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ABSTRACT 

 The developing brain is highly sensitive to environmental influences.  Unfavorable nutrition is one kind of stress that 

can cause acute metabolic disorders during the neonatal period [1,2,3] and severe diseases in later life [4,5].  These early life 

experiences occurring during heightened periods of brain plasticity help determine the lifelong structural and functional aspects 

of brain and behavior.  In humans, for example, weight gain during the first week of life increased the propensity for developing 

obesity several decades later [5].  This susceptibility is, if not all, related to the dynamic reversible epigenetic imprints left on the 

histones [6,7,8], especially during the prenatal and postpartum period [9].   

 Histones are highly dynamic and responsive towards environmental stress [10,11].  Through covalent modification of 

the histone tail,  histones are able to direct DNA scaffolding and regulate gene expression [10,12].  Thus far, various types of post 

translational modifications have been identified on various histones tails [12].  Among them, the methylation and acetylation on 

lysine residue (K) 27 on histone 3 (H3) has been tightly linked to gene repression [13,14] and activation [15], respectively.  EZh2 

(enhancer of zeste 2) in the polycomb repressive complex 2 (PRC2) is the only methyltransferase that has been linked to catalyze 

this methylation reaction.  In addition, SUZ (suppressor of zeste) and EED (embryonic ectoderm development) are two other key 

proteins in PRC2 function core that help EZH2.  As previous reported, increased H3K27 methylation was monitored after fasting 

stress during neonatal period in chicks' paraventricular nucleus (PVN).  In this study, we investigated the detailed mechanism 

behind changes in H3K27 methylation following fasting stress.   

 After 24 hours fasting on 3 days-of-age (D3), chicks exhibited elevated mRNA levels of PRC2 key components, 

including EZH2, SUZ and EED, in the PVN on D4.  Western blots confirmed this finding by showing increased global 

methylation status at the H3K27 site in the PVN on D4.  In addition, until 38 days post fasting, SUZ and EZH2 remained 

inhibited.  A newly identified anorexigenic factor, Brain-derived neurotrophic factor (BDNF), was used as an example of 

multiple hormones expressed in PVN to verify this finding.  Both BDNF protein and mRNA exhibited compatible changes to 

global changes of tri- (me3) and di-methylated (me2) H327.  Furthermore, by using chromatin immunoprecipitation assays 

(ChIP), we were able to monitor the changes of H3K27me2/me3 deposition along the Bdnf gene.  Fasting significantly increased 

H3K27me2/me3 as well as EZH2 at the Bdnf’s promoter, transcription start site and 3'-untranslated region.    These data show 

that fasting stress during the early life period could leave epigenetic imprinting in PVN for a long time.  Next, we tried to 

understand the function of this epigenetic imprinting in the chicks' PVN.  Thus, we compared naive chicks (never fasted) to 

chicks that received either a single 24 hour fast on D3 or two 24 hour fast on both D3 and 10 days-of-age (D10).  We found that 
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the D3 fasted group significantly increased the level of PRC2 key components and its product H3K27me2/me3 compared to the 

naive group.  However, D3 fasting and D10 fasting together decreased the surges of H3K27me2/me3, SUZ and EED (not EZH2) 

compared to the naive group.  We called this phenomenon "epigenetic memory".  The Western blot, qPCR and CHIP assay 

results from BDNF all confirmed the existence of "epigenetic memory" for PRC2.  These data suggested that fasting stress during 

the early period of brain development could leave long term epigenetic modifications in neurons.  These changes could be 

beneficial to the body, which keeps homeostasis of inner environment and  prevent massive response to future same stress.   

 The EZH2 protein was knocked down and the H3K27 methylation status changes were monitored after applying the 

same treatment.  We first confirmed that EZH2 antisense oligonucleotides (5.5 ug), but not EZH2 siRNA and 

artificial cerebrospinal fluid (ACSF), inhibit EZH2 protein by 86 % in the PVN.  Then, on D3, chicks were subjected to a 24 hour 

fasting stress (D3-fasting) post either EZH2 antisense or ACSF injection.  The EZH2 antisense blocked the surge of both EZH2 

mRNA and H3K27 methylation after D3-fasting.  At the same time, BDNF exhibited elevated expression levels and less 

methylated H3K27 deposition along the Bdnf gene.  In addition, we were also interested in the changes of "epigenetic memory" 

post EZH2 antisense injection.  We found that after EZH2 antisense injection, chicks' PVN no longer exhibited any "epigenetic 

memory" to repetitive fasting stress.  While EZH2 mRNA was constantly inhibited, SUZ, EED and H3K27me2/3 levels were 

unpredictable.  These findings suggested that neurons in the PVN utilized PRC2 as a major H3K27 methylation tool.  

Knockdown of EZH2 in the PRC2 impaired the proper response in PVN to fasting stress and PVN’s ability to acclimate to 

repetitive fasting stresses.  Thus, EZH2 is an important H3K27 methyltransferase inside chicken hypothalamus to maintain 

homeostasis.   

 In conclusion, fasting stress during the early life period could leave epigenetic markers on chromosomes of neurons in 

the feeding regulation center.  These epigenetic markers will be left on chromosomes for a long period of time and have a 

beneficial role in keeping homeostasis when individuals face future fasting stress again.  H3K27 methylation is one of these 

epigenetic markers and inhibits expression of various genes inside neurons.  EZH2 is so far the only detected methyltransferases 

for H3K27 that form the PRC2.  Thus EZH2 plays a key function in the body's response to fasting.         

 

Keywords: Neuroscience, Fasting, PVN, EZH2, PRC2, BDNF 
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CHAPTER 1:  Literature review 

1.1.  Introduction of food intake and feeding regulation 

1.1.1.  Brief introduction to the history of identifying hypothalamus as feeding regulating center 

1.1.1.1. Pituitary instead of hypothalamus was identified as feeding regulating center at early time 

 Food intake is regulated by the brain [16].  However, there was a time when extreme intake was thought of as a 

psychological rather than a physiological problem.  It was not until 1840 that this idea was first challenged.  In 1840, Mohr 

reported about an obese woman who became extremely overweight and died one year later [17].  An autopsy found that a brain 

tumor was sitting on the sella turcica of the sphenoid bone, which extended from the base of the frontal lobe to the pons, which 

compressed the base of the brain including the optic nerve, optic chiasma, hypothalamus and crus cerebri.  Later, after reviewing 

a series of similar cases [17], scientists started to attribute this pathological body weight increase to the destruction/interruption of 

the base region of the brain [18] and Fröhlich became the first one to summarize that the obesity was directly related to the 

malfunction of pituitary gland [17,19].  However, in 1904, Erdheim suggested opinion that rather than the pituitary gland, the 

base region of the brain was the reason for the obesity [20].  His argument was based on his finding that: 1) there were clinical 

cases where obese patients did not have the pituitary gland affected, 2) obesity and acromegaly could occur together, and 3) the 

pituitary tumor would not always cause obesity.  Subsequent studies seemed to support Erdheim’s hypothesis.  For instance, 

some studies showed that pituitary gland resection did not affect food intake and body weight [21,22].  In addition, hypothalamic 

destruction would result in obesity no matter the status of the pituitary gland [21].  In 1921, Bailey et al. [23] accidently found 

their diabetes insipidus animals, which were induced by basomedial hypothalamus destruction, showed not only polyuria, but 

also hyperphagia and increased body weight.  From that time, researchers started to focus on the hypothalamus as a potential 

target for feeding regulation.   

 

1.1.1.2.  The competition inside hypothalamus: the "Satiety Center" and the "Hunger Center" 

The Horsley–Clarke apparatus was a monumental invention for neuroscience.  As introduced in the early 1900s by Dr. 

Horsley [24], the Horsley–Clarke apparatus was used as a stereotactic device which ensured access to a specific area of the brain 

without interruption of other adjacent brain regions [25].  Hetherington was one of the first to use this apparatus in the study on 

feeding regulation.  In 1941, Hetherington et al. [26] placed electrodes into specific brain regions guided by the Horsley–Clarke 

apparatus and induced destruction in different brain regions with and without damaging the pituitary gland.  He showed that in 

rats, obesity could not be induced by simple pituitary gland damage.  In addition, he and his colleagues later reported that obesity 

could be only induced by destroying the ventromedial hypothalamus but not the anterior and dorsal hypothalamus [27].  This 

finding was later confirmed by other scientists who conducted the same procedures on cats [28] and monkies [29].   
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After this finding, more and more focus was placed on the hypothalamic area and many researchers investigated different 

parts of the hypothalamus to find the relationship between sub-hypothalamic nuclei, feeding, and energy homeostasis.  Finally, 

after the finding of satiety center [30] and hunger center [28], the model of two-center theory was introduced in the 1950s.  In 

1950, Kenndy reported his findings that rats showed apparent hyperphagia after destroying either the lateral part of the tuberal 

region or the region lying ventral-lateral to ventral-medial nuclei within the hypothalamus, [30].  He believed that there was a 

satiety mechanism in these areas of the hypothalamus which inhibited food-intake behavior in animals.  After damage, or with 

the  increasing age, the satiety mechanism became disrupted or weakened and animals started to show increased appetite, 

resulting in adipose deposition and obesity.  Thus, he proposed the existence of the satiety center in the hypothalamus.  This 

hypothesis was supported by many subsequent studies.  For example, Brobeck et al. [17] showed that bilaterally damaging the 

ventromedial hypothalamus induced hyperphagia in rats.  Later, Wyrwicka et al. [31] conducted an experiment by putting 

electrodes into the ventromedial hypothalamus of sheep, which greatly inhibited food intake of hungry sheep.   

Only one year after Kenndy’s “satiety center” hypothesis, in 1951, Anand and Brobeck purposed the "hunger center" 

hypothesis, which was located at the lateral side of the lateral hypothalamus.  They reported that after bilateral, but not unilateral, 

destruction of the "hunger center", animals would stop eating completely (aphagia) and showed body weight loss [28].  

Additionally, the "hunger center" could completely overrule the effect of bilateral "satiety center” destruction, which caused 

operation induced obese animal to be aphagia and weight loss.  This hypothesis was later studied in sheep [31] and cats [32].  All 

of them reported the same aphagia in these operated animals.   

 

1.1.1.3  Establishing the function of hypothalamus in energy balance and obesity 

Based on the two center theory, researchers were trying to find the mechanisms within the hypothalamus involved with 

feeding and energy regulation.  A lot of hypotheses were proposed.  For example, some papers suggested that obesity was 

induced by long-term hyperphagia which resulted in adipose deposition [17].  Some papers attributed this to significantly reduced 

activity and reluctant running in animals that received either whole or ventromedial hypothalamus destruction [26,33].     

The most promising hypothesis believed that there existed a certain connection between the central nerve system 

(hypothalamus) and peripheral digestive organs.  As the information integration center, the hypothalamus mixed the signals from 

the peripheral digestive organs and made a final decision to eat or stop eating.  Thus, there must be a signal loop where signals 

were sent back and forth between peripheral sites and the hypothalamus to balance body energy homeostasis.  So what is the 

signal?  Between 1940s to 1950s, this question was discussed intensely and three hypotheses were adopted, which postulated that 

body temperature [34], blood sugar level [35] and lipid amount [36] were the satiety signals which served as the messenger to let 

the hypothalamus control food intake. 
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 In 1948, Brobeck first hypothesized that food intake was regulated by body temperature [34].  He proposed that at a 

high environmental temperature, animals would stop eating.  He believed that at a high environmental temperature, it would be 

very difficult for animals to reduce their body temperature.  Food intake would cause a thermal effect, which lead to further 

increasing in body temperature and harmful stress.  In contrast, at low environmental temperatures, food intake would help to 

raise body temperature, thus preventing hypothermia and cold stress.  Brobeck showed that at 65 to 76 °F, adult male rats had 

increased food intake.  However, at >92 °F adult male rats appeared hypophagia/aphagia, pyrexial and lost body weight [34].  

Thus he believed that food intake was a potential mechanism of temperature regulation to avoid harmful stress.  In the early 

1940s, the thermotaxic center was also found in the hypothalamus [37].  Thus the integrated hypothesis was that the 

environmental temperature was a feeding signal, which was sent and processed in the hypothalamus and then directed alterations 

in food intake.  However, this hypothesis ws discredited by later research findings [36,38].  Kennedy showed that the rats in 

Brobeck’s study had lost more than 30g in body weight overnight after heat treatment, which was more than double than normal 

food starvation could cause [36].  As these rats were raised in high environmental temperatures, Kennedy showed that 

dehydration was the major reason for body weight loss.  Increased body tissue catabolism under hyperthermia also played an 

important role.  Once the rats were acclimated to the high environmental temperature, hypothalamic damaged rats gain weight 

and became obese, just like their counterparts at normal room temperature.  Mayer also mentioned that after administration of 

thermal regulation agents (thyroxine as hyperthermal and thyrodectomy and thiouracil for hypothermal), results were 

contradictory to Brobeck’s hypothesis [38].  

  The glucostasic-food regulation hypothesis was proposed in 1953 by Mayer [38].  In this hypothesis, blood glucose 

level was believed to have a key influence on food intake.  The hypothalamic feeding center (including both hunger and satiety 

center) was believed to have glucoreceptors, which could monitor real-time blood glucose levels in the body.  If the blood 

glucose was in the normal range, animals would not feed.  If there was a drop of the blood glucose level, an afferent signal would 

activate the hypothalamus and the hunger center would be stimulated, which initiated the feeding process.  To support this 

hypothesis, Mayer et al. showed that glucose or fructose administration, which made rats hyperglycemic, inhibited feed intake 

significantly [39].  In addition, the administration of small amounts of insulin induced hypoglycemia (the glucose level remained 

in the physiological range but relatively lower than the normal), which resulted in increased feeding.  Furthermore, Mayer et al. 

[39] also used a special strain of rats with alloxan induced diabetes.  Alloxan is a classical type I diabetes inducer [40].  It is 

known as an analogue of glucose, which is selectively stored in the beta cell in the rat pancreas via the GLUT2 transporter on its 

membrane [41,42].  The accumulation of alloxan causes necrosis of beta-cells in the pancreas and thus induced hyperglycemia, 

which is similar to the insulin-dependent type I diabetes mellitus [43].  Mayer and Bates [39] showed that after injection of 

glucose, the alloxan-diabetic rats remained hyperglycemic for a long time and reduced their food intake.  The glucostasic-food 
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regulation hypothesis gave a good foundation for short-term food intake regulation.  It helps explain the how the body regulates 

food intake in each meal.  However, it cannot explain long-term body weight regulation. 

The third hypothesis was introduced by Kennedy, who believed that the lipids controlled feeding status [36].  He found that 

young animals regulated food intake to keep their body fat in an almost fixed percentage [30,36].  In certain situations, when 

animals were put in hot or cold environments, or during lactation, the animals maintained a relatively fixed body weight as well 

[36].  In addition, even those animals with a damaged hypothalamus would maintained the body weight at a certain level [35].  

Kennedy proposed the idea that the adipose deposit in the animal's body would regulate the food intake [36].  By sending out an 

inhibitory signal from the adipose tissue, the animal was able to regulate feeding and thus kept their body weight relatively stable.  

During starvation, the inhibitory signal gets weaker, which motivates the animal to eat.  However, Kennedy was not able to 

determine the exact signal hormone that was used in this loop.   

Kennedy’s idea was later supported by the finding of Hervey.  In 1959, Hervey did a parabiosis experiment, which he 

surgically paired two rats together [44].  This surgical fusion of the two rats allowed a 1% change in  plasma per minute.  Then he 

damaged the ventromedial hypothalamus of one of the pair.  It would be expected that the two animals would grow obese 

together because the hyperphagia from the operated rat would transfer the excessive amount of nutrition to the normal rat.  On the 

contrary, while the operated rat was obese as expected, the un-operated animal showed apparently decreased appetite, weight 

loss, a smaller liver, less food in the GI tract (found during autopsy) and eventually starved to death.  Only an identical 

destruction of the hypothalamus of the normal rat could change the appetite of the normal rat and make both animals obese.  He 

even proposed that some signals from the operated rats were sent to the hypothalamic food intake controlling center of the normal 

rats, which affect the normal feeding regulation in the normal rat.  Compared to the glucostatic regulation, which focused more 

on a temporary food intake regulation, the lipostasis hypothesis explained how the hypothalamus could regulate the body weight 

for a long-term.   

 

1.1.2.  Sub-Hypothalamic nucleus  

The hypothalamus is a crucial structure in the brain, which is involved in the many physiological roles of regulation, 

including feeding.  Based on regional destruction and injection studies, five sub-hypothalamic nuclei have been shown to play 

pivotal roles in feeding regulation.  They are the arcuate nucleus (ARC), ventromedial nucleus (VMN), dorsomedial nucleus 

(DMN), paraventricular nucleus (PVN), and lateral hypothalamus (LH). 

   

1.1.2.1.  Arcuate Nucleus (ARC) 

The ARC is located at the bottom of the hypothalamus and is adjacent to the median eminence.  The first study involving 

ARC function in feeding was conducted in 1969, when Olney injected monosodium glutamate (MSG) subcutaneously into 
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neonatal mice [45].  The result showed that MSG administration induced apparent neuronal degeneration in several parts of the 

brain, but specifically in the ARC of the hypothalamus.  The treated animals showed marked obesity but not hyperphagia.  Later 

experiments proved these results and also showed that the effect of MSG was species distinctive [46,47].    

 As mentioned above, there are certain regions of the brain that lack the blood brain barrier (BBB), which allow free 

access of large substances to pass freely into the CSF.  The ARC receives hormonal signals directly from the peripheral 

circulating serum [48,49].  There are two major groups of neurons in the ARC, the Neuropeptide Y (NPY) -Agouti-related 

peptide (AgRP) and Amphetamine-Regulated Transcript (CART) -Proopiomelanocortin (POMC) [50,51].  These two neuron 

populations express orexigenic and anorexigenic signals, respectively, which regulate energy balance in the body.  Instead of 

working separately, they are connected by γ-aminobutyric acid (GABA) containing fibers from the NPY-AgRP neurons [52].  

GABA is an inhibitory neurotransmitter and causes CART-POMC neuron inhibition upon NPY-AgRP neuron activation [53] and 

results in an increased feeding behavior.  In addition, both NPY-AgRP [54] and CART-POMC neuron [55] populations had 

leptin receptors on the membrane [56], which indicates their inter-connection with the leptin system.  Thus, ARC is thought to be 

the most important nucleus involved in energy balance regulation. 

 

1.1.2.2.  Ventromedial nucleus (VMN)  

VMN has long been recognized as an important nucleus involved in feeding and energy homeostasis regulation.  Early 

studies that destroyed the VMN all reported hyperphagia and obesity [17,57,58] and VMN electric activation resulted in feeding 

suppression [31,59].  Many injection studies also confirmed the effectiveness of many anorexigenic factors after VMN micro-

injection, including histamine [60], serotonin [61], urocortin [62], GABA antagonist [63],  cholecystokinin (CCK) [64], leptin 

[65] and insulin antibody [66].  On the other hand, thyroid hormone [67], GABA [63], norepinephrine [68] and NPY [69,70] 

exhibited an opposite effect when microinjected into the VMN.    

The communication between VMN and other nuclei in the hypothalamus confirmed its role in feeding and energy 

homeostasis regulation.  For example, studies using retrograde tracer found small amounts of afferent fibers to VMN from LHA 

[71,72], DMN and PVN [73].  VMN also projected to the LHA [73] and PVN [74] in the hypothalamus and the nucleus tractus 

solitarii (NTS) in the brain stem [74].  Brain-derived neurotrophic factor (BDNF) is highly expressed in the VMN.  The 

topography of the BDNF receptor, TrkB, demonstrated a highly expressed level not only in VMN, but also in other hypothalamic 

nuclei, which, however, did not include orexin and MCH neurons in the LHA nor CART and NPY neurons in the ARC [75].  

This suggested an absence of innervations of BDNF(+) projection from VMN to the LHA and ARC.  Contrarily, 

immunohistochemical studies revealed the boutons of γ-melanocyte-stimulating hormones (γ-MSH) and AgRP fibers from the 

ARC innervated the BDNF expression neurons in the VMN [75,76].  These results suggested unidirectional innervation to the 

VMN BDNF(+) neurons from the hypothalamic ARC.  However, it was not until recently that one group using a laser scanning 
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photo-stimulation method, reported that the VMN did project to ARC [77].  Surprisingly, only CART/POMC neurons received 

strong excitatory innervations from VMN while the NPY/AgRP neurons did not.  Instead, NPY/AgRP received weak inhibitory 

fibers within the ARC.  This excitatory signal to CART/POMC neurons from VMN could be diminished when the animal was 

fasted [77].   

Compared to other regions of the hypothalamus, the VMN contains a much higher level of BDNF, a member of 

neurotrophin family [75,78,79], and cholecystokinin (CCK) [80].  Because of the important role of VMN in feeding and energy 

homeostasis regulation, the high amount of BDNF and CCK were suspected to be the major satiety signals of VMN and carried 

out an inhibitory role in feeding.  

 

1.1.2.3.  Dorsomedial nucleus (DMN)  

The first ever paper demonstrating the function of the DMN was in 1943, when a group put a pair of electrodes into the 

DMN of cats and stimulated the neurons in this area.  The stimulation of the DMN in cats resulted in hyperphagia [81].  This 

study was repeated in other animals and yielded consistent results [82,83].  While some studies activated the DMN area, others 

were trying to see the results of DMN lesion (DMNL).  Electrolytic lesions [84], ibotenic acid injection [85] and surgical cutting 

[86] at the DMN generated DMNL rats, who exhibited inhibited feeding and slower growth as well.  Interestingly, unlike other 

animal with injured hypothalamic nuclei, the DMNL animals exhibited normal body fat composition and plasma fatty acid levels 

[87].  More surprisingly, there was no interruption in the animals' anabolic and growth-promoting hormone levels (insulin, 

thyroxine, triiodothyronine (T3), growth hormone (GH), and somatomedin (SM)) [87,88].  However, these DMNL animals had 

decreased body weight and disrupted plasma corticosterone [89] and prolactin [90] levels, which did not affect food intake [81].  

The decreased body weight seemed to be appropriated to their decreased feeding behavior [87].  Based on these findings, the 

function of the DMN seemed to be a bit confusing compared to the direct effect from other regions of hypothalamus.  However, 

cholecystokinin (CCK) is an active player in DMN, which regulates the feeding and energy homeostasis.   

Cholecystokinin (CCK) was first discovered in the duodenum in 1930 [91] and was recognized by its stimulatory 

involvement in the secretion of pancreatic enzymes in gall bladder contraction and inhibition GI tract emptying [92].  Now, CCK 

is recognized as an important neuropeptide in short-term feeding and energy homeostasis both in central and peripheral tissues.  

In peripheral tissue, the CCK precursor was secreted in GI increasingly after fat or protein but not carbohydrate ingestion, 

suggesting its function in energy homeostasis [93,94].  In the CNS, CCK had been classified as the most abundant “brain-gut” 

neuropeptide [95] and detected in several mammalian brains, such as rat [96] and human [97].  The extremely high amount of 

CCK in areas, such as hippocampus, olfactory bulb, septum, amygdala, hypothalamus, etc, suggested that CCK was involved in 

various roles in CNS function.  The relatively high amount of CCK in the hypothalamus, together with its role in peripheral 
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digesting tissues, indicated that CCK may play a pivotal role in feeding and energy homeostasis regulation at both the CNS and 

peripheral levels.     

Different papers had reported CCK’s concentration in different areas of the hypothalamus, which was almost consistent.  

The only discrepancy remained was which nucleus/areas contained the highest CCK concentration.  One paper set the order from 

high to low as VMN, DMN, PVN and ARC [80] while the other reported the highest amount of CCK expressing neurons was 

gathering in the DMN [98].  Later, by using radioactive 125I-CCK-8, the CCK receptors inside the hypothalamus were pinpointed, 

including VMN with the highest density, followed by the DMN [99].  Both results based on the topography of CCK and the CCK 

receptor suggested the similar importance of the VMN and DMN in the CCK signaling pathway.  In another study, the 

researchers microinjected CCK-8 into different nuclei in the brain, including six regions in the hypothalamus and seven regions 

out of the hypothalamus [64].  While almost all areas in the hypothalamus affected feeding after CCK microinjection, the NTS 

was the only outer hypothalamic area that responded to microinjection.  Among those areas, the DMN exhibited the most 

prominent feeding inhibition [64].  This implied that although the concentrations of CCK in the VMN and DMN were similar, the 

DMN could be the effective center of the CCK signal pathway.  Subsequent groups studied the distribution of the CCK receptor 

by using CCK-A receptor specific radioactive agonist.  CCK-A receptor was known as the major conductor of CCK for its 

feeding regulation (referring to the following paragraph).  They found that the CCK-A receptor had the highest concentration in 

the DMN in the hypothalamus and NTS in the hinder brain [100].  On the contrary, the PVN contained a much lower amount of 

CCK-A receptor and there was none in the VMN [100].  In addition, VMN lesions did not abolished the feeding inhibition 

induced by CCK IP injection in rat [101].  Combining the result of CCK concentration, CCK-A receptor distribution, the CCK-8 

microinjection’s effect and lesion study, the DMN was believed to be the effective center for CCK in the CNS. 

 

1.1.2.4.  Lateral hypothalamic area (LHA) 

The LHA was first related to feeding and  energy homeostasis regulation in 1951 [28].  As previously mentioned, after 

bilateral, but not unilateral, destruction of LHA, animals would become aphagic, adipsic and demonstrated significant body 

weight loss [28].  Surprisingly, even VMN destruction could not reverse this effect.  More than 35 different types of neurons have 

been identified in the LHA, indicating its role in both satiety and hunger signal integration [102].  This idea is also supported by 

the matrix of afferent/efferent fibers connected to the LHA.  The LHA neurons project into the VMN, DMN and ARC in the 

hypothalamus and many other regions of the brain and also received the innervation fibers from the limbic system and brain stem 

[103].     

Three kinds of neuropeptides have been detected in the LHA, melanin-concentrating hormone (MCH), orexin, and 

excitatory amino acid (EAA) glutamate.  Unlike NPY- AgRP and CART-POMC neurons that co-express two neuropeptides in 

the ARC, MCH and orexin were distinct from each other [104].    
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1.1.2.5.  Paraventricular nucleus (PVN) 

Histology studies showed that the PVN receives innervation fibers from almost all areas of the hypothalamus [105], which 

implies its pivotal role in physiological function regulation.  Nearly all known orexigenic factors increased feeding when micro-

injected into the PVN [50].  These orexigenic factors included NPY [106], AgRP [107], GABAA receptor agonist (GABA and 

muscimol) [108], galanin [109,110], and orexin [111].  Feeding behavior was inhibited when the PVN was locally microinjected 

with anorexigenic factors, including Neuropeptide S (NPS) [112], α-MSH [107], nicotine [113], and corticotropin-releasing 

factor (CRF) -2 receptor agonist (CRF and urocortin-1) [114,115].  This information implies that feeding and energy homeostasis 

regulation must be one of the most important physiological roles that PVN is involved in.   

Based on the nucleus size, the neurons in the PVN are divided into two groups, magnocellular and parvocellular neurons 

[116].  Although numerous neuropeptides have been detected in the PVN, three of them were suggested as signals involved in 

feeding and energy homeostasis regulation: oxytocin, corticotropin-releasing factor (CRF) and thyrotropin-releasing hormone 

(TRH) [56].  In general, the magnocellular neurons express oxytocin, but not vasopressin, inside the cell body and transport it 

through their axons to the posterior part of the pituitary gland [117].  On the other hand, the parvocellular neurons encode a high 

level of TRH [118,119] and CRF [120].  However, certain levels of oxytocin (OT)  are also expressed in the parvocellular 

neurons, which have different projections compared to the OT-expressing magnocellular neurons [121,122].  The axon of these 

parvocellular neurons project to the median eminence and release TRH, CRH and OT into the systemic circulation through the 

pituitary gland [119,123,124].  

 

1.1.3.  Brain derived neurotrophic factor (BDNF) in feeding regulation 

Before introducing the role of BDNF in feeding regulation, a general introduction of neurotrophins is presented.  

