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Summary

Hepatocellular carcinoma (HCC), the primary malignant tumor of liver, represents the
third leading cause of cancer-related deaths globally due to the lack of effective treatment
options. Accumulating studies have revealed that SIRT6, a NAD'-dependent histone
deacetylase, plays pivotal roles in liver-related disease and liver tumor formation. Genetic
deletion of Sirt6 in mice develops a pro-oncogenic phenotype in the liver with dramatic
elevation of oncofetal genes typical for HCC, such as Igf2, H19 and a-Fetoprotein (Afp).
However, the underlying mechanisms regulating these genes remain unknown. For
delineating the role of Sirt6é in the tumor-related phenotype, Sirt6 knockout mice model
together with primary human hepatocytes and human hepatoma cells (Hep3B) were used
in this study.

The present study shows that Sirt6 suppresses the expression of these oncofetal
genes. Functional analysis of the 1gf2/H19 gene locus as a model showed that loss of
Sirt6é causes nucleosome remodeling, altered chromatin loop, enhancer switch from the
poised (enriched with H3K27me3 and H3K4mel) to active (enriched with H3K27ac and
H3K4mel) by recruiting pioneer factors Foxal and Foxa2. Interestingly, these alterations
establish a super-enhancer to drive H19 and Igf2 transcription. Moreover, Sirt6 deletion
causes cytoplasmic translocation of Suzl2, a core component of the Polycomb
repressive complex 2 (PRC2), and weakens PRC2-mediated repression at the Igf2/H19
gene locus. Further analysis of Hep3B cells in relation to primary human hepatocytes
indicated that this regulatory mechanism is relevant for human cancer development.

Besides, this study also suggests the role of Sirt6é in hepatic differentiation. Sirt6
knockout leads to the increased expression of embryonic hepatoblast markers and the
reduced transcription of adult hepatocytes markers. Correspondingly, this trend reversed
when SIRT6 was overexpressed in Hep3B cells. Functional analysis of this regulatory
mechanism at the Alb/Afp gene locus as a model showed that Sirt6 deletion causes
epigenetic and genetic alterations, which induces Foxa2 switch from enhancer of Alb
(hepatocytes marker) to Afp (hepatoblast marker). However, PRC2-mediated repression is

not evident at these temporal enhancers.



Altogether, in hepatocytes, loss of Sirt6 induces disruption of enhancer activity through

genetic and epigenetic alterations, resulting in activation of a tumorigenic phenotype.

Zusammenfassung

Das Hepatozellulare Karzinom (Hepatocellular carcinoma, HCC), der haufigste bosartige
Tumor der Leber, ist aufgrund eines Mangels an effektiven Behandlungsoptionen die
weltweit dritthaufigste krebsbedingte Todesursache. Aktuelle Untersuchungen zeigen,
dass SIRT6, eine NAD'-abhangige Histon-Deacetylase, eine zentrale Rolle bei
Lebererkrankungen und der Entstehung von Lebertumoren spielt. Mause mit einer
genetischen Deletion von Sirt6 entwickeln in der Leber einen pro-onkogenen Ph&notyp mit
einer drastischen Erhdéhung onkofetaler Gene wie Igf2, H19 and a-Fetoprotein (AFP),
welche fur das HCC kennzeichnend ist. Dennoch verbleiben die zugrunde liegenden
Mechanismen, wie diese Gene reguliert werden, unbekannt. Um die Rolle von Sirt6 im
tumor-assoziierten Phanotyp zu charakterisieren, wurden in dieser Arbeit Hepatozyten
aus Sirt6-defizienten Mausen, primare humane Hepatozyten und humane Hepatomzellen
(Hep3B) verwendet.

Die vorliegende Arbeit zeigt, dass Sirt6 die Expression onkofetaler Gene supprimiert.
Die funktionellen Untersuchungen des Igf2/H19 Genlokus zeigen, dass der Verlust von
Sirté durch die Rekrutierung der Pionierfaktoren Foxal und Foxa2 zu einer Umordnung
von Nukleosomen mit veranderten Chromatinschleifen und einem ,Enhancer switch®einer
H3K27me3 und H3K4mel Anreicherung zur Akkumulation der Aktivierungsmarker
(H3K27ac und H3K4mel) fihrt. Diese Veranderungen fihren interessanterweise zur
Etablierung eines Super-Enhancers, welcher die Transkription von H19 und Igf2
vorantreibt. Die Sirt6-Deletion flhrt dartber hinaus zu einer zytoplasmatischen
Translokation von Suzl12, einer Kernkomponente des PRC2-Komplexes (Polycomb
repressive complex 2), und schwacht damit die PRC2-vermittelte Repression am Igf2/H19
Genlokus. Weitere Untersuchungen von Hep3B Zellen im Vergleich zu primaren humanen
Hepatozyten deuten darauf hin, dass dieser regulatorische Mechanismus fur die humane

Krebsentwicklung von Bedeutung ist. Zudem legt diese Arbeit auch eine Rolle von Sirt6
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bei der hepatischen Differenzierung nahe.

Der Sirté-knockout fuhrt zu einer erhdhten Expression embryonaler
Hepatoblasten-Marker und einer reduzierten Transkription von Markern adulter
Hepatozyten. Ubereinstimmend damit zeigt sich ein umgekehrter Trend bei der
Uberexpression von SIRT6 in Hep3B Zellen. Funktionelle Untersuchungen dieses
regulatorischen Mechanismus am Albumin/a-Fetoprotein Genlokus als Modell zeigen,
dass die Sirt6-Deletion hier in epigenetischen und genetischen Verénderungen resultieren,
welche Foxa2 dazu veranlassen vom Albumin- (Hepatozyten Marker) zum
a-Fetoprotein-Enhancer (Hepatoblasten Marker) zu wechseln. Allerdings ist eine
PRC2-vermittelte Repression an diesen temporalen Enhancern nicht erkennbar.

Insgesamt fihrt der Verlust von Sirt6 in Hepatozyten durch genetische und
epigenetische Veranderungen zu einer gestdrten Enhanceraktivitat, was in einem

tumorigenen Phanotyp resultiert.
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Introduction

1 Introduction

1.1 Hepatocellular carcinoma (HCC)

1.1.1 Epidemiology and etiologic associations of HCC

HCC is the fifth most common diagnosed cancer globally but, owing to the lack of
effective treatment options, represents the third most frequent cause of neoplasm-related
mortality and the second leading cause of cancer death in men (Franceschi and Raza,
2009; Sachdeva et al., 2015; Singal and El-Serag, 2015). Its incidence is increasing
worldwide. For example, in the United States, HCC patients have more than doubled over
the past 20 years and are anticipated to continue increasing over the next 2 decades.
HCC is most prevalent in Asian nations like China, where it has a high mortality rate

within weeks or months after detection (Sachdeva et al., 2015).

HCC is a kind of primary malignant tumor of the liver which begins in hepatocytes (the
main cells of the liver) and most frequently occurs in those persons who have chronic liver
disease and scarring called cirrhosis (Clark et al., 2015; Pellicoro et al., 2014) (Figure 1.1).
Epidemiologic and clinical studies have identified many factors that affect risk for HCC
such as the dissemination of hepatitis B and C virus infection, alcohol intake, toxins
consumption, nonalcoholic steatohepatitis and hereditary hemochromatosis (Clark et al.,
2015; Singal and El-Serag, 2015). Considerable efforts to improve the treatments for
HCC have been made in recent decades, like surgical resection or liver transplantation.
However, resection is indicated among patients who have one tumor and well-preserved
liver function, while the applicability of liver transplantation is greatly limited by donor
shortage (Llovet et al., 2003). Consequently, most patients present with advanced
disease are not candidates for surgery. In addition, systemic chemotherapeutic treatment
is ineffective against HCC (Llovet et al., 2003), and no single drug or drug combination so

far prolongs survival (Zender et al., 2006).

Therefore, it is particularly important to afford an effective early detection and diagnosis
confirmation, subsequently allowing effective therapy, because liver transplantation and

resection are only effective therapeutic options at early stages. The well-established HCC
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associated genes like alpha-fetoprotein (Afp), H19, insulin-like growth factor 2 (1gf2), and
glypican-3 (Gpc3) are therefore critical points not only for HCC detection, but have been
shown to play a role in HCC progression. Thus, regulations of these genes that play

pivotal roles in liver tumor development are important to investigate.
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Figure 1.1 Natural history of chronic liver disease (Pellicoro et al., 2014). Hepatic
fibrosis is the wound-healing response of the liver to many causes of chronic injury, of which viral
infection, alcohol and non-alcoholic steatohepatitis (NASH) are the most common. Regardless of
the underlying cause, iterative injury causes inflammatory damage, matrix deposition, parenchymal
cell death and angiogenesis leading to progressive fibrosis. The scar matrix typically accumulates
very slowly (the median time to cirrhosis in chronic hepatitis C is 30 years) but once cirrhosis is
established the potential for reversing this process is decreased and complications develop.
Genetic polymorphisms, epigenetic marks and cofactors (such as obesity and alcohol) can
modulate the risk of fibrosis progression. If the cause of fibrosis is eliminated, resolution (that is,
complete reversal to near-normal liver architecture) of early hepatic fibrosis can occur. In cirrhosis,
although resolution is not possible, regression (that is, improvement but not reversal) of fibrosis
improves clinical outcomes. Anti-fibrotic therapies are emerging that can slow, halt or reverse
fibrosis progression. Currently, liver transplantation is the only available treatment for liver failure or
for some cases of primary liver cancer. Hepatocellular carcinoma is rising in incidence worldwide
and is a major cause of liver-related death in patients with cirrhosis. Figure is taken from Pellicoro,
A., Ramachandran, P., Iredale, J.P., and Fallowfield, J.A. (2014). Liver fibrosis and repair: immune
regulation of wound healing in a solid organ. Nature reviews Immunology 14, 181-194.

1.1.2 Dedifferentiation and oncofetal gene expression
For decades the widely studied model of preneoplastic nodules in the liver during
experimental induction of HCCs by chemicals was interpreted to support the hypothesis

that HCC arose by dedifferentiation of mature liver cells (Sell and Leffert, 2008).
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Previously, some studies indicate that oncofetal genes have been proposed as a marker
of embryonal dedifferentiation of adult tissues (Stuhimuller et al., 2003). Oncofetal genes
are characterized as abundantly expressed in the fetal period, becoming inactive within
postnatal stages and reappear in association with tumors (Adinolfi and Lessof, 1985).
Due to their ability of renewed synthesis of various fetal proteins in a variety of cancer,
oncofetal genes are used for diagnostic and prognostic purposes. Until now, several
oncofetal genes have been identified in hepatocellular carcinoma, like H19, IGF2, AFP,

GPC3, and SALLA4.

