, therefore, appeared to develop in the subset of embryos that survived the
early selection. In the appendix to Chapter 3, we show that a moderately high-fat diet
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(~20% dietary fat) is necessary to induce congenital malformations in embryos of hyper-
glycemic mothers, suggesting that a low-fat diet protects against the adverse effects of
hyperglycemia.

Generally, miRNAs play an important role on the transcriptional and post-transcriptional
regulation of gene expression. In Chapter 4, we therefore studied the miRNA expression
profiling with Next Generation Sequencing on the SOLiD5 platform in ED8.5 and ED9.5
control and hyperglycemic embryos. We observed that the abundance of expressed miR-
NAs on ED8.5 was comparable in control and hyperglycemic embryos. However, on ED9.5,
the spectrum of expressed miRNAs had not changed, but the abundance of most miR-
NAs increased ~5-fold in control embryos, whereas they did not increase in hyperglycemic
ED9.5 embryos.

Chapter 5 gives a general introduction on epigenetic mechanism in inflammatory
bowel disease. In Chapter 6, we studied the association of the DNA methylation profile
of peripheral blood cells of women with Crohn’s disease. We used the Illumina Human
Methylation 450k Bead Chip to compare 18 female patients with histologically confirmed
ileal or ileocolic Crohn’s disease with 25 healthy age-matched female controls. We found
4287 differentially methylated positions that were associated with 2715 unique genes.
Gene ontology-enrichment analysis revealed that these differentially methylated positions
were significantly enriched in genes involved in immune response processes and inflamma-
tory pathways. 32 differentially methylated positions were located on the X chromosome,
including microRNA MIR223 and polyA-binding protein PABPC5. X-linked manifestations
of Crohn’s disease may be related with female specific symptoms.

To investigate additional epigenetic mechanisms in inflammatory disease, we studied
the effects of lysine acetylation and deacetylation in histones on inflammatory response
and LPS tolerance of macrophages in Chapter 7. We focused on histone deacetylases
(HDAC) and observed that Pan-HDAC and HDAC3/6 inhibition profoundly reduced endo-
toxin–stimulated cytokine production in monocytes and M1 inflammatory macrophages,
but had no effect on M2 polarized macrophages. In contrast, HDAC6 inhibition was with-
out effect. The effect of HDAC3/6 inhibition was not due to an effect on IFNγ signaling
via STAT1 or secretion of IFNβ. HDAC3 inhibition attenuated LPS tolerance in IFNγ-
treated M1 macrophages, similar to that in IL-4-treated M2 macrophages. More studies
are necessary to unravel the underlying mechanisms.
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