Neurotrophins are a family of neuron growth factors, which are capable of mediating many physiological functions, such as 

neuron proliferation, differentiation, growth and interaction [125].  Members of this family include nerve growth factor (NGF) 

[126], brain-derived neurotrophic factor (BDNF) [127], neurotrophin-3 (NT-3) [128], neurotrophin-4 and -5 (NT-4/5) [129], 

neurotrophin-6 [130] and neurotrophin-7 [131,132].  Most of these neurotrophic factors were initially discovered only in the 

brain which suggested limited physiological functions such as neuron survival [133].  However, more recent studies revealed 

other functions of the neurotrophin family, such as feeding and energy homeostasis regulation [134].  In this dissertation, the 

discussion would be focused on BDNF.  

 

1.1.3.1.  Brief introduction of BDNF protein discovery, function and distribution  
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The discovery of BDNF was first reported in 1982 [127].  In the study, the authors reported a small protein (12.3 KDa), 

which was extracted and purified from the pig brain.  Then this protein was tested in an in vitro neuron culture assay and the 

results showed that it increased neuron survival as much as NGF.  The authors named the protein BDNF.  Subsequent studies 

confirmed BDNF’s effect on neuron survival both in vitro [135] and in vivo [136].  Both the gene and the amino acid sequence of 

BDNF were reported in 1989 by the same group of scientists who discovered it [133].  The sequence alignment indicated a 

similarity of amino acid sequence between BDNF and NGF.  In addition, they also located BDNF mRNA expression by Northern 

blot and showed that BDNF was exclusively expressed in neurons but not other peripheral tissues.  However, later studies using a 

more advanced PCR method found BDNF expression in peripheral tissues, such as placenta [137], heart, muscle [138], liver and 

spleen [78].   

 

1.1.3.2.  Brief introduction of BDNF receptors 

As a neuropeptide, the physiological effect of BDNF was conducted via its specific neurotrophin receptors.  In 1988, a 

paper reported that labeled 125I-BDNF was able to bind to cell membrane in an in vitro neural culture [139], suggesting the 

existence of a BDNF cell membrane receptor.  Based on the dissociation constant detected from a kinetic assay, the receptors 

could be sub-divided into two groups, high-affinity receptors (dissociation rate (Kd) = 1.7 x 10-11 M) and low-affinity receptors 

(Kd = 1.3 x 10 -9 M) [139,140,141].  Based on their structure, high and low affinity neurotrophin receptors were defined as 

members of either the tropomyosin-related kinases (Trk) receptor family or the tumor necrosis factor (TNF) receptor family, 

respectively [140].  The low affinity neurotrophin receptor, named P75, was an unspecific neurotrophin receptor and capable of 

interacting with all neurotrophins [142] and tumor necrosis factor (TNF) [143].  The Trk subtype, high affinity neurotrophin 

receptors, showed high selectivity to their specific neurotrophins [142].  According to pharmacological studies, the Trk receptor 

was further classed into TrkA, TrkB and TrkC, which were defined as the specific receptors for NGF (and NT-6 and NT-7), 

BDNF (and NT-4/5) and NT-3, respectively [140,141].  But this did not mean that there was no interaction between non-specific 

Trk receptors and neurotrophins.  Instead, different neurotrophins could still bind to their non-specific Trk receptor but the 

dissociation rate (Kd value) was much higher than the specific neurotrophin [144].  For example, in order to decrease the binding 

rate of BDNF to TrkB by 50%, NGF needed to increase by 1000-fold concentration, which was enough to inhibit the binding 

between BDNF and the P75 receptor [145].  

P75 and Trk receptors are both cell membrane surface receptors and, in most cases, are expressed on the same cell 

membrane [146].   Interestingly, the P75 and Trk receptors exhibit opposite biological effects, which regulate the status of certain 

cells [140,147,148].  While the Trk receptor is the gate of the neurotrophic effect, the P75 receptor shared the "death domains" of 

the tumor necrosis factor receptor family [149] and was more involved in cell death [150].  This suggests the different 

intracellular signaling pathways these two receptors utilize.  This idea was supported by many studies and, to date, three signaling 
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pathways were discovered for Trk [140] and two signaling pathways for P75 receptor [151,152], respectively.  Trk conducts its 

biological effect through  Rat sarcoma (RAS), Phosphatidylinositide 3-kinases (PI-3K) and Phosphoinositide phospholipase C 

(PLC)-γ1 pathways [140].  On the other hand, P75 activation causes ceramide production, c-Jun N-terminal kinases (JNK) level 

increasing and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) activation in the cell [153].  Interestingly, 

the P75 signaling pathway could change the affinity of different Trk receptors to its cognate ligand, BDNF [146,154], suggesting 

P75 could also be a regulator in BDNF’s signal pathway. 

 

1.1.3.3.  BNDF has important role in feeding regulation in hypothalamus 

In the brain, BDNF is widely expressed in various regions and the highest concentration was detected in the hippocampus 

and hypothalamus [78,155].  As the importance of the hypothalamus in feeding and energy homeostasis regulation was 

uncovered, the involvement of BDNF in this capacity was hypothesized.  The involvement of BDNF in feeding regulation was 

not unveiled until 1992 when Lapchak and Hefti accidently discovered the relationship between BDNF and body weight in 

neuron regeneration related research [156].  Initially, they were trying to rescue the hippocampal cholinergic dysfunction after a 

partial fimbrial transaction by chronic BDNF ICV administration.  The BDNF failed to save neurons, but the BDNF 

administrated mice all showed decreased body weight [156].  Simultaneously, other members of the neurotrophin family, such as 

NGF, were suggested as feeding regulators by showing decreased food intake and weight loss after application [157,158].  Thus, 

more researchers started to look into the role of BDNF in feeding and energy homeostasis regulation.   

In the hypothalamus, the highest BDNF concentration is detected in the VMN [75,79], which anatomically supports the role 

of BDNF as an important factor involved in feeding and energy homeostasis regulation.  Almost all studies supported the idea 

that BDNF was an anorexigenic factor.  For example, after 48 hours fasting, BDNF levels in the VMN [75] and dorsal vagal 

complex (DVC) of the hinder brain (where NTS located) [159] was significantly lowered, suggesting an increased feeding after 

fasting.  When animals were re-fed, the BDNF level went back to normal.  Acute microinjection of BDNF in the VMN [160], 

DVC [159] and PVN [161] inhibited the feeding and increased energy expenditure in test animals.  Following chronic ICV 

injection of BDNF, rats showed dose-dependent food intake suppression and body weight loss [162].  However, when pre-

treating animals with TrkB-Fc fusion proteins, an antagonist of TrkB, the BDNF ICV administration no longer inhibited feeding 

[160].  This suggested that BDNF used the TrkB receptor pathway to perform its anorexignic effect.  In humans, a recent study 

also supports the idea of BNDF as an anorexigenic factor.  In female with either bulimia nervosa or anorexia nervosa, serum 

BDNF levels were significantly lowered [163], with the anorexia nervosa patients having the lowest [163].      

Just like other studies of orexigenic and anorexigenic factors, these utilizing knockout mutation rodent strains offered the 

most direct insight into BDNF’s effect.  However, as an important peptide involved in neural development, BDNF double KO 

(BDNF−/−) animals were not able to be obtained for relatively long-term obesity studies because of their early postnatal mortality 
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[164].  In 2000, BDNF heterozygous mice (with only one functional BDNF allele) were created with significantly lowered BDNF 

protein levels in the hypothalamus, including PVN, LHA, VMN, ARC and DMN, when compared to the wild type (WT) [79].  

Based on body weight, two phenotypes of BDNF heterozygous mice were subdivided into fat (FBH) or non-fat (NBH).  

Interestingly, the FBH strain showed late-onset body weight gain, which was significantly higher than both the WT and NBH, 

while there was no body weight difference between WT and NBH.  In addition, FBH strain also had more adipose tissue and had 

endocrine abnormalities, including hyperleptinemia and hyperinsulinemia, but normal serum glucose and corticosterone level.  

Additionally, BDNF or NT4/5 application into the third ventricle could transiently but noticeably inhibit feeding and lower body 

weight.  The study also reported that both leptin receptors and other feeding related neuropeptides, such as NPY and CART, 

remained at a normal level in the hypothalamus, which suggested a unique pathway of BDNF in feeding and energy homeostasis 

regulation.  Part of the results from BDNF heterozygous mice was confirmed by a human case.  In 2006, one case report describe 

an 8-year-old girl who exhibited severe hyperphagia and obesity [165].  The genotyping showed a chromosomal inversion at 

46,XX,inv(11)(p13p15.3), which was the area coding the BDNF gene, and resulted in BDNF heterozygous human model.  A 

more recent study also reported the selective deletion of BDNF in the VMN and DMN together in adult mice exhibited 

hyperphagia and obesity starting at week 5 and 7, respectively [166].  

The role of TrkB in feeding and energy homeostasis was confirmed in later studies by showing that TrkB malfunction 

mimics the effect of BDNF knock down.  The TrkB double KO (TrkB-/-) was as fatal as that of BDNF KO.  Thus, by using a 

transgenic method, one group created a mouse strain that exhibited mutant TrkB receptor (functional KO).  These mice exhibited 

distinctively elevated food intake and longer feeding behavior starting at week 5 [75].  They also had apparent obesity at the 

maturity period and increased linear length [75].  As another BDNF pathway conductor, the P75 receptor also plays a role in 

feeding and energy homeostasis regulation.  In the "New Zealand obese" mice strain, there was an increased P75 receptor mRNA 

level in the hypothalamus [167].  Additionally, compared to the mortality of TrkB double KO (TrkB-/-), the P75 double KO (P75-

/-) mice were able to survive, but exhibited lower body weight starting at week 4 [168].  The food deprivation of these animals 

caused significantly decreased serum insulin and leptin.  Another study using P75-/- mice confirmed the abnormally increased 

latency to feed after being moved to a new environment [169].  However in obese rodents, such as the ob/ob strain, the tumor 

necrosis factors (TNF) level was also increased [170].  This suggested the interaction between P75 with TNF rather than BDNF, 

which caused feeding inhibition and body weight loss.   

The BDNF role in feeding and energy homeostasis regulation was also connected to other signaling pathway, such as 

leptin, insulin, POMC, NPY, and AgRP [134].  The receptors of leptin [171], insulin [172], orexin [173] and MCH [174] are 

presented in the VMN.  In normal mice, acute intravenous leptin administration induced up-regulated expression of BDNF in the 

VMN [175].  In addition, one group found that in an in vitro real-time imaging experiment, leptin administration activated the PI-

3K pathway in the CART/POMC neurons in the ARC while leptin removal activated the same pathway in NPY/AgRP neurons 
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[176].  Interestingly, another adipose signal, insulin, elicited the same result as leptin on CART/POMC neurons but opposite 

results on NPY/AgRP neurons [176].  Because PI-3K was one of the three major signaling pathways of the BDNF receptor, 

TrkB, PI-3K could be a common pathway for leptin, insulin and BDNF.  In two leptin resistant mice strains, BDNF 

administration corrected not only the hyperphagia and obesity, but also glucose homeostasis [177].  Blood tests revealed that 

BDNF application noticeably decreased serum insulin and leptin level [177].   

An immunohistochemistry study revealed the boutons of γ-MSH and AgRP fibers from the ARC innervated the BDNF 

expression neurons in the VMN [75].  Both pro-opiomelanocortin (POMC) and melanocortin receptor 4 (MC4R) double KO and 

agouti over expression mice exhibited decreased BDNF mRNA levels in the VMN [75].  In addition, as mentioned above, food 

deprivation could significantly decrease the BDNF level in the VMH.  This phenomenon was partially relieved by ICV MC4 

receptor agonist (melanotan II) ICV application [75].  NPY micro-injection into the VMN increased feeding, which was also able 

to be reversed by BDNF co-application [160].  Microinjection of BDNF in inhibited NPY mRNA in the ARC and PVN [161].  

Additionally, ICV infusion of BDNF increased CRH and urocortin levels in the PVN and promoted feeding [178].  However, 

CRH and urocortin receptor antagonist application abolished the hyperphagia.  

 

1.1.3.4. BDNF gene construction 

Presently, the human BDNF gene is encrypted and covers a ~70 kb regions on chromosome 11, which contains eleven 

exons and nine of its promoters are tissue-specific [179].  The BDNF precursor (pro-BDNF) used trans-splicing method to splice 

different 5’ non-coding exons with the 3’ exon, which encoded the pro-BDNF mRNA.  Based on different tissue locations or 

regulation requirements, different combinations of mRNA from the 5’ non-coding exons were fused to the pro-BDNF mRNA, 

which generated at least 17 transcripts [179].  For example, I, II and III 5’ non-coding exons were abundant in the brain while IV 

was highly expressed in the lung and heart [180].  After a kainic acid-induced seizure, the mRNA of the I, II and III 5’ non-

coding exons increased significantly while there was no change in the level of IV’s level [180].  The 3’ exon product of the 

BDNF gene, the pro-BDNF (~32 KDa), was alternatively spliced into either mature BDNF mRNA (14 KDa) or a minor truncated 

form (28 KDa) [134,181].  After translation and protease cleavage [134], the BDNF protein was stored in the vesicles in the 

somatodentritic domain of the neurons and released upon neuron excitation [181].  For rodents, both mice and rats had a similar 

BDNF gene arrangement to that of human.  Their pro-BDNF was coded by one protein coding 3′ exon and eight regulatory 5′ 

exons [182].  Initially, in the avian animal, the Bdnf gene was believed to be formed with no 5’ non-coding exons but only one 

3’exon, whose transcription was regulated by the methylation status of the stand-alone C-phosphate-G (CpG) island upstream of 

its promoter [183].  One recent study reported three 5’ non-coding exons in the Bdnf gene in chicken [184].  These three 5’ non-

coding exons encoded three mRNA transcripts (BDNF1, BDNF2 and BDNF3), which were spliced to the pro-BDNF mRNA 

coded by the BDNF 3′ exon.  BDNF1 and BDNF2 were found specifically in brain (among eight tissues tested by the authors).  
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In the CNS, BDNF1 and BDNF2 were detected in the hypothalamus while BDNF3 was not [184].  This new finding revealed 

that the chicken BDNF gene structure was similar to mammalian animals.    

 

1.2. Introduction to epigenetics 

1.2.1.  What is epigenetics? 

The word “epigenetics” was first coined by Conrad H. Waddington (1905-1975).  He defined epigenetics as “the 

branch of biology which studies the causal interactions between genes and their products, which bring the phenotype into being” 

(Waddington, 1942).  The prefix “epi-” means above and “genesis” indicates the unit of heredity or gene, which in a broad sense 

is like a bridge connecting an organism’s genotype and phenotype thus changing the final phenotypic outcome without changing 

the actual DNA sequence.  In other words, epigenetics is a term used to describe the events that cannot be explained by genes 

alone (Goldberg et a., 2007).  In 1957, Waddington described what he called the “epigenetic landscape”, in which he portrayed a 

fertilized embryo as a “ball” sitting on the slope of a valley.  The “ball” during its development can at various points take specific 

trajectories down the slope, which ultimately could lead to different phenotypic outcomes.  It was a good visual representation to 

illustrate that cellular differentiation can be governed by the cell’s physical environment in addition to its genetic predisposition.   

A more modern definition of epigenetics is the study of the stable and ideally heritable changes that are not related to 

changes in the actual gene sequence, but that result in a particular cellular phenotype [185].  Gene expression in eukaryotic 

organisms is regulated by several epigenetic mechanisms including DNA methylation and histone modifications. In this proposal, 

a brief discussion of these underlying mechanisms beginning with some background on gene structure will be addressed.    

 

1.2.2.  Chromatin Structure 

The human genome contains about 6 billion base pairs (bp)  of DNA, which, if stretched out, would be close to 2 

meters long [186].  So how is the 2-meters long DNA packaged into the nucleus of a cell that is only several micrometers in 

diameter?  In cells, the DNA and its associated proteins bind together and are known as chromatin, which, after nuclease 

treatment, demonstrated the “bead-on-a string” as seen under the electron microscope (Olins et al., 1975; Oudet et al., 1975).  

This “string” is double-stranded DNA and approximately 2 nm in diameter.  The beads are the fundamental units of chromatin, 

called “nucleosomes”, which are 10 nm in diameter.  The nucleosome is the combination of both DNA and the nucleosome core 

particle (NCP).  The NCP is approximately 206 K in molecular weight, 6.5 nm in diameter and consists of disk-shaped 

protein polymers, which is wrapped 1.65 times by 146 bp of tight-superhelical DNA in a left-handed mode [187,188,189].  Inside 

the NCP, four types of core canonical histones have been identified, which are H2A, H2B, H3 and H4.  At physiological condition, 

(H3-H4)2 tetramer locates in the middle while one H2A-H2B dimer stays on each side [190].  The nucleosomes are then connected 

by the linker DNA at different lengths with linker histones.  This allows the chromatin fibers to form a higher-order structure, 
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which increases packing efficiency and only unpacks chromatin partially during gene transcription.  The characters presented 

above are from the human α-satellite DNA in the nucleosome with canonical histone octamer.  Different organisms may contain 

different lengths of DNA in a nucleosome, varying from 100 to 170 bp [191].  One recent review paper mentioned the discovery 

of a saturated nucleosome form, which could accommodate DNA up to 173 bp [191].   

In each nucleosome, there exists two kinds of bonds between the NCP and wrapping DNA, including direct binding 

and water-bridge interaction, which give approximately similar contributions to the nucleosome stability [188].  There are 14 

direct-binding sites in one nucleosome between the minor groove of the DNA double helix and NCP [187,188].  Some 

researchers reported the discovery of NCP preferred sequences, which explained the situation of uneven NCP distribution on the 

DNA and nucleosome depletion at the gene promoter and tail sites where transcription factors are bound [192].  Additionally, a 

total of 3120 water molecules exist in one nucleosome, among which, 121 forms the hydrogen bond between NCP and DNA 

[188].  This nucleosome model offers the foundation to explain the chromatin remodeling process, which allow cells to control 

their gene expression. 

Based on the density of the chromatin structure, two chromatin forms have been proposed, which are the euchromatin 

and heterochromatin [193].  The euchromatin is the chromatin in a “loose” form and appears during the interphase of the cell 

cycle.  It contains most of the coding genes in the cell, and thus allows recognition and binding of transcription machinery.  On 

the contrary, the heterochromatin is constantly in a condensed pattern throughout all cell cycles, which is inaccessible and 

impossible for transcription.  Thus, the transformation between these two forms of chromatin dramatically changes gene 

expression and DNA replication in the cell.  The nucleosome, which is a key in chromatin transformation packing, has been 

shown to be the most important method for euchromatin/heterochromatin transformation both in vitro [194] and in vivo [195] for 

nearly two decades.  The NCP, which is an important component of the nucleosome, plays a key role in this process.   

     

1.2.3.  Histone post-translational modification (PTM) 

All histone proteins in the NCP contain two motif domains, which are the N-terminal tail domain and the fold domain 

[196].  In addition, the H2A also has a C-terminal tail domain [196].  The histone fold domain is highly responsible for NCP 

formation and nucleosome stability maintenance.  The N-terminal tail domain, on the other hand, extends out from the 

nucleosome core.   

 

1.2.3.1.  The function of histone N-terminal tails 

So what is the biological function of the histone N-terminal tail domain?  Early studies showed that the NCP remained 

intact even though the N-terminal tail domain was removed by trypsin treatment [197].  Thus, the histone N-terminal tail is not 

involved in the NCP stability.  Biochemical studies identified the constituents of the N-terminal tail domain as containing mainly 
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four different amino acid residues, including lysine, serine, threonine and arginines [198].  On the tail, all these amino acids can 

be post-translationally modified by histone modification enzymes, which either changes the binding affinity between DNA and 

the NCP or recruits the chromatin remodeling complex.  Furthermore, unlike the co-translational N-terminal modification of 

many other proteins, the histone N-terminal PTM is more reversible [199].  Thus, due to different histone N-terminal tail PTMs, 

chromatin structure becomes switchable between tightly packed heterochromatin and loosely packed euchromatin.  If properly 

performed, cells can decide when and where to make certain genes accessible/resistible to DNA binding proteins and the 

transcriptional machinery, which indirectly affects physiological processes (e.g. gene transcription, DNA replication and DNA 

repair).  It is worth mentioning that some types of histone N-terminal tail PTMs are more stable than others.  For instance, 

acetylation and phosphorylation tend to be less stable than methylation, which suggests a more sustained effect from methylation 

to control the gene [200,201].  This is because the deacetylation only requires a hydrolysis of a single amide bond while the 

demethylation needs more energy to breakdown the C-N bond [202].   

After the very first report of core histone N-terminal tail acetylation promoting gene expression in vitro in 1964 [203], 

gene epigenetic regulation through histone N-terminal tail PTM received more attention.  So far, many types of histone N-

terminal tail PTMs have been identified, including acetylation, methylation, phosphorylation, ADP ribosylation, proline 

isomerization, deimination, glycosylation, ubiquitylation/ubiquitination, carbonylation and sumoylation [12,198].  Each type of 

modification will be balanced with another type and overall they result in a  concerted  combinatorial effect on gene transcription 

[204].  The two most important histone N-terminal tail PTMs are acetylation and methylation.  In the following paragraphs, a 

brief discussion will be addressed about these two PTMs.   

 

1.2.3.2.  Histone methylation 

By providing proper spatiotemporal inhibition on different genes, organisms establish and maintain the identity of 

different types of cell.  Epigenetically speaking, the function of histone methylation is one of the most important regulation 

mechanisms in the organism to provide this process.  Examples of this type of regulation involve X chromosome inactivation, 

heterochromatin formation and transcriptional inhibition/activation [205].  Malfunction of histone methylation has long been 

related to increases in the rate of cell transformation, thus increasing the chance of oncogenesis [206].   However, recent studies 

also showed that histone methylation can activate genes, which suggests it has a dual effect in cells [205].   The methylation 

could happen on different amino acid residues, including both lysine and arginine residues [207].  At the same amino acid residue, 

the methylation could happen to different degrees, including mono-, di-, or trimethylation [208,209].  For example, the lysine 

methylation could obtain up to three methyl groups while arginine could only do one [210].    

Numerous studies so far, focused on the function of the lysine (K) residue, especially on the H3 N-terminal tail.  This is 

because each lysine methylation on the H3 N-terminal tail induces a unique effect on chromatin structure and gene transcription 
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[211].  Compared to H4, which has only one lysine methylation site (H4K20), there are more than 20 methylation sites on the H3 

N-terminal tail that have been identified and five lysine residues are thought to be the most functionally important [202].  These 

sites are K4, K9, K27, K36 [201] and K79 [212].  Table 1 lists the biological effect of methylation at different lysine sites on the H3 

N-terminal tail.  Many studies have established a close relationship between the H3 N-terminal tail methylation and normal 

development/neoplasm genesis [213].   Among them, K27 is the most important methylation site, which inhibits gene 

transcription  [214].   

 

1.2.3.2.1.  H3K27 Methylation induced gene transcription inhibition 

H3K27 methylation exists in three forms, which are mono-, di- and tri-methylated [215].  In mammalian cells, the 

distribution percentage for H3K27 Me0, H3K27Me1, H3K27Me2 and H3K27Me3 is 15%, 25%, 50% and 10% [216].  In Drosophila 

and mammalian cells, all H3K27 is conducted by EZ and EZH1/2 proteins (their properties will be discussed later in this thesis).  

The mechanism of histone N-terminal tail induced gene repression will be discussed in later paragraphs.   

Compared to H3K27Me2 and H3K27Me3, H3K27Me1 function and regulation remains poorly known.  While the plants use 

specific mono-HMTs to conduct H3K27 Me0 to H3K27Me1 [217], EZH1, EZH2 and EED together are the responsible for both Me0 

to Me1 and Me2 to Me3 [218,219]. In Drosophila, chromatin scanning revealed the distribution of H3K27Me1 is prevalent at both 

heterochromatin (e.g. pericentromeric region) and euchromatin (but selectively depleted around transcription start sites of active 

genes) [14,220].  This suggests that H3K27Me1 might be involved in heterochromatin structure maintenance and a reservoir for 

inhibitory DNA binding proteins at active gene loci.  Additionally, H3K27Me1 could also prevent the acetylation of H3K27 and 

other PTMs.  One most current review paper suggested the existence of a H3K27Me1 binding protein, which could either directly 

induce chromatin structure change or recruit other proteins [217].  A potential candidate for such a protein is the Decrease in 

DNA Methylation 1 (DDM1) protein identified in the plant, Arabidopsis [221,222].   

Although no experiment so far has directly shown a correlation between H3K27Me2 and gene expression level, some  

studies have indirectly suggested it as an inhibitory biomarker.  For example, in Drosophila, H3K27Me2 coincides with H3K27Me1 

at chromocenter regions [14], which are highly packed area and have no access to polymerase.  Similar results were obtained in 

Arabidopsis [223].  Similar to H3K27Me3, the H3K27Me2 is methylated from H3K27Me1 by EZH2 in the PRC2 complex in 

Drosophila [224], and indicated by the knock-down of EZH2 which decreased the levels of both H3K27Me2 and H3K27Me3 [215].  

Recently, H3K27Me2 is suggested as an intermediate status [215], which prevents gene activation through both supplying 

H3K27Me3 raw material and preventing H3K27 acetylation [213].   

The H3K27Me3 is the only methylated H3K27 that is clearly demonstrated as a biomarker for gene repression.  In 

Drosophila cells, although also detected at limited euchromatin loci, H3K27Me3 locates constantly at pericentric heterochromatin 

at high concentrations [14].  Similar condensed distribution of H3K27Me3 is also observed in inactivated X chromosomes in 
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mammalian cells [13].   In Arabidopsis defective in H3K27Me3 and H3K27Me3, specific demethylases (JMJ12) caused hundreds of 

genes to fail to be silenced and extensively silenced, respectively [225].  EZH2 knock-down [215] and knock–out [218] caused 

significant decreases, but not a total loss of H3K27Me3.  The explanation is the existence of EZH1, which is a homolog of EZH2 

and replaces EZH2 and keeps minimal necessary H3K27Me3 for embryo development.  Additionally, noticeable increases of 

H3K27Me3 were recently reported after a novel point mutation in the SET domain of EZ protein, which resulted in substantially 

lowered Abd-B gene expression in Drosophila [226].   

Table 1. lists all lysine residues on H3 N-terminal tail, which so far has been found as potential methylation sites.  Their 

function was indexed with some relevant references.   

 

Histone 

Methylated 

Lysine 

Residue 

Level of 

Methylation 

Effect on gene transcription 

Reference 

 

H3 Lys4 Me1 activate 

 

[227,228] 

Me2 

Me3 [208,229] 

Lys9 Me1 found within silent domains of euchromatin [230], 

maybe related to activation 

[231,232] 

Me2 found  enriched within silent domains of euchromatin, 

function unclear. 

[230] 

Me3 inhibit [14,216,226,230,231,233] 

Lys27 Me1 Function unknown.  Majority of papers tend to suggest 

it as an inhibitory marker.  But one suggests it as 

marker for active gene [214]. 

[14,216,220,230] 

Me2 Function unknown.  One paper suggested it as an 

intermediate state between Me1 and Me3 [215]. 

[14,215] 

Me3 inhibit [13,234] 

Lys36 Me1 inhibit [235,236] 

Me2 activate 

Me3 

Table 1.  Potential methylation lysine residues on the H3N-terminal tail and their effect on gene expression  
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1.2.3.2.2.  Introduction to the PRC2 

Histone N-terminal tail methylation is carried out by the histone methyltransferases (HMTs), whose key characteristic 

is the SET domain.  The SET domain is short for the Su(var)3-9; E(z); Trithorax, which is defined as the conserved protein 

domain that has methyltransferase capacity [237].  So far, many proteins containing the SET domain have been found to be 

members of the HMTs family, including the polycomb repressive complex (PRC).   

The PRC is highly conserved from Drosophila to human and two subtypes of the PRC have been identified, which are 

PRC1 [238] and PRC2 [239].  These two subtypes consist of different components and methylate histone N-terminal tails.  It 

remains elusive as to which protein serves as the HMT in PRC1 [240,241].  On the other hand, PRC2 has so far the only specific 

HMT for H3K27 di- and tri-methylation.  In humans, its HMT function is conducted via the key component in the functional core, 

called EZH [213].  Additionally, three more proteins are identified in the PRC2 functional core as well, which are EED, SUZ12 

and RbAp46/48 (or called RBBP7/4) [213,242,243].  In Drosophila, PRC2 is also known as the ESC-EZ complex.  The 

ESC/ESCL, histone H4 binding protein p55 and EZ of the ESC-EZ complex are the ortholog of EED, RbAp46/48 and EZH 

protein in humans, respectively.     