1.1.2.1 The imprinted IGF2/H19 gene locus

As an oncofetal gene, H19 is predominantly expressed in embryogenesis and placental
development. For example, prominent expression of H19 in liver can be observed in the
embryo at 35 days post conception and reappears later in gestation during the second
trimester of pregnancy (Ariel et al.,, 1997). In addition to that, H19 is either highly
expressed and/or manifests an aberrant allelic pattern of expression in many human
cancers (Matouk et al., 2013; Ohlsson, 2004). In recent years, it has become increasingly
clear that it is essential for development and human tumor growth and supposed to be a
tumor biomarker (LeRoith and Roberts, 2003; Matouk et al., 2007), though H19 was first
described as a tumor suppressor (Yoshimizu et al., 2008). In cirrhosis liver and HCC, H19
expresses excessively, even more than the widely used HCC marker AFP (Ariel et al.,
1998; Matouk et al., 2007). Knockdown H19 in HCC tumors exhibits significant inhibition
of tumor growth or in certain cases even a complete inhibition of tumor formation, while
ectopic H19 expression enhances tumorigenic potential of carcinoma cells in vivo
(Matouk et al., 2007). In addition, H19 exerts a tumor suppressor to control the timing of
appearance of SV40-induced HCC usingin vivo murine models of tumorigenesis
(Yoshimizu et al., 2008). Apart from promoting HCC tumor growth, H19 is also found to
up-regulate the miR-200 family, and subsequently suppress the rate of tumor metastasis

in advanced stages of HCC (Zhang et al., 2013).
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IGF2 is one of the growth factors produced by liver cells, which are highly active in
physiological fetal liver growth. HCC patients show an abnormal secretion and activation
of IGF2 in blood serum (Morace et al., 2012). Rather than acting as an oncofetal gene,
IGF2 is known to be involved in liver carcinogenesis in humans and animal models. IGF2
overexpression has been associated with hepatocytes proliferation, terminal stages of
malignant transformation and rapidly growing tumors or parts of a tumor (Ariel et al., 1998;

Li et al., 1997).

Despite these, IGF2 and H19 are two imprinted genes locate adjacent to each other at
chromosome 11p15.5 in humans and chromosome 7 in mice. Both genes are reciprocally
imprinted, with expression of the maternal H19 and paternal IGF2 alleles, and are
normally characterized by monoallelic expression (Kim and Lee, 1997). The imbalance in
expression levels of IGF2 and H19 transcripts is closely linked to progression of HCC
(lizuka et al., 2004). For example, the two genes are coordinately overexpressed in 37%
of HCC (Sohda et al., 1998). Because the frequent biallelic expression of H19 and IGF2 in
hepatocellular carcinoma plays a causal role in the epigenetic mechanism involved in
tumor development and/or process (Kim and Lee, 1997). However, it remains unclear that
by what pathways the levels of IGF2 and H19 are altered in the progression of HCC

correspondingly.

Regional coordination of gene expression and repression is highly associated with the
genomic structure (Figure 1.2), such as the promoters of IGF2, the imprinting control
region (ICR) and the enhancers region. The expression of H19 and IGF2 is controlled by
the shared endodermal enhancers that are located at 5-7 kb downstream of H19
(Leighton et al., 1995). There is evidence that the endodermal enhancers are crucial for
activation of the IGF2 and H19 genes upon induction of liver carcinogenesis (Vernucci et
al., 2000). In HCC, the IGF2-H19 hepatic control region also overlaps with so called
“stretch enhancers”, a kind of enhancer which is important for cell-specific regulation and
human disease (Parker et al.,, 2013). Apart from the endodermal tissue specific
enhancers, some studies also find several segments function as enhancers in specific

mesodermal and/or ectodermal tissues (Ishihara et al., 2000). For example, CS9
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mesodermal enhancer is important for diaphragm formation activity (Borensztein et al.,
2013), while both CS6 and CS9 are in regulation of myotome and the rib primordial
(Ishihara et al., 2000). Another well-known region is the imprinting control region (ICR),
also named differentially methylated region (DMR), which is located 2-kb upstream of
H19 (Elson and Bartolomei, 1997). CTCF binds to the unmethylated ICR and the Igf2
promoters on the maternal allele and forms a long-distance intrachromosomal loop,
resulting in preventing the IGF2 gene from accessing endodermal enhancers
downstream of the H19 gene (Li et al., 2008). Furthermore, a number of additional
regulatory regions have been described surrounding these loci. At the 5 end of IGF2,
there are two differentially methylated regions (DMRs). The DMR1 serves as an Igf2
silencer, involved in imprinting on the maternal allele and postnatal repression on the
paternal allele, whereas the intragenic DMR2 stimulates Igf2 transcription on the paternal
allele (Court et al.,, 2011). It has also been demonstrated that IGF2 imprint is
promoter-specific, in that expression from the P1 promoter is biallelic, whereas that from
the P2—P4 promoters is monoallelic (Yun et al., 1998). Human IGF2 has five promoters
(huP1 and P0-P3) while mouse Igf2 has only 4 (PO-P3) (Stringer et al., 2012). The
intergenic region between IGF2 and H19 contains CCD (the Centrally Conserved DNase |
hypersensitive domain), which has tissue specific enhancer function in mice that
independent of imprinting (Ainscough et al., 2000; Koide et al., 1994; Nativio et al., 2009).
The IGF2/H19 locus also contains two non-coding RNAs, PIHit and Nctcl that display a
strong active chromatin signature (Wamstad et al., 2014). PIHit acts as a tissue-specific
long noncoding RNA gene (Court et al., 2011), while Nctcl has been described as an
enhancer RNA in mouse (Eun et al., 2013). Unlike CS6 and Nctcl are muscle-specific,
PIHit is highly expressed in liver and very low expressed in other tissues (Court et al.,
2011). Unlike in mouse, the IGF2/H19 gene locus has four CTCF binding sites in human,
namely ICR, CCD, CTCF-AD and CTCF-Ds. Through these sites, CTCF regulates the
interaction of promoters and enhancers through cohesion or PRC2-mediated higher-order

chromatin conformation (Li et al., 2008; Nativio et al., 2009).
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Figure 1.2 Schematic representation of the IGF2/H19 gene locus in mouse (top) and
human (bottom). Schematic representation of the IGF2/H19 locus in mouse and human. IGF2
and H19 genes (white boxes) are displayed together with the downstream endodermal enhancers
(black ovals), the centrally conserved domain (CCD), and the ICR (white box), as well as the
upstream promoters of I1gf2 (black boxes): DMR1, P1, P2, P3, DMR2. Apart from these, there are
another two CTCF binding sites, CTCF-AD (white box) on the upstream of IGF2, and CTCF-Ds
(white box) on downstream of H19.

1.1.2.2 The Afp/Alb gene locus

Embryonic or fetal antigens have been identified in most tumors providing strong support
for the view that malignancy is a disorder of differentiation. A well-known model of
differentiation and neoplastic gene regulation is the ALB (albumin)-AFP (a-fetoprotein)
locus (Kajiyama et al., 2006). AFP, the main component of mammalian fetal serum, is
synthesized by the visceral endoderm of the yolk sac and by fetal liver, and reactivated in
liver tumors. As an important marker for liver tumors, AFP blood level change is widely
used in clinical practice (Lazarevich, 2000). Unlike AFP, ALB expression starts from
hepatocyte specification, rises to adult levels by E14 (embryo day of 14), and persists in
mature liver where its gene transcripts reach a maximum level (Tilghman and Belayew,
1982). Due to the different expression stage of hepatocytes, the alterations of transcripts

level of AFP and ALB are used for identifying hepatic differentiation.

The albumin and a-fetoprotein genes are adjacent on mouse chromosome 5, and are
subject of a common regulation by a variety of liver-enriched transcription factors
(Kajiyama et al., 2006; Taube et al., 2010). In both genes, promoter-proximal controls
mediate developmental regulation while distant enhancers drive high level expression.
The AFP gene has three characterized enhancers, E3 (-6.1 kb), E2 (-4.3 kb) and E1 (-2.7
kb), while ALB has one enhancer at -9.9 kb (Lazarevich, 2000) (Figure 1.3). All the

enhancers bind multiple C/EBP and HNF isoforms (Kajiyama et al., 2006; Taube et al.,



Introduction

2010). In addition, AFP repression is mediated by elements, extend from about -900 to
-250 bp (Kajiyama et al., 2006), through binding p53 to displace Foxal at the distal
promoter of Afp (-850 bp) in mouse (Taube et al., 2010). Disruption of differentiation is
seen in many types of cancers and considered as an important step in cancer
progression. However, it remains to be seen whether cancer cells derive from mature
cells which de-differentiate to an embryonic stage of development driven by the

de-repression of a previously silent oncofetal gene.

E Alb E3 E2

E1 S Afp
— 01—

CTCF

Figure 1.3 Schematic representation of the Alb/Afp gene locus in mouse. Alb and Afp
genes (white boxes) are displayed together with enhancers (gray ovals) and silencer (red oval), and
CTCF binding at the middle of Afp gene. Afp gene has three enhancers while Alb has one enhancer.

1.2 Sirtuin 6 (SIRT6)

1.2.1 SIRT6 and its enzymatic activities

Sirtuins, the class Ill NAD-dependent deacetylase, are highly conserved from bacteria to
human protein (Kugel and Mostoslavsky, 2014). The founder member of this group is Sir2
(silent information regulator-2), which was initially shown to extend lifespan in budding
yeast (Imai et al., 2000). Mammals have seven sirtuins (SIRT1-7), with different
subcellular localizations and specific substrates, and display diverse biological functions.
Sirt3, Sirt4 and Sirt5 are found in mitochondria, and Sirtl and Sirt2 are both located in
nucleus and cytosol, while Sirt6 and Sirt7 are exclusively located in the nucleus

(Michishita et al., 2005).

Sirtuin proteins contain a conserved catalytic domain, and require NAD" for their
enzymatic activity as deacetylase, mono-ADP-ribosyltransferase and deacylase (Yuan et
al., 2013). To data, SIRT6 is the only one that has been reported to have all three lysine
modifying enzyme activities. Firstly, SIRT6 exhibits nucleosome-dependent deacetylase
activity (Gil et al., 2013). Its substrates include histone markers like H3K9 (Michishita et
al., 2008), H3K56 (Michishita et al., 2009; Yang et al., 2009) and non-histone protein such

7
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as CtIP (C-terminal binding protein interacting protein)(Kaidi et al., 2010) and GCN5
(Dominy et al., 2012). Compared with deacetylation, SIRT6 displays a relatively weak
ADP-ribosyltransferase activity. The substrates of ADP-ribosyltransferase so far validated
are PARP1 (poly(ADP-ribose) polymerase 1) (Liszt et al., 2005) and KAP1
(KRAB-associated protein 1) (Van Meter et al., 2014). Similar with Sirt5, that removes
malonyl and succinyl groups on target protein, SIRT6 efficiently removes long-chain fatty
acyl groups, such as myristoyl lysine, from TNF-a (tumor necrosis factor-a) to promote its

secretion (Jiang et al., 2013).

1.2.2 SIRT6 function

SIRT6-deficient mice are small and develop abnormalities at 2—-3 weeks of age that
include profound lymphopenia, lordokyphosis, a curved spine, heart failure and loss of
subcutaneous fat. These severe phenotypes ultimately lead to death at about 1 month
(Mostoslavsky et al., 2006). At the cellular level, loss of Sirt6 leads to increased glucose
uptake, hypersensitivity to DNA damage, and genomic instability (Mostoslavsky et al.,
2006). These phenotypes provide the first insight into the distinct functions of SIRT6
(Figure 1.4).