All the protein in the PRC2 and PRC1 functional cores belong to the Polycomb group (PcG) family [244].  In early 

Drosophila studies, the PcG family served as an important repressor to the  Hox gene and controlled Drosophila body-segmental 

development.  Now, the PcG family is proven to be required during physiological processes including embryonic development 

and cell pluripotency [245].  Selective knocking-out of one of the PcG proteins in the PRC2 and PRC1 functional cores leads to 

embryonic lethality and developmental abnormalities, respectively [246]. The following paragraphs will shortly address the 

known knowledge of these four PcG proteins in the PRC2 functional core.   

 

1.2.3.2.2.1.  Components in the functional core of the PRC2  

In a 2002 study, the structure of the SET domain in the EZH2/EZ protein was determined [247]  In this study, the  

EZH2/EZ was determined as the catalytic site of the PRC2, which conducted methylation on H3K27 and H3K9 residues [213,247].  

Although subsequent studies reported different findings for which EZ had no effect on H3K9 residue [242,248].   It is with no 

doubt that its methylation on H3K27 is specific since the  mono-methylation process on H3K27 gradually accumulates methyl 

groups from Me0 to Me1, Me1 to Me2, Me2 to Me3 [249].   

Many studies have bridged the reverse relationship between EZH2 and gene transcription via H3K27 methylation on 

genes.  After overexpression of EZH2 in cancer cells  an increased H3K27Me3 and histone deacetylases (HDAC) were observed at 

the promoter site of Runt-related (RUNX) family genes [250].  On the other hand, the EZH2 knockdown exhibited both a 

decreased H3K27Me3 and HDAC at the promoter site of the RUNX gene, which allowed the recovery of  RUNX gene expression 

[250].  In the EZ knockout, Drosophila larva methylated at H3K27   were barely detectable [14].  If the SET domain inside the 
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EZH2/EZ is disrupted, its HMT function is abolished as well.  For example, by replacing a conserved histidine residue 

(H689) with an alanine (H689A) inside the SET domain of EZ, the HMT activity of PRC2 was decreased in vivo [247].  

Similarly, switching the cysteine-545 (C545Y) to tyrosine within the SET domain not only decreased the HMT activity, but also 

inhibited the binding between the PRC2 and special DNA regions called PcG response elements (PREs), thus inhibiting the 

histone methylation as well [247].   

However, even with the existence of normal EZH2/EZ, the PRC2 still has no HMT function at all if EZH2/EZ lacks 

cooperation from the other three proteins inside the PRC2 functional core.  The explanation for this phenomenon is that 

EZH2/EZ requires DNA binding before it performs the HMT function.  Because EZH2/EZ itself does not have a DNA binding 

domain, it needs help from other proteins to locate the position, anchor to the chromosome and potentiate the methylation.  So 

far, EZ had been shown to have a direct connection with the ESC in Drosophila [251] and SUZ12 [252], or maybe RbAp46/48 as 

well [253].  These three proteins inside the functional core, together with other accessory proteins, complete the well regulated 

methylation process.   

The EED is a conserved protein found in the PRC2 complex and is essential for the PRC2 silencing function.  In 

Drosophila, the EED has two homologues, which are the ESC and ESCL [254], and both are coded by the Esc gene [255].  The 

function of EED is believed to be a connecter inside the PRC2, which bridges the histone with the HMTs inside the PRC2.  For 

example, in both Drosophila [256] and mice [257], the Esc gene knock-out in the embryo inhibits the homeotic genes, just as 

other PcG proteins in the PRC2.  Subsequent Esc gene knock-in could rescue the embryo, if only the supplement was given in the 

first several hours of development [256].  This suggests the unique time-sensitive biological effect of the EED protein, which is 

different from other PcG proteins [258].  The PcG protein subunits inside the PRC could recognize the polycomb 

response elements (PREs).  RNA interference specifically knocking down the ESC led to obviously decreased levels of the EZ-

PRG binding, which inhibited the methylation and subsequent regulatory protein binding [242].  Subsequent studies showed that 

this was partially due to the failure of the bridge effect of EED/ESC and proper EED/ESC association.  Biochemical studies 

showed that EED/ESC had a C-terminal with seven WD regions, which could directly bind to both the N-terminal of EZH2/EZ 

[251] and H3 [255].  After proper bridging by EED/ESC, the EZH2/EZ then performed its methyltransferase effect and conducted 

the global H3K27 methylation [259].  Interruption of the EED/ESC protein bridging resulted in global H3K27 methylation failure, 

which caused embryo development failure in both Drosophila.[259] and mammals [260].  Only in the presence of EED/ESC, 

H3K27 methylation was properly conducted [259].  Additionally, the EED showed a connection to the HDAC in the PRC2 as well 

[261,262].  Histone deacetylation is a critical step in gene repression.  One study reported the finding of a highly specific 

interaction between HDAC1/2 proteins and EED [262].   

The SUZ12 protein is a relatively new component found in the PRC2 complex.  Gene alignment demonstrated that it 

was a highly conserved protein from plants to mammals [263].  Although its detailed function remained unclear, the loss of the  
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Suz12 gene resulted in the total absence of the H3K27Me3 in Drosophila [264].  Biochemical analysis identified two regions inside 

the SUZ12 protein,  the zinc finger motif domain and the VEFS (VRN2-EMF2-FIS2-Suz12) domain [252].  The function of zinc 

finger motif is unknown, and one paper reported that this region did not have DNA binding ability [263].  On the other hand, the 

VEFS had direct physical contact with EZH2 and heterochromatin protein 1α (HP1α) both in vitro and in vivo [252], which was 

confirmed by an immunohistochemistry study [264].  VEFS domain malfunction induced by a Suz12 gene missense mutation  

caused the PRC2 to lose its methyltransferase ability while still maintaining a proper PRC2 complex structure [259].   

RbAp46 and 48 are two proteins discovered inside the PRC2 core in humans [242,247] and their homolog is called p55 

in nucleosome remodeling factor NURF (NURF55) in Drosophila and p55 in fly [265].  Both RbAp46/48 [266,267] and 

NURF55 could directly bind to H4 and H2A [253,268].  Biochemical analysis reported the structure of RbAp46/48 contained a 

seven WD repeat motif, which was similar to that of EED [253].  Previous studies reported that the RbAp46/48 was directly 

associated with SUZ12 [269] and HDAC1 [253].  These data suggested that RbAp46/48 functions as a bridge to connect its 

binding histone to other catalytic units in the PRC2.  The exact function of RbAp46/48 in PRC2 remained unclear due to 

conflicting studies.  Two recent studies found p55 was either essential [270] or not essential at all for PRC2 functioning [271].  

However, its function in Drosophila chromatin assembly factor 1 (dCAF-1) might give a clue about how it works.  A previous 

study showed that p55 was also detected in dCAF-1, in which p55 had direct contact with RPD3, a HDAC [253].  The deletion of 

p55 in dCAF totally abolished the function of dCAF-1 [272].  This indicated that p55 might conduct its function through setting 

up a bridge between the histone protein and functional unit inside the dCAF-1, including RPD3.  Thus, some papers proposed the 

same model for p55 in the PRC2 based on the following experiment results: 1) the HDAC1/2 proteins were identified in the 

PRC2 [262]; 2) p55 had direct contact with HDAC1/2 in PRC2 [253]; and 3) p55 mutant Drosophila strain had reduced levels of 

both PRC2 and its product, H3K27me3 [270].   

 

1.2.3.2.2.2.  Proteins out of the functional core of PRC2  

There are also some other proteins, which are not in the functional core, that help in PRC2 functioning.  So far, several sequence-

specific DNA-binding proteins had been identified.  For example, in both PRC1 and 2, PREs recognition proteins were identified 

[273], which were the pleiohomeotic (PHO) in Drosophila  and its mammalian orthologue, Yin Yang (YY) 1 [274].  One study 

showed that the YY1 and PHO were crucial for recognizing the PREs region, thus allowing the PRC complex to conduct 

methylation at well defined areas [273].  Additionally, the Zeste protein co-localized with both PRC1and PRC2 on the chromatin 

at many sites, suggesting the association of Zeste with the PRC [275].  Because the Zeste protein could recognize and bind to a 

specific DNA sequence (T/CGAGT/CG), it is believed that Zeste also helps the PRC to locate sites [276].  Other proteins include 

GAGA factor (GAF), pipsqueak (Psq), dorsal switch protein (Dsp1), grainy head (Grh) and SP1/KLF [277].  Nevertheless, how 

all these proteins help the PRC to locate the position is still not clear. 
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1.2.3.3.  Histone Acetylation 

 Although the core histone and certain C-terminal tails are subjected to acetylation modification as well, they seem to be 

much less common compared to that of the N-terminal tail acetylation [12].  Histone acetylation is overall related to increased 

gene expression [193,278,279].  For example, in chicken embryo erythrocytes, the alpha-D-globin gene is an actively transcribed 

gene, which contains 15- to 30-fold more acetylated histone compared to those genes that are not actively transcribed [280].  

After deleting H4 N-terminal tail, H4 tail could no long be acetylated, which resulted in genes transcription inhibition [281].    

 Among all canonical histones, H3 is the most popular post translationally modified protein in epigenetic research  

regulation.  Increased levels of acetylated H3 were found at the gene promoter area, which is highly correlated with gene 

transcription activation [282].  The H3 N-terminal tail has the most varieties and sites of PTM compared to its counterpart as well 

[12].  The lysine residue is the major site for enzymatic PTM [201].  Although in eukaryotic cells, there remained some 

differences among sample sources (e.g., human organ cellc vs yeast) most of the time, the lysine sites on the H3 N-terminal tail 

are either methylated or acetylated [201].  So far, in eukaryotic cells, five lysine sites on the H3 N-terminal tail have been 

identified to be acetylation modifiable, which are the Lys (K) 9, K14, K18, K23 and K27 [201].  The H3K27 acetylation (Ac) has 

been reported in yeast [283], human, and mouse [201].  Using CHIP-Seq techniques, H3K27Ac was confirmed to be positively 

correlated with gene expression and located around transcription start sites [15].  It is a biomarker to distinguish active 

enhancers and a poised enhancer, which are enriched and absent in H3K27Ac, respectively [284,285].  Additionally, H3K27Ac has 

a complimentary effect with methylated H3K27, and can replace or be replaced by H3K27Me2 and H3K27Me3 [15,284,286,287], 

thus switch the gene transcription status.  

Histone N-terminal tail acetylation is conducted by acetyltransferase (HATs) first reported in yeast [288] and, now, 

many HATs have been identified in various animals [198].  In Drosophila, the most well known HAT-bearing complex is 

trithorax acetylation complex (TAC), whose functional core has trithorax protein (TRX) and CREB binding protein (CBP) [289].  

TRX belongs to one sub-family of trithorax group (TrxG) gene, which is capable of recognizing a specific DNA domain called 

TrxG response elements (TREs) [290].  Additionally, TRX also bears a HMTs’ SET domain and methylates H3K4 specifically as 

an excitatory gene biomarker [291].  TREs serve the exact same function as that of PREs for the PcG complex.  This allows the 

TrxG complex bearing TRX to be able to recognize a specific gene locus.  On the other hand, CBP is the true HAT, which 

directly and selectively conducts acetyl group transfer to H3K27 and H3K18  [287,292].    

The function of the TrxG family protein is involved in multiple cell developmental/aging processes [293].  Although it 

remains controversial, the current hypothesis is that the TrxG protein counteracts the effect of the PcG [294,295].   For example, 

in Drosophila, the TrxG and PcG regulates the on and off status of the Hox gene, which affects Drosophila body segment 

development [294].  The TREs usually cluster or even coincide with the PREs [295,296].  With the help of some shared 
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components inside the TrxG and PcG (e.g. PRC2), these two complexes could be recruited to the same DNA regions [293], bind 

simultaneously [297] and compete for the same residue, H3K27 [255].  Without affecting CBP level, decreased TRX protein was 

correlated with reduced H3K27Ac levels and vise versa [255].  Trx gene or TRX protein mutation gave the same results [289]. 

CBP has long been identified as a HAT [298], which is as essential as HMTs during early life development.  For 

example, CBP knock-out caused developmental arrest in Drosophila embryoes [299].  On the contrary, regional overexpression 

of CBP in Drosophila  caused body developmental abnormality and global histone acetylation, while ubiquitous overexpression  

induced mortality [300].  Recently, H3K27 was reported as specific acetylation site for CBP [255].  In the study, the authors found 

that partial CBP knock-out allowed Drosophila to develop but with significant decreased H3K27Ac, increased H3K27Me3, and no 

changes in H3K27Me2.  Conversely, moderately overexpressed CBP levels exhibited increased H3K27Ac and moderately reduced 

H3K27Me3 in Drosophila.  Lately, the same group reported the physical association of CBP with H3K27-specific demethylase 

UTX and chromatin-remodeling factor BRM [301].  This suggests further support for the counteractive effects between 

acetylation and methylation on H3K27 and chromatin structure change after H3K27Ac.   

 

1.2.4.  Chromatin Remodeling  

As mentioned above, although the presence of nucleosomes helps the 2 m DNA to be well folded into the eukaryotic 

cell, it sterically occludes the accessibility of DNA to the DNA binding molecules from small proteins (DNase I) and to huge 

transcriptional machiner.  Thus gene transcription would be inhibited if there is no way to release the nucleosomes on the 

chromatin [302,303].  The biological system is smart enough to incorporate several mechanisms , such as chromatin structure 

remodeling, to allow access of polymerase to DNA.  But, in a 6 million bp DNA pool, how is the cell able to know the exact site 

and time to remodel chromatin structure?  The histone N-terminal tail PTM is one of the most important biomarkers that cells 

utilize to accurately remodel chromatin structure.    

 

1.2.4.1.  Brief introduction of chromatin structure remodeling and remodeling complex 

The chromatin structure remodeling is a process that cells utilize to regulate gene expression without changing their 

DNA sequence.  So far, five types of chromatin dynamic changes have been demonstrated, including histone switching, histone 

ejection and recruitment, histone replacement and histone sliding.  The overall biological roles of these changes make chromatin 

switchable between heterochromatin and euchromatin.  These remodeling processes are conducted by the chromatin remodeling 

complex. 

Chromatin remodeling complex is a protein polymer, which use ATP to manipulate nucleosomes on the chromatin 

[304].  This complex  usually consists of motor proteins and accessory proteins [305].  The accessory proteins are mainly 

involved in nucleosome binding, recognizing histone covalent modification, interacting with transcriptional factors or other 
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regulatory proteins and regulating the motor protein.  On the other hand, the motor protein contains the real ATP hydrolysis 

domain, which utilizes the ATP to break down the interaction between NCP and DNA, and  cause chromatin remodeling.  So far, 

inside the chromatin remodeling complex, four families of SF2 have been identified, which are SWI/SNF family,  imitation 

SWI (ISWI) family, chromodomain, helicase, DNA binding (CHD) family and inositol requiring 80 (INO80) family [305].   

 

1.2.4.2.  Histone acetylation induced chromatin remodeling 

Histone acetylation activates gene transcription by changing chromatin structure into a less packed status.   

1.2.4.2.1.  Two mechanisms for histone acetylation induced chromatin structure change 

Firstly, histone acetylation has been shown to weaken/decrease the contacts in the nucleosome between DNA and NCP 

[198,306].   The histone tail acetylation can neutralize histones’ positive charge, and thus decrease their affinity for DNA.  The 

reduced affinity or even direct binding between DNA and NCP lead to unfolded chromatin and out-looped or even naked DNA 

strands, which facilitate the binding between DNA and the transcription machinary [198,204].  Opposite to the acetylation, 

histone deacetylation is believed to restore the positive charge on the nucleosome, which strengthens the binding and results in 

gene inhibition.  Although this model is the most popular hypothesis and supported by many studies, it is challenged by a later 

study, which reported that histone acetylation did not weaken the DNA-histone binding [307].  Additionally, histone acetylation 

changes the binding affinity between chromatin and transcription-related proteins.  In S. cerevisiae, several silencing related 

transcription factors (TFs), such as type 3 and 4 of silent information regulators (Sir) [308] and Tup1p [309], decreased their 

affinity to acetylated H3 and H4, which resulted in reduced gene-inhibition.  The H4 deacetylation, on the other hand, will recruit 

the Sir3 [310].   

Secondly, histone acetylation could recruit chromatin-remodeling factor, which facilitates the heterochromatin-to-

euchromatin transformation [198].  An early study observed that histone acetylation disrupted the higher-order of chromatin and 

activated gene expression [311].  However, the decreased binding between DNA and NCP alone is not supposed to allow such a 

change.  Later, more and more researchers realized that histone acetylation is also able to recruit chromatin-remodeling factors, 

such as SWI/SNF [312,313,314], to help them facilitate chromatin remodeling.   

 

1.2.4.2.2.  Two models of histone acetylation induced gene activation  

 Combining all these mechanisms together, two models have been proposed to explain the overall gene activation effect 

induced by histone acetylation [315,316].     

The first model believes that gene activation is based on the ability of the chromatin-remodeling factor/TF to recognize 

locus-specific acetylation/deacetylation [316].  There remains a cis-element at the up-stream of gene promoter.  After binding of 

sequence-specific DNA-binding proteins to this region, a protein-recruiting cascade occurs.  Taking the repressing-process as an 
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example, during this cascade, HADCs reach this region, followed by chromatin-remodeling complex.  The chromatin-remodeling 

complex facilitates the histone moving to the vicinity of the promoter core after the HADCs deacetylate the promoter.  In this 

case, the transcriptional machinery could no longer gain access to the promoter area of the down-stream gene, which is how 

transcription gets inhibited [198,317].  If the repressing DNA-binding protein does not bind to the cis-element, the HADCs will 

not be recruited, which is followed by no chromatin-remodeling protein.  Thus, if the nucleosome histones are acetylated, the 

chromatin remodeling complex will be attracted to this locus by its subunit called bromodomains [318].  After a series of 

nucleosome dynamic changes, the chromatin structure at the promoter region is wide enough for transcriptional machinery to 

start transcription.   

The second model presents a more non-specific and global effect as compared to that of the first pathway.  Instead of 

just promoter vicinity regions, the whole genome is getting acetylated by HAC [198,315,316].  The chromatin remolding 

complex will then be attracted to the acetylated chromatin areas.  In this case, the whole genome becomes looser, which offers 

more accessibility to the transcriptional machinery.  This sounds like that histone acetylation will cause unspecific gene 

activation.  Well, different genes locate at different chromosome regions, where chromatin structure, nucleosome numbers and 

protein accessibility are different.  These properties makes the acetylation to be at different level and time period which indirectly 

makes it gene specific.  Additionally, HADCs is constantly in company with the HAC, which balance the transcription of 

different genes [319].  This makes the gene transcription regulation even more precise.    

 

1.2.4.3.  Histone methylation induced chromatin remodeling 

As mentioned above, the histone-acetylation neutralizes the positive charge of the histone.  However, for methylation, 

no change in electrical charge has been detected [205].   Specifically, for H3K27, no evidence so far suggest that its methylation is 

directly related to changes in the chromatin structure [320].  Thus, histone methylation must use other mechanisms to conduct its 

inhibitory effect.  So far, two models have been proposed. 

The first model hypothesizes that the histone tail methylation is to recruit or offer a docking place for some chromatin 

remodeling factors, which manipulate the downstream chromatin structure [205].   One example is the observation that 

methylated H3K27 recruits the PRC1 [247,321,322].  The PRC1 has a protein constituent called Polycomb, which bears a 

chromodomain [321,322].  Because chromodomain specifically recognizes H3K27Me3, it is reasonable to suspect that the PRC1 is 

recruited to this locus.  To support this hypothesis, one study showed after H3K27 de-methylase UTX knock-down, both 

methylated H3K27 and PRC1 significantly increased binding to chromatin [323].  Another biochemical study revealed that PRC1 

obtained an extended recognition groove which specifically recognized H3K27 methylation [322].  However, opposite results were 

also published later by showing PRC2 independent recruitment of PRC1 [324].  Thus, this hypothesis remains inconclusive.   
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Recent studies also suggest that H3K27Me3 can stop nearby transcriptional machinery passing locally.  In human 

embryonic stem (ES) cells, some genes are enriched with binary modifications (two coexisting PTMs on the same histone N-

terminal tail).  For example, both gene-activating H3K4Me3 and gene-inhibiting H3K27Me3 have been detected at several genes 

promoters [325,326,327].  These genes are called bivalent genes.  Although the function of these remains unclear, the prevailing 

idea is that these genes remain in a “poised” state, which is ready for rapid transcriptional activation at the presence of specific 

signals [328].  One study found that at the promoters of these bivalent genes, a high level of transcriptional machinery was 

detected, but with low transcription levels [329].   A following study repeated and agreed with their results [330].  Thus, it 

suggested that H3K27Me3, put together with H3K4Me3 at promoter areas, is able to prevent transcriptional machinery from 

passing, and thus inhibit gene transcription.  Additionally, one paper demonstrated that the binary modification on H3 tail (di-

methylation and phosphorylation) also allows chromatin to fold into a specific conformation [331], which might prohibit the 

association of chromatin-remodeling factor from obtaining a chromodomain and preserve its heterochromatin structure.       

Additionally, a newer novel model was introduced for HMT induced gene repression.  This study reported that histone 

tail methylation by HMTs prevented unliganded nuclear receptors from binding to their target gene, which prohibited gene 

conformational changes and kept them inactivated [332].  However, detailed information remains unclear.   

 

  



26 
 

CHAPTER 2:  Changes of Polycomb Repressive Complex 2 (PRC2) caused by neonatal fasting stress protect 

chickens from future fasting stress 

 

Ying Jiang, Cynthia J. Denbow, Michael D. Denbow 

 

Abstract 

 

Unfavorable nutritional conditions during the neonatal critical-period can cause both acute metabolic syndromes and severe 

diseases in later life.  It is due to epigenetic changes on different genes controlling feeding regulatory factors.  Early studies 

reported that 24 hr fasting at 3 day-of-age (D3) caused changes in inhibitory epigenetic marks on neurons in the hypothalamic 

paraventricular nucleus (PVN), an area associated with energy homeostasis.  In the current study, we further investigated the 

effects of fasting at D3 on epigenetic changes in the brain of chickens.  Methylation of histone 3 at lysine 27 (H3K27) and 

H3K27 methyltransferase (HMTs) were increased after fasting in PVN neurons, and this effect was also evident at 10 (D10) and 

40 days-of-age (D40).   By comparing to the significantly elevated methylated H2K27 and HMTs caused by single late day 

fasting (D10 or D40), a pre-treated D3-fasting were able to prevent these surges and bring these parameters back or close to 

control.  Changes in brain-derived neurotrophic factor, which is an important protein for neuron survival and energy homeostasis, 

further supported these data.  These findings show that neurons in the PVN are capable of acclimating to repetitive fasting 

stresses due to the early exposure to fasting.  It suggests that the epigenetic changes can induce “molecular memory” to protect 

individuals against future similar stresses.   
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2.1.  Introduction 

The developing brain is sensitive to environmental influences such as unfavorable nutrition during the neonatal period that 

may result in acute metabolic disorders [1,2,3] and severe diseases in later life [4,5].  These early life experiences occurring 

during heightened periods of brain plasticity help determine the lifelong structural and functional aspects of brain and behavior.  

In humans, for example, weight gain during the first week of life after birth increased the propensity for developing obesity 

several decades later [5].  This may be due to extreme susceptibility of the developing brain, whose function is easily disrupted 

and conditioned by nutritional stress [3,333,334].  Long-term consequences of adverse conditions in early life may be a reflection 

of transcriptional changes for genes within the central nervous system (CNS) that occur as a result of epigenetic modifications 

[335,336,337].   

Epigenetics refers to genome expression regulation that is not due to DNA sequence changes [338].  Chemical 

modifications made to histone proteins on the chromatin is one of the most important options to perform epigenetics [338].  

Although it has been shown that acute nutritional stress changed inhibitory modifications on histones at a genome-wide level [6] 

and altered the CpG methylation status of specific genes [8], the longevity of these epigenetic marks induced by nutritional 

conditioning during brain development period remain unknown.  Neither the function nor purposes of these changed epigenetic 

marks is known. 

N-terminal tail post-translational modification (PTM) of histone proteins is one of the most important epigenetic changes 

utilized in all cells to regulate gene expression.  Thus far, various types of PTMs have been identified on various histones [12].  

Among them, the methylation and acetylation on lysine residue (K) 27 on histone 3 (H3) has been linked to gene repression 

[13,14] and activation [15], respectively.  H3K27 methylation is carried out by histone methyltransferases (HMTs) in a multi-

protein complex, called polycomb repressive complex 2 (PRC2) [339].  Three polycomb group (PcG) proteins make up the PRC2 

functional core [213], including embryonic ectoderm development (EED) protein, enhancer of zeste 2 (EZH2) and suppressor of 

zeste (SUZ) [213,242,340].  While EED and SUZ recognize a specific histone site on chromatin and bridge it with the PRC2 

[242,259], EZH2 is the only HMT within the PRC2 that produces di- (H3K27Me2) and tri-methylated H3K27 (H3K27Me3) 

[259].  No experiment to date has studied the dynamic changes in these subunits of PRC2 during normal development and under 

nutritional stress in chickens.     

Brain-derived neurotrophic factor (BDNF) is an important hormone involved in neuron survival and brain development, 

and is highly expressed in the hypothalamus [78].  As an anorexigenic factor, BDNF induces feeding suppression after acute 

application [161,341] and weight loss during long-term application in animals [162].  On the other hand, fasting inhibited BDNF 

mRNA level in several areas of the hypothalamus [75].  The paraventricular nucleus (PVN) is a key integrating nucleus for 

various metabolic signals and maintains normal energy homeostasis by coordinating other hypothalamic nuclei [342].  It contains 

a high level of BDNF [79] and responds to local BDNF microinjection by instantly inhibiting appetite and feeding behavior [161].  
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The BDNF gene has been the focus of many developmental studies aimed at understanding the relationship between early-life 

stress, brain responses, and behavioral outcomes.  Data demonstrate that early-life events influence the Bdnf gene and behavioral 

outcome [343,344].  A previous study reported the genome-wide changes of inhibitory epigenetic marks (H3K27me2, 

H3K27me3 and EZH2) after fasting in neonatal chicks [6].  However, no study has correlated these changes at the Bdnf locus to 

gene expression. 

In our prior study fasting induced changes in methylated H3K27 levels in neonatal chickens [6].  In the current study, we 

monitored genome-wide changes in the di- and tri-methylation status of H3K27 and expression of key components of HMTs 

(EED, SUZ and EZH2) in PVN neurons following a 24 hr fast in both neonatal and mature chickens.  We also investigated the 

effects of preconditioning chicks at an early age by fasting and looking at the changes in methylation status of H3K27 following 

a subsequent fast.   The di- and trimethylation levels of H3K27 along the bdnf gene during fasting of 3-day-old chicks and during 

subsequent fast after the critical period of feed-intake control establishment were evaluated by chromatin immunoprecipitation 

assays. 
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2.2.  Materials and methods 

Animals 

The day of hatching was considered postnatal day 0.  One days-of-age (D1) male white Plymouth Rock chickens were 

obtained from the Cobb-Vantress Hatchery in Wadesboro, NC, USA.  They were transported to VT and initially housed in 

Petersime batteries in groups of ten prior to twenty-one days-of-age (D21) and in groups of four afterwards.  The room 

temperature was 30 ± 2 °C and 50 ± 5% relative humidity.  Water and food were available ad libitum.  All experimental 

procedures were performed in accordance with the Virginia Tech Animal Care and Use Committee.   

Chemicals 

Antibodies were purchased from Cell Signaling Technology (Danvers, MA, USA) and included Histone 3 (H3), tri-

Methylated Histone H3 at Lysine 27 (H3K27Me3), di-Methylated Histone H3 at Lysine 27 (H3K27me3) H3K27Me2, β-

actin antibodies and chromatin immunoprecipitation assay kits.  BDNF antibody was purchased from Abcam Inc. (Cambridge, 

MA, USA).  Anti-rabbit IgG horseradish peroxidase-conjugated antibody was from Santa Cruz Biotechnology (Santa Cruz, CA, 

USA).  SYBR Green was from Life Technologies Corp (Carlsbad, CA, USA).  All additional chemicals were purchased from 

Sigma-Aldrich (St. Louis, MD, USA).   

 

Protein isolation and western blotting 

Nuclear protein extractions were conducted as described previously [6].  Before western blots, the protein concentration 

was quantified by BCA protein assay, according to the manufacturer's instruction (Thermo Fisher Scientific, Rockford, IL, USA).  

All samples were then adjusted to the same concentration.  Before loading, samples were mixed with Laemmli loading buffer 

[345] at 1:1 volume and heated for 10 min at 99°C.  Protein extracts were separated on 12% SDS-PAGE pre-cast gels (Lonza, 

Walkersville, MD, USA) and transferred to nitrocellulose membranes (12 V for 1 h, 24 V for 1 h).  The membranes were then 

blocked in 5% bovine serum albumin (BSA) overnight at 4°C with shaking.  On second day, the membranes were washed by 1% 

BSA 5min * 3 times.  Primary antibodies (Ezh2 at 1:500, H3K27Me2 at 1:1000, H3K27Me3 at 1:1000, H3 at 1:1000, β-actin at 

1:1000 and BDNF at 1:1000) were incubated with the membranes overnight at 4°C with shaking.  On the second day, membranes 

were washed and incubated with anti-rabbit IgG horseradish peroxidase-conjugated antibody at room temperature for 1 h with 

shaking.  A chemiluminescent signal was detected following incubation with SuperSignal West Pico substrate (Pierce, Rockford, 

IL, USA) using a Gel Doc XR System (Bio-Rad, Hercules, CA, USA).  The Quantity One (Bio-Rad, Hercules, CA, USA) image 

analysis software was used for band density analysis.  The final ratio value of each protein was equal to the ratio of the target 

protein to the density value of β-actin protein. 

 

Real-time polymerase chain reaction (qPCR) assay design 
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The total RNA was isolated and followed by reverse transcription as described previously [6].  Real-time PCR was 

performed in a 7500 Sequence Detection System (Life Technologies Corp., Carlsbad, CA, USA) with 2 μl sample and a SYBR 

Green PCR Master Mix (1 μl DEPC H2O, 2 ul primers at 2 μM and 5 μl SYBR Green).  Primers are listed in Table 2.  The 

product specificity of every reaction was confirmed by melting curve test.  The ∆∆Ct method was used for all qPCR results. 

 

Chromatin immunoprecipitation assays (ChIP) 

SimpleChIP® Enzymatic Chromatin IP Kit (Cell Signaling, Danvers, MA, USA) was used for ChIP assays.  Manufacturer’s 

protocol was followed with some modifications.  Nuclear proteins in PVN were first cross-linked with 1% formaldehyde for 10 

min and quenched by glycine solution.  Chromatin was sheared by sonication, using Vibracell Sonix (maximal power 750 watts; 

Sonics & Materials Inc, Newtown, CT, USA) at 32% power for 9 rounds of 10 sec sonication with 350 ul SDS lysis buffer (SDS, 

1%; EDTA, 10 mM; and Tris, pH 8.1, 50 mM).  Then, 50 ul sheared chromatin were incubated with H3 (4 ul), H3K27Me2 (8 ul), 

H3K27Me3 (8ul), Ezh2 antibody (5 ul) and anti-IgG (4 ul as a mock background immunoprecipitation) overnight.  Then, the 

antibodies were retrieved by using Protein G Agrose Beads and target proteins were eluted at 65 °C overnight.  On the next day, 

Protein G Agrose Beads were centrifuged down at 6,000 rpm and incubated at 65 °C overnight with Proteinase K.  After 

purification as provided in the kit, all samples were subjected to real-time PCR using primers targeting on different regions of the 

BDNF gene.  Primer design was listed in Table 1.  The data were normalized to an input control that consisted of qPCRs from 1% 

crosslinked chromatin before immunoprecipitation and final results were reported by ∆∆Ct methods. 

 

Statistical analysis 

 JMP 9.0 (SAS Institute Inc, Cary, NC, USA) was used for all data analysis.  Data presented were means ± SEM.  For 

experiment 1, comparisons between control and treatment group used unpaired t-test for each single time point.  For experiment 2, 

control, treatment 1 and treatment 2 comparison used analysis of variance (ANOVA), which used the general linear modeling 

procedure (GLM, SAS Institute Inc.).  Significant differences were considered as P < 0.05 unless otherwise stated. 

 

2.3.  Experimental design 

Experiment 1: single fasting on three days-of-age (D3) 

Thirty-six one-day-old chicks were used to test the effect of a single fasting on early postnatal days.  They were randomly 

assigned into two groups, which had eighteen chicks per group and marked as treatment and control.  All chicks have access to 

food and water ad libitum.  On D3, food was withdrawn from all 3 groups for 24 hr in treatment group (called D3-fasting for 

short in following paragraph).  On D4, six chicks were sacrificed by decapitation in each group while the rest were given ad 
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libitum access to food.  On D11 and D41, six chicks was sacrificed from each group, respectively.  PVN and forebrain (FB) were 

collected.    

 

Experiment 2: double fasting on both D3 and ten days-of-age (D10) 

For D3 and D10 double fasting (called D3/10-fasting in the following paragraph) group, eighteen chicks were randomly 

picked and divided into three groups (six per group).  All of them were applied with food and water available ad libitum.  One 

group was randomly picked as control group, which would never been fasted.  For the other two groups, on D3, food was 

withdrawn from them for 24 hr.  On D4, food was back to normal supply for both of the fasted groups.  On D10, one group of 

previous fasted chicks were fasted again for 24hr.  All three groups of chicks were sacrificed on D11 and PVN and FB samples 

were collected .   

 

2.4.  Results 

Elevation of global methylation at H3K27 in the PVN but not in the FB was detected 24 hours following fasting stress. 

Previous research reported that chicken BDNF gene has four exons, which generated three variants with the same coding 

area, Exon IV [346].  In our study, we first aligned BDNF gene sequence (GenBank, accession number NM_001031616) in the 

entire chicken genomic sequence (2006, UCSC), which verified the testing region in this study was Exon IV.  For easy of 

wording, we use BDNF gene instead of BDNF gene, Exon IV for short in rest of the paper.   

We first measured the body weight changes at different time point between naive group and D3-fasting group.  We 

found that 24 hour fasting on day 3 posthatch resulted in a significant decrease in body weight on D4 and D11, but not D41 

(Table 1).   

 Then, we were interested in evaluating the role of covalent histone modifications occurring at an early critical age in 

which the hypothalamic control of feed intake is thought to be established.  It is known that changes in chromatin structure 

contribute to the regulation of neuronal plasticity [347].  In this study, we concentrated on the methylation of lysine 27 on histone 

3 (H3K27).  Using western blot analyses with specific antibodies against H3K27me2, H3K27me3, and histone H3, we found that 

24 hour fasting on day 3 posthatch, resulted in a significant increase in total histone H3 levels (Fig 1A), H3K27me2 (Fig 1B), and 

H3K27me3 (Fig 1C) in the PVN on D4.  Total H3 levels were significantly increased on D11, but reduced by Day41 after the 24 

hour fast on D3.  However, no significant changes were observed on D11 or D41 for H3K27me2 or HeK27me3.  H3K27 

modifications were also evaluated in an additional brain area: the forebrain (FB).  Total H3 levels (Fig 1D) were significantly 

increased in the D3 fasted chicks on D4, D11, and D41.  However, no significant differences in H3K27me2 (Fig 1E) or 

H3K27me3 (Fig 1F) were observed, as a result of fasting on D3. 
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 Since PRC2 is specific methyltransferases for covalent modification at H3K27, we next tested the mRNA level of key 

gradients of this complex.  As shown in Fig 2, in PVN, the expression of the histone methyltransferases – SUZ (Fig 2A), EZh2 

(Fig 2B), and EED (Fig 2C) were significantly increased by D4.  While all these factors became insignificant in D3-fasted group 

on D11, SUZ and EZh2 expression levels were significantly decreased at D41 post fasting.  The mRNA expression level of these 

factors agreed with the changes of H3K27Me2 and H3K27Me3 in PVN as shown in Fig 1.  Compared to the notable changes of 

PRC2 and TRX in PVN, FB remain "quite" to the fasting stress.  In FB, no significant differences was detected between D3-

fasting and naive group in SUZ (Fig 2D), EZH2 (Fig 2E), and EED (Fig. 2F).  It agreed with the changes of H3K27Me2 and 

H3K27Me3 as shown in Fig 1.   

 

BDNF protein and mRNA expression agreed with the increased global methylation at H3K27 in the PVN following 24 hrs 

fasting stress 

 The global changes of methylation at H3K27 could affect multiple genes' expression.  As mentioned early, BDNF is an 

anorexigenic factor and inhibits food intake.  In the current study, we were interested in evaluating the expression level of BDNF 

in PVN.  Using western blot analyses with specific antibodies against BDNF protein, we found that a significant decrease in 

BDNF protein in the PVN in D4 chicks following the 24 hr fast as compared to naïve chicks (Fig 3A).  This follows the pattern 

of mRNA expression which was significantly decreased in that group (Fig 3B).  Although no significant decrease in BDNF 

mRNA by D11 or D41, there was a significant decrease at D11 of the BDNF protein but no changes at D41.  Compared to PVN, 

in the FB, there was a also significant decrease in the BDNF protein on D4 following the fast (Fig 3C), while BDNF mRNA 

expression was significantly increased at D4 (Fig 3D).  ON D11, BDNF protein went back to control level but BDNF mRNA 

remained significantly decreased on D11 in the fasted chicks.  No significant difference was detected for both BDNF protein and 

mRNA on D41.    

 

The inhibited BDNF expression level was controlled by the distribution of H3K27me2 and H3K27me3 on Bdnf gene 

Although the global methylation at H3K27 had apparently affect the BDNF mRNA expression, we had no idea about the 

detailed changes of H3K27 methylation status at Bdnf gene on chromosome.  Thus, we used CHIP assay to detect the 

dimethylation and trimethylation levels of H3K27 along the Bdnf gene in both PVN and FB following D3-fasting on D4, D11, 

and D41.  Three different regions along the gene were evaluated: the Bdnf promoter area (-869 to -801 bp upstream of the coding 

region); the Bdnf transcription start region (+91 to +190 bp); and the Bdnf 3’ untranslated region (+1623 to +1698 bp).    

In the PVN, H3K27me2 was significantly increased on D4 at the transcription start site but not transcription start region 

and 3'-UTR (Fig 4B, E& H).  By D11, however, the H3K27me2 level became significantly increased at all areas along the Bdnf 

on D11 post fast.  This pattern of H3K27me2 remained on D41.  On the other hand, the patterns of H3K27me3 varied from that 
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of the H3K27me2 along the Bdnf.  After D3-fasting, H3K27me3 had already increased noticeably at all areas along the Bdnf on 

D4 (Fig 4C, F & I).  By D11, along the Bdnf, H3K27me3 level became insignificant in D3-fasted chicks when compared to the 

naïve chicks.  On D41, H3K27me3 again apparently elevated at Bdnf promoter and transcription start region but not 3'-UTR.  The 

significance of total H3 spared in PVN, which is only shown on D4 at Bdnf promoter and 3'-UTR and D41 at Bdnf transcription 

start region.       

 As a H3K27 specific methylation catalyzer, EZH2 has been shown to be involved in the methylation of H3K27 in 

chicks [7].  We hypothesized that EZH2 distribution along Bdnf should be compatible to methylation status at H3K27 site.  By 

using CHIP assay, we first found that the dynamic change patterns of EZH2 remained constant along Bdnf in PVN: increased on 

D4, dropped on D11 but elevated again on D41 (Fig 6A, B & C).  This was compatible to overall similar to changing pattern in 

H3K27 methylation as detected.  As shown in Fig 6A, B & C, deposition of EZh2 in the PVN along the Bdnf followed the same 

pattern as H3K27me3 on D4 and D41.  However, the EZH2 level showed a significant drop on D11 while H3K27me3 was 

insignificant between treated and naive groups.  On the other hand, the H3K27me2 showed a constant compatible pattern to 

EZH2 on D41 along Bdnf.  However, only at Bdnf promoter region that H3K27me2 and EZH2 exhibited increased level.  On 

D11, H3K27me2 exhibited a constant increased level in D3-fasting group while EZH2 exhibited the reversal.  

 In FB, H3K27me2 remain unchanged along Bdnf after D3-fasting (Fig 5B, E& H).  It was until D41 that H3K27me2 

showed decreased level at Bdnf promoter and transcription start region but not 3'-UTR.  On the other hand, the patterns of 

H3K27me3 varied from that of H3K27me2.  After D3-fasting, H3K27me3 exhibited an instant elevation along Bdnf gene on D4 

and last till D11 (Fig 5C, F & I).  On D41, H3K27me3 became indifferent between D3-fasted and naive groups.  Total H3 

exhibited very similar pattern as that of methylated H3K27 except total H3 was significantly inhibited on D41 along Bdnf in D3-

fasted group.  Next, we also compared EZH2 distribution along Bdnf to methylation status on H3K27 in FB.  Similar to the PVN, 

EZH2 overall exhibited very similar distribution patterns along Bdnf gene in FB: increased on D4 and D11, but went back to 

control level on D41 (except D4 at Bdnf promoter area and D11 at Bdnf 3'-UTR) (Fig 6D, E & F).  Again, similar to the PVN, 

EZH2 in FB exhibited perfect match to H3K27me3.      

 

Preconditioned chicks by early fasting reduced homeostasis disturbance in PVN caused by late fasting  

Preconditioned animals/tissues tends to have stress tolerance towards future same type stress [7,348].  As PVN exhibited 

significant and long-lasting changes of epigenetic markers after 24 hr on D3, we suspected that these changes serve as a 

protective mechanism towards potential future fasting stress.  Thus, we were interested in seeing if preconditioned chicks that 

received an early fasting challenge at D3 would have reduced homeostasis disturbance effects when subsequently challenged 

again on day 10. 
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First, we measured changes in body weight of chicks following D10-fasting or D3/10-fasting.  We found that compared to 

naïve group, non-pre-conditioned chicks showed higher body weight level while pre-conditioned chicks showed lower body 

weight on D11 (Table 2).   

Single fasting on D10 resulted in significantly elevated global H3, H3K27me2, and H3K27me3 levels in the PVN 

compared to naïve birds (Fig 7A).  The SUZ, EED, and EZH2 mRNA expression were also significantly elevated after a 24 hr 

fasting on D10 when compared to naïve birds (Fig 7B).  However, the chicks previously fasted on D3 and then challenged again 

on D10, showed varied results.  Previously conditioned chicks showed further elevated H3 (Fig 7A) and EZH2 (Fig 7B) 

compared to the chicks receiving only one fasting challenge at D10.  However, levels of H3K27me2, H3K27me3, SUZ and EED 

became insignificantly different compared to that of the naive group (Fig 7A & B).  D10-fasting significantly reduced the level of 

BDNF protein and its mRNA in the PVN (Fig 7C & D), but previously conditioned chicks that were subsequently fasted again on 

D10 showed a return of BDNF protein and mRNA back to control levels (Fig 7C & D). 

FB exhibited a very different story from that of the PVN.  In the FB, after D10-fasting, only global H3 levels were 

significantly increased, which was similar to that seen in previously conditioned and re-fasted chicks (Fig 8A).  Contrary to what 

was observed in the PVN, SUZ, EED, H3K27Me3 and EZH2 exhibited a significant increase after D3/10-fasting compared to 

that of D10-fasted chicks (Fig 8A & B).  Although D3/10-fasting induced a significant inhibition of BDNF mRNA compared to 

the naive group, no BDNF protein change observed (Fig 8C & D).     

The distribution of epigenetic markers on the Bdnf gene were significantly changed between previously conditioned chicks 

and those fasted only once on D10.  The CHIP results for the PVN agreed with the above western-blot and qPCR results.  

Throughout three different tested bdnf loci, the pattern remained almost identical in the PVN (Fig 9 A, B & C).  Total H3 levels 

at each site on the Bdnf gene after D3/10-fasting was more elevated from naive level compared to that of D10-fasting.  

H3K27me2 and H3K27me3 levels at all three sites remained at a similar level as naïve controls after D3/10-fasting while D10-

fasting exhibited significantly increased levels compared to controls in the PVN (except H3K27me3 at Bdnf 3'-UTR).  The 

distribution of EZH2 along Bdnf gene agreed with the change of H3K27me2 and H3K27me3 (Fig 10A).   

All detected epigenetic markers on the Bdnf gene in the FB had almost the same distribution patterns.  H3K27me2 was not 

affected by either D3-fasting or D3/10-fasting at all (Fig 9 D, E & F).  However, after D10-fasting, H3 exhibited a significant 

decrease while D3/10-fasting significantly increased the H3 deposition on Bdnf.  In addition, H3K27me3 levels were also 

elevated after D3/10-fasting but not D10-fasting compared to controls .  Although EZH2 was not affected by D10-fasting, D3/10-

fasting elicited significant increase compared to the naive group, which was consistent with that of H3K27Me3 (Fig 10 B).   

 

2.5.  Discussion 
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The studies described here showed that fasting early in life was able to: (1) elevated the gene expression of PRC2 key 

subunits and thus (2) increased the methylation modification on H3K27 in PVN; (3) Some of these changes would last for a long 

period of time; (4) both BDNF protein and mRNA level were inhibited post fasting treatment, which was tightly related to the 

H3K27me2/me3 deposition along Bdnf gene; (5) helps chicks to develop epigenetic memory towards future fasting stress.  

Together, all these results support the hypothesis that early-life fasting would have a long-term effect in re-setting neurochemistry 

set-point.  This effect had a protective mechanism for the body to preserve endocrine homeostasis.   

Feeding regulation is determined by the neural-networking in the five hypothalamic nuclei [51].  Among them, the PVN is 

considered one of the most important nuclei among them.  A histology study showed that the PVN received innervating fibers 

from almost all areas of the hypothalamus [105], which implied a pivotal role in regulating physiological functions.  In addition, 

nearly all known orexigenic [50,106,107,111] and anorexigenic factors [107,112,113,114] increased and decreased feeding, 

respectively when micro-injected into the PVN.  In addition, multiple numerous neuro-peptides, including BDNF [79], was also 

detected in the PVN.  Thus, in the current study, we chose the PVN for our main focus.   

In previous study of our lab, we fasted the Cobb male chicks for either 6 hours or 24 hours on 3 day-of-age.  We reported 

that reported that compared to the non-fasted chick, 6 hours-fasting increased, but not significantly, EZH2 protein level in PVN 

but not in FB [6].  If fasting stress was extended to 24 hours, the elevation of EZH2 protein became apparent (P < 0.05) while FB 

remained no changed.  These changes were accompanied by an increased trend (P > 0.05) of H3K27me2/me3 in PVN but not in 

FB.  These data suggested a potential upcoming surge of global methylation at H3K27 site.  In current study, we further extended 

the previous study and obtained overall consistent result.  We found that after a 24-hour fasting on D3, both the FB and PVN 

responded showing changed levels of different epigenetic markers globally.  As expected, in the FB, fasting had a limited 

capacity to change global epigenetic marker expression levels.  This agreed with the fact that the FB is not feeding regulatory 

center and not directly involved in feeding regulation.  However, for the PVN, a single 24 hr fast on D3 induced significantly 

increased methylation modification on H3K27.  Firstly, this finding suggest that histone modification is highly responsive rather 

than static towards nutritional stresses.  Histones are now known to be highly dynamic and responsive towards environmental 

stress [10,11].  Through covalent modification of the histone tail,  histones regulate the DNA scaffold and regulates gene 

expression [10,12].  So far, to the author's knowledge, only a limited number of publications reported the changes in histone 

[6,349] and nucleotide [350,351] modifications and their related modification enzymes [349] in the hypothalamus after 

unfavorable nutritional stress.  Thus, our finding first provided evidences to establish the relationship between fasting stress and 

direct histone modification.  Secondary, the massive inhibitory H3K27me2/me3 deposition on chromatin after fasting suggested a 

massive inhibitory change in neuropeptides production.  This phenomenon could change neurochemistry set-point in the 

hypothalamus and feeding behavior.  This hypothesis was supported by the finding of dropped BDNF protein and mRNA level 

inside PVN after fasting treatment.  Furthermore, 24 hour fasting at D3 surprisingly resulted in long term decreasing of PRC2 key 
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subunits (SUZ and EZH2, but not EED) at least till 38 days post fasting.  The drop of SUZ and EED potentially up-regulate gene 

transcription of multiple genes, which cause imbalance of neurpeptides production inside PVN.  One early study showed 

separation of the pups from their mothers left a long term effect on neurochemistry in PVN [352], it is possible that fasting could 

have the same effect in PVN and reset the neurochemistry set-point in CNS for a long term. 

 Although we report lasting epigenetic modifications, it remains to be seen whether these changes are beneficial or 

harmful to the chicks.  Previous studies in humans revealed that unfavorable nutritional conditioning during the neonatal 

critical-period can induce acute metabolic syndromes [1,2,3] as well as severe diseases in later life [4,5].  Other studies in 

animals suggested that it helps individuals to acclimate to the same environmental changes and maintain homeostasis by 

obtaining "molecular memory" [353,354].  In the current study, we challenged chicks with subsequent fasting on D10 in 

order to determine whether these changes might be beneficial or harmful.  We found that early-life fasting induced a 

beneficial response: a "memory" had been developed inside PVN to the PRC2, but not FB, to kept body away from harmful 

response from fasting at later life period.  Interestingly, this memory was only seen in certain factors in PRC2: while D10-

fasting significantly increasing EED and SUZ mRNA expression, pre-fasted birds did not elevated EED and SUZ at all; on 

the other hand, EZH2 kept increasing in both D10- and D3/10-fasting situation.  PRC2 is a huge H3K27 methylation 

machinery [213] and EZH2, SUZ and EED are all located in its functional core [213].  If we just monitor EZH2 mRNA 

expression, it would suggest a constant increasing of H3K27 methylation in both fasting stress we applied .  On the contrary, 

H3K27me2/me3 develop the similar "memory" pattern as well after repetitive fasting stress.  Literature review suggested that 

EZH2 had barely no function if presented alone without other non-catalytic subunits in PRC2 [248].  This is because EZH2 

does not have a DNA binding domain, which prevent EZH2 from histone binding [259,355].  However, EED can bind to 

histones [255,356] while SUZ connects proteins on chromosome, such as heterochromatin protein 1alpha [252].  And EZH2 

was directly linked to EED [251,259,357] and SUZ [252,259,358] inside PRC2, which forms a triplet model that EZH2 sits in 

the middle [259].  These linkages insure the EZH2 to have full contact with histones and proceed methylation.  Mutation or 

knocking-out SUZ [259,357,358] and EED [259,277,359] depleted the function of PRC2.  These data suggest that both 

catalytic (EZH2) and non-catalytic subunits (EED and SUZ) are pivotal to PRC2.  Thus, although body responds to the 

fasting stress through EZH2-methylating-H3K27, it is indeed via regulating of EED and SUZ.  However, we are not clear 

how the body instills memory toward SUZ and EED and why EZH2 does not.    

BDNF is initially known for its function in neuron proliferation, differentiation, growth and interaction [125].  Recently, it 

is also categorized as an anorexigenic factor [75,159].  Both acute injection [159,160] (including at PVN [161]) or long term 

intracerebroventricμlar injection [162] of BDNF inhibited feeding and increased energy expenditure in tested animals.  While 

fasting inhibited BDNF level inside in the ventromedial  hypothalamus [75] and dorsal vagal complex of hinder brain [159], re-

fed led recovered BDNF [159].  In human, female with either bulimia nervosa (BN) or anorexia nervosa (AN) had significantly 
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lowered serum BDNF level [163].  In addition, it was also reported to regulate other neuropeptide levels in the PVN [360] and to 

change the body’s metabolic rate [161].  All these data suggested the pivotal role of BDNF in feeding regulation.  In the current 

study, we identify an instant drop in both BDNF protein and mRNA level after fasting stress.  This finding agreed with the 

finding from previous studies.  But more importantly, we were able to comply BDNF mRNA changes with the H3K27me2/me3 

distribution along Bdnf gene.  It is widely accepted that H3K27 methylation compact nucleosomes and thus block transcriptional 

elongation on gene templates [361,362].  Thus, tremendously increased H3K27me2/me3 after fasting indicated massive gene 

transcription inhibition in PVN.  However, it remained out of clue that when and where of H3K27me2/me3 deposition will lead 

to induce specific gene inhibition.  We picked three areas on Bdnf gene, which are promoter (-869 to -801 bp), coding starting 

region (+91 to +190 bp ) and 3'-UTR side (+1623 to +1698 bp).  Same as the global changes in PVN, instant increased level of 

H3K27 me2/me3 was deposited along Bdnf gene.  EZH2, on the other hand, was also significantly changes and comply that that 

of H3K27 methylation level.  This indicates that fasting could inhibit Bdnf transcription via deposition of PRC2 along Bdnf gene.  

Once PRC2 methylates H3K27, local chromatin structure become much more compacted, which inhibited gene transcription.  

However, we do not understand how PRC2 could recognize these specific sites.  Neither do we know about other modification on 

other residues of other histones.   

 In summary, the present study showed that fasting in chickens at different life stages could all elicit acute 

neurochemical changes due to epigenetic imprinting changes.  For the neonatal period of chickens, fasting can also chronically 

cause genome-wide epigenetic imprinting changes.  These changes provide evidences to support the finding from human 

epidemiological study.  In addition, this epigenetic imprinting serves as “molecular memory” in the neurons, which protects cells 

from massive interruption of genes’ transcription and keeps individuals in homeostasis after same type of fasting stress in later 

life.  BDNF, which is a key anorexigenic and brain-developmental factor, verified this conclusion.  

 

  



38 
 

Primer Name 

Gene accession 

number 

Sequence 

PCR products 

(bp) 

BDNF NM_001031616 F: 5'-ACTGGCGGACACTTTTGAAC-3' 312 

 

 R: 5'-GTTGCACCAGACATGTCCAC-3'  

BDNF promoter site NM_001031616 F: 5'-TGGTTTTCATGAGGAGCCCT-3' 69 

 

 R: 5'-TTTCCCAGAGCCCCATATCA-3'  

BDNF transcription start 

site 
NM_001031616 F: 5'-GCTTGGCTTACCCAGGTCTTC-3' 100 

 

 R: 5'-TCAAAAGTGTCCGCCAGTG-3'  

BDNF 3’-untranslated 

region 

NM_001031616 F: 5'-GTCCCCTCCCCTTTCCTCTC-3' 76 

 

 R: 5'-CAAGCTCCAGTTGTATGCTGAGTG-3'  

β-actin NM_205518 F: 5′-CCGCAAATGCTTCTAAACCG-3′ 101 

 

 R: 5′-AAAGCCATGCCAATCTCGTC-3′  

CBP XM_414964 F: 5'-GATCCTGAGCCGTTTGTTGACT-3' 139 

 

 R: 5'-TTTTCCTTCCGTGTTCTACCAGTT-3'  

EED NM_001031376 F: 5'-ATACCCCAACGAACACTCCTAATG-3' 138 

 

 R: 5'GGACTCCAAACAAAGGCTGACC-3'  

EZH2 XM_418879 F: 5'-GCCCTGACTGCTGAGCGTAT-3' 168 

 

 R: 5'-GTTTTCTCCTCCAGTTTCTGTTCC-3'  

SUZ XM_415658 F: 5'-TTTATCATCCGAAAGGTGCTAGG-3' 127 

 

 R: 5'-TTGACTGGTCCATTGCGACTG-3'  

 

Table 2.  The primer design for different genes. 
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D4 

 

D11 

 

D41 

D3-fasting 

 

- + 

 

- + 

 

- + 

Body weight 

 

85.28 71.13 * 

 

265.9 240.5 * 

 

2218 2158 

+SEM 

 

0.89 1.263 

 

3.934 3.592 

 

24.56 27.03 

 

Table 3.  Changes in chick body weight following D3-fasting.  At three day-of-age, birds were fasted for 24 hours (D3-fasted) or 

fed ad libitum (naïve).  Naïve controls and fasted chicks were sacrificed on day 4 (D4), day 11 (D11), and day 41 (D41).  Body 

weight was measured before sacrifice.  Each value is the mean  standard error of the mean of 22 to 24 individual chicks. ****P 

< 0.0001 indicated a significant difference relative to D4, D11, and D41 naïve chicks.  There was an overall significant decrease 

of body weight between naïve and D3-fasted chicks on 24 hrs and 8 days post fast, but no difference at 38 days post fasting.   
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D11 

  

D3-fasting 

 

- 

 

- 

 

+ 

D10-fasting 

 

- 

 

+ 

 

+ 

Body weight 

 

265.9 a 

 

310.5 b 

 

208.3 c 

+SEM 

 

4.08 

 

5.01 

 

4.26 

 

Table 4.  Changes in body weight of chicks following D10-fasting or D3/10-fasting.  Chicks were divided into three groups.  