1.2.2.1 SIRT6 and genome integrity

The well-studied biological function of SIRT6 appears to be in maintenance of genome
integrity. From the phenotype of Sirt6 knockout (KO) mouse like increased sensitivity to
DNA-damaging agents and a number of chromosomal abnormalities, SIRT6 was initially
hypothesized to be required in facilitating BER (base excision repair) (Mostoslavsky et al.,
2006). Moreover, it has been shown that SIRT6-depleted cells exhibit abnormal telomere
structures by increasing the acetylation level of H3K9ac (Michishita et al., 2008) and
H3K56ac (Michishita et al., 2009), which resemble defects in Werner syndrome, a
premature ageing disorder. A number of studies point that SIRT6 is also involved in DSB
repair (double-strand break repair), and more specifically in HR (homologous
recombinant). For example, SIRT6 was first found to mono-ADP-ribosylate and activate

PARP1, followed enhancing DSB repair induced by oxidative stress (Mao et al., 2011).
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Because PARP1 is important for both DSB repair and BER, overexpression of SIRT6 also
rescues the decline of BER in aged fibroblasts (Xu et al., 2015). Moreover, SIRT6
interacts with DNA-PK (DNA- dependent protein kinase) (McCord et al., 2009) and
SNF2H (SWI/SNF related matrix-associated actin-dependent regulator of chromatin; also
known as SMARCADS) (Toiber et al., 2013) to promote DNA DSB repair by deacetylating
H3K9ac and H3K56ac, respectively. Interestingly, the first non-histone substrate found for
SIRT6 deacetylatase activity is CtIP, which is responsible for DNA end resection (Kaidi et
al., 2010). Overall, both deacetylase and ADP-ribosyltransferase activities of SIRT6 are

required for genomic stability in regulating DNA repair and telomere maintenance.

1.2.2.2 SIRT6 and aging related disease

Accumulating evidences show that SIRT6 acts as a transcriptional regulator by physically
associating with the transcription factors to participate in regulating aging related disease
including inflammation, metabolism and heart disease. Similarly with SIRT1, SIRT6 also
regulates gene expression by physically interacting with the RelA subunit of NFkB
(nuclear factor kappa B), leading to the deacetylation of histone H3K9ac at promoters of
NFkB target genes. This deacetylation ultimately decreases NFkB-dependent apoptosis
and senescence (Kaidi et al., 2010). Notably, RelA heterozygosity rescues the early
lethality and aging-related phenotypes of SIRT6-knockout mice. In addition, the role of
SIRT6 as an eraser of long-chain fatty acyl groups is more efficient compared to its
deacetylation-activity. One particularly relevant example for this SIRT6 function is the
removal of myristoyl lysine from TNF-a to promote its secretion (Jiang et al., 2013). TNF-a
can activate NFkB, both known as proinflammatory cytokines in numerous inflammatory
diseases. These studies therefore suggest that SIRT6 plays an important role in

inflammation through deacetylation and deacylation activities.

As mentioned above, SIRT6-knockout mice display severe hypoglycemia phenotypes
that eventually lead to death at about 4 weeks of age (Mostoslavsky et al., 2006). These
abnormalities correlate with the glucose metabolism disorders. SIRT6 is recruited to

promoters of multiple glycolytic genes by associating with Hif-1a (hypoxia inducible factor
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1a) and serves as a co-repressor of Hif-1a, silencing its target genes through
deacetylation of H3K9ac on the promoters (Zhong et al., 2010). Consistently, the
glucose-metabolic abnormalities are rescued by treating with a Hif-1a inhibitor or
knockdown Hif-1a with shRNA in Sirt6-deficient mice (Zhong et al., 2010). Another paper
has revealed that SIRT6 also negatively regulates AKT phosphorylation through inhibition
of a subset of upstream molecules. The absence of SIRT6 consequently leads to a
cascade of phosphorylation events and enhances activation of AKT, resulting in
hypoglycemia (Xiao et al., 2010). It was subsequently demonstrated that SIRT6 interacts
with and deacetylates and activates GCN5 (acetyltransferase general control
non-repressed protein 5), which catalyzes acetylation of PGC-1a (peroxisome
proliferator-activated receptor-y coactivator 1-a), the master regulator of gluconeogenesis
that stimulates hepatic glucose production (Dominy et al., 2012). Another study confirmed
that SIRT6 regulates glucose metabolism not only through impacting on glycolysis, but

also by functioning at gluconeogenesis (Kim et al., 2010).

Further evidence for the role of SIRT6 in aging has been observed in cardiac
hypertrophy and heart failure. There is evidence for decreased levels of SIRT6 in both
human and mouse failing hearts (Kugel and Mostoslavsky, 2014). SIRT6 serves as a
negative regulator of cardiac hypertrophy by directly attenuating IGF (insulin-like growth
factor) signaling through physically associating with c-Jun and deacetylating H3K9ac on
c-Jun target promoters. SIRT6-knockout mice develop cardiac hypertrophy and heart
failure, while SIRT6 overexpression transgenic mice are blocked theses response
(Sundaresan et al., 2012). c-Jun is also known to locate downstream of AKT in the IGF
signaling pathway. Thus, SIRT6 regulates IGF signaling through different pathway in a
tissue- and context-dependent manner. Intriguingly, over-expression of SIRT6 alters the
IGF signaling specifically in white adipose tissue, and extends the lifespan of male (but
not female mice) by 15 %. Altogether, SIRT6 acts as a key modifier responsible for

modulating lifespan through regulating aging-related metabolism and signaling pathways.
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Figure 1.4 SIRT6 cellular functions and their impact on organismal biology and
disease (Kugel and Mostoslavsky, 2014). SIRT6 primarily functions as a H3K9 and H3K56
histone deacetylase that decreases chromatin accessibility for transcription factors such as
nuclear factor kB (NF-kB), c-JUN, Foxo3, MYC, and hypoxia inducible factor 1a (HIF1a) to their
respective target promoters, and thus inhibits expression of their target genes. SIRT6 can also
regulate protein activity through direct deacetylation of GCN5 (general control non-repressed
protein 5) and CtIP [C-terminal binding protein (CtBP) interacting protein] and ADP-ribosylation of
poly-(ADP-ribose) polymerase 1 (PARP1). SIRT6 has also been found to interact with SNF2H to
enhance its recruitment to sites of damage thereby enhancing DSB repair. In addition, SIRT6
associates with telomeric chromatin and deacetylates histone H3 lysine 9 (H3K9) and H3 lysine 56
(H3K56), leading to stabilization of WRN (Werner syndrome protein) and contributing to telomere
maintenance. SIRT6 function has now been expanded to include cytosolic roles in stress-granule
(SG) formation through the promotion of G3BP dephosphorylation and tumor necrosis factor a
(TNF-a) secretion by lysine deacylation. These cellular functions impact upon many aspects of
health and disease such as DNA repair, telomere maintenance, SG formation, glucose/lipid
metabolism, inflammation, cardiac hypertrophy, and cancer. Unbroken arrow, SIRT6 directly
modifies the protein or directly affects histone deacetylation at the promoters of target genes.
Broken arrow, SIRT6 deacetylation activity is necessary, but is not direct. Red arrows, histone
deacetylation; Ac, acetylation; P, phosphorylation; R, ADP-ribosylation. Figure is taken from Kugel,
S., and Mostoslavsky, R. (2014). Chromatin and beyond: the multitasking roles for SIRT6. Trends
in biochemical sciences 39, 72-81.
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1.2.1.3 SIRT6 and cancer
There is a controversial discussion about the role of SIRT6 in tumor progression as

SIRT6 may have dual functions as an oncogene and tumor suppressor. The initial
evidence that SIRT6 might act as an oncogene was the observation that SIRT6
expression increased 4-fold in CLL (chronic lymphocytic leukemia) patients compared
with healthy volunteers (Wang et al., 2011a). Recently, the expression of SIRT6 also
showed up-regulation in head and neck squamous cell carcinoma (Lu et al., 2014) and
skin cancer (Ming et al., 2014). However, accumulating studies tend to support SIRT6 as
a tumor suppressor. SIRT6 is down-regulated in several human cancers including
colorectal cancer, pancreatic cancer, squamous cell carcinoma, breast cancer, prostate
cancer, hepatocellular carcinomas (HCC) and lung cancer (Han et al., 2014; Lai et al.,
2013; Lin et al., 2013; Marquardt et al., 2013; Yuan et al., 2013). Direct evidence is given
by the observation that Sirt6 deletion induces the number, size and aggressiveness of
tumors in a conditional Sirté knockout mouse model (Sebastian et al., 2012). Previous
study also showed that a decreased level of SIRT6 in human hepatocytes predisposes
them to form oncogenic hepatocellular carcinomas. This transformation causes metabolic
changes and global hypomethylation consistent with a prooncogenic phenotype including
up-regulation of established HCC biomarkers (Marquardt et al., 2013). By contrast,
overexpression of SIRT6 induces massive apoptosis in a variety of cancer cells but not in
normal cells (Van Meter et al., 2011). The previous described sections about glycolysis
also provide strong support for the role of SIRT6 as tumor suppressor. SIRT6-deletion
actives HIF1a-dependent glycolytic genes and leads to increased uptake of glucose as
well as enhanced glycolysis together with an inhibited mitochondrial respiration (Zhong et
al., 2010). This abnormality is reminiscent of the aerobic glycolysis in tumor cells. Indeed,
the tumor formation in the absence of Sirt6 is independent of oncogene activation, but
SIRT6-knockout MEFs (mouse embryonic fibroblasts) exhibits enhanced aerobic
glycolysis. A recent study has also shown that E2F1 enhances glycolysis via
suppressing SIRT6 transcription in bladder and prostate cancer cell lines (Wu et al.,
2015). At the cellular level, SIRT6 inhibits ribosomal gene expression by co-repressing

MYC transcriptional activity to control the tumor growth (Sebastian et al., 2012). In
12
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addition, SIRT6 represses Survivin expression by reducing histone H3K9 acetylation and
NFkB activation, and the increased SIRT6 expression at the liver cancer initiation stage

markedly impairs liver cancer development (Min et al., 2012).

1.3 Cell-type specific gene regulation

During the development of multicellular organisms, each cell acquires its specific fate
through a precisely controlled pattern of gene expression (Figure 1.5). The complex
patterns of cell-type specific gene expression are thought to be achieved by combinatorial
binding of TFs (transcription factors) to cis-regulatory elements, such as enhancers,
promoters, silencers, and insulators (Kron et al., 2014; Smith and Shilatifard, 2014).
Among those, enhancers play a central role in driving cell-type-specific gene expression

(Calo and Wysocka, 2013).

1.3.1 Enhancers
Enhancers are distal-acting elements that enable precise spatiotemporal patterns for the

process of cellular differentiation. Generally, enhancers could be recognized by
tissue-specific transcription factors due to the specific DNA motif that they display. In
addition to transcription factors, enhancers are distinguished by their epigenetic features.
Enhancers with H3K27me3 and H3K4mel mark poised enhancers while with H3K27ac
and H3K4mel modifications they act as active enhancers (Creyghton et al.,, 2010;
Zentner et al., 2011). Considering the importance of enhancers in the maintenance of the
precise spatiotemporal patterns of gene expression, it is easily conceivable that changes
in enhancer activity contribute to the misregulation of tumor-relevant genes. For example,
endodermal enhancers are shown to be necessary for the activation of Igf2 and H19
genes upon induction of liver carcinogenesis (Vernucci et al., 2000). Cancer cells also
exploit enhancers to reprogram global gene expression favoring carcinogenesis
(Akhtar-Zaidi et al., 2012). Emerging evidence indicates that large enhancer clusters have
high transcription-factor occupancy and regulate lineage-specific programs as well as

function as key oncogenic drivers in many tumor cells (Loven et al., 2013; Parker et al.,
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2013; Smith and Shilatifard, 2014). These enhancer clusters including stretch enhancers,
super-enhancer and transcription initiation platforms (TIP) that ensure robust control of
cell identity (Smith and Shilatifard, 2014). The IGF2/H19 hepatic control region overlaps
with stretch enhancers in hepatocellular carcinoma (Parker et al., 2013). Thus, enhancer
malfunction is suggested as the main cause of tissue-specific cancer development (Herz
et al., 2014). Large-scale studies recently have demonstrated cancer cells could disrupt
enhancer activity at oncogenes or other genes important in tumor pathogenesis (Hnisz et
al., 2013). The alterations of enhancer activity can promote a ‘cell identity crisis’, in which
enhancers associated with oncogenes and multipotentiality are activated, whereas those

promoting cell fate commitment are inactivated (Kron et al., 2014).