Naive groups were fed ad libitum and never fasted .  D3/10-fasted birds were pre-conditioned with a fasting for 24 hours on 3 

days-of-age in addition to a 24 hours fasting on 10 days-of-age.  The non-pre-conditioned birds were fasted for 24 hours only on 

10 days-of-age  (D10-fasting).  All groups were sacrificed on day 11 (D11).  Body weight were measured before sacrifices.  Each 

value is the mean  standard error of the mean of 22 to 24 individual chicks.  Data bared different letters indicate significant 

different.  There was an overall significant increase in the levels of body weight between naïve and non-pre-conditioned chicks 

on D11.  However, body weight became significantly decreased in preconditioned birds compared to non-pre-conditioned birds 

and naïve birds.
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Figure 1.  Changes in protein levels of H3, H3K27me2 and H3K27me3 in the chick paraventricular nucleus (PVN) (A, B & C) and the forebrain (FB) (D, E & F) following 

fasting.  At three days of age, birds were fasted for 24 hours (D3-fasted) or fed ad libitum (naïve).  Naïve controls and fasted chicks were sacrificed on day 4 (D4), day 11 (D11), 

and day 41 (D41).  Total protein was isolated and evaluated by Western blot using the antibody against H3, H3K27me2 and H3K27me3.  Blot density were compared with -actin.  

Each value is the mean  standard error of the mean of 6 to 12 individual chicks. *P  0.05, **P  0.01, **P < 0.001 and ****P < 0.0001 indicated a significant difference relative 

to D4, D11, and D41 naïve chicks.  (A, B & C)  There was an overall significant increase in the levels of global H3 between naïve and D3-fasted chicks on 24 hrs and 8 days post 

fast, but with a reversal at 38 days post fasting.  Global di- and tri-methylated lysine 27 levels on H3 were significantly increased at 24 hours post fast, but by D11 and D41 no 

significant differences were found.  (D, E & F)  The global histone 3 levels in the FB were significantly increased at D4, D11, D41 post fast.  However, there was no significant 

differences between the global di- and tri-methylated lysine 27 levels on H3  levels in D4, D11, or D41 post fast.
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Figure 2.  Changes in mRNA levels of  histone methyltransferases (HMTs) of the Polycomb repressive complex 2 (PRC2) and a 

histone acetyltransferase (HAT) in the chick paraventricular nucleus (PVN) (A, B & C) and the forebrain (FB) following fasting 

(D, E & F).  At 3 days of age, chicks were fasted for 24 hours (D3-fasted) or fed ad libitum (naïve).  Naïve controls and fasted 

chicks were sacrificed on day 4 (D4), day 11 (D11), and day 41 (D41).  Total mRNA was isolated and evaluated by real-time 

polymerase chain reaction (PCR) using the Sybr green method with SUZ, EZh2 and EED gene-specific primers (see Table 1).  

Gene expression levels were compared with -actin.  Each value is the mean  standard error of the mean of 6 to 12 individual 

chicks. *P  0.05, **P  0.01, **P < 0.001 and ****P < 0.0001 indicate a significant difference relative to D4, D11, and D41 

naïve chicks.  Abbreviations:  SUZ (suppressor of zeste), EZh2 (enhancer of zeste 2); EED (embryonic ectoderm development).  

(A , B & C)  In PVN, there was an overall significant increase in the expression of SUZ, EZH2 and EED mRNA in D3-fasted 

chicks compared to naïve group on 24 hrs post fast.  On 8 days post fast, no significant differences were found.  However, a 

reversal at 38 days post fasting was found.  (D, E & F)  FB did not respond to the D3-fasting by showing no changes in global 

SUZ, EZH2 and EED mRNA level till 38 days post fast.   
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Figure 3.  Changes in protein and mRNA levels of BDNF in the chick paraventricular nucleus (PVN) (A & B) and the forebrain 

(FB) (C & D) following fasting.  At three days of age, birds were fasted for 24 hours (D3-fasted) or fed ad libitum (naïve).  Naïve 

controls and fasted chicks were sacrificed on day 4 (D4), day 11 (D11), and day 41 (D41).  Total protein was isolated and 

evaluated by Western blot using the antibody against BDNF.  Blot density were compared with -actin.  Total mRNA was 

isolated and evaluated by real-time polymerase chain reaction (PCR) using the Sybr green method with Bdnf gene-specific primer 

(see Table 1).  Gene expression levels were compared with -actin.  Each value is the mean  standard error of the mean of 6 to 

12 individual chicks. *P  0.05 and ***P < 0.001 indicated a significant difference relative to D4, D11, and D41 naïve chicks.  

(A & B)  In PVN, there was an overall significant decrease in the levels of BDNF protein and mRNA in D3-fasted chicks 

compared to naïve group on 24 hrs post fast.  While BNDF protein remained decreased in D3-fasted chicks on 8 days post fast, 

BDNF mRNA in D3-fasted chicks became indifferent compared to naïve group.  On D41, no significant differences were found 

in both BDNF protein and mRNA.  (C & D)  In FB, there was an overall significant decrease and increase in the levels of BDNF 

protein and mRNA in D3-fasted chicks, respectively, compared to naïve group on 24 hrs post fast.  While no difference was 

found in BNDF protein on 8 days post fast, BDNF mRNA in D3-fasted chicks became significantly decreased in D3-fasted 

chicks compared to naïve group.  On D41, no significant differences were found in both BDNF protein and mRNA.   
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Figure 4.  Alterations in dimethylation and trimethylation levels of histone H3 lysine 27 (H3K27) along the Bdnf gene in the 

paraventricular nucleus (PVN) following a 24 hour fast on day 3.  To assess the histone modifications present at the Bdnf gene, 

chromatin immunoprecipitation (ChIP) assays were performed.  PVN samples of chicks fasted on day 3 or naïve controls were 

taken from 4 day old, 11 day old and 41 day old chicks and were immunoprecipitated with antibodies against H3, dimethyl 

H3K27 (H3K27me2), trimethyl H3K27 (H3K27me3) and IgG (as negative control).  (A, B & C).  PCR results with Bdnf-specific 

primers (see Table 1) aligning at the promoter region and producing amplicon -869 to -801 bp upstream of the coding region.  (D, 

E & F).  PCR results with Bdnf-specific primers aligning at the transcription start site and producing amplicon +91 to +190 bp.  

(G, H and I). PCR results with Bdnf-specific primers aligning at the 3’-untranslated region (3’-UTR) and producing amplicon 

+1623 to +1698 bp.  Each value (PCR abundance relative to input) is the mean  standard error of the mean of 6 individual 

chicks deduct the background signal (IgG) and then normalized to that of age comparable control naïve chicks.  *P  0.05, ** P 

0.01, and *** P0.001 indicated a significant difference relative to naïve chicks of the same age. 
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Figure 5. Alterations in dimethylation and trimethylation levels of histone H3 lysine 27 (H3K27) along the Bdnf gene in the 

forebrain (FB) following a 24 hour fast on day 3.  To assess the histone modifications present at the Bdnf gene, chromatin 

immunoprecipitation (ChIP) assays were performed.  FB samples of chicks fasted on day 3 or naïve controls were taken from 4 

day old, 11 day old and 41 day old chicks and were immunoprecipitated with antibodies against H3, dimethyl H3K27 

(H3K27me2), trimethyl H3K27 (H3K27me3) and IgG (as negative control).  (A, B & C).  PCR results with Bdnf-specific primers 

(see Table 1) aligning at the promoter region and producing amplicon -869 to -801 bp upstream of the coding region.  (D, E & F).  

PCR results with Bdnf-specific primers aligning at the transcription start site and producing amplicon +91 to +190 bp.  (G, H and 

I). PCR results with Bdnf-specific primers aligning at the 3’-untranslated region (3’-UTR) and producing amplicon +1623 to 

+1698 bp.  Each value (PCR abundance relative to input) is the mean  standard error of the mean of 6 individual chicks deduct 

the background signal (IgG) and then normalized to that of age comparable control naïve chicks.  *P  0.05, ** P 0.01, and *** 

P0.001 indicated a significant difference relative to naïve chicks of the same age. 
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Figure 6. Alterations in EZH2 along the Bdnf gene in the PVN and FB following a 24 hour fast on day 3.  To assess the histone 

modifications present at the Bdnf gene, chromatin immunoprecipitation (ChIP) assays were performed.  PVN (A, B & C) and FB 

(E, E & F) samples of chicks fasted on day 3 or naïve controls were taken from 4 day old, 11 day old and 41 day old chicks and 

were immunoprecipitated with antibodies against EZH2 and IgG (as negative control).  PCR results with Bdnf-specific primers 

(see Table 1) aligning at the promoter region and producing amplicon -869 to -801 bp upstream of the coding region bp in PVN 

(A) and FB (E) samples..  PCR results with Bdnf-specific primers aligning at the transcription start site and producing amplicon 

+91 to +190 bp in PVN (B) and FB (F) samples.  PCR results with Bdnf-specific primers aligning at the 3’-untranslated region 

(3’-UTR) and producing amplicon +1623 to +1698 bp in PVN (C) and FB (G) samples..  Each value (PCR abundance relative to 

input) is the mean  standard error of the mean of 6 individual chicks deduct the background signal (IgG) and then normalized to 

that of age comparable control naïve chicks.  *P  0.05, ** P 0.01, and **** P0.0001 indicated a significant difference relative 

to naïve chicks of the same age. 
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Figure 7.  Changes in protein levels of H3, H3K27me2, H3K27me3 (A) and BDNF (C) and mRNA level EZH2, EED, SUZ, 

CBP (B) and BDNF (D) in the chick paraventricular nucleus (PVN) following D3/10-fasting.  Chicks were divided into three 

groups.  Naive groups were fed ad libitum and never fasted .  D3/10-fasted birds were pre-conditioned with a fasting for 24 hours 

on 3 days-of-age in addition to a 24 hours fasting on 10 days-of-age.  The non-pre-conditioned birds were fasted for 24 hours 

only on 10 days-of-age  (D10-fasting).  All groups were sacrificed on day 11 (D11).  Total protein was isolated and evaluated by 

Western blot using the antibody against H3, H3K27me2, H3K27me3 and BDNF.  Blot density were compared with -actin.  

Each value is the mean  standard error of the mean of 6 to 12 individual chicks. Total mRNA was isolated and evaluated by 

real-time polymerase chain reaction (PCR) using the Sybr green method with SUZ, EZh2, EED, and CBP gene-specific primers 

(see Table 1).  Gene expression levels were compared with -actin.  Each value is the mean  standard error of the mean of 6 to 

12 individual chicks.  Abbreviations:  SUZ (suppressor of zeste), EZh2 (enhancer of zeste 2); EED (embryonic ectoderm 

development); CBP (CREB [cAMP response element binding] protein).  α:  P  0.05, β:  P  0.01, χ:  P < 0.001 and δ:  P < 

0.0001, indicated a significant difference between naive and treated group.  *P  0.05, **P  0.01, **P < 0.001, ***P < 0.0001 

and ****P < 0.00001 indicated a significant difference between D10-fasting and D3/10-fasting group.  Column bared different 

letters indicate significant different.  (A)  There was an overall significant increase in the levels of global H3, H3K27me2 and 

H3K27me3 between naïve and non-pre-conditioned chicks on D11.  Similarly, significant increase of global H3 also existed 

between naïve and  D3/10-fasted chicks on D11.  However, global H3K27me2 and H3K27me3 became significantly decreased 

preconditioned birds compared to non-pre-conditioned birds and exhibit no difference compared to naïve birds.  (B)  There was 

an overall significant increase in the expression of  EED, CBP and EZH2 mRNA between naïve and non-pre-conditioned birds.  

Similarly, pre-conditioned birds also showed increase of EZH2 mRNA compared to naive and was even higher than non-pre-

conditioned birds on D11.  However, EED and SUZ became significantly decreased in preconditioned birds compared to non-

pre-conditioned birds and exhibit no difference compared to naïve birds.  (C & D)  In PVN, there was a significant decrease in 

the levels of both BDNF protein (P < 0.0001) and mRNA (P < 0.05) in D10-fasted chicks compared to naïve group on 24 hrs post 

fast.  However, if pre-conditioned chicks with an additional 24 hours fasting on 3 days-of-age, both BDNF protein and mRNA 

became significant increased compared to D10-fasted chicks and no different compared to control.
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Figure 8.  Changes in protein levels of H3, H3K27me2, H3K27me3 (A) and BDNF (C) and mRNA level EZH2, EED, SUZ, 

CBP (B) and BDNF (D) in the chick forebrain (FB) following D10-fasting or D3/10-fasting.  Chicks were divided into three 

groups.  Naive groups were fed ad libitum and never fasted .  D3/10-fasted birds were pre-conditioned with a fasting for 24 hours 

on 3 days-of-age in addition to a 24 hours fasting on 10 days-of-age.  The non-pre-conditioned birds were fasted for 24 hours 

only on 10 days-of-age  (D10-fasting).  All groups were sacrificed on day 11 (D11).  Total protein was isolated and evaluated by 

Western blot using the antibody against H3, H3K27me2, H3K27me3 and BDNF.  Blot density were compared with -actin.  

Each value is the mean  standard error of the mean of 6 to 12 individual chicks. Total mRNA was isolated and evaluated by 

real-time polymerase chain reaction (PCR) using the Sybr green method with SUZ, EZh2, EED, and CBP gene-specific primers 

(see Table 1).  Gene expression levels were compared with -actin.  Each value is the mean  standard error of the mean of 6 to 

12 individual chicks.  Abbreviations:  SUZ (suppressor of zeste), EZh2 (enhancer of zeste 2); EED (embryonic ectoderm 

development); CBP (CREB [cAMP response element binding] protein).  α:  P  0.05, β:  P  0.01 and χ:  P < 0.001, indicated a 

significant difference between naive and treated group.  *P  0.05, **P  0.01, **P < 0.001, ***P < 0.0001 and ****P < 0.00001 

indicated a significant difference between D10-fasting and D3/10-fasting group.  Column bared different letters indicate 

significant different.  (A)  There was an overall significant increase in the levels of global H3, but not H3K27me2 and 

H3K27me3 between naïve and non-pre-conditioned chicks on D11.  Significant increase of global H3 also existed between naïve 

and  D3/10-fasted chicks on D11.  While, global H3K27me2 was not changed by D3/10-fasting, H3K27me3 became significantly 

increased in preconditioned birds compared to non-pre-conditioned birds and naïve birds.  (B)  There was overall no difference in 

the expression of  EED, CBP and EZH2 mRNA between naïve and non-pre-conditioned birds.  However, pre-conditioned birds 

increased EZH2, EED and SUZ mRNA compared to naive.  SUZ mRNA level was significant increased also in pre-conditioned 

birds compared to non-pre-conditioned birds.  (C & D)  In FB, there was no significant changes in the levels of either BDNF 

protein or mRNA among three groups.  



57 
 

B d n f p r o m o te r  a r ea
P

C
R

 a
b

u
n

d
a

n
c

e
 r

e
la

ti
v

e
 t

o
 i

n
p

u
t

0

1

2

3

4

5

8

9

1 0

1 1

n a iv e

H 3 H 3 K 2 7 m e 2 H 3 K 2 7 m e 3

2 4 h -fa s t in g  o n  D 1 0 2 4 h -fa s t in g  o n  D 3  a n d  D 1 0





* * * *



* * *



* *

B d n f c o d in g  b e g in n in g  r e g io n

P
C

R
 a

b
u

n
d

a
n

c
e

 r
e

la
ti

v
e

 t
o

 i
n

p
u

t

0

1

2

3

4

5

1 2

1 3

1 4

1 5

1 6

1 7

n a iv e

H 3 H 3 K 2 7 m e 2 H 3 K 2 7 m e 3

2 4 h -fa s t in g  o n  D 1 0 2 4 h -fa s t in g  o n  D 3  a n d  D 1 0





* * *



* * * *



* *

B d n f 3 ' -  u n tr a n s la te d  r e g io n

P
C

R
 a

b
u

n
d

a
n

c
e

 r
e

la
ti

v
e

 t
o

 i
n

p
u

t

0

1

2

3

4

n a iv e

H 3 H 3 K 2 7 m e 2 H 3 K 2 7 m e 3

2 4 h -fa s t in g  o n  D 1 0 2 4 h -fa s t in g  o n  D 3  a n d  D 1 0





* *



*



*

B d n f p r o m o te r  a r ea

P
C

R
 a

b
u

n
d

a
n

c
e

 r
e

la
ti

v
e

 t
o

 i
n

p
u

t

0

1

2

3

n a iv e

H 3 H 3 K 2 7 m e 2 H 3 K 2 7 m e 3

2 4 h -fa s t in g  o n  D 1 0 2 4 h -fa s t in g  o n  D 3  a n d  D 1 0





* * * *



*

B d n f c o d in g  b e g in n in g  r e g io n

P
C

R
 a

b
u

n
d

a
n

c
e

 r
e

la
ti

v
e

 t
o

 i
n

p
u

t

0

1

2

3

n a iv e

H 3 H 3 K 2 7 m e 2 H 3 K 2 7 m e 3

2 4 h -fa s t in g  o n  D 1 0 2 4 h -fa s t in g  o n  D 3  a n d  D 1 0



* * *



*

B d n f 3 ' -  u n tr a n s la te d  r e g io n

P
C

R
 a

b
u

n
d

a
n

c
e

 r
e

la
ti

v
e

 t
o

 i
n

p
u

t

0

1

2

3





* * * *

n a iv e

H 3 H 3 K 2 7 m e 2 H 3 K 2 7 m e 3

2 4 h -fa s t in g  o n  D 1 0 2 4 h -fa s t in g  o n  D 3  a n d  D 1 0



*

A B C

D E F



58 
 

 Figure 9. Alterations in dimethylation and trimethylation levels of histone H3 lysine 27 (H3K27) along the Bdnf gene in the 

paraventricular nucleus (PVN) (A, B & C) and forebrain (FB) (D, E & F) following D10-fasting or D3/10-fasting.  Chicks were 

divided into three groups.  Naive groups were fed ad libitum and never fasted .  D3/10-fasted birds were pre-conditioned with a 

fasting for 24 hours on 3 days-of-age in addition to a 24 hours fasting on 10 days-of-age.  The non-pre-conditioned birds were 

fasted for 24 hours only on 10 days-of-age  (D10-fasting).  All groups were sacrificed on day 11 (D11).  To assess the histone 

modifications present at the Bdnf gene, chromatin immunoprecipitation (ChIP) assays were performed.  The PVN and FB 

samples of chicks all three groups were taken from 11 days-of-age chicks and were immunoprecipitated with antibodies against 

H3, dimethyl H3K27 (H3K27me2), trimethyl H3K27 (H3K27me3) and IgG (as negative control).  (A & D).  PCR results with 

Bdnf-specific primers (see Table 1) aligning at the promoter region and producing amplicon -869 to -801 bp upstream of the 

coding region.  (B & E).  PCR results with Bdnf-specific primers aligning at the transcription start site and producing amplicon 

+91 to +190 bp.  (C & F). PCR results with Bdnf-specific primers aligning at the 3’-untranslated region (3’-UTR) and producing 

amplicon +1623 to +1698 bp.  Each value (PCR abundance relative to input) is the mean  standard error of the mean of 6 

individual chicks deduct the background signal (IgG) and then normalized to that of age comparable control naïve chicks.  α:  P  

0.05, β:  P  0.01 and χ:  P < 0.001, indicated a significant difference between naive and treated group.  *P  0.05, **P  0.01, 

**P < 0.001, ***P < 0.0001 and ****P < 0.00001 indicated a significant difference between D10-fasting and D3/10-fasting 

group.   
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Figure 10. Alterations in EZH2 along the Bdnf gene in the paraventricular nucleus (PVN) (A) and forebrain (FB) (B) following D10-fasting or D3/10-fasting.  Chicks were divided 

into three groups.  Naive groups were fed ad libitum and never fasted .  D3/10-fasted birds were pre-conditioned with a fasting for 24 hours on 3 days-of-age in addition to a 24 

hours fasting on 10 days-of-age.  The non-pre-conditioned birds were fasted for 24 hours only on 10 days-of-age  (D10-fasting).  All groups were sacrificed on day 11 (D11).  To 

assess the histone modifications present at the Bdnf gene, chromatin immunoprecipitation (ChIP) assays were performed.  The PVN and FB samples of chicks all three groups were 

taken from 11 days-of-age chicks and were immunoprecipitated with antibodies against EZH2 and IgG (as negative control).  Promoter region represents PCR results with Bdnf-

specific primers (see Table 1) aligning at the promoter region and producing amplicon -869 to -801 bp upstream of the coding region.  Coding beginning region represents PCR 

results with Bdnf-specific primers aligning at the transcription start site and producing amplicon +91 to +190 bp.  3'-untranslated region (3’-UTR) represents PCR results with 

Bdnf-specific primers aligning at the 3’-UTR and producing amplicon +1623 to +1698 bp.  Each value (PCR abundance relative to input) is the mean  standard error of the mean 

of 6 individual chicks deduct the background signal (IgG) and then normalized to that of age comparable control naïve chicks.  α:  P  0.05, β:  P  0.01 and χ:  P < 0.001, 

indicated a significant difference between naive and treated group.  *P  0.05, **P  0.01, **P < 0.001, ***P < 0.0001 and ****P < 0.00001 indicated a significant difference 

between D10-fasting and D3/10-fasting group.  
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CHAPTER 3:  EZH2 antisense oligonucleotides inhibits EZH2 methyltransferase expression and blocks the fasting-

tolerance acquisition 

 

Ying Jiang, Cynthia J. Denbow, Michael D. Denbow 

 

Abstract 

Both acute metabolic syndromes and severe diseases in later life of human have been related to the unfavorable nutritional 

conditions during their neonatal critical-period.  This observation has been tightly related to the epigenetic changes on various 

genes controlling feeding regulatory factors in the feeding regulation centers, such as the paraventricular nucleus (PVN).  A 

previous studies showed that 24 hr fasting at 3 day-of-age (D3) caused a significant increase in methylation modification at the 

lysine 27 residue (K27) of the histone 3 tail (H3) in the PVN.  This process is mainly catalyzed by enhancer of zeste 2 (EZH2) 

protein in polycomb repressive complex 2 (PRC2).  In the current study, we investigated the importance of EZH2 in feed intake 

regulation by the knockdown of EZH2 expression.  We found that 24 hours post lateral ventricle injection,  EZH2 antisense 

oligonucleotides (1μg/μl injection concentration), but not siRNA, led to significant inhibition of EZH2 protein in both forebrain 

(45% inhibition) and PVN (86% inhibition) of 3 day-of-age (D3) chicks.  Then, on D3, chicks were subjected to 24 hour fasting 

stress (D3-fasting) following either EZH2 antisense or artificial cerebrospinal fluid (ACSF) injection.  EZH2 antisense blocked 

the surge of H3K27 methylation after D3-fasting.  Brain-derived neurotrophic factor (BDNF), an anorexigenic factor, exhibited 

elevated expression and less methylated H3K27 deposition along the Bdnf gene.  A previous studiesalso reported fasting-

tolerance acquisition after repetitive fasting stress on both D3 and D10, which we called "epigenetic memory".  However, after 

EZH2 antisense injection, chicks' PVN no longer exhibited "epigenetic memory" to repetitive fasting stress.  These findings 

suggest that neurons in the PVN utilize PRC2 as a major H3K27 methylation tool.  Knockdown of EZH2 in PRC2 impaired the 

response of the PVN to fasting stress and the ability to acclimate to repetitive fasting stresses.  Thus, EZH2 is an important 

H3K27 methyltransferase to maintain homeostasis.   
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3.1.  Introduction 

 The developing brain is highly sensitive to environmental influences.  Unfavorable nutrition is one kind of stresses that 

can cause acute metabolic disorders during the neonatal period [1,2,3] and severe diseases in later life [4,5].  These early life 

experiences occur during heightened periods of brain plasticity and help determine the lifelong structural and functional aspects 

of brain and behavior.  In humans, for example, weight gain during the first week of life after birth increased the propensity for 

developing obesity several decades later [5].  This susceptibility is, if not all, related to the dynamic reversible epigenetic imprints 

left on the histones [6,7,8], especially during the prenatal and postpartum period [9].   

 Histones are highly dynamic and responsive to environmental stress [10,11].  Through covalent modification of the 

histone tail,  histones alter the DNA scaffold and regulate gene expression [10,12].  Various types of post translational 

modification have been identified on various histones tails [12].  Among them, the methylation and acetylation on lysine residue 

(K) 27 on histone 3 (H3) has been tightly linked to gene repression [13,14] and activation [15], respectively.  The Polycomb 

group (PcG) proteins are groups of evolutionarily  conserved proteins, which are essential for genes silencing via histone 

methylation [245].  SUZ (suppressor of zeste), EZh2 (enhancer of zeste 2) and EED (embryonic ectoderm development) all 

belong to this group.  These three proteins form the functional core of polycomb repressive complex 2 (PRC2), which put di- and 

tri-methylation group onto H3K27 [242,243,247,248].  EZH2 obtained the SET (Su[var]3-9; E[z]; Trithorax) and perform as 

methyltransferases [237].  On the other hand, although lacking of catalytic ability, SUZ [259] and EED [256,257] play a key to 

help EZH2 to finish methylation reaction.  On the other hand, the Trithorax group (TrxG) proteins counteract the function PcG 

group [294,363], which activate gene transcription.  Similar to that of EZH2, the CBP (CREB [cAMP response element binding] 

protein) belongs to TrxG and is the catalytic subunit of TRX, which acetylates H3K27 [364].    

 Brain-derived neurotrophic factor (BDNF) is widely expressed in various regions of brain but has the highest 

concentration in the hypothalamus [78,155].  Although initially known for its pivotal role in brain development and plasticity 

[78], BDNF had also been identified as an anorexigenic factor [156].  Previous studies showed that animals exhibited feeding 

suppression [161,341] and weight loss [162] after BDNF acute and long term application, respectively.  From another point of 

view, fasting also inhibited BDNF mRNA level  in several areas of the hypothalamus [75].  Human suffered severe hyperphagia 

and obesity also had been reported to obtain mutant Bdnf gene [165].  Previous studies reported that early-life events affect the 

Bdnf gene expression and thus changed behavioral outcome of animals, including  different propensity for social interaction 

[365,366] and levels for stress responsivity and anxiety [343,344].  This Bdnf gene expression had been tightly related to the 

epigenetic imprints on Bdnf gene, including dynamic deposition of modified histones [7,343,344].  However, no studies have 

shown any changes at the Bdnf locus after fasting stress.  

 The hypothalamus, a crucial structure in the brain, is involved in many physiological roles of regulation, including 

feeding.  The hypothalamic paraventricular nucleus (PVN) is one of the most important feeding regulating nuclei [342].  The 
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micro-injection of orexigenic factors [50] into the PVN could instantly increase feeding and vice versa [107,112,113,114,115].  

BDNF is also a pivotal feed regulator in the PVN.  Not only the PVN had a high expression level of BDNF [79], but micro-

injection of BDNF into the PVN inhibited feeding [161].  A previous study reported the genome-wide increasing of EZH2 in 

PVN after fasting in neonatal chicks [6].  However, little is known about the mechanism leading to changes in PRC2 and its 

products.   