1.3.2 Modification of enhancer chromatin

Recently, large-scale epigenomic mappings are effectively used to identify chromatin
marks for enhancers. The chromatin signature that most reliably predicts enhancers is the
relative occupancy of the monomethylated (H3K4mel) compared to the trimethylated of
H3 lysine 4 (H3K4me3) (Heintzman et al., 2007). Specifically, active promoters are
marked by H3K4me3, whereas enhancers are marked by H3K4mel. However, H3K4mel
is not only enriched at distal enhancers, but coincides with a “window of opportunity” to
active enhancer, for example through promoting the incorporation of the histone H2AZ
variant, resulting in less compacted chromatin structure, facilitating recruitment of
transcription factors (Calo and Wysocka, 2013; Hoffman et al., 2010) (Figure 1.5A and B).
Interestingly, instead of being tightly linked to enhancer activity, H3K4mel marks
hypomethylated DNA regions (Fernandez et al., 2015), as it interfere with the binding of
Dnmt3L, an essential cofactor of DNA methyltransferases Dnmt3a/b (Calo and Wysocka,
2013). These functions of H3K4mel in the context of enhancers provides a platform for
the binding of pioneer factors and nucleosomal depletion, since pioneer factors like Foxal
binds at genomic regions showing local DNA hypomethylation (Serandour et al., 2011).
In the context of H3K4mel, the additional recruitment of H3K27ac could switch
inactive/poised enhancer into active enhancers, leading to a higher transcription of

nearby genes (Creyghton et al., 2010) (Figure 1.5A). Surprisingly, further studies
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identified that H3K27me3 together with H3K4me1, but lacking of H3K27ac, were enriched

at enhancers in ESCs (Rada-lglesias et al., 2011; Zentner et al., 2011). These elements

are termed poised enhancers and will drive gene expression during differentiation,

although they do not have this ability in pluripotent cells (Rada-Iglesias et al., 2011)

(Figure 1.5C). Intriguingly, poised enhancers are already looped to their target promoters

in ESCs, which might be mediated by Polycomb complex PRC2 (Calo and Wysocka,

2013; Weth et al., 2014).

Table 1.1 Histone marks

Histone
marks

Types

Functions

H3K4mel

active

Enriched in enhancer and super-enhancer regions (Heintzman
et al., 2007; Loven et al., 2013); marks hypomethylated DNA
regions (Fernandez et al., 2015); promotes the incorporation of
the histone H2AZ variant (Calo and Wysocka, 2013).

H3K4me3

active
bivalent

Enriched at promoters (Heintzman et al., 2007);
transcription-start site maker (Lloret-Llinares et al., 2012);
stimulates preinitiation complex formation (Lauberth et al.,
2013).

H3K9me3

repressive

Enriched in promoter and poised enhancer regions (Zentner et
al., 2011); heterochromatin marker (Lehnertz et al., 2003;
Peters et al., 2002; Schotta et al., 2004).

H3K27me3

repressive
bivalent

Enriched at subsets of cis-regulatory elements, including
poised enhancers (Rada-lglesias et al., 2011; Zentner et al.,
2011); mark of the inactive X chromosome (Rougeulle et al.,
2004).

H3K9ac

active

Enriched in active enhancer and promoter regions (Ernst et al.,
2011; Zentner et al., 2011); mediates the recruitment of TFIID
(Agalioti et al., 2002).

H3K27ac

active

Enriched in active enhancer and super-enhancer regions
(Creyghton et al., 2010; Loven et al., 2013).

H4K8ac

active

Enriched in active enhancer and promoter regions (Ernst et al.,
2011; Zentner et al., 2011); mediates the recruitment of
SWI/SNF complex (Agalioti et al., 2002).

H2AZ

active

Enriched at both active and poised enhancers and promoters,
alters the nucleosome stability and chromatin accessibility
(Creyghton et al., 2008; Jin and Felsenfeld, 2007; Valdes-Mora
et al., 2012).
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Besides H3K4mel/3, H3K27ac and H3K27me3, other histone modifications are used
to decorating distal regulatory regions (Table 1.1). For instance, H3K9ac, H3K18ac,
H4K8ac and histone crotonylation were observed at putative enhancers (Ernst et al.,
2011; Tan et al., 2011; Zentner et al., 2011). H3K9ac is critical for the recruitment of TFIID,
and H4K8ac mediates recruitment of the SWI/SNF complex, a chromatin remodeling
complexes; both are required for the recruitment transcription complexes at enhancers
(Agalioti et al., 2002). Moreover, H3K9me3, the mark of heterochromatin, is enriched at
poised enhancers (Zentner et al., 2011). A large number of studies demonstrate that
histone variants H2AZ and H3.3 are enriched at both active and poised enhancers and
promoters of multiple cells (Creyghton et al., 2008; Hu et al., 2013; Jin and Felsenfeld,
2007; Li et al., 2012a; Valdes-Mora et al., 2012). Nucleosomes containing H2AZ and H3.3
are less stable and therefore easier for pioneer factor to displace from DNA (Jin and

Felsenfeld, 2007; Li et al., 2012a).

1.3.3 Pioneer factors
Generally, the initial recognition of enhancers requires pioneer transcription factors.

Pioneer factors, a class of TFs such as GATA, FOXA and Pu.1, have the ability to binding
at the regions of silent chromatin and open the compacted chromatin, subsequently initial
a cascade of events leading to recruitment of chromatin remodelers and downstream TFs
(Wamstad et al., 2014). Insight into the regulation of liver-specific gene activity in mouse
embryos led to the identification of the FOXA proteins as ‘pioneer factors’ whose binding
to enhancers and promoters enable chromatin access for other tissue-specific
transcription factors (Cirillo et al., 2002b; Zaret, 1999). Earlier studies have found that the
forehead box structure is similar to that of linker histone H1, which facilitates FOXA to
displace histone H1 in a SWI/SNF-independent manner (Clark et al., 1993). Moreover,
FOXA displays an unusual property during the cell cycle; it remains associated with
condensing chromosomes during mitosis, while most sequence-specific TFs appear to be
released (Caravaca et al., 2013). These special qualities—avid binding to condensed
chromatin and similar structure with histone H1—might be critical manifestations of the

ability of pioneer factors to stably mark enhancers for future use (Levine et al., 2014).
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Figure 1.5 Epigenetic features of active, primed, and poised enhancers. (A)
Schematic representation of the major chromatin features found at active enhancers. Enhancers
are associated with incorporation of hypermobile nucleosomes containing H3.3/H2A.Z histone
variants, which compete for DNA binding with TFs. TFs in turn recruit co-activator proteins that can
modify and remodel nucleosomes. H3K4mel and H3K27ac are the predominant histone
modifications deposited at nucleosomes flanking enhancer elements. (B) Prior to activation,
enhancers can exist in a primed state, characterized by the presence of H3K4mel. Other features
that have been associated with enhancer priming are presence of pioneer TFs, hypermobile
H3.3/H2A.Z nucleosomes, DNA 5mC hypomethylation, and hydroxylation (5hmC). (C) Schematic
representation of the chromatin landscape surrounding poised enhancers found in human and
mouse ESCs. A subset of “primed” enhancers in ESCs is also marked by H3K27me3 and
associated with PRC2. These enhancers are bound by TFs and co-activators and communicate
with their target promoters. Figure is taken from Calo, E., and Wysocka, J. (2013). Modification of
Enhancer Chromatin: What, How, and Why? Molecular Cell 49, 825-837.
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1.3.4 Foxal and Foxa2 in endodermal development, hepatic differentiation
and cancer development

The vertebrate forkhead boxA (FOXA) gene family comprises Foxal, Foxa2 and Foxa3,
which are encoded by different genes and have the conserved forkhead box. The Foxa
family has been found to play important roles in multiple stages of mammalian life,
especially during early development. For example, mouse embryos homozygous for a
null mutation of Foxa2 result in embryonic lethality at embryo day of 11 (E11) and show
severe phenotypes in structures related to all three germ layers, with absence of the
notochord, abnormalities of the somites and neural tube, and failure to form the gut tube,
although endoderm cells are present (Friedman and Kaestner, 2006; Weinstein et al.,
1994). However, neither Foxal nor Foxa3 is required during early mouse embryogenesis
as both Foxal™ and Foxa3” embryos appear normal at birth, likely owing to differences in
their spatial and temporal expression domains and/or functional compensation by the

remaining Foxa factors (Le Lay and Kaestner, 2010).

Foxa is expressed throughout the developing foregut of early mouse embryos. The
timing of Foxa family gene expression during embryogenesis, combined with the many
liver-specific Foxa target genes, has been interpreted as evidence that Foxa genes
regulate hepatogenesis (Friedman and Kaestner, 2006). To circumvent these early
functions outside the endoderm, CRE recombinase-mediated inactivation of Foxa2 was
carried out specifically in the foregut endoderm of embryos with a Foxal homozygous null
mutation (Zaret, 2008). Strikingly, the only known model of a completely ‘liver-less’ in
vertebrate was induced by the Foxal/2 (Foxal and Foxa2) deletion, which revealed that
Foxal and Foxa2 are redundantly necessary to activate the hepatic differentiation
program. Specifically, these Foxal/2 double-null embryos are completely deficient in
hepatic specification, as neither liver bud development nor expression of the earliest liver

marker Afp is evident (Lee et al., 2005).

Despite that the essential roles in early development and organogenesis, both Foxal
and Foxa2 exhibit the pivotal role in cancer progression, mainly due to their pioneer

function to open chromatin structure, which facilitates binding of other transcriptional

18



Introduction

regulators, with subsequent initiation of tissue-specific transcriptional programs. For
instance, FOXA1/2 and estrogen receptor (ER) or androgen receptor (AR) frequently bind
to adjacent cis-regulatory elements in their target genes in human prostate or breast
cancer cell lines, respectively, and that the recruitment of ER or AR to their targets
depends on FOXA (Carroll et al., 2005; Lupien et al., 2008; Yu et al., 2005). Moreover,
FOXA1 may also inhibit metastatic progression of luminal subtype breast cancers by
controlling differentiation through enhancing the expression of the negative cell cycle
regulator p27Kipl and the cell adhesion molecule E-cadherin (Nakshatri and Badve, 2007,
Yamaguchi et al., 2008). More interestingly, both Foxal and Foxa2 account for the sexual
dimorphism in liver cancer. Specifically, HCC is completely reversed in Foxal- and
Foxa2-deficient mice after diethylnitrosamine-induced  hepatocarcinogenesis.
Co-regulation of target genes by Foxal/2 and either ERa or AR was increased during
hepatocarcinogenesis in normal male or female mice, respectively, but was lost in
Foxal/2-deficient mice (Li et al., 2012b). In addition, Foxa2 was found to suppress the
metastasis of hepatocellular carcinoma partially through matrix metalloproteinase-9

inhibition, which is also associated with HCC progression (Wang et al., 2014).

1.4 Polycomb group protein and its role in gene silencing

1.4.1 PRC2 core components and its enzymatic activities

The Polycomb group of protein contains Polycomb repressive 1 (PRC1) and PRC2, which
is initially referred to its critical role in regulating body segmentation in Drosophila (Lewis,
1978). The core canonical PRC2 complex consists of EZH2 (enhancer of zeste), the
zinc-finger-containing protein SUZ12 (suppressor of zestel2), the WD40-repeat protein
EED (embryonic ectoderm development) and RBAP46/48 (also known as Rbbp7/4)
(Figure 1.6) (Margueron and Reinberg, 2011). EZH2 is the core catalytic subunit
mediating H3K27 trimethylation, while Suzl12 and EED are required for the
methyltransferase activity, because EZH2 itself lacks enzymatic activity. RbAp46/48

functions as a histone chaperones to enhance the histone binding (Volkel et al., 2015).
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PRC2 is primarily known for its role in epigenetic gene silencing and X chromosome
inactivation via trimethylation of H3K27, the classic substrate of EZH2 (Cao et al., 2002;
Plath et al, 2003). A number of studies have shown PRC2 also exhibits
methyltransferase activity on linker histone H1, which is important for transcriptional
repression (Kuzmichev et al., 2004; Kuzmichev et al., 2005; Martin et al., 2006; Xu et al.,
2010). Furthermore, previous studies showed EZH2 catalyzes non-histone proteins such
as GATA4 and RORa (Volkel et al., 2015). No matter the histone substrates or
non-histone substrates, all the methylation activities point the repressive role of PRC2 in
various biological process, including development, adult homeostasis and cancer (Vizan
et al., 2015). For example, PRC2 mediates transcriptional repressive states or creates
silenced or poised enhancers through the H3K27me3 modification to regulate the cell

identity and differentiation (Creyghton et al., 2010; Zentner et al., 2011).

ncRNA binding

PTM
DNA binding

binding

Histone

binding binding
GC rich

DNA binding

Figure 1.6 Multiple interactions of PRC2 with chromatin (Margueron and Reinberg,
2011). Schematic representation of PRC2 holoenzyme at chromatin. Putative interactions with
either DNA or histones that could explain PRC2 recruitment are highlighted. The proteins are
involved are indicated in this picture. Figure is taken from Margueron, R., and Reinberg, D. (2011).
The Polycomb complex PRC2 and its mark in life. Nature 469, 343-349.

Apart from post-translational modifications (PTM) of histones, PRC2 mediates gene

silencing through directly controling the DNA methylation (Vire et al., 2006).
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Accumulating evidence has demonstrated the PTMs of PRC2 proteins are critical for their
stabilities and subcellular locations, as well as the role in repression and regulation of
tumor progression. The PRC2 proteins are targeted for phosphorylation, sumoylation,
ubiquitylation and acetylation (Niessen et al., 2009; Wan et al., 2015). EZH2
phosphorylation by AKT or CDK1 inhibits its enzymatic activity (Cha et al., 2005; Wei et
al., 2011; Wu and Zhang, 2011), whereas the acetylation of EZH2 decreases the
phosphorylation and increases its stability and suppression (Wan et al.,, 2015). Both
EZH2 and SUZ12 could be sumoylated, although the exact biological role is unclear

(Riising et al., 2008).

1.4.2 PRC2 in differentiation

PRC2 has been linked to lineage commitment to establish proper execution of
developmental gene expression program (Creyghton et al., 2008; Hu et al., 2013). There
are two straightforward hypothesis that explain the maintenance of stem-cell pluripotency
in the context of PRC2-mediated gene repression (Margueron and Reinberg, 2011). The
first model is in keeping with the function of PRC2 in repressing numerous developmental
regulators in ES cells, which is required for the maintenance of pluripotency and that are
poised for activation during ES cell differentiation (Boyer et al., 2006; Lee et al., 2006).
Conversely, PRC2 inactivation promotes differentiation during myogenesis and epidermis
formation (Caretti et al., 2004; Ezhkova et al., 2009). Notably, H2AZ and PRC2 occupancy
is interdependent at promoters in ES cells and H2AZ dynamic redistribution is necessary
in mediating cell fate transitions upon induction of differentiation (Creyghton et al., 2008).
However, some studies draw the attention to the second hypothesis that PRC2 is required
for silencing of pluripotency genes upon ESC differentiation, such as Suz12™ ES cells fail
to form a proper endodermal layer and are impaired in proper differentiation (Pasini et al.,
2007). Recently, Polycomb protein EED was also proved to regulating silence of
pluripotency genes including Oct4, Nanog and Sox2 upon ESC differentiation (Obier et al.,

2015).
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1.4.2 PRC2 in hepatic cancer

In the context of HCC, emerging evidence has indicated that frequent aberrant expression
of PRC2 proteins and their downstream molecular effects in promoting tumor growth and
metastasis. The most widely investigated protein EZH2 is frequently upregulated in
primary HCC and the upregulation of EZH2 is correlated to poor prognosis of HCC (Cai et
al., 2011b; Sasaki et al., 2008). Interestingly, high expression of H3K27me3 is also
detected in HCC tissue microarrays, and the increased H3K27me3 in HCC significantly
correlated with large tumor size, poor differentiation, advanced clinical stage, vascular
invasion as well as shorter survival of HCC patients (Cai et al., 2011a). These studies
indicate that the dysregulated EZH2-H3K27me3 epigenetic mark has a profound role in

hepatocarcinogenesis.

The underlying molecular mechanisms of EZH2 upregulation in HCC are attributed to
aberrant silencing of EZH2 target genes (Au et al., 2013; Chen et al.,, 2007).
EZH2 represses target genes through H3K27-dependent (e.g. CDKN2A) and
H3K27-independent (e.g. TP53) mechanisms in hepatocellular carcinoma (Gao et al.,
2014). Moreover, EZH2 promotes HCC cell motility and metastasis by repressing tumor
suppressor miRNAs included miR-125b, miR-139-5p, miR-101, let-7¢c and miR-200b in of
H3K27-dependent model (Au et al., 2012). Last but not least, EZH2 may directly interplay
with other signaling pathway such as Wnt pathway to drive hepatocarcinogenesis (Cheng

et al., 2011).

However, it is controversial of the expression of Suz12 in HCC. The mRNA expression of
Suz12 is increased in liver tumors of mice treated with the carcinogen DEN (Kirmizis et al.,
2003), while SUZ12 protein is reduced during HBV X protein-mediated transformation,
owing to the phosphorylation-mediated proteasomal degradation (Wang et al., 2011b).
Due to the limited studies of other PRC2 component, involvement of other core subunits
such as SUZ12 and EED is certainly urges further investigations. Taken together,
dysregulated PRC2 proteins do not only result in aberrant gene and miRNA expressions

but may also directly interplay with other signaling pathway to drive hepatocarcinogenesis.
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1.5 Aims of the study

HCC is the fifth most common cancer globally but, owing to the lack of effective treatment
options, represents the third leading cause of neoplasm-related mortality (Zender et al.,
2006). Its incidence is increasing worldwide because of the dissemination of hepatitis B
and C virus infection, alcohol intake, toxins and hemochromatosis (Clark et al., 2015;
Singal and El-Serag, 2015). Hence, it is particularly important to afford an effective early
detection and diagnosis confirmation. Fortunately, the well-established HCC biomarkers
offer great hope, such as AFP test is already used to help monitor the person's response
to therapy and to monitor for cancer recurrence in clinical. Similarly, other oncofetal genes
like H19 and IGF2 exhibit high level in HCC patients, which also suggest much potential
clinical utility for IGF2 and H19 testing in the context of liver cancer (Ariel et al., 1998;
Couvert et al., 2012; Morace et al., 2012), to assist in more effective early detection and
diagnosis confirmation of HCC. Interestingly, data from Prof. Strand lab identified the
up-regulation of these HCC genes including Afp, Igf2, H19 and glypican-3 is
Sirté-dependent in hepatocytes. However, how Sirt6 regulates the expression of these

biomarkers is not well characterized and is the focus of this study.

Sirt6, an important regulator of lifespan and aging-related disease, performs its multiple
roles via its enzymatic reactions that include deacetylation, deacylation and
ADP-ribosylation. Accumulating studies have revealed that SIRT6 plays pivotal roles in
fatty liver-related disease, such as fatty liver (Kim et al., 2010; Tao et al., 2013; Yang et al.,
2011; Yang et al., 2014), diabetes and obesity (Dominy et al., 2012; Palmer et al., 2011,
Zhong et al., 2010), as well as liver tumor formation (Min et al., 2012). Specifically,
SIRT6-deletion actives HIF 1a-dependent glycolytic genes and leads to increased uptake
of glucose as well as enhanced glycolysis together with an inhibited mitochondrial
respiration (Zhong et al., 2010). At the cellular level, SIRT6 represses Survivin expression
by reducing histone H3K9 acetylation and NFkB activation, and the increased SIRT6
expression at the liver cancer initiation stage markedly impairs liver cancer development

(Min et al., 2012). However, neither model could explain the pro-oncogenic phenotype
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and impaired liver function in the Sirt6-deficient mice, suggesting additional mechanisms

must contribute to the mutant phenotype of SIRT6-deficient mice.

In addition, the expression level of oncofetal genes directly linked to the
histopathological onset and development of the liver tumor. SIRT6 expression level is
significantly decreased in both premalignant and malignant stages of
hepatocarcinogenesis (Marquardt et al., 2013; Zhong et al., 2010). The lab of Prof. Strand
also identified the surprising congruency between the human hepatoma cell lines and the
Sirt6-deficient hepatocytes. Given the importance of SIRT6 in hepatocyte function and
development of liver tumor, investigating the molecular mechanism between Sirt6 and
these oncofetal genes will be beneficial for the prevention and/or therapeutic treatment

of HCC and liver-related diseases.
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2 Materials and methods

2.1 Instruments and equipment

Name

Zeiss cLSM-710NLO

Cell culture microscope wilovert 30
standard

Cell culture flowbank (S-2000 1.5)
GFL type 1004 waterbath

Mx3000P gPCR machine

Covaris® M220

Centrifuge 5415 R

ChemiDoc™ XRS

Wet Western blot transfer apparatus
Trans-Blot® Turbo™ Transfer
System

Protein Blotting Equipment

Leica light microscope

MyCycler (thermo cycler)

UV/Visible spectrophotometer
ultrospec 3000

Eppendorf Thermomixer® Dry Block
Heating Shaker

pH-Meter Toledo 320

Nandrop ND-1000

Rollers

4°C/-20°C refrigerator

-80°C refrigerator

Company
Carl Zeiss Microlmaging GmbH

Hund, Wetzlar, Germany

Heto-Holten, Danmark

Milian Labware, USA
Startagene, USA

Life Technology, Germany
Eppendorf, Hamburg, Germany
Bio-Rad Laboratories GmbH
benchfly, USA

Bio-Rad Laboratories GmbH

Bio-Rad Laboratories GmbH
Leica, Germany
Bio-Rad Laboratories GmbH

Pharmacia biotech, Freiburg, Germany

Eppendorf, Hamburg, Germany

Mettler Toledo, Switzerland
Spectrophotometer

Stuart, United Kingdom
Bosch, Germany

Ultra-Low technology, USA
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2.2 Chemicals