 The oligodeoxyribonucleotides is a small piece of DNA molecule [367,368].  Compared to normal DNA 

oligonucleotides, the oligodeoxyribonucleotide had a nonbridging oxygen atom replaced by a sulfur atom at every single 

phosphorus site, which makes them highly resistant towards endonucleases [368].  The additional phosphorothioate modification 

on the oligodeoxyribonucleotides makes it more stable and resistant to endonucleases degradation [368].  In theory, after uptaken 

by cells, oligodeoxyribonucleotides hybridize to its specific complementary nucleotides inside cells.  This hybridization could be 

used to inhibit target gene either by triggering the RNase H to hydrolyze mRNAs [369,370,371], blocking transcription initiator 

progression [372] or inhibiting mRNA splicing [368].  Because of the effectives of oligodeoxyribonucleotides, multiple clinical 

therapeutic trials have been conducted to test effectiveness of oligodeoxyribonucleotides in cancer treatment [373,374,375] 

 We previously demonstrated a role for epigenetic regulation involved in fasting stress.  We showed that  24 hours 

fasting on 3 day-of-age chick significantly increased PRC2 subunits and its product, which last at least for 38 days.  In addition, 

early fasting stress was able to induce "molecular memory" in certain subunit of PRC2 (SUZ and EED, but not EZH2) inside 

PVN neurons, which provided protection from fasting later in life.  These data confirmed the importance of EZH2 in fasting 

related histone methylation regulation.  In the present study, we investigated the importance of EZH2 by knocking down EZH2 

proteins.  Our data shown that EZH2 knockdown blocked the "normal" response towards early fasting stress in the PVN.  In 

addition, the PVN lost "molecular memory" towards fasting stress.      
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3.2.  Materials and methods 

Animals 

 In the current study, postnatal day 0 was defined as the first day of hatching.  Male White Plymouth Rock chickens 

were obtained on one day-of-age (D1) from the Cobb-Vantress Hatchery in Wadesboro, NC, USA.  When transported to VT, 

chicks were first housed in Petersime batteries in groups of ten.  The room temperature was set at 30 ± 2 °C and relative humidity 

at 50 ± 5%.  Water and food were fed ad libitum.  The Virginia Tech Animal Care and Use Committee had approved all 

experimental procedures.   

 

Chemicals 

 Anti-Histone 3 (H3), anti-tri-Methylated Histone H3 at Lysine 27 (H3K27Me3), anti-di-Methylated Histone H3 at 

Lysine 27 (H3K27me3) H3K27Me2, anti-β-actin antibodies and chromatin immunoprecipitation assay kits were purchased from 

Cell Signaling Technology (Danvers, MA, USA).  Antibody purchased from Abcam Inc. (Cambridge, MA, USA) included 

BDNF antibody.  Antibody purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA) included anti-rabbit IgG 

horseradish peroxidase-conjugated antibody.  SYBR Green and Invivofectamine® 2.0 were purchased from Life Technologies 

Corp (Carlsbad, CA, USA).  The Silencer® Select GAPDH siRNA was purchased from Ambion® (Austin, TX, USA).  Both 

EZH2 antisense and sense phosphorothioate oligodeoxyribonucleotides were purchased from Eurofins MWG Operon (Huntsville, 

AL, USA).  All additional chemicals were purchased from Sigma-Aldrich (St. Louis, MD, USA).   

 

Protein isolation and western blotting 

 Nuclear protein extractions were performed as previously described [6].  After the extraction, the protein concentration 

was quantified by BCA protein assay before western blot, according to the manufacturer's instruction (Thermo Fisher Scientific, 

Rockford, IL, USA).  Then, the Laemmli loading buffer [345] was mixed with samples at 1:1 volume ratio and heated at 99°C for 

10 min.  The mixes were loaded onto and separated by the 12% SDS-PAGE pre-cast gels (Lonza, Walkersville, MD, USA).  

Samples were transferred onto the nitrocellulose membranes at 12 Volts for 1 hour followed by 24 Volts for 1 hour.  After 

transferring, nitrocellulose membranes were blocked in the 5% bovine serum albumin (BSA) overnight at 4°C with shaking.  On 

the second day, the membranes were transferred into 1% BSA for 3 times' 5 minutes wash followed by overnight incubation with 

primary antibodies at 4°C with shaking.  The dilution of these primary antibodies are: Ezh2 at 1:500, H3K27Me2 at 1:1000, 

H3K27Me3 at 1:1000, H3 at 1:1000, β-actin at 1:1000 and BDNF at 1:1000.   On the next day, membranes were transferred into 

1% BSA for 3 times' 5 minutes wash followed by incubation with anti-rabbit IgG horseradish peroxidase-conjugated antibody at 

room temperature for 1 h with shaking.  The SuperSignal West Pico substrate (Pierce, Rockford, IL, USA), Gel Doc XR System 

(Bio-Rad, Hercules, CA, USA) and Quantity One (Bio-Rad, Hercules, CA, USA) image analysis software were used to detecte 

http://products.invitrogen.com/ivgn/en/US/adirect/invitrogen?cmd=catProductDetail&productID=1377501
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the chemiluminescent signal.  The final relative ratio value of each protein was equal to the ratio of the target protein to the 

density value of β-actin protein. 

 

Real-time polymerase chain reaction (qPCR) assay design 

 The total RNA was isolated and followed by reverse transcription as previously stated [6].  The 7500 Sequence 

Detection System (Life Technologies Corp., Carlsbad, CA, USA) was used to perform the real-time PCR.  Total loading in each 

well included 2 μl sample and one volume of SYBR Green PCR Master Mix (2 μl primers at 2 μM, 1 μl DEPC H2O and 5 μl 

SYBR Green).  Primers are listed in Table 1.  A melting curve test was performed after every qPCR experiment to confirm the 

specificity of the final products.  The ∆∆Ct method was used for all qPCR results. 

 

Chromatin immunoprecipitation assays (ChIP) 

 The CHIP assay procedure followed modified manufacturer’s protocol of the SimpleChIP® Enzymatic Chromatin IP 

Kit (Cell Signaling, Danvers, MA, USA).  First, samples were fixed by 1% formaldehyde for 10 min and transferred into 350 μl 

SDS lysis buffer (SDS, 1%; EDTA, 10 mM; and Tris, pH 8.1, 50 mM).  The Vibracell Sonix (maximal power 750 watts; Sonics 

& Materials Inc, Newtown, CT, USA) were then used to shear fixed samples (32% power, 9 rounds of 10 sec sonication).  Then 

the sheared chromatin were aliquoted into seven tubes with 50 μl each and incubated with H3 antibody (4 μl), H3K27me2 

antibody (8 μl), H3K27me3 antibody (8 μl), Ezh2 antibody (5 μl) and anti-IgG antibody (4 μl, used for background) overnight at 

4°C with shaking.  On the next day, Protein G Agarose Beads were used to retrieve antibodies-chromatin complex followed by 

elution at 65 °C overnight with shaking.  On the third day, each aliquots were centrifuged at 6,000 rpm for 10min and the 

supernatant were transferred into Proteinase K tube for 65 °C overnight incubation.  On the fourth day, chromatin were 

transferred into purification column tube as provided in the kit.  All samples were then subjected to qPCR using Bdnf gene primer 

targeting promoter, translational start site and 3'-UTR (Table 1).  The data were first deducted by background signal and then 

normalized to an input control that consisted of qPCRs from 1% crosslinked chromatin before immunoprecipitation and final 

results were reported by ∆∆Ct methods. 

 

Statistical analysis 

 JMP 9.0 (SAS Institute Inc, Cary, NC, USA) was used for all data analysis.  For experiment 1, unpaired t-test were 

used to compare control and treatment group at each single time point.  For experiment 2, control, analysis of variance (ANOVA) 

were used to compare the difference among naive, D10-fasting and D3/10-fasing, which used the general linear modeling 

procedure (GLM, SAS Institute Inc.).  Significant differences were considered as P < 0.05 unless otherwise mentioned. 
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3.3.  Experimental design 

Experiment 1: test the feasibility of in vivo siRNA injection to knock down gene  

 Eighteen one-day-old chicks were used to test the effectiveness of a single injection of siRNA targeting GAPDH 

mRNA.  They were randomly divided into three groups, which had six chicks per group and marked ACSF injection, siRNA 

negative control and siRNA targeting GAPDH.  All chicks had access to food and water ad libitum.  On experimental day, both 

negative and positive control siRNA targeting GAPDH were diluted into 208333 nM in Invivofectamine® 2.0 followed 

manufacturer’s protocol.  Briefly, first, 6 μl DEPC water was added into the siRNA aliquot following centrifuge at 12,000 rpm 

for 10 minutes.  Then, 6 μl complexation buffer was added into the siRNA aliquot.  After brief vortexing, 12 μl 

Invivofectamine® 2.0 was added into the siRNA aliquot and followed by another brief vortexing.  After incubating at 50 °C for 

30 minutes, siRNA was ready to be used when cooled down to 37 °C.  Then 6 μl of ACSF or siRNAs were injected into the 

lateral ventricle of D3 chicks.  On D4, all chicks were sacrificed instantly by decapitation.  The forebrain (FB) was collected.  

 

Experiment 2: test the selectiveness and effectiveness of EZH2 anti-sense oligo 

 a. EZH2 antisense oligonucleotides preparation  

 The sequences of EZH2 antisense and sense phosphorothioate oligonucleotides were adopted from previous studies [7], 

which were 5’-ACATTCCCCGGACTCTCAA-3’ and 5’-TTGAGAGTCCGGGGAATG-3’, respectively.  On arrival, they were 

diluted into artificial Cerebrospinal fluid (ACSF) (124 mM NaCl, 2.5 mM KCl, 2.0 mM MgSO4, 1.25 mM KH2PO4, 26 mM 

NaHCO3, 2.5 mM CaCl2, 10 mM Glucose and 4 mM sucrose) solution at final concentration of 1 μg/μl or 0.5 μg/μl and kept at 

4 °C.  On the day of injection, they were slowly warmed up to 37 °C.  

 

b. test the effectiveness of EZH2 anti-sense 

 Eighteen one-day-old chicks were used to test the effectiveness of a single EZH2 anti-sense injection.  They were 

randomly divided into three groups, which had six chicks per group and marked ACSF, EZH2 anti-sense (0.5 μg/μl) and EZH2-

anti-sense (1 μg/μl).  All chicks had access to food and water ad libitum.  On D2, EZH2 anti-sense were diluted to 0.5 μg/μl and 1 

μg/μl in ACSF and kept at 4 °C.  On D3, all injection solutions were slowly warmed up to 37°C.  Then 5.5 μl of ACSF and EZH2 

anti-sense (at both 0.5 μg/μl and 1 μg/μl) were injected into the lateral ventricle.  On D4, all chicks were sacrificed instantly by 

decapitation.  The hypothalamus and forebrain (FB) were collected.  

 

c. test the selectiveness of EZH2 anti-sense 

 Eighteen one-day-old chicks were used to test the effectiveness of a single EZH2 anti-sense injection.  They were 

randomly divided into three groups, which had six chicks per group and marked ACSF, EZH2 sense (1 μg/μl) and EZH2-anti-

http://products.invitrogen.com/ivgn/en/US/adirect/invitrogen?cmd=catProductDetail&productID=1377501
http://products.invitrogen.com/ivgn/en/US/adirect/invitrogen?cmd=catProductDetail&productID=1377501
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sense (1 μg/μl).  All chicks have access to food and water ad libitum.  Then 5.5 μl of ACSF, EZH2 sense and EZH2 anti-sense 

were injected into the  lateral ventricle.  On D4, all chicks were sacrificed instantly by decapitation.  The hypothalamus and FB 

were collected.  

 

Experiment 3: single fasting at three day-of-age (D3) after EZH2 anti-sense injection 

 Sixty-six one-day-old chicks were randomly picked and evenly divided into three groups (eighteen for naive, twenty 

for control and twenty for the treatment group).  All of them were supplied with food and water available ad libitum.  The naive 

group received a 5.5 ul ACSF on D3 into the lateral ventricle.  They were never restrained from food or water.  On D4 and D11, 

nine chicks were randomly picked from naive group and sacrificed instantly by decapitation.  In the mean time, on D3, 5.5 ul of 

ACSF and EZH2 anti-sense (1 ug/ul) were injected into the lateral ventricle of the control and treatment groups, respectively.  

Right after injection, food was withdrawn from both for 24 hr.  Twelve chicks from each group were randomly picked and 

sacrificed instantly by decapitation on D4.  For the other twelve in each group, food was supplied ad libitum.  On D11, all chicks 

left in each group were sacrificed by decapitation.  PVN and forebrain (FB) were collected from all chicks.   

 

Experiment 4: double fasting on both D3 and ten days-of-age (D10) after EZH2 anti-sense injection 

 Thirty-six chicks were randomly picked and divided into two groups (eighteen per group).  All of them were supplied 

with food and water available ad libitum.  On D3, one group received ACSF 5.5ul injection into the lateral ventricle while the 

other group received EZH2 anti-sense (1 ug/ul) instead.  After injection, in ACSF injected group, eighteen chicks were randomly 

divided into control, D10-fasted and D3-and-D10 repetitive fasted (D3/10-fasted) group.  For the control group, chicks were 

never fasted.   For D10-fasted group, chicks were fasted only on D10 for 24 hr.  For D3/10-fasted group, food was withdrawn 

from them for 24 hr on D3 initially and back to normal supply on D4.  On D10, previous D3-fasted chicks were fasted again for 

24hr.  All three groups of chicks were sacrificed on D11 and PVN and FB samples were collected.  For EZH2 anti-sense injected 

group, the treatments were exactly the same as that of the ACSF injected group.   
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3.4.  Results 

1.  siRNA in vivo injection had no effect in protein regulation 

 In the FB, compared to the ACSF injection group, negative control siRNA did not inhibit either GAPDH protein or 

mRNA levels (P > 0.05) (Fig. 13) .  The positive control siRNA also did not inhibit GAPDH protein and mRNA, either (P > 

0.05).   

 

2.  EZH2 antisense oligonucleotides exhibited high effectiveness and efficiency in EZH2 protein knockdown 

a.  EZH2 antisense oligonucleotides effectively inhibited EZH2 protein and mRNA 

 Because siRNA did not work via in vivo injection, we substituted it with phosphorothioate oligonucleotides, which 

were more stable than siRNA under physiological conditions.   

 After the EZH2 antisense injection, in both the FB and PVN, EZH2 antisense up to 1 μg/μl did not inhibit EZH2 

mRNA levels at 12 hr post injection (Fig. 14 A & C).  However at 24 hr post-injection, both antisense concentrations 

significantly inhibited EZH2 mRNA in both tissues (Fig. 14 B & D).  To confirm the effectiveness of EZH2 antisense, we also 

quantified the relative EZH2 protein amount in the FB and PVN at 24 hr post injection.  Although a significant mRNA inhibition 

was observed with 0.5 μg/μl antisense, EZH2 protein was only inhibited by EZH2 antisense at 1 μg/μl in both the FB and PVN.  

H3K27me2, which is the product of EZH2, also showed an apparent inhibition by EZH2 antisense at 1 μg/μl in the FB.  However, 

in the hypothalamus,  H3K27me2 became significantly elevated compared to the ACSF injected group.  Therefore, EZH2 

antisense at 1ug/ul, but not 0.5 μg/μl, effectively inhibited EZH2 protein at 24 hr post injection in both the FB and PVN. 

    

b. EZH2 antisense oligonucleotides selectively inhibit EZH2 protein      

 Following EZH2 sense injection at 1 ug/ul, EZH2 protein was not different from that of the ACSF injected group (Fig 

16).  On the other hand, EZH2 antisense at 1 μg/μl inhibited EZH2 protein compared to theACSF injection.  Thus, we confirmed 

that EZH2 antisense oligonucleotides obtained a high efficiency in EZH2 protein inhibition.  

 

3.  EZH2 antisense impaired the response to early fasting in the PVN    

 In the previous study, D3 fasting was shown to significantly inhibit BDNF protein and mRNA expression in both the 

FB and PVN.  This change was due to the regulation of methylation at H3K27 via the PRC2.  As the only subunit containing 

methyltransferase capacity in the PRC2, EZH2 played an important role during the entire regulation process.  Thus, interruption 

of EZH2 protein should significantly change the response of the body to fasting stress.  As we had evaluated the effectiveness 

and efficiency of EZH2 antisense oligonucleotides after in vivo injection, we were interested to monitor the effect of changes in 
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the PVN after the same fasting stress but with disrupted EZH2 protein expression.  First, we compared the D3-fasting to the naive 

group in ACSF injected group.   

 

a. ACSF-injection overall had no effect on global methylation at H3K27 expression in FB and PVN 

 First, we measured the body weight changes of chicks bared with different treatment (Table 4).  For the naive group, 

the body weight was 78.01 + 1.44 mg on D4 and 172.6 + 5.52 mg on D11.  After D3-fasting treatment, significant decrease of 

body weight was observed, which was 20 mg and 21 mg lower on D4 and D11, respectively.  Additional EZH2 antisense 

injection on D3-fasting did not change this phenomenon.      

 Next, we measured the changes of epigenetic markers change after D3-fasting.  The previous study confirmed that after 

D3-fasting, the FB did not show significant changes in methylation at H3K27 and PRC2 complex key factors' level.  In the 

current "D3-fasting + ACSF injection" group, results were overall consistent with the previous results.  This suggested that ACSF 

injection overall had only a minimum effect in the brain (Fig. 17 E, F, G & H).  On both one and eight days post "D3-fasting + 

ACSF injection", no changes of H3K27me2 were detected.  On the other hand, both total H3 and H3K27me3 were elevated on 

D4 after "D3-fasting + ACSF injection" but returned to naive levels on D11.  We also tested the acetylation level at the H3K27 

site.  H3K27ac exhibited constant inhibition after "D3-fasting + ACSF injection" on both D4 and D11 in FB.   

 To confirm the global acetylation and methylation level at H3K27, the mRNA levels of key factors in the PRC2 and 

TRX complexes in FB.  No significant difference was detect in SUZ, EZH2, EED and CBP between the naive group and "D3-

fasting + ACSF injection" group (Fig. 18 E, F, G & H).  Again, these data confirmed that FB was not the major feeding 

regulation center and did not respond to feeding stress .   

 Next, we tested the global methylation status at H3K27 in the PVN from the same animals.  In the previous finding, the 

PVN exhibited significant changes after D3-fasting stress alone.  In the current study, after "D3-fasting + ACSF injection", we 

found that the PVN revealed similar changes in H3K27 methylation patterns (Fig. 17 A, B, C & D) as well as key factors in 

PRC2 and TRX complex (Fig. 18 A, B, C& D)  compared to D3-fasting without ACSF injection.  This indicated that ACSF 

overall had little effect in the PVN, as well.  After "D3-fasting + ACSF injection", an instant surge of total H3, H3K27me2 and 

H3K27me3 level was observed on D4 and lasted until D11 (Fig. 17 A, B, C & D).  This data agreed with previous data from D3-

fasting only chicks.  On the other hand, the acetylation level at H3K27 site was significantly inhibited after "D3-fasting + ACSF 

injection" on both D4 and D11.   

 Again, we tested the mRNA levels of key factors in the PRC2 and TRX to match the modification at H3K27 site (Fig. 

18 A, B, C & D).  After "D3-fasting + ACSF injection", EED, SUZ and EZH2 had a mRNA surge on D4.  On D11, while EED 

remained significantly elevated, SUZ became indifferent while EZH2 was inhibited compared to control.  This increased PRC2 
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components agreed with the increased methylation patterns at H3K27 from the protein analysis.  On the other hand, CBP also 

exhibited an increased trend, which was insignificant, after "D3-fasting + ACSF injection".   

 

b. BDNF protein and mRNA exhibited inhibited levels after "ACSF injection + D3-fasting"   

 BDNF was used as a target gene to match with the global H3K27 methylation changes after fasting stress.  In the FB, 

after "D3-fasting + ACSF injection", we found that the BDNF protein was constantly inhibited on both D4 and D11 (Fig. 19 B & 

D).  These changes matched the data in the FB from previous "D3-fasting only" treatment.  Similarly, BDNF mRNA showed an 

apparent decrease on D4, but was reversed on D11.   

 Furthermore, we used a CHIP assay to detect the distribution of H3K27me2, H3K27me3 and total H3 along the  Bdnf 

gene in the FB (Fig. 21 A-I).  According to the BDNF mRNA, it was first inhibited on D4 and then elevated on D11.  Thus, there 

should be an increase and drop of methylation at H3K27 on D4 and D11, respectively.  Our results matched this hypothesis.  We 

found that  after "D3-fasting + ACSF injection", there was a constant surge of H3K27me2 at both the  Bdnf promoter area and 

beginning of coding region on D4 but not 3'-UTR (Fig. 21 B, E & H).  On D11, H3K27me2 level returned back to naive level.  

On the other hand, H3K27me3 was inhibited by "D3-fasting + ACSF injection" on D4 along Bdnf gene and became more 

depressed on D11 (Fig. 21 C, F & I).  Combine the changes from both H3K27me2 and H3K27me3, it matched the changes of  

Bdnf mRNA after the treatment.  We further monitored the total H3 level along the Bdnf gene.  A constant increase in H3 was 

found along Bdnf gene, which lasted until D11 (Fig. 21 A, D & G).  Because the H3K27 methylation was mainly carried by 

EZH2 in the PRC2, we also tested the EZH2 distribution along the  Bdnf gene.  An apparent peak of EZH2 was monitored along 

the Bdnf gene 24 hr after "D3-fasting + ACSF injection" (Fig. 22 D, E & F).  On D11, while the peak remained at Bdnf coding 

beginning region, the promoter and 3'-UTR were no longer different from the naive.  The dynamic changes of EZH2 distribution 

overall matched that of H3K27me2 but not H3K27me3.       

 Next, the expression of the BDNF protein/mRNA was evaluated in the PVN from the same animals.  Other than a 

traditional neurotrophic factor, BDNF also served as an anorexigenic factor in the PVN, which inhibited feeding.  Thus, fasting 

should inhibit the expression of the BDNF protein.  As expected, BDNF protein was  inhibited after "D3-fasting + ACSF 

injection" treatment on D4 in the PVN (Fig. 19 A).  This change was compatible with the noticeable inhibition of BDNF mRNA 

level on D4 (Fig. 19 C).  However, on D11, no difference was detected on either BDNF protein or mRNA between the naive and 

"D3-fasting + ACSF injection" groups (Fig. 19 A & C). 

 To further study the mechanism under BDNF mRNA changes, we then monitored the distribution of methylated 

H3K27 along the Bdnf gene in the PVN.  We found that right after "D3-fasting + ACSF injection", both H3K27me2 and 

H3K27me3 instantly peaked at both the Bdnf promoter and coding beginning regions on D4 (Fig. 20 B, C, E & F).  This peaked 

level remained until D11.   However, no apparent change was detected at the Bdnf 3'-UTR region until D11 (except increased 



71 
 

H3K27me3 at Bdnf 3'-UTR on D4) (Fig. 20 H & I).  Total H3 showed similar dynamic deposition along the  Bdnf gene.  It did 

not respond to the treatment on D4 but became noticeably increased on D11 (except inhibited level on D4 at Bdnf coding 

beginning region) (Fig. 20 A, D & G).  All these changes matched with the significant drop of BDNF mRNA on D4, but not on 

D11.  Furthermore, we tested the level of EZH2 to match up the methylation status at H3K27.  After "D3-fasting + ACSF 

injection", EZH2 exhibited apparent elevation on D4 along Bdnf gene but was significantly  inhibited on D11 (except EZh2 at 3'-

UTR, which became same as naive level) (Fig. 22 A, B & C).   

 

4. EZH2 antisense injection changed the response towards D3-fasting stress   

a. EZH2 antisense eliminated the surge of methylation at H3K27 after D3-fasting in PVN  

 Because EZH2 is the only methyltransferase in the PRC2, knockdown the EZH2 protein should eliminate methylation 

at H3K27, and thus impair the body's response towards D3-fasting stress.  Thus, we injected chicks with EZH2 antisense and 

monitored the changes inside the PVN and FB after D3-fasting treatment and compared them to "D3-fasting + ACSF injection".     

 In FB, we found that after "EZH2 antisense injection + D3-fasting", the EZh2 antisense apparently eliminated the 

methylation at the H3K27 site.  Both H3K27me2 and H3K27me3 exhibited significantly lowered levels compared to both naive 

and "D3-fasting + ACSF" groups (Fig. 17 F & G).  Total H3 responded the same as that of H3K27me2 and H3K27me3 (Fig. E).  

At the same time, EZh2 saved the noticeably inhibited H3K27ac caused by "D3-fasting + ACSF" on both D4 and D11.  In 

addition, H3K27ac became even more elevated than naive levels (Fig. 17 H).  The significant drop of both di- and tri-methylation 

at H3K27, led to the hypothesis that the mRNA levels of PRC2 factors would drop after the EZH2 antisense injection.  PCR 

results agreed with this hypothesis:  EZH2 antisense obviously inhibited EZH2, which via unknown mechanism also inhibited 

SUZ and EED (Fig. 18 E, F & G).  This result matched the changes of methylation status at H3K27.  In addition, CBP mRNA 

was also increased after EZH2 antisense injection (Fig. 18 H).   

 In the PVN, we previously found that D3-fasting had a tremendous effect on the methylation status at the H3K27 site, 

which resulted from changes of the PRC2.  After EZH2 antisense injection, the PVN overall had a significant loss of methylation 

at the H3K27 site.  On D4, compared to "ACSF injection + D3-fasting" treatment ", "EZH2 antisense + D3-fasting" was able to 

apparently inhibit the surge of H3K27me3 and H3K27me2 on D4 (Fig. 17 B & C).  On D11, while the inhibition of H3K27me2 

remained, H3K27me3 became even more elevated in the "EZH2 antisense + D3-fasting" group.  Similarly, the H3 level was 

constantly inhibited after EZH2 antisense injection, which lasted until D11 (Fig. 17 A).  However, compared to the "ACSF 

injection + D3-fasting" treatment, EZH2 antisense did not eliminate the significant drop of acetylation levels at H3K27 compared 

to the naive.  On D4, H3K27ac remained the same between the ACSF and EZH2 injected groups after D3-fasting (Fig. 17 D).  

On D11, this inhibition of H3K27ac remained in the PVN   compared to naive and "ACSF injection + D3-fasting" chicks. 

H3K27ac became further inhibited in the EZh2 injected group.    
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 The mRNA level of PRC2 and TRX key factors were also tested in the PVN.  CBP mRNA was not affected by EZH2 

antisense as it showed no difference to that of ACSF injection (Fig. 18 D).  However, factors in PRC2 changed dramatically.  

First, EZH2 antisense dramatically inhibited EZH2 mRNA levels starting 24 hr post injection and lasted 8 days post injection 

(Fig. 18 B).  For EED, "EZH2 antisense injection + D3-fasting" effectively eliminated its surge led by "ACSF injection + D3-

fasting" on both D4 and D11 (Fig. 18 C).  For SUZ, EZH2 antisense did not changed its mRNA level from that of the ACSF 

injection on D4.  However, SUZ mRNA was significantly lower on D11 after "EZH2 antisense + D3-fasting" when compared to 

that of ACSF injection (Fig. 18 A). 

 

b. BDNF protein and mRNA expression level confirmed the fact that EZH2 antisense eliminated body's response towards 

D3-fasting  

 As the significant global inhibition of both methylation and acetylation happened at H3K27 in the FB, we suspected 

that BDNF protein and mRNA levels should be affected after "EZH2 antisense injection + D3-fasting".  We found that on D4, 

EZh2 antisense not only eliminated BDNF protein inhibition led by "ACSF injection + D3-fasting" in the FB, but also brought 

the BDNF protein to a much higher level compared to the naive group (Fig. 19 B).  BDNF mRNA on D4 was very similar to its 

protein changes.  On D11, while "ACSF injection + D3-fasting" significantly increased BDNF mRNA compared to the naive 

group, "EZH2 antisense injection + D3-fasting" brought BDNF mRNA back to naive group (Fig. 19 D).   