Acetic acid

Acrylamide

AEBSF

Agarose

APS

Bovine Serum Albumin
Boric Acid

2-Butanol

Benzonase

CDP Star

Collagen R

DEA

Dimethyl sulfoxide (DMSO)
DTT

DPBS

DPBS with EDTA

EDTA

EGTA

Ethanol

Ethidium Bromide

Fetal Bovine Serum (FCS)
Fluoromount-G™ mounting
medium

Glycine

Glycerol

Hepes

IGEPAL

I-Block

Applichem, Darmstadt, Germany
Merck, Darmstadt, Germany
Sigma-Aldrich, Munich, Germany
CalBiochem, Germany
Sigma-Aldrich, Munich, Germany
Applichem, Darmstadt, Germany
Applichem, Darmstadt, Germany
Applichem, Darmstadt, Germany
Sigma-Aldrich, Munich, Germany
Tropix, Bedford, USA

Serva, Heidelberg, Germany

Tropix, Bedford, USA

Pharmacy, Universitatsmed. Mainz

Sigma-Aldrich, Munich, Germany
Sigma-Aldrich, Munich, Germany
Sigma-Aldrich, Munich, Germany
Applichem, Darmstadt, Germany
Applichem, Darmstadt, Germany
Roth, Karlsruhe, Germany

Sigma-Aldrich, Munich, Germany

Biochrom AG, Berlin, Germany

Beckman Coulter, Fullerton (CA), USA

Sigma-Aldrich, Munich, Germany
Sigma-Aldrich, Munich, Germany
Sigma-Aldrich, Munich, Germany
Sigma-Aldrich, Munich, Germany

Tropix, Bedford, USA
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L-Glutamine

Lithium chloride

Methanol

Monopotassium phosphate
N-Ethylmaleimide (NEM)
Nitroblock Il

NZ Amine® Broth
Potassium chloride
Perchloric acid
2-Propanol

Protease Inhibitor cocktail

Paraformaldehyde

PhosSTOP  Phosphatase
Inhibitor
Sodium butyrate

Sodium chloride

Sodium dodecyl sulfate
(SDS)

Sodium hydroxide

Sodium orthovanadate
(Na3v04)

Sodium chloride (NacCl)
TEMED

Triton X-100
Trichostatin A (TSA)
Tris

Triton X-100

Tween 20

Tryptone

Yeast Extract

Sigma-Aldrich, Munich, Germany
Roth, Karlsruhe, Germany

Roth, Karlsruhe, Germany
Merck, Darmstadt, Germany
Sigma-Aldrich, Munich, Germany
Tropix, Bedford, USA
Sigma-Aldrich, Munich, Germany
Merck, Darmstadt, Germany
Sigma-Aldrich, Munich, Germany
Applichem, Darmstadt, Germany
Roche, Mannheim, Germany
Carl Roth GmbH, Karlsruhe, Germany

Roche, Mannheim, Germany

Sigma-Aldrich, Munich, Germany
Roth, Karlsruhe, Germany

Sigma-Aldrich, Munich, Germany

Merck, Darmstadt, Germany

Sigma-Aldrich, Munich, Germany

Carl Roth GmbH, Karlsruhe, Germany
Applichem, Darmstadt, Germany
Merck, Darmstadt, Germany
Sigma-Aldrich, Munich, Germany
Sigma-Aldrich, Munich, Germany
Sigma-Aldrich, Munich, Germany
Sigma-Aldrich, Munich, Germany
Sigma-Aldrich, Munich, Germany

Sigma-Aldrich, Munich, Germany
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2.3 Medium, gels and reagents

2.3.1 Medium
Escherichia coli

LB medium

10 g Trypton

5 g Yeast extract

10 g Sodium chloride
add 1 L with ddH,O
pH 7.0 with NaOH

sterilization by autoclaving

Mammalian cells

DMEM medium for Hep3B cells

Advanced DMEM supplemented with
10% FCS

1% Gibco Pen Strep

1% L-Glutamine

1% Hepes Buffer

2.3.2 Gels and reagents
Agarose gel electrophoresis

TBE (Tris-Borate-EDTA) buffer

90 mM Tris-HCI pH 8.0
90 mM Boric acid

2.5 mM EDTA pH 8.0

LB agar plates
1 L LB medium

15 g Agar

sterilization by autoclaving

addition of antibiotics after cooling

to 50-60 °C

DMEM-pmHep(primary mouse hepatocyte)

Gibco DMEM supplemented with
10% FCS

1% Gibco Sodium pyruvate

1% Gibco Pen Strep

1% L-Glutamine

1% Hepes Buffer

Agarose gel (1% w/v)

1 g agarose
100 mL TBE buffer

0.1 pg/mL Ethidium bromide
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Agarose gel electrophoresis

Ethidium bromide

10 mg/mL in ddH,O

Loading buffer (6X)

0.2% Bromophenol blue
30% Glycerol
100 mM EDTA, pH 8.0

SDS gels
Table 2.1 Resolving gel composition (for 4 gels)
Resolving gel (%)
Reagents
8% 10% 12% 15%
30% Acrylamide (ml) 10.8 13.3 155 20
1.8 M Tris-HCI (pH-8.8
fis-HCI (pH-8.8) 8.0 8.0 8.0 8.0
(ml)
H,0 (ml) 20.6 18.1 15.9 11.5
10% SDS (ul) 400 400 400 400
10% APS (ul) 200 200 200 200
TEMED (ul) 8.0 8.0 8.0 8.0
Stacking gel 2.25 mL Acrylamide-bis

3 mL 0.6 M Tris pH 6.8
9.5 mL dH,O

150 pL SDS (10% w/v)
75 UL APS (10% wiv)

7.5 uL TEMED
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SDS PAGE

2X SDS-PAGE sample buffer

40 mL 10% SDS (w/v)

10 mL 1 M Tris-HCI pH 6.8

10 mL 2-Mercaptoethanol

20 mL Glycerol

2.2 mg Bromphenol blue
Add 100 mL with dH,O

Western blot

10X Western blotting buffer

30 g Tris
144 g Glycin
Add 1 L with dH,O

I-Block solution

100 mL 10X PBS
2 g Tropix I-Block™
1 mL Tween 20

Add 1 L with dH,O

Nitro-Block-1l solution

Nitro-Block-11"™ 1:200

in Assay Buffer

10X SDS-PAGE running buffer

30.25g TRIS

144 g Glycin

850 mL dH,O

100 mL 10% SDS (w/v)
Add 1 L with dH,0

1X Western blotting buffer

100 mL 10X Western blotting buffer
200 mL Methanol

addl1 L with dH,O

Assay Buffer

10.6 g Tropix® DEA
500 pL 2 M MgCl,
Add 1 L with dH,0

pH 9.5 with HCI

CDP-Star solution

CDP-Star® 1:1000

in Assay Buffer
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2.4 Antibodies

The primary antibodies used are as follows: anti-SIRT6 (Sigma), anti-SIRT6 (Cell
Signaling), anti-Foxal (MyBiosourse), anti-Foxa2 (R&D), anti-CTCF (Cell Signaling),
anti-CTCF (Millipore), anti-Rad21 (Abcam), anti-Rad21 (Santa Cruz), anti-Suz12 (Cell
Signaling), anti-Suz12 (Abcam), anti-EZH2 (Cell Signaling), anti-IGF2 (Abcam), anti-HP1(
(Active Moatif), anti-Rbbp7 (Santa Cruz), anti-PIAS1(Abcam), anti-c-Myc (Sigma), anti-Flag
(Sigma), anti-HA (Cell Signaling) anti-Acetylated Lys (Cell Signaling), anti-Acetylated Lys
(Abcam), anti-Crotonylysine (PTM Biolabs), anti-Sumol (Cell Signaling), anti-Sumo2/3
(Cell Signaling), anti-Ubiquitin (Cell Signaling), anti-Histone H1.2 (Abcam), anti-Histone
H1.4 (Sigma), anti-Histone H1.4 (Bioss), anti-H2AZ (Active Motif), anti-H3K4mel (Active
Motif), anti-H3K4me3 (Active Motif), anti-H3K9me3 (Active Motif), anti-H3K9ac (Cell
Signaling), anti-H3K9ac (Active Motif), anti-H3K27me3 (Active Motif), anti-H3K27ac
(Abcam), anti-H4K8ac (Cell Signaling), anti-Histone H3 (Cell Signaling), and anti-Rabbit
IgG (Cell Signaling) or anti-Mouse IgG (Millipore) or anti-Goat IgG (PeproTech) as
negative controls.

The secondary antibodies for Western blot: anti-rabbit immunoglobulin ALP-conjugated
(Sigma), anti-mouse immunoglobulin ALP-conjugated (Sigma), anti-goat immunoglobulin
ALP-conjugated (Sigma), anti-mouse immunoglobulin HRP-conjugated (R&D),
anti-mouse immunoglobulin HRP-conjugated (Cell Signaling), anti-rabbit immunoglobulin
HRP-conjugated (Cell Signaling), and anti-goat immunoglobulin HRP-conjugated (Santa
Cruz).

Fluorescence secondary antibodies were all from Molecular Probes: Alexa-Flour-488
mouse-anti-rabbit, Alexa-Flour-488 goat-anti-mouse, Alexa-Flour-555 mouse-anti-rabbit,

Alexa-Flour-555 goat-anti-mouse. Hoechst were used to staining nucleus.

2.5 Molecular biological methods
2.5.1 Cell culture

Mice of the strain 129-Sirt6™"®’ were obtained from Jackson Laboratory. Hepatocytes

from Sirt6” and Sirt6"”* mice were isolated from mouse livers by hepatic portal vein
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perfusion as described before (Teufel et al., 2010). Conditional Sirt6-knockout mice were
also established by breeding between SIRT6 conditional allele and Albumin-cre lines. All
mice were maintained in the central laboratory animal facility (ZVTE) of Johannes
Gutenberg University and all the guidelines concerning animal handling were strictly
followed. Hep3B was cultured in advanced DMEM supplemented with 10% fetal bovine

serum, 1% L-glutamine, 1% HEPES (PAA) and 1% penicillin—streptomycin.

2.5.2 Transfection assays and expression analysis

Hep3B cells were transfected using Lipofectin™ reagent (Invitrogen) according to
manufacturer’s instruction. Plasmid including pcDNA, SIRT6-Myc and Foxa2-Flag were
transfected into cells seated in 6-well plate. Cells were incubated with transfection reagent
for 6 h at 37°C, followed by a change to normal culture medium and then harvested after
48 hours. Expression analysis was done by qPCR on reverse transcribed RNA, Western

blot or Co-IP. Primers are listed in Table 2.

2.5.3 Genomic engineering by CRISPR-Cas9
The clustered regularly interspersed palindromic repeats (CRISPR)/CRISPR associated

(Cas) 9 nuclease system was used to introduce enhancer deletion mutations in Hep3B

cells following recently published protocols (Canver et al., 2014).