 We then used CHIP assays to test the distribution of methylated H3K27 along Bdnf gene in FB.  Compared to "ACSF 

injection + D3-fasting", EZH2 antisense eliminated the surge of H3K27me2 led by D3-fasting along the Bdnf gene on D4 (Fig. 

21 B, E & H).  However, a more significant peak of H3K27me2 was monitored on D11 in "EZH2 antisense injection + D3-

fasting".  On the other hand, EZH2 antisense restored H3K27me3 to naive group level compared to the inhibition caused by 

"ACSF injection + D3-fasting" along the Bdnf gene on both D4 and D11 (except at 3'-UTR on D4) (Fig. 21 D, F & I).  These 

changes overall matched the changes of BDNF mRNA.  On the other hand, total H3 either stayed at the same level as the naive or 

was more elevated after "EZH2 antisense injection + D3-fasting" compared to the "ACSF injection + D3-fasting" on D4 along 

Bdnf gene (Fig. 21 A, D & G).  This pattern of H3 lasted until D11. 

 Next, we tested the BDNF response towards D3-fasting after EZH2 antisense injection in PVN.  We hypothesized that 

BDNF protein and mRNA should be spared from D3-fasting stress after EZH2 fasting.  We found that EZH2 antisense spared the 

BDNF inhibition from "ACSF + D3-fasting" and brought both BDNF protein and mRNA back to naive levels (Fig. 19 A & C).  

On D11, while BDNF protein was elevated after "EZH2 antisense injection + D3-fasting" when compared to the "ACSF injection 

+ D3-fasting", no changes was found for BDNF mRNA. 

 We further tested the dynamic deposition of methylated H3K27 on the  Bdnf gene in the PVN.  As expected, the 

"rescue" pattern was detected at multiple loci of Bdnf.  On D4 and D11, while "ACSF injection + D3-fasting" increased the 
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deposition of both H2K27me2 and H3K27me3 at the Bdnf promoter and coding beginning region, EZH2 antisense eliminated 

this surge and brought them closer to the naive group (Fig. 20B, C, E & F).  However, on D11, not only the peak of H3K27me2 

and H3K27me3 disappeared, they became further inhibited than the naive group.  At the same time, the changes at Bdnf 3'-UTR 

were minimal.  These changes overall matched the changes of BDNF mRNA levels.  In addition, on D4, EZH2 antisense elevated 

the H3 deposition along Bdnf gene on D4  injection and significantly inhibited on D11 (Fig 20 A, D & G).   Furthermore, EZh2 

was also monitored to match the changes of H3K27me2 and H3K27me3 changes.  We found that on D4, at the Bdnf promoter 

and coding beginning regions, the EZH2 peak resulting from the D3-fasting was eliminated and was even more inhibited than the 

naive group (Fig. 22 A, B & C).  Additionally, the EZH2 antisense  inhibited EZH2 deposition on D11 along the Bdnf gene as 

well.         

 

5. EZH2 eliminated the "molecular memory" towards repetitive fasting stress in PVN  

a. EZH2 antisense impaired "molecular memory" PVN 

 We again measured the changes of body weight following either D10- or D3/10-fasting treatment (Table 5).  Compared 

to the naive group, D10-fasting significantly decreased chicks body weight.  An additional D10-fasting on the top of D3-fasting 

further decreased body weight.  On the other hand, EZH2 antisense injection overall had no effect on body weight of chicks in 

naive and D10-fasting group.  However, Compared to "D3/10-fasting + ACSF injection" group, the body weight of the "D3/10-

fasting + EZH2 antisense" group was less attenuated.  

 As we previously showed, fasting at D3 could protect the body by minimizing the response to the same stress in later 

days.  We called it "molecular memory".  This protection mechanism is mainly via regulating the methylation status at H3K27.  

As an important methyltransferase, EZH2 plays a key role in "molecular memory".  Thus, interruption of the PRC2 should impair 

the H3K27 methylation, which causes dysfunction of this memory towards repetitive stress.  To test this hypothesis, we injected 

EZH2 antisense into chicks and put them under repetitive fasting stress conditions.    

 First, we tested the FB's response toward repetitive stress.  As we showed earlier, the FB had little function in feeding 

regulation and did not exhibit any molecular memory towards the fasting stress.  In the current study, we confirmed this 

hypothesis again by showing that the FB did not exhibit any memory towards fasting stress.  After single D10-fasting, there was 

overall no change in H3K27 methylation or acetylation and total H3 levels compared to the naive group (Fig 23 E, F, G & H).  

Repetitive D3/10-fasting only significantly inhibited H3K27me3 levels.  However, after EZH2 antisense injection, EZh2 

antisense non-specifically inhibited H3K27me2 and increased H3K27ac in either type of fasting stress.  Total H3 and H3K27me3 

did not exhibit any changes in either fasting treated groups. 

 We measured the  mRNA levels  of the PRC2 to confirm the changes of methylation at H3K27 in the FB.  In the ACSF 

injected group, after a single D10-fasting stress, a noticeable increase and decrease of SUZ and EED were monitored, 
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respectively (Fig. 24 E & G).  However, after D3/10-fasting, while SUZ decreased and became indifferent from the naive, EED 

remained noticeably inhibited.  Both EZH2 and CBP mRNA levels, although elevated, were not significant compared to the 

naive (Fig. 24 F & H).  After D3/10-fasting treatment, EZH2 became significantly elevated.  CBP, on the other hand, remain 

silenced to the repetitive fasting.  In the EZH2 antisense injected group, EZH2 mRNA was  inhibited after either type of fasting 

stress (Fig. 24 F).  After D3/10-fasting, SUZ and CBP were inhibited while EED remained unchanged (Fig. 24 E, G & H).   

 Next, we applied the same test towards the PVN sample.  In the ACSF injected group, the PVN revealed a "molecular 

memory" pattern: while single fasting on D10 significantly elevated/inhibited protein level from the naive group, a D3 fasting 

prior to D10 fasting alleviated this elevated/inhibited level.  In Western Blot testing, we found that H3K27me2, H3K27me3 and 

H3K27ac followed this pattern (Fig. 23 B, C &D).  For H3, it exhibited constantly increased levels after either D10-fasting or 

D3/10-fasting (Fig. 23 A).  However, after EZH2 antisense injection, "molecular memory" patterns disappeared.  First, EZH2 

antisense injection constantly eliminated the peak of H3K27me2 led by single fasting on D10 or repetitive fasting on D3/10 (Fig. 

23 B).  For H3K27me3 and H3K27ac, EZH2 antisense injection caused constant elevation compared to "ACSF injection + D10-

fasting" treatment (Fig. 23 C & D).  In addition, EZH2 antisense caused constant inhibition of H3 in both D10 and D3/10-fasting 

group (Fig. 23 A). 

 The mRNA levels of the PRC2 key factors agreed with the methylation status in the PVN.  Compared to the ACSF 

injection group, EZH2 antisense constantly inhibited not only EZH2, but also SUZ and EED mRNA levels after a single fasting 

on D10 (Fig. 24 A, B & C).  After D3/10-fasting treatment, EZH2 antisense remained effective and significantly inhibited SUZ 

and EZH2 while elevated the level of EED.  CBP from the TRX overall was not affected by EZH2 antisense compared to that of 

ACSF injection (Fig. 24 D).   

 

b.  BDNF expression supports the statement that EZH2 antisense impaired "molecular memory"    

 We then studied BDNF protein and mRNA changes in the FB.  After D10-fasting, a significant inhibition of BDNF 

protein was found (Fig. 25 B).  After D3/10-fasting fasting, BNDF revealed a partially recovered protein level from D10-fasting, 

which however remained lower than the naive.  BDNF mRNA levels in the FB shown no changes after D10-fasting but much 

inhibited levels after repetitive fasting in the ACSF injected group (Fig. 25 D).   

 We further used CHIP assays to study these changes in BDNF mRNA levels.  Without EZH2 antisense, D3-fasting was 

able to elicit a surge of total H3 and H3K27me2 levels along the Bdnf gene (Fig. 27 A, B, D, E, G & H).  After D3/10-fasting, the 

surge of H3 became even bigger while H3K27me2 remained the same level as that of D3-fasting.  On the other hand, H3K27me3 

was inhibited by D3-fasting and exhibited a more significant inhibition after D3/10-fasting (Fig. 27 C, F & I).  However, after 

EZH2 antisense injection,  H3 increased its deposition after D10-fasting along Bdnf but decreased its deposition after D3/10-

fasting (Fig. 27 A, D & G).  At the mean time, EZH2 antisense was able to decreased H3K27me2 deposition along Bdnf in both 
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single and repetitive fasting treatments (except at the Bdnf promoter and 3'-UTR regions) (Fig. 27 B,E & H).  On the contrary, 

H3K27me3 deposition were constantly increased along the Bdnf gene after EZH2 antisense injection, in both single and repetitive 

fasting treatments (Fig. 27 C, F & I).  EZH2 itself showed unchanged,  decreased and increased levels at Bdnf promoter, coding 

beginning region and 3'-UTR regions, respectively, after D3-fasting (Fig 28 D, E & F).  EZH2 antisense also inhibited EZH2 

level along Bdnf gene after D3/10-fasting treatment (Fig 28 D, E & F). 

 Next, we tested the changes of BDNF in the PVN.  Compared to the FB, PVN exhibited much more meaningful 

changes after fasting stress.  In the ACSF injected group, both BDNF protein and mRNA exhibited the "molecular memory" 

patterns after repetitive fasting stress (Fig. 25 A & C).  EZH2 antisense impaired this pattern of both BDNF protein and mRNA.  

After single fasting on D10, BDNF protein and mRNA exhibited significant elevated levels after EZH2 antisense injection (Fig. 

25 A & C).  After repetitive fasting, both BDNF protein and mRNA expression levels showed the reversal. 

 The results from CHIP assays agreed with that of BDNF mRNA changes in PVN.  First, after ACSF injection at Bdnf 

promoter and coding beginning regions, both H3K27me2 and H3K27me3 exhibited the "molecular memory" pattern: while 

single fasting D10 significantly shifted its level from the naive, repetitive fasting on both D3 and D10 brought its level back or 

close to the naive group (Fig. B, C, E & F).  Following EZH2 antisense injection, D10-fasting significantly inhibited H3K27me2 

and H3K27me3 level at both Bdnf promoter and coding beginning regions (Fig. B, C, E & F).  However, this pattern was 

reversed after D3/10-fasting (except H3K27me3 was not different between EZH2 antisense and ACSF group).  3'-UTR region 

remained unchanged regardless of injection and fasting(Fig. 26 H & I).  On the other hand, total H3 levels tended to increase 

upon D3-fasting and became more increased upon D3/10-fasting without EZH2 antisense (Fig. 26 A, D & G).  However, EZH2 

antisense significantly increased total H3 after single D10 fasting at the  Bdnf promoter and coding beginning region.  This 

pattern reversed after D3/10-fasting treatment.  EZH2 deposition after ACSF injection exhibited "molecular memory" only at 

Bdnf promoter region but not others (Fig28 A, B & C).  After EZH2 antisense injection, EZH2 deposition was inhibited at Bdnf 

promoter region after single fasting on D3.  In addition, EZH2 antisense also elevated EZH2 level along Bdnf gene (Fig28 A, B 

& C).   
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3.5.  Discussion 

 To the author's knowledge, only limited number of publications reported the changes of histone [6] and histone 

modification enzymes [349] in hypothalamus after unfavorable nutritional stress.  Thus, we are interested in knowing the histone 

covalent modification regulation after nutritional stress. In a previous study, we showed that after 24 hr fasting on D3, significant 

increased methylation was detected at H3K27 in PVN.  In addition, PVN is able to establish so called "molecular memory", 

which protects the body from a future same stress.  In the present study, we first confirmed that ACSF injection in lateral 

ventricle overall did not affect the body's response toward D3-fasting.  Additionally, we also confirmed the existence of 

"molecular memory" inside the PVN after ACSF injection into the lateral ventricle.  However, after EZH2 antisense application, 

the PVN lost its correct responses after a single24 hr fasting on D3.  In addition, the PVN failed to develop "molecular memory" 

towards the fasting stress after EZH2 antisense injection. 

 Feeding regulation is determined by the neural-networking in the five different sub-hypothalamic nuclei [51].  

Among them, PVN is one of most important nuclei and plays a pivotal role in feeding and energy homeostasis regulation.  A 

histological study showed that the PVN received innervation fibers from almost all areas of the hypothalamus [105].  Nearly 

all known orexigenic and anorexigenic factors increased and decreased feeding respectively, when micro-injected into the 

PVN [50].  Multiple numerous neuro-peptides, including BDNF [79], was also detected in the PVN.  In addition, some recent 

studies find that fasting stress tends to change histone methylation  status inside PVN [6].  In the current study, we showed 

that after single 24 hr fasting on D3, there was significant increased methylation and decreased acetylation at H3K27 in PVN.  

This changed pattern of H3K27 covalent modification lasted until 8 days post fasting.  These data suggest that histone 

modification is highly responsive rather than static towards nutritional stresses.  As previously reported by other groups that 

nutritional stress could leave covalent modification on both histones [6,349] and nucleotides [350,351].  Our data provided 

evidence to support this hypothesis.  In addition, 8 days post injection, elevation of methylation and acetylation at H3K27 

remained exist.  These results matched our previous finding that 24 hr fasting on D3 could keep inducing H3K27 methylation 

and methylation machinery, i.e. PRC2, up to at least 38 days.  This suggests that single nutritional stress during early brain 

development could induce long term covalent modification on histones.  This durable histone modification can lead to 

changing of both chromatin structure and gene transcription and, thus, increased risk towards some diseases such as obesity.  

Some recent epidemiological studies claimed that nutritional stress in early life period is able to cause long term disturbance 

in energy and metabolic homeostasis in humans [376].  Thus, our data supported this hypothesis by showing that long term 

histone modification deposition on chromosome could be the potential mechanism.   

 We were also interested in investigating the meaning of this long term modification on histone.  Previous studies 

showed that animals became more resistant towards heat challenge later in life if exposed to heat stress during thermal-

control establishment period [377,378].  It is mainly due to adaption of histones modification in the preoptic and 
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anterior hypothalamus (PO/AH) [7].  We suspected the histone modification in PVN after fasting had the same the function 

as that of PO/AH after heat stress.  Thus, we compared a repetitive 24 hr fasting stress (on both D3 and D10) to the single 24 

hr fasting (on D3) in chicks.  Similarly, we found that the body exhibits a less disrupted methylation as well as acetylation at 

H3K27 after repetitive fasting stress compared to a single fasting stress.  We called this change of pattern as the "molecular 

memory".  We used BDNF protein, BDNF mRNA and H3K27me2/3 lying on Bdnf gene to support this finding as well.  This 

indicates that the long term histone covalent modification serves as a protective mechanism for the body toward future same 

stress type.  Importantly, this is the first study series reporting that repetitive fasting during feeding-control establishment 

develops a "molecular memory" and protects the body from future same fasting stress.  In addition, this "molecular memory" 

utilizes histone covalent modification via PRC2.  However, it remains elusive how neurons in the PVN could develop 

"molecular memory" in the first place.  Additionally, it is not clear whether the body could build a "cross molecular-memory" 

towards different types of stress. 

 It is very surprising to see that not all factors inside PRC2 obtained "molecular memory":  in the PVN while 

repetitive fasting induce the memory for EED and SUZ, EZH2 kept increasing in both single and repetitive fasting situation.  

PRC2 is a huge H3K27 methylation machinery  [213].  In its functional core, three key factors have been discovered, which 

are EZH2, SUZ and extra-sex comb EED [213].  As EZH2 is the only methyltransferase inside PRC2, its expression level 

increasing suggested the same trend for H3K27 methylation [242].  However, H3K27me2 /me3 exhibited the similar 

"molecular memory" pattern as well after repetitive fasting stress.  Literature review suggested that EZH2 had barely no 

function if presented alone without other non-catalytic subunits in PRC2 [248].  This is because EZH2 does not have a DNA 

binding domain, which prevent EZH2 from histone binding [259,355].  So far EZH2 had been shown to have direct 

connection with EED in [251,259,357] and SUZ[252,259,358], which forms a triplet model that EZH2 sits in the 

middle[259].  EED binds to histones [255,356] while SUZ connects proteins on chromosome, such as heterochromatin 

protein 1alpha [252].  These linkages insure the EZH2 to have full contact with histones and proceed methylation.  Mutation 

or knockout SUZ [259,357,358] and EED [259,277,359] depleted the function of PRC2.  These data suggest that both 

catalytic (EZH2) and non-catalytic subunit (EED and SUZ) are pivotal to PRC2.  In the current study, we reported that 

"molecular memory" exhibited in EED and SUZ, but not EZH2.  This indicates that although body responds to the fasting 

stress through EZH2-methylating-H3K27, it is indeed via regulating of EED and SUZ.  Thus, via regulating EED and SUZ 

only could determine level of H3K27 methylation.  However, we are not clear how the body instills memory toward SUZ and 

EED and why EZH2 does not.    

 BDNF is initially known for its function in neuron proliferation, differentiation, growth and interaction [125].  

Recently, it is also categorized as an anorexigenic factor [75,159].  Both acute injection [159,160] (including at the PVN [161]) 

or long term intracerebroventricμlar injection  [162] of BDNF inhibited the feeding and increased energy expenditure in tested 
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animals.  While fasting inhibited BDNF level inside in the ventromedial  hypothalamus [75] and dorsal vagal complex of hinder 

brain [159], re-fed led to recovered BDNF [159].  In female humans with either bulimia nervosa (BN) or anorexia nervosa (AN), 

a significantly lowered serum BDNF level was observed [163].  All these data highlighted the importance of BDNF in feeding 

regulation.  In our current study, we identified a drop in both the BDNF protein and mRNA levels and a long term BDNF mRNA 

inhibition after a single 24 hr fasting on D3.  This finding agreed with the findings from previous studies.  But more importantly, 

we were able to match the BDNF mRNA changes with the H3K27me2/3 distribution along the Bdnf gene.  It is widely accepted 

that H3K27 methylation compacts nucleosomes and thus blocks transcriptional elongation on gene templates [361,362].  Thus, 

increased H3K27me2/3 after fasting indicated massive gene transcription inhibition in the PVN.  However, it remained out of 

clue that when and where of H3K27me2/3 deposition will lead to induce specific gene inhibition.  We picked three areas on Bdnf 

gene, which are promoter (-869 to -801 bp), coding starting region (+91 to +190 bp ) and 3'-UTR side (+1623 to +1698 bp).  

Same as the global changes in PVN, instant increased level of H3K27 me2/me3 was deposited mainly happened at Bdnf promoter 

and coding beginning region (but sometimes Bdnf 3'-UTR as well).  EZH2, on the other hand, was also significantly changes but 

along Bdnf gene.  This indicates that fasting inhibits Bdnf gene transcription mainly via regulating depositing PRC2 along Bdnf 

gene.   

 The PRC2 is known for its capacity to di- and tri methylate H3K27 site [242,243,247,248].  Because chicks' PVN 

showed increased H3K27 methylation levels after fasting stress, we were interested to investigate what happened if PRC2 

was impaired.  We picked EZH2 as our target because it is the only methyltransferases inside PRC2 [242].  An early study 

reported that an EZH2 null mutation is lethal towards animals [379].  Thus, EZH2 could only be knockdown via siRNA and 

oligodeoxyribonucleotide.  First, we tried to test the effectiveness of siRNA knockdown on the target mRNA.  We picked 

siRNA targeting GAPDH as our test and performed in vivo intracerebroventricular injection.  However, even at 27173.9 nM 

(final concentration in chick CSF, suggested concentration > 5 nM, chick at D3 had 4u μl CSF) and with the help of 

Invivofectamine® 2.0 Reagent, which was more than the 5400 fold higher than suggested concentration,  no effect on 

GAPDH protein and mRNA levels in the chick FB was observed 24 hr after 6 μl siRNA exhibited.  Literature review did find 

some successful studies to induce gene knockdown in the CNS via in vivo siRNA intracerebroventricular injection.  But 

siRNA was either injected topically [380,381,382] or newly remodeled which is more resistant to degradation [383].  In our 

case, we suspected the failure was due to the combination of following factors: 1) premature ending of siRNA reaction in FB 

(suggested time by manufacture is 48 hr) [384,385], 2) naked signal quick degradation in CSF [386] and 3) difficult 

penetration into deeper brain tissue [385] even with the presence of Invivofectamine® 2.0 Reagent. 

 Next we adopted the method from an earlier study, using oligodeoxyribonucleotides targeting the EZH2 to knockdown 

the EZH2 protein [7].  Compared to normal oligonucleotides, the oligodeoxyribonucleotide had a nonbridging oxygen replaced 

by a sulfur atom at every single phosphorus, which makes them highly resistant towards endonucleases.  In addition, the double-
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phosphorothiolation at both the 3'-end and 5'-end of the deoxyribonucleotide further protects it from exonucleases.  Thus, EZH2 

oligodeoxyribonucleotides antisense should be very stable after in vivo intracerebroventricular injection.  As expected, EZH2 

oligodeoxyribonucleotide antisense at 1 μg/μl effectively and selectively inhibited EZH2 protein and mRNA expression after 24 

hr post injection.  So far, two mechanisms have  introduced to explain how oligodeoxyribonucleotide antisense work inside cell.  

These mechanisms are the RNase H pathway [369,370,371], blocking transcription initiator progression [372] and inhibiting 

mRNA splicing [368].  The RNase H pathway utilizes RNase H enzyme to hydrolyze the RNA/DNA complex, which 

significantly inhibits mRNA of target gene [368].  However, other two pathways are expected to inhibit mRNA translation rather 

than hydrolyze and decrease mRNA [372].  Thus, in our case, EZH2 oligodeoxyribonucleotides antisense should utilize RNase H 

pathway as  we observed significant inhibition of EZH2 mRNA.   

 We evaluated the effect of EZH2-antisense inhibition by monitoring the methylation status at H3K27 in the PVN.  

Whereas the D3-fasting significantly increased the EZH2 mRNA on D4, EZH2 antisense eliminated this response.  In addition to 

the inhibition of EZH2 mRNA, the peak of H3K27me2/3 protein was also eliminated.  This indicates that EZH2 knockdown 

depletes the function of PRC2 and thus impairs the changes of H3K27 methylation.  In other words, the body's response towards 

D3-fasting was impaired.  On D11, EZH2 mRNA remained inhibited in "EZH2 antisense + D3-fasting" group compared to 

"ACSF + D3-fasting" group.  This observation indicated that EZH2 antisense remained effective even 8 days after injection.  The 

EZH2 antisense we used is phosphorothioated oligonucleotides, which are fairly resistant to the intracellular endonucleases and 

exonucleases [368].  This  explained  a constant inhibition of EZH2 mRNA in PVN neurons, which led to constant inhibition of 

methylation at H3K27.  Interestingly, SUZ and EED mRNA also shown changed level after EZH2 antisense injection.  As we 

have blasted the EZH2 antisense sequence, it could not bind to SUZ and EED mRNA.  Literature review found that 

phosphorothioated oligonucleotides are capable of causing non-specific mRNA inhibition [368].  However, individual cell have a 

intact biological environment where interruption of one molecule could affect the level of the others, especially they have 

collaboration.  Thus, this phenomenon could either be the response of PVN to EZH2 antisense or non-specific inhibition caused 

by EZH2 antisense.  Monitoring the changes of BDNF protein mRNA and deposition on Bdnf gene agreed with the effect of 

EZH2 antisense at global level. 

 Furthermore, EZH2 antisense also eliminated D3/10-fasting induced long-term H3K27 methylation modification.  We 

showed that this long-term modification was beneficial for the body and protect body from future fasting stress.  As H3K27 

specific methyltransferase, EZH2 played a pivotal role during this process, although EZH2 itself does not obtain "molecular 

memory".  To provide more evidence, we again applied EZH2 antisense towards the repetitive fasting test.  We found that after 

the injection, EZH2 mRNA was constantly inhibited compared to non-EZH2 injected group.  In addition, the "molecular 

memory" pattern was totally eliminated for EED, but not SUZ. As a key factor for PRC2 functioning, lost of "molecular 

memory" for EED was expected to eliminate "molecular memory" pattern for products of PRC2.  Accordingly, H3K27me2/me3 
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no longer exhibited any "molecular memory" as well.  These data indicate that interrupting EZH2 expression impaired neurons in 

the PVN to obtain memory toward fasting, which eliminated a protection in the PVN.  This hypothesis was later supported by the 

results of the BDNF protein, mRNA and H3K27me2/3 distribution on the Bdnf gene as well.   

 We also monitored some discrepancies in our data.  For example, in "ACSF injected + D3-fasting" group, although 

EZH2 deposition matched perfectly of H3K27me2/me3 level in PVN on D4, it did not matched perfectly well of 

H3K27me2/me3 on D11.  We do not understand why this happened.  It could be due to the co-effect of other PcG complex [245], 

chromosome proteins, nucleotide covalent modification or histone covalent modification at 3'-UTR that blocks the function of 

PRC2 at this area.  In addition, H3K27me3 and H3K27ac were found to have the exactly same patterns in repetitive fasting study, 

but no after single D3-fasting.  H3K27me3 and H3K27ac are the products of PRC2 [245] and TRX  [387], respectively.  They 

antagonize each other to regulate gene transcription level under different circumstance [295,363].  Most of the time, H3K27me3 

and H3K27ac are reversely parallel to each other [226,388].  In our situation, because all chicks had been fasting before, this 

parallel H3K27me3 and H3K27ac effect could be fasting specific.  It is also possible that the significant increased H3K27me3 

and H3K27ac could be deposited into different area of the chromosome, affecting different genes.   

 Overall, our data showed that the PVN is capable of responding to fasting stress quickly and methylates H3K27 via 

regulating of PRC2.  These changes last for a fairly long time because it protected the body from interrupted inner environment 

after a future same fasting stress.  Upon impairment of the PRC2 via knockdown of EZH2, the PVN is no longer capable of 

responding to fasting correctly, thus it cannot establish any memory to protect homeostasis from future fasting.    
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D4 

 

D11 

D3-fasting 

 

- + + 

 

- + + 

antisense 

 

- - + 

 

- - + 

Body weight 

 

78.01 a 58.84 b 59.39 b 

 

172.6 a 151 b 154.8 b 

SEM 

 

1.44 0.89 0.71 

 

5.52 3.24 5.66 

 

Table 5  Changes in body weight of chicks following fasting.  At three days of age, eighteen birds were injected with ACSF into 

lateral ventricle of brain and fed ad libitum (naïve).  Eighteen birds were injected with ACSF and another eighteen birds were 

injected with EZH2 antisense oligonucleotides.  Right after injection, these birds were fasted for 24 hours (D3-fasted).  Data from 

the same sacrifice day bared different letters indicate significant different.  Naïve controls and fasted chicks (from both ACSF 

and antisense injected group) were sacrificed on day 4 (D4) and day 11 (D11).  Before sacrificing, body weight was measured.  