2.5.3.1 CRISPR design and creation
SgRNA-specifying oligo sequences were designed to optimize uniqueness and have

limited off-targets using an online tool (http://crispr.mit.edu/). The sequences flanking
mEnh-H19/Igf2 distal targeted by the CRISPR constructs (Figure 2.1) are:

SgRNA-Ds: GAGGGTATCTGGTTGCCCGC CGG

SgRNA-Cs: CACCgGAGTGCGGGCAACTGCCGTT TGG

SgRNA-E1: CACCgGCCCGGAAAGGCGGGTTAAC TGG
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H19 Bl E2 ME CTCF-Ds
k A6Kb >I< A18.5Kb >!
N A 24.5Kb i

SgRNA-E1 SgRNA-CS SgRNA-Ds

Figure 2.1 Schematic representation of CRISPR-based enhancer deletion strategy
in Hep3B cells. H19 genes (black boxes) is displayed together with the downstream endodermal
enhancers (EE) (black ovals), mesodermal enhancers (ME) (gray ovals), and CTCF-downstream
binding locus (CTCF-Ds) (white box). The black lines with two arrows indicate the predicted
cleavage of EE, ME and full enhancers region, respectively.

2.5.3.2 Oligo annealing and cloning into pX459 plasmid
The plasmid pX459 (Addgene #48139) expresses a human codon-optimized SpCas9 and

chimeric guide RNA expression plasmid, following previously published guide-lines (Cong

et al., 2013).

a. Phosphorylate and anneal each pair of oligos:
oligo 1 (100 uM) 1 ul
oligo 2 (100 uM) 1 ul
10X T4 Ligation Buffer (NEB) 1 ul
ddH,O 6.5 pl
T4 PNK (NEB) 0.5 ul
Total 10 pl

Anneal in a thermo cycler using the following parameters:
37°C 30 min

95°C 5 min and then ramp down to 25°C at 5°C /min.
Dilute the annealed oligo 1:200.

b. Set up digestion-ligation reaction:

100ng pX459 X ul
phosphorylated and annealed oligo 2 ul
duplex

from step 1 (1:200 dilution)

10X Tango buffer 2yl
10mM ATP 1 ul
10mM DTT 1 ul
FastDigest Bbsl (Fermentas) 1 ul
T7 ligase(NEB) 0.5 ul
ddH,O Y ul
Total 20 pl
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Incubate the ligation reaction in a thermo cycler:
37°C 5 min
23°C 5 min, Cycle the previous two steps for 6 cycles (total run time 1 hour)
4°C hold until ready to proceed
c. Transformation with 1-2 pl of the final product into XL-1 blue competent cells, pick

colony and sequence verify.

2.5.3.3 Transfection
Transfection experiments were performed as described previously. Hep3B cells were

plated at a density of 0.5 million/ml on 10 cm? plates 24 hours before transfection. Cells
were triple transfected using Lipofectin™ reagent (Invitrogen) according to manufacturer’s
instruction with 7.5 pg of each CRISPR plasmid and 0.5 ug of pGFP. To enrich for deletion,
the top 5% GFP" cells were sorted via FACS Aria cell sorter (BD Biosciences) 48 hours
post-transfection. Then cells were immediately diluted in 96 well-plates with Hep3B
medium for recovery 48 hours. After that, 1 mg/mL of puromycin (Sigma) was

supplemented to the cell culture media for 5 days to select for the transfected clones.

2.5.3.4 Screening clones

Genomic DNA was isolated from clonal CRISPR targeted Hep3B cell lines using High Pure
PCR Template Preparation Kit (Roche). To screen deletion clones, distal
enhancer-spanning PCR primers were designed which flank the outside of the CRISPR
sgRNAs. Given efficient CRISPR cuts and repairs of DNA through non-homologous end
joining, about 420bp product is amplified by PCR. Subsequently, a gqPCR-based
genotyping method was designed to quantify the DNA copy number of the targeted regions
relative to control regions. qPCR copy number primers were designed inside the targeted
region to quantify the efficiency of CRISPR deletion as creating a biallelic or monoallelic

deletion. Primers are listed in Table 2.

2.5.4 DNA-methylation

Genomic DNA of mouse hepatocytes was extracted with the Gentra®Puregene®Kit

(Qiagen) according to the manufacturer’s instructions. Bisulfite conversion of 500 ng DNA
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per sample was performed with the EZ DNA Methylation-Direct™-Kit (Zymo) according to
the manufacturer's specifications. Quantification of DNA methylation was studied by
pyrosequencing on the PyroMark Q96 ID instrument using PyroMark Gold Q96 reagents

(Qiagen). Primers are listed in Table 2.

2.5.5 Chromosome conformation capture (3C)

Chromosome conformation capture (3C) technology (Figure 2.2) is based on
formaldehyde crosslinking of interacting chromatin segments, followed by restriction
digestion and intramolecular ligation of crosslinked fragments. Ligation products are
subsequently analyzed by PCR using primers specific for the restriction fragments of
interest. Here, 3C was performed using BamHI (Promega) as previously described (Court
et al.,, 2011). Standard curves for gPCR have been generated from the RP23 BAC
(Invitrogen). The sequence of primers used for gqPCR quantification of 3C products are

shown previously (Court et al., 2011).

a
- ol —
c Crosslink

l Cut
a e \
"
)
c . g
= ———— Dilute
Ligate
Y
o » > . Detect (1(.3\.,
Reverse juxtaposition,
b inki using PCR
B crosslinking
c by
—

TRENDS in Genetics

Figure 2.2 The 3C method (Marenduzzo et al., 2007). Aloop containing genes a, b and c is
shown. 3C involves fixation to crosslink DNA sequences that lie next to each other (usually through
DNA—protein—DNA links; green), before cutting with a restriction enzyme, dilution and ligation.
Dilution favors intramolecular ligation: that is, the end of one DNA molecule in a DNA—protein—DNA
complex is joined to the end of the second DNA molecule in the same complex more frequently than
to the end of a different molecule or complex. Then, two DNA sequences that were initially in close
proximity are ligated (i.e. a with c, but not a with b), and (after reversing the crosslinks) the novel
juxtaposition is detected by PCR. Figure is taken from Marenduzzo, D., Faro-Trindade, I., and Cook,
P.R. (2007). What are the molecular ties that maintain genomic loops? Trends in Genetics 23,
126-133.
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2.5.6 ChIP and reChlIP
ChIP (Chromatin Immunoprecipitation) was done as described previously (Kashyap et al.,

2013). Cells were firstly treated with 1% formaldehyde to form cross-linking of protein-DNA
and then the chromatin DNA was sonicated. The cross-linked protein-DNA was
immunoprecipitated and thus precipitating the DNA associated with protein. gRT-PCR was
performed to value the enrichment of protein and the data was normalized against the
input. For reChIP assay after the first immunoprecipitation, beads were eluted in 10mM
DTT and diluted with reChIP dilution buffer and subjected to a second immunoprecipitation.
ChIP primers are shown in Table 2.

Requirements

1 x PBS =2.33 ml 10 x PBS + 21 ml dH,O

Fixation solution: 0.27 ml 37% Formaldehyde (room temperature) in 10 ml cell culture
medium

Glycine-Stop-Fix solution: 1 ml 10 x Glycine buffer+1 ml 10 x PBS+8 ml dH,O

Cell scraping solution = 1 x PBS + 5 yl 100 mM PMSF

SDS lysis buffer: 1% SDS, 10 mM EDTA, 50 mM Tris-HCI (pH 8.1), Protease inhibitor
cocktail (PIC)

ChlIP dilution buffer:

A: 0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-HCI (pH 8.1), 167mM

NacCl, PIC (Fresh)

B: 20 mM Tris/HCI (pH 8.0); 1% Triton X-100; 150 mM NaCl; 2 mM EDTA, PIC.

Protein A/G agarose

Low salt wash buffer: 0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCI (pH 8.1),

150 mM NacCl.
High salt wash buffer: 0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCI (pH 8.1),
500 mM NacCl.
LiCl wash buffer; 0.25 M LiCl, 1% IGEPAL, 1% deoxycholic acid, 1 mM EDTA, 10mM
Tris-HCI (pH 8.1).

TE buffer: 10 mM Tris-HCI (pH 8.0), 1 mM EDTA.

Rechip buffer: 20 mM Tris/HCI (pH 8.0); 0.1% Triton X-100; 150 mM NaCl; 2 mM EDTA,
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PIC (Fresh).
Elution buffer: 2100 mM NaHCO;, 1% SDS.
5 M NaCl
RNase A (10 mg/ml)

Proteinase K (10 mg/ml)

2.5.6.1 In vivo cross-linking and lysis
pmHep cells were grown in 100 cm? plate up to the confluency of 80% in 10 mL of DMEM.

a. 270 pl of 37% formaldehyde was added to the culture plate and incubated on a shaking
platform for 7-8 min at room temperature.

b. Pour fixation solution off and wash by adding 10 mlice cold 1 x PBS, and then pour off.
c. 5 mL Glycine-stop-fix solution was added and the plate was swirled to mix and rock at
room temperature for 5 min. Addition of glycine quenches unreacted formaldehyde.

d. The plate was then kept on ice and the media was aspirated carefully and the cells were
washed twice with ice cold 1 x PBS.

e. After washing, 1 mL of ice cold PBS including 5 pul 100mM PMSF was added to the plate
and cells were scraped, collected and centrifuged at 700 g for 10 min at 4°C. If freezing the
pellet, add 1 pl 200 mM PMSF and PIC and store at -80°C.

f. The cell pellet was then resuspended in SDS lysis buffer (+PIC) and kept on ice. 3 M

cells use 130 pl SDS lysis buffers, 10M cells use 720 pl SDS lysis buffers and PIC.

2.5.6.2 Sonication to shear DNA
a. To shear the DNA cells lysate was transferred in Snap-Cap microTUBE and sonication

was performed 12 min under 75 Watts by Covaris, with 5% duty cycle at 7°C to gain
200-700 bp DNA fragments. (If use 1 ml miliTUBE, sonication was performed 15 min under
75 Watts by Covaris with 10% duty cycles.)

b. After sonication the sample was clarified by spinning it at 14,000 rpm at 4°C for 10 min.
The supernatant containing sheared cross-linked chromatin was transferred to the new
microfuge tube.

c. Use the Nandrop to measure the concentration of the DNA.
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2.5.6.3 Chromatin shearing efficiency analysis

a. Take about 20 ug DNA of the sheared sample, transfer to 1.5 mL microcentrifuge tube.
b. Add 1uL of RNaseA (10 mg/ml) and incubate at 37 °C for 30 min.

c. Add 1puL of Proteinase K (10 mg/ml) and reverse crosslink by heating at 65°C overnight
(O.N).

d. Purify DNA using Qiagen QIlAquick PCR Purification Kit, Cat. No. 28104.

e. Resuspend pellet with 15 pL dH,O.

f. Add 1 volume of loading dye to 3-5 volumes of purified DNA. (NOTE: The use of loading
dye without Bromophenol Blue is recommended. Bromophenol Blue migrates at ~300 bp
and interferes with smear analysis)

g. Load 300~600 ng of purified DNA per lane.

h. Resolve on 1% agarose TAE gel (including Ethidium Bromide) run at 75 V for 1 hour.

i. Destain and view gel with a UV light source and record image.