There was a significant decrease in the body weight between naïve and "D3-fasting + ACSF" chicks on 24 hrs and 8 days post 

fast.  This pattern of body weight remained same on D11.   
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D11 

D3-fasting 

 

- - 

 

- - 

 

+ + 

D10-fasting 

 

- - 

 

+ + 

 

+ + 

antisense 

 

- + 

 

- + 

 

- + 

Body weight 

 

175 177.1 

 

151.6 153.6 

 

121.4 141.3 * 

SEM 

 

5.47 4.97 

 

2.37 5.28 

 

2.94 3.51 

 

Table 6  Changes in body weight of chicks following D10-fasting or D3/10-fasting.  At three days of age, eighteen birds were 

injected with ACSF into the lateral ventricle and then randomly and evenly divided into three groups.  One group was randomly 

picked and fed ad libitum until D11 (naïve).  For D3- and D10- double fasting group (called D3/10-fasting in the following 

paragraph), food was withdrawn for 24 hr on D3.  On D4, food was back to normal supply to the fasted group.  On D10, D3/10-

fasting groups were fasted again for 24hr.  For single fasting on D10 group (called D10-fasting), food was only withdrawn on 

D10 for 24 hr.  All three groups of chicks were sacrificed on D11 and PVN and FB samples were collected.  In EZH2 antisense 

injected group, all treatments remained the same as that of the ACSF injected group, except ACSF was replaced with EZH2 

antisense.  Data bared asterisk mark indicates significant difference between ACSF and EZH2 antisense injected group.  Data 

bared Greek letter indicates significant difference among a group which receives the same injection chemicals.  .  In ACSF 

injected group, D10-fasing significantly inhibited chick body weight.  If applied a fasting on D3 prior to D10 fasting, chick body 

weight was significantly decreased compared to both the naive group and 10-fasting group.  EZH2 antisense injected group 

showed a similar pattern compared to that of ACSF group: there was an overall down regulation of body weight with increased 

fasting time.  In between EZH2 antisense injected group, while EZH2 antisense had no effect on the naive and D10-fasting group, 

it significantly increased body weight of D3/10-fasting group compared to ACSF injected group. 
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Figure  11.  Changes in protein and mRNA levels of GAPDH in the chick forebrain (FB) (A & B) following anti-GAPDH siRNA injection.  At three days of age, birds were 

injected with ACSF, GAPDH sense and GAPDH antisense siRNA into 3rd ventricle of brain.  24 hr after injection, all chicks were sacrificed and FB was extracted.  Total protein 

was isolated and evaluated by Western blot using the antibody against GAPDH.  Blot density were compared with -actin.  Each value is the mean  standard error of the mean of 

6 individual chicks.  GAPDH protein shown no difference among GAPDH sense and GAPDH antisense siRNA injection group (A).  Total mRNA was isolated and evaluated by 

real-time polymerase chain reaction (PCR) using the Sybr green method with Gapdh gene-specific primers (see Table 1).  Gene expression levels were compared with -actin.  

Each value is the mean  standard error of the mean of 6 individual chicks.  GAPDH mRNA shown no difference among GAPDH sense and GAPDH antisense siRNA injection 

group, either (B).
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Figure 12.  Changes in mRNA levels of EZH2 in the chick's FB (A) and hypothalamus (B) following EZH2 antisense injection.  At three days of age, birds were injected with 

ACSF and EZh2 antisense oligonucleotides at 0.5 ug/ul and 1 ug/ul into lateral ventricle of the brain.  Chicks were sacrificed at 12 hr or 24 hr post injection.  FB and hypothalamic 

tissues were collected.  Total mRNA was isolated and evaluated by PCR using the Sybr green method with Ezh2 gene-specific primers (see Table 1).  Gene expression levels were 

compared with -actin.  Each value is the mean  standard error of the mean of 6 individual chicks.  EZH2 mRNA showed no difference after EZH2 antisense at 12 hr post 

injection in the FB (A) and hypothalamus at both 0.5 ug/ul and 1ug/ul.  However, at 24 hr post injection, EZH2 mRNA was significantly inhibited at both 0.5 ug/ul and 1ug/ul in 

both FB (B) and hypothalamus (D) histogram with same letter indicated insignificant difference (P > 0.05) while histogram with different letter indicated significant difference ( 

P< 0.05).
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Figure 13.  Changes in protein and mRNA levels of EZH2 in the chick's FB (A & B) and PVN (C & D) following EZH2 

antisense injection.  At three days of age, birds were injected with ACSF and EZh2 antisense oligonucleotides at 0.5 ug/ul and 1 

ug/ul into lateral ventricle of brain.  24 hr after injection, all chicks were sacrificed and FB and hypothalamus tissues were 

collected.  Total protein was isolated and evaluated by Western Blot.  Protein expression levels were compared with -actin.  

Each value is the mean  standard error of the mean of 6 individual chicks.  In FB, although EZH2 mRNA was inhibited by both 

0.5 and 1 ug/ul EZH2 antisens after 24 hours as shown previously, EZH2 protein was only inhibited by EZH2 antisense at 1 ug/ul 

(A).  The product of EZH2, H3K27me2, followed the same trend as EZH2 in FB (B).  In the hypothalamus, EZH2 protein was 

inhibited by EZH2 antisense at 1 ug/ul but not 0.5 ug/ul (C).  However, H3K27me2 revealed a significant increased level after  

1ug/ul EZH2 antisense injection while 0.5 ugl/ul did not affect its level (D).  Histogram with same letter indicated insignificant 

difference (P > 0.05) while histogram with different letter indicated significant difference ( P< 0.05).  
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Figure 14.  Changes in protein levels of EZH2 in the chick's PVN (C & D) following ACSF, EZH2 sense (1 ug/ul) and EZH2 

antisense (1 ug/ul) injection.  At three days of age, birds were injected with ACSF, EZh2 sense and EZH2 antisense 

oligonucleotides into lateral ventricle of brain.  24 hr after injection, all chicks were sacrificed and hypothalamus was extracted.  

Total protein was isolated and evaluated by Western Blot.  Gene expression levels were compared with -actin.  Each value is the 

mean  standard error of the mean of 6 individual chicks.  EZH2  protein showed no difference between ACSF and EZH2 sense 

injected group at 24 hr post injection.  However, EZH2 antisense significantly inhibited EZH2 protein compared to ACSF 

injected group.  Histogram with same letter indicated insignificant difference (P > 0.05) while histogram with different letter 

indicated significant difference ( P< 0.05).  
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Figure 15.  Changes in protein levels of H3, H3K27me2, H3K27me3 and H3K27ac in chick's paraventricular nucleus (PVN) (A, B, C & D) and the forebrain (FB) (E, F, G & H) 

following fasting.  At three days of age, eighteen birds were injected with ACSF into lateral ventricle of brain and fed ad libitum (naïve).  Eighteen birds were injected with ACSF 

and another eighteen birds were injected with EZH2 antisense oligonucleotides.  Right after injection, these birds were fasted for 24 hours (D3-fasted).  Naïve controls and fasted 

chicks (from both ACSF and antisense injected group) were sacrificed on day 4 (D4) and day 11 (D11).  Total protein was isolated and evaluated by Western blot using the 

antibody against H3, H3K27me2, H3K27me3 and H3K27ac.  Blot density were compared with -actin.  Each value is the mean  standard error of the mean of 6 to 12 individual 

chicks. Histogram with different letters indicated a significant difference.  There was an overall significant increase in the levels of global H3 (A), H3K27me2 (B) and H3K27me3 

(C) between naïve and "D3-fasting + ACSF" chicks on 24 hrs and 8 days post fast (A).  Global acetylated lysine 27 levels on H3 were significantly decreased at 24 hours post "D3-

fasting + ACSF", but became insignificant on D11 (D).  After EZH2 antisense injection, the surge of H3 and H3K27me2 were inhibited on both 24 hrs and 8 days post fast (A).  

EZH2 antisense also blocked the surge of H3K27me3 at 24 hr post fast but showed a reversal on 8 days post fast (C).  However, H3K27ac did not seem to be affected by EZH2 

antisense (D).  In FB, after "D3-fasting +ACSF" treatment, the global H3 (E) and H3K27me3 (G) levels were significantly increased on D4 but not D11.  While H3K27me2 (F) 

was not affected by "D3-fasting + ACSF" at all, H3K27ac (H) was constantly inhibited on both D4 and D11.  After EZH2 antisense injection, total H3 (E) , H3K27me2 (F) and 

H3K27me3 (G) all exhibited significant inhibited levels.  On the contrary, H3K27ac was significantly elevated (H).  
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Figure 16.  Changes in mRNA levels of key factors in the Polycomb repressive complex 2 (PRC2) and a histone acetyltransferase (HAT) in the chick paraventricular nucleus 

(PVN) (A, B, C & D) and the forebrain (FB) (E, F, G & H) following fasting and injection.  At three days of age, eighteen birds were injected with ACSF into the lateral ventricle 

of the brain and fed ad libitum (naïve).  Eighteen birds were injected with ACSF and another eighteen birds were injected with EZH2 antisense oligonucleotides.  Right after 

injection, these birds were fasted for 24 hours (D3-fasted).  Naïve controls and fasted chicks (from both ACSF and antisense injected group) were sacrificed on day 4 (D4) and day 

11 (D11).  Total mRNA was isolated and evaluated by real-time polymerase chain reaction (PCR) using the Sybr green method with SUZ, EZh2, EED, and CBP gene-specific 

primers (see Table 1).  Gene expression levels were compared with -actin.  Each value is the mean  standard error of the mean of 6 to 12 individual chicks.  Histogram with 

different letters indicated a significant difference.  Abbreviations:  SUZ (suppressor of zeste), EZh2 (enhancer of zeste 2); EED (embryonic ectoderm development); CBP (CREB 

[cAMP response element binding] protein).  In PVN, after "D3-fasting +ACSF" treatment, there was an instant increase in the levels of SUZ (A), EZH2 (B), EED (C) but not CBP 

(D) on 24 hrs post fasting.  On D11, while "D3-fasting +ACSF" no longer caused any effect on SUZ and CBP, it inhibited EZH2 and further elevated EED in the PVN.  After 

EZH2 antisense injection, it blocked the surge of EZH2 and EED mRNA on both D4 and D11 (B).  While EZH2 antisense did not show any effect on SUZ at 24 hr post injection, 

it did inhibit SUZ mRNA on 8 days post injection (A).  CBP, on the other hand, was not affect by EZH2 antisense at all (D).  In FB, "D3-fasting +ACSF" had no effect on SUZ 

(E), EZH2 (F), EED (G) and CBP (H).  However, after EZH2 injection, all of them became significantly inhibited.
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Figure 17.  Changes in protein and mRNA levels of BDNF in chick's PVN (A & C)  and FB (B & D) following fasting and 

injection.  At three days of age, eighteen birds were injected with ACSF into the lateral ventricle of the brain and fed ad libitum 

(naïve).  Eighteen birds were injected with ACSF and another eighteen birds were injected with EZH2 antisense oligonucleotides.  

Right after injection, these birds were fasted for 24 hours (D3-fasted).  Naïve controls and fasted chicks (from both ACSF and 

antisense injected group) were sacrificed on day 4 (D4) and day 11 (D11).  Total protein was isolated and evaluated by Western 

blot using the antibody against BDNF.  Blot density were compared with -actin.  Total mRNA was isolated and evaluated by 

real-time PCR using the Sybr green method with BDNF (see Table 1).  Gene expression levels were compared with -actin.  

Each value is the mean  standard error of the mean of 6 to 12 individual chicks.  Histogram with different letters indicated a 

significant difference.  After "D3-fasting + ACSF", a significant drop of BDNF protein was detected at 24 hr post fasting in both 

PVN (A) and FB (B).  On D11, BDNF protein in both tissues went back to the naive level.  In addition, BDNF mRNA was 

instantly inhibited by "D3-fasting + ACSF" but went back to naive on D11 in PVN (C).  However in FB, while BDNF mRNA 

was  inhibited on D4, it showed a reversal on D11 (D).  After EZH2 antisense injection, both BDNF protein (A) and mRNA (C) 

no longer showed the drop and became non-shifted from naive level in PVN.  In FB, EZH2 antisense reversed the 

inhibition/elevation of BDNF protein and mRNA after D3-fasting (B).    
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Figure 18.  Alterations in dimethylation and trimethylation levels of H3K27 along the Bdnf gene in the PVN following a 24 hour 

fast on day 3 with injection.  To assess the histone modifications present at the Bdnf gene, ChIP assays were performed.  Eighteen 

birds were injected with ACSF and another eighteen birds were injected with EZH2 antisense oligonucleotides into the latral 

ventricle.  Right after injection, these birds were fasted for 24 hours (D3-fasted).  Naïve controls and fasted chicks (from both 

ACSF and antisense injected groups) were sacrificed on day 4 (D4) and day 11 (D11).  PVN samples were collected and 

immuno-precipitated with antibodies against H3 (positive control), H3K27me2, H3K27me3 and IgG (as negative control).  PCR 

results with Bdnf-specific primers (see Table 1) aligning at the promoter region and producing amplicon -869 to -801 bp 

upstream of the coding region.  (D, E & F).  PCR results with Bdnf-specific primers aligning at the transcription start site and 

producing amplicon +91 to +190 bp.  (G, H and I). PCR results with Bdnf-specific primers aligning at the 3’-UTR and producing 

amplicon +1623 to +1698 bp.  Each value (PCR abundance relative to input) is the mean  standard error of the mean of 6 

individual chicks minus the background signal (IgG) and then normalized to that of age comparable control naïve chicks.  

Histogram with different letters indicated a significant difference.  
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Figure 19.  Alterations in dimethylation and trimethylation levels of H3K27 along the Bdnf gene in the FB following a 24 hour 

fast on day 3 with injection.  To assess the histone modifications present at the Bdnf gene, ChIP assays were performed.  Eighteen 

birds were injected with ACSF and another eighteen birds were injected with EZH2 antisense oligonucleotides into the lateral 

ventricle.  Right after injection, these birds were fasted for 24 hours (D3-fasted).  Naïve controls and fasted chicks (from both 

ACSF and antisense injected groups) were sacrificed on day 4 (D4) and day 11 (D11).  PVN samples were collected and 

immuno-precipitated with antibodies against H3 (positive control), H3K27me2, H3K27me3 and IgG (as negative control).  PCR 

results with Bdnf-specific primers (see Table 1) aligning at the promoter region and producing amplicon -869 to -801 bp 

upstream of the coding region.  (D, E & F).  PCR results with Bdnf-specific primers aligning at the transcription start site and 

producing amplicon +91 to +190 bp.  (G, H and I). PCR results with Bdnf-specific primers aligning at the 3’-UTR and producing 

amplicon +1623 to +1698 bp.  Each value (PCR abundance relative to input) is the mean  standard error of the mean of 6 

individual chicks minus the background signal (IgG) and then normalized to that of age comparable control naïve chicks.  

Histogram with different letters indicated a significant difference.    
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Figure 20.  Alterations in EZH2 along the Bdnf gene in the PVN (A, B & C) and FB (D, E & F) following a 24 hour fast on day 3 with injection.  To assess the histone 

modifications present at the Bdnf gene, ChIP assays were performed.  Eighteen birds were injected with ACSF and another eighteen birds were injected with EZH2 antisense 

oligonucleotides.  Right after injection, these birds were fasted for 24 hours (D3-fasted).  Naïve controls and fasted chicks (from both ACSF and antisense injected groups) were 

sacrificed on day 4 (D4) and day 11 (D11).  PVN samples were collected and immuno-precipitated with antibodies against H3 (positive control), EZH2 and IgG (as negative 

control).  PCR results with Bdnf-specific primers (see Table 1) aligning at the promoter region and producing amplicon -869 to -801 bp upstream of the coding region.  PCR results 

with Bdnf-specific primers aligning at the transcription start site and producing amplicon +91 to +190 bp.  (B & E). PCR results with Bdnf-specific primers aligning at the 3’-UTR 

and producing amplicon +1623 to +1698 bp (C & F).  Each value (PCR abundance relative to input) is the mean  standard error of the mean of 6 individual chicks minus the 

background signal (IgG) and then normalized to that of age comparable control naïve chicks.  Histogram with different letters indicated a significant difference.   
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Figure 21.  Changes in protein levels of H3, H3K27me2, H3K27me3 and H3K27ac in chick's PVN (A, B, C & D) and FB (E, F, G & H) following fasting and injection.  At three 

days of age, eighteen birds were injected with ACSF into the lateral ventricle and then randomly and evenly divided into three groups.  One group was randomly picked and fed ad 

libitum until D11 (naïve).  For D3- and D10- double fasting group (called D3/10-fasting in the following paragraph), food was withdrawn for 24 hr on D3.  On D4, food was back 

to normal supply to the fasted group.  On D10, D3/10-fasting groups were fasted again for 24hr.  For single fasting on D10 group (called D10-fasting), food was only withdrawn 

on D10 for 24 hr.  All three groups of chicks were sacrificed on D11 and PVN and FB samples were collected.  In EZH2 antisense injected group, all treatments remained the same 

as that of the ACSF injected group, except ACSF was replaced with EZH2 antisense.  Total protein was isolated and evaluated by Western blot using the antibody against H3, 

H3K27me2, H3K27me3 and H3K27ac.  Blot density were compared with -actin.  Each value is the mean  standard error of the mean of 6 to 12 individual chicks. Histogram 

with different asterisks indicated a significant difference.  In the ACSF injected group, D10-fasting was able to significantly increase global H3 (A), H3K27me2 (B), H3K27me3 

(C) and H3K27ac (D) level in the PVN.  However, if applied a fasting on D3 prior to D10 fasting, H3K27me2, H3K27me3 and H3K27ac went back to the level of naive groups.  

H3, on the other hand, was more elevated.  After EZH2 antisense injection, H3K27me2 no longer showed a peak after single D10 fasting (B).  On the other hand, H3K27me3 (C) 

and H3K27ac (D) were more elevated after D10-fasting and even more elevated after D3/10-fasting.  Total H3 was significantly inhibited after EZH2 antisense after either D10-

fasting or D3/10-fasting (A).  In FB, EZH2 antisense only significantly inhibited H3K27me2 (F) and elevated H3K27ac (H) after both D3 and  D3/10-fasting treatment.  However, 

it had no effect on total H3 (E) and H3K27me3 (G).   
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Figure 22.  Changes in mRNA levels of key factors in Polycomb repressive complex 2 (PRC2) and a histone acetyltransferase (HAT) in the chick PVN (A, B, C & D) and FB (E, 

F, G & H) following fasting and injection.  At three days of age, eighteen birds were injected with ACSF into the lateral ventricle and then randomly and evenly divided into three 

groups.  One group was randomly picked and fed ad libitum until D11 (naïve).  For D3- and D10- double fasting group (called D3/10-fasting in the following paragraph), food was 

withdrawn for 24 hr on D3.  On D4, food was back to normal supply to the fasted group.  On D10, D3/10-fasting groups were fasted again for 24hr.  For single fasting on D10 

group (called D10-fasting), food was only withdrawn on D10 for 24 hr.  All three groups of chicks were sacrificed on D11 and PVN and FB samples were collected.  In EZH2 

antisense injected group, all treatments remained the same as that of the ACSF injected group, except ACSF was replaced with EZH2 antisense.  Total mRNA was isolated and 

evaluated by real-time polymerase chain reaction (PCR) using the Sybr green method with SUZ, EZh2, EED, and CBP gene-specific primers (see Table 1).  Gene expression levels 

were compared with -actin.  Each value is the mean  standard error of the mean of 6 to 12 individual chicks.  Histogram with different asterisks indicated a significant 

difference.  Abbreviations:  SUZ (suppressor of zeste), EZh2 (enhancer of zeste 2); EED (embryonic ectoderm development); CBP (CREB [cAMP response element binding] 

protein).  In PVN, after "D10-fasting +ACSF" treatment, there was an instant increase in the levels of SUZ (A), EZH2 (B), EED (C) but not CBP (D) on 24 hrs post fasting.  If 

applied a fasting on D3 prior D10-fasting, SUZ (A), EZH2 (B) and EED (C) mRNA were constantly inhibited (except EED after D3/10-fasting) and the "molecular memory" 

pattern no long existed.  CBP, on the other hand, was not affected by EZH2 antisense (D).  In FB, although no apparent pattern of "molecular memory" existed, EZH2 antisense 

significantly inhibited levels of SUZ and EZH2 after either kind of fasting.  On the other hand, EZH2 antisense injection elevated EED mRNA levels after D10-fasting while 

inhibiting CBP mRNA level after D3/10-fasting.    
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Figure 23.  Changes in protein and mRNA levels of BDNF in chick's PVN (A & C) and FB (B & D) following fasting and 

injection.  At three days of age, eighteen birds were injected with ACSF into the lateral ventricle and then randomly and evenly 

divided into three groups.  One group was randomly picked and fed ad libitum until D11 (naïve).  For the D3- and D10- double 

fasting group (called D3/10-fasting in the following paragraph), food was withdrawn for 24 hr on D3.  On D4, food was back to 

normal supply to the fasted group.  On D10, D3/10-fasting groups were fasted again for 24hr.  For single fasting on D10 group 

(called D10-fasting), food was only withdrawn on D10 for 24 hr.  All three groups of chicks were sacrificed on D11 and PVN 

and FB samples were collected.  In EZH2 antisense injected group, all treatments remained the same as that of the ACSF injected 

group, except ACSF was replaced with EZH2 antisense.  Total protein was isolated and evaluated by Western blot using the 

antibody against H3, H3K27me2, H3K27me3 and H3K27ac.  Blot density were compared with -actin.  Each value is the mean 

 standard error of the mean of 6 to 12 individual chicks. Histogram  with different asterisks indicated a significant difference.  In 

ACSF injected group, D10-fasing significantly inhibited both BDNF protein and mRNA in PVN.  However, if applied a fasting 

on D3 prior to D10 fasting, both BDNF protein and mRNA became not different to the naive groups (A & C).  Both BDNF 

protein and mRNA revealed a perfect pattern, which we refer to as "molecular memory".  However, after EZH2 antisense 

injection,  the "molecular memory" pattern was impaired: BDNF protein and mRNA were increased after D10-fasting while 

decreased after D3/10-fasting.  In the FB, BDNF protein also obtained this molecular memory after ACSF injection, which 

became  elevated after EZH2 antisense injection (B & D).  BDNF mRNA in FB was only increased after D3/10-fasting + EZH2 

antisense injection.      
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Figure 24.  Alterations in dimethylation and trimethylation levels of H3K27 along the Bdnf gene in the PVN following a 24 hour 

fast on day 3 with injection.  To assess the histone modifications present at the Bdnf gene, ChIP assays were performed.  At three 

days of age, eighteen birds were injected with ACSF into the lateral ventricle and then randomly and evenly divided into three 

groups.  One group was randomly picked and fed ad libitum until D11 (naïve).  For D3- and D10- double fasting group (called 

D3/10-fasting in the following paragraph), food was withdrawn for 24 hr on D3.  On D4, food was back to normal supply to the 

fasted group.  On D10, D3/10-fasting groups were fasted again for 24hr.  For single fasting on D10 group (called D10-fasting), 

food was only withdrawn on D10 for 24 hr.  All three groups of chicks were sacrificed on D11 and PVN samples were collected.  

In the EZH2 antisense injected group, all treatments remained the same as that of the ACSF injected group, except ACSF was 

replaced with EZH2 antisense.  PVN samples were immuno-precipitated with antibodies against H3 (positive control), 

H3K27me2, H3K27me3 and IgG (as negative control).  PCR results with Bdnf-specific primers (see Table 1) aligning at the 

promoter region and producing amplicon -869 to -801 bp upstream of the coding region  (D, E & F).  PCR results with Bdnf-

specific primers aligning at the transcription start site and producing amplicon +91 to +190 bp  (G, H and I). PCR results with 

Bdnf-specific primers aligning at the 3’-UTR and producing amplicon +1623 to +1698 bp.  Each value (PCR abundance relative 

to input) is the mean  standard error of the mean of 6 individual chicks minus the background signal (IgG) and then normalized 

to that of age comparable control naïve chicks.  Histogram with different asterisks indicated a significant difference. 
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 Figure 25.  Alterations in dimethylation and trimethylation levels of H3K27 along the Bdnf gene in the FB following a 24 hour 

fast on day 3 with injection.  To assess the histone modifications present at the Bdnf gene, ChIP assays were performed.  At three 

days of age, eighteen birds were injected with ACSF into the lateral ventricle and then randomly and evenly divided into three 

groups.  One group was randomly picked and fed ad libitum until D11 (naïve).  For D3- and D10- double fasting group (called 

D3/10-fasting in the following paragraph), food was withdrawn for 24 hr on D3.  On D4, food was back to normal supply to the 

fasted group.  On D10, D3/10-fasting groups were fasted again for 24hr.  For single fasting on D10 group (called D10-fasting), 

food was only withdrawn on D10 for 24 hr.  All three groups of chicks were sacrificed on D11 and FB samples were collected.  

In EZH2 antisense injected group, all treatments remained same as that of ACSF injected group, except ACSF was replaced with 

EZH2 antisense.  FB samples were immuno-precipitated with antibodies against H3 (positive control), H3K27me2, H3K27me3 

and IgG (as negative control).  PCR results with Bdnf-specific primers (see Table 1) aligning at the promoter region and 

producing amplicon -869 to -801 bp upstream of the coding region  (D, E & F).  PCR results with Bdnf-specific primers aligning 

at the transcription start site and producing amplicon +91 to +190 bp  (G, H and I). PCR results with Bdnf-specific primers 

aligning at the 3’-UTR and producing amplicon +1623 to +1698 bp.  Each value (PCR abundance relative to input) is the mean  

standard error of the mean of 6 individual chicks minus the background signal (IgG) and then normalized to that of age 

comparable control naïve chicks.  Histogram with different asterisks indicated a significant difference. 
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Figure 26.  Alterations in EZH2 along the Bdnf gene in the PVN (A, B & C) and FB (D, E & F) following a 24 hour fast on day 

3 with injection.  To assess the histone modifications present at the Bdnf gene, ChIP assays were performed.  At three days of 

age, eighteen birds were injected with ACSF into the lateral ventricle and then randomly and evenly divided into three groups.  

One group was randomly picked and fed ad libitum until D11 (naïve).  For D3- and D10- double fasting group (called D3/10-

fasting in the following paragraph), food was withdrawn for 24 hr on D3.  On D4, food was back to normal supply to the fasted 

group.  On D10, D3/10-fasting groups were fasted again for 24hr.  For single fasting on D10 group (called D10-fasting), food 

was only withdrawn on D10 for 24 hr.  All three groups of chicks were sacrificed on D11 and FB samples were collected.  In the  

EZH2 antisense injected group, all treatments remained the same as that of the ACSF injected group, except ACSF was replaced 

with EZH2 antisense.  FB samples were immuno-precipitated with antibodies against H3 (positive control), EZH2 and IgG (as 

negative control).  PCR results with Bdnf-specific primers aligning at the transcription start site and producing amplicon +91 to 

+190 bp  (B & E). PCR results with Bdnf-specific primers aligning at the 3’-UTR and producing amplicon +1623 to +1698 bp (C 

& F).   PCR results with Bdnf-specific primers aligning at the 3’-UTR and producing amplicon +1623 to +1698 bp.  Each value 

(PCR abundance relative to input) is the mean  standard error of the mean of 6 individual chicks minus the background signal 

(IgG) and then normalized to that of age comparable control naïve chicks.  Histogram with different asterisks indicated a 

significant difference. 
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CHAPTER 4:  Summary and conclusion 

 This dissertation project investigated the hypothesis that fasting stress during the early brain developmental period is 

able to change histone modifications in the paraventricular nucleus (PVN) in chicks, which is catalyzed by the methyltransferase 

machinery, called polycomb repressive complex 2 (PRC2).  We monitored the changes of key components of the PRC2, 

including embryonic ectoderm development (EED) protein, enhancer of zeste 2 (EZH2) and suppressor of zeste (SUZ), and its 

product, di- (me2) and tri-methylated (me3) histone 3 (H3) lysine 27 (K27).  Specific findings in current study included: 

1)  We found that after 24 hour fasting stress on 3 day-of-age chicks, the PVN exhibited significant increases of PRC2 key 

components as well as H3K27me2/me3.  Some of  these changes last at least for 38 days post fast. 

2)  The PVN is able to develop "epigenetic memory", which utilizes PRC2 to protect the body from the future same stress, thus 

keeping inner environment homeostasis.      

3)  EZH2 antisense oligonucleotides (5.5 ul at 1ug/ul) in vivo injections into the lateral ventricle of chick brains successfully 

induced EZH2 protein and mRNA knockdown. 

4)  EZH2 knockdown impaired the proper response of the PVN to the 24 hour fasting on D3 

5)  EZH2 knockdown impaired the "epigenetic memory" development 

 

Future works: 

 This study linked fasting stress to histone posttranslational modifications.  In the current study, however, we only 

studied the methylation modification at H3K27, but not at other locations with other modifications.  Neither did we calculate the 

food intake amount and linked that to the "epigenetic memory" finding in the PVN.  Thus, in future studies, specific research 

should be carried out to include: 

1)  Measurement of the other modifications (acetylation, phosphorylation, etc) at different histone (H1 - H4) residues. 

2)  A nucleotide methylation study linked to that of histone modification, which gives a better understanding of the entire picture 

4)  The use of  immunohistochemical staining to visualize the histone deposition location on the chromosome.   

5)  Electrophysiology and histology study of neurons in the PVN, which could offer a better understanding of fasting induced 

epigenetic changes.

http://www.bing.com/search?q=phosphorylation&FORM=AWRE
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