2.5.6.4 Immunoprecipitation of cross-linked protein/DNA

a. 80 pg for histone makers or 250 ug for transcription factors was diluted with ChlP
dilution buffer (+PIC) to a final volume of 1 ml.

b. 60 pl of Protein A/G agarose beads were added to the diluted sample and incubated at
4°C for 1 hour with constant agitation. This pre-clearing step removes the protein and DNA
that binds nonspecifically to the Protein A/G agarose.

c. The supernatant was collected by brief centrifugation at 3000 g for 1 min.

d. 25 pul of sample was saved as Input (Usually from the histone makers or IgG).

e. 1-5 ug of antibody was added to rest of the sample and the sample was incubated for
overnight at 4°C with rotation (+Ab).

f. The protein-antibody complex was precipitated by adding 60 pl of Protein A/G agarose to
the sample and incubating the sample at 4°C for 3 hours with continuous rotation.

g. The Protein A/G agarose was collected by centrifugation at 3000 g for 1 minute and the
supernatant fraction was discarded.

h. The Protein A/G agarose was then washed with 500 pl cold 1 x low salt wash buffer

wash buffer and wash for 10 minutes with rotation at 4°C and discard supernatant.
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i. Add 500 pl cold high salt wash buffer and wash 10 minutes with rotation at 4°C, discard
supernatant.

j- Add 500 pl cold LiCl salt wash buffer and wash 10 minutes with rotation at 4°C, discard
supernatant.

k. Add 500 pl cold TE buffer to wash twice with rotation at 4°C, each 10 minutes and
discard supernatant.

(For reChlP: After step 8 of immunoprecipitation of cross-linked protein/DNA, wash the
beads once more with high salt wash buffer. Then incubate the beads with 50 yl 10 mM
DTT for 30 min at 37°C with constant shaking (950 rpm). The beads were collected by brief
centrifugation at 3000 g for 1 min. Supernatant was collected and repeat step b, collect all
the supernatant into a new tube. Then add 900 pl reChIP buffer (+PIC) and take 25 pl as
input. Add the second primary antibody and repeat step e-k of immunoprecipitation of

cross-linked protein/DNA.)

2.5.6.5 Elution of protein/DNA complexes
a. 100 pl of elution buffer (pre-warmed at 37°C) was added to the washed Protein A/G

agarose beads and constant shaking at 1250 rpm at room temperature for 30 minutes.

b. The beads were collected by brief centrifugation at 3000 g for 1 minute.

c. Supernatant was collected and the elution step was repeated once more with 100 pl of
elution buffer.

d. For the input, 15 pl elution buffers added in.

2.5.6.6 Reverse cross-link to free DNA and DNA purification

a. Eluates as well as the input controls were subjected to reverse cross-linking by add 5 M
NaCl 8 pl and 2 pl, respectively. Incubate at 65°C with constant shaking at 950 rpm O.N.
b. Cool the sample to RT, then add 1 pl RNaseA and incubated at 37°C for 30 min.

c. To digest proteins, add 1 pl of Proteinase K (10 mg/ml) and incubated at 42°C for 1h.
d. Incubated the sample at 67°C for 20 min to stop the reaction.

e. Purify DNA using Qiagen QIAquick PCR Purification Kit, Cat. No. 28104.

f. Resuspend pellet with 100 pl dH,0O.
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2.5.6.7 Real-Time polymerase chain reaction (qPCR) and data analysis
The input was diluted 1:10 again (For reChlP, the input do not need to be diluted) and then

analyzed by gRT-PCR using specific primers together with the purified DNA samples. 2 pl
of purified DNA and 100 nM of primers were used in 20 pl of reaction volume. Ct values
(number of cycles required for the fluorescent signal to cross the threshold) were used for
performing the calculation which consists on evaluating the fold difference between
experimental sample and normalized input (Lin et al., 2012). ACt (normalized to the input
samples) value for each sample.

ACt [normalized ChlIP] = (Ct [ChIP] - (Ct [Input] -Log?2 (Input Dilution Factor).

Where Input Dilution Factor = (fraction of the input chromatin saved)™ x Input dilution

factor before gPCR=40x10=400.

2.5.7 Co-immunoprecipitation (Co-IP)
Cells were lysed in IP lysis buffer and the extracts were incubated overnight with the

indicated antibodies. IP-antibody complexes were then captured on protein A/G agarose
beads (Roche), and then detected by western analysis. Specifically:

a. Aspirate media out, and wash the cells with PBS 1 time. Then wash with 5 ml ice-cold
PBS/Phosphatase Inhibitors (10xPBS 0.5 ml, distiled water 4.25 ml, Phosphatase
Inhibitors 0.25 ml).

b. Add lysis buffer in and put the flask on ice for 5-10 min.

Lysis buffer: 50 mM Tris-HCI PH7.5, 150 mM NaCl, 1% Triton-100, 1 mM EGTA, 2 mM
EDTA and Protease inhibitor (Roche), Phosphatase inhibitor (Roche), sodium
orthovanadate.

c. Collect the cells by scrape. And centrifuge it for 5 min, 14,000 g in pre-cooled at 4°C.
d. Take the supernatant into a new tube (Cytoplasm). Resuspend the pellet (nuclear
fraction) in 100 pl Complete Digestion buffer by pipetting up and down more than 5 times.
100 pl Complete Digestion buffer: 100 mM PMSF 0.5 pl, digestion buffer 98.5 pl, PIC 1 pl.
e. Add 0.5 pl Enzymatic Shearing cocktail. Vortex gently for 2 seconds and incubates 30
min at room temperature.

f. Add 2 pl 0.5 M EDTA to stop the reaction. Vortex gently for 2 seconds and place on ice
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for 5 min.

g. Centrifuge 10 min, 14,000g in pre-cooled at 4°C.

During this time, take 60 pl Protein-A/G-Agarose (beads) into new tube, wash it with 500 pl
IP wash buffer for 3 times, each for 5 min, 4°C.

h. Transfer supernatant into new tube and add 500 pl IP Incubation buffer or the cytoplasm
part, pipetting them and take 100 pl out into a new tube (IP-input). Take the rest 500 pl into
washed beads tube and add 1-5 pg antibodies. Incubate overnight, 4°C.

Add 100 pl 2xloading buffers in the IP-Input, cook at 99°C, 5 min.

i. Take the supernatant out, and wash the beads with IP wash buffer for 3 times, each for

500 pl. Add 30-100 ul 2xloading buffer in, cook at 99°C, 5 min. This is IP-sample.

2.5.8 Immunofluorescence (IF) and proximity ligation assay (PLA)

Cells were grown on chamber slides and fixed with paraformaldehyde or methanol
according to the datasheets of antibodies. For IF, Alexa-Flour-488 conjugated or
Alexa-Flour-546 conjugated secondary antibodies (Molecular Probes) were used for
visualization. Hoechst (Molecular Probes) was used for nuclear staining. The detail of the
protocol is:

a. Plate the cells in chamber slide (glass) over night.

b. Wash with DPBS 1 time.

c. a. PFA fix: put 4% PFA (diluted with DPBS) 100 pl to fix, 15 min room temperature. (Or
1% PFA 40 min, 2% PFA 30 min, 3% PFA 20 min)

d. Methanol fix. Put 150 ul ice-cold methnol (100%) into each well at room temperature 2
min. Open the cover, -20°C 15-20 min.

(1) Methnol/aceton fix. Mix the ice-cold aceton (100%) and methnol (100%) 1:1, put 150 pl
into each well at room temperature 2 min. Open the cover, -20°C 15-20 min.

(2) Acetonal fix. Put 150 pl ice-cold aceton (100%) into each well at room temperature 2
min. Open the cover, -20 °C 15-20 min.

e. Wash with ice-cold 1xPBS for 3 times, each time 5 min. (Stored at 4°C)

Attention: Some Ab requires damasking (denature of protein binding surface, using 10 mM

Natirum Glrate +0.02% tween 20 at 99°C 20 min)
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f. Add 50 pl 0.2% Saponin (fresh) in PBS for cells, room temperature 20 min. For tissue, 1%
Saponin in PBS is used.

g. Blocking (3% BSA and 0.1% Triton X-100 in PBS, fresh), room temperature 30 min.

h. Add 1°Ab in 150 pl blocking buffer, 4°C overnight, or room temperature 2 hours.

i. Wash with ice-cold PBST for 3 times, each time 5 min.

j- Add 2°Ab (1:200) +Hoechst (1:5,000) (diluted with DPBS) in 100 pl blocking buffer, room
temperature 30-60 min, dark (covered it with aluminum paper). Hoechst can be used in no
more than 2 weeks.

k. Wash with ice-cold 1xPBS for 3 times, each for 5 min with shaking, dark (covered it with
aluminum paper). Wash with dH,O 1 time, 5 min.

i. Take the plastic out, and add a big drop of mounting medium on the slide, covers it with

glass. Keep it overnight at 4°C and watch under CLSM.
For PLA assay, the cells were followed the steps described in the user manual of Olink®
Bioscience Company. A confocal laser-scanning microscope (Zeiss cLSM-710NLO, Carl

Zeiss Microlmaging GmbH) was used for image collection.

Table 2.2 Primers

Primers for gRT-PCR

F: GCACCACGTCCAATGACAT
Hu RPII

R: GTGCGGCTGCTTCCATAA

F: AGGATGTCGGTGAATTACGC
Hu SIRT6

R: TGGAACACCACACTGGAAGA

F: CTGAGCTTTCCTGTCTTTCC
Hu H19

R: GAATGCTTGAAGGCTGCTCC

F: GTTATATTCTGCCTCGCCGG
Hu IGF2

R: GAGTTGAGTCAAACACGGGC

F: CCTAGACCCCTTCCATACCC
Hu-PIHit

R: CAAGGAATCTGCCTCTCCAG
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: GTGAAACACAAGCCCAAGGCAACA

Hu ALB

: TCCTCGGCAAAGCAGGTCTC

: TGTGCCTGAGAACACCAGAG
Hu-CYP3A4

: GTGGTGGAAATAGTCCCGTG
Mu PolR2B : CGACGAGGACATGCAATATG

:CGGCTCTTCAACTTCTCCAC

: CGACGAGGACATGCAATATG
Mu PolR2B

: CGGCTCTTCAACTTCTCCAC

: TGAGAGACACCATTCTGGAC
Mu SIRT6

: TGCACATCACCTCATCCAC

: AGAGCTCCTCCATCACCACCGT
Mu Lamin

: TGCCTGGCAGGTCCCAGATT

: GAATCTGCTCCAAGGTGAAGC
Mu H19

: CAAAGCTATCTCCGGGACTC

: GGAAGCTAGGAGGCTTAAAG
Mu Igf2

:CTTTAGGCACTTGCTGAGGG

: TGGCAGGCAGCTTGGTAGTC
Mu PIHit

: AATGGCTGGGACAGAGCAGC

: ACAGGGTTGGATGGTTGTGT
Mu Foxal

: TGTTGCTGACAGGGACAGAG

: CCCATTCTGGACATGGTGAAA
Mu Foxa?2

: AGCACGCAGAAACCATAAATTAAA

: CGGCCCTCCCTGAACTCT
Mu Runx2

: TGCCTGCCTGGGATCTGTA

ATTGTTGGCCCCTTTCCAGGGC
Mu 91H

: GCAGGCTCGCGTTGACAAGGAAC

: GACAAGGAAAGCTGCCTGAC
Mu Alb

: TTCTGCAAAGTCAGCATTGG
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Primers for CRISPR-cas9

Dele-ctcf-Ds-F F: GCCCCTCAGCTGGTACATAA
Dele-E1-R1 R: TTAGGCACCGAGGTCTTCAC
Dele-Cs1-F F: GGCCTTTCTGGTGAAGTGAC
Dele-E1-R1 R: TTAGGCACCGAGGTCTTCAC
Dele-CTCF-Ds-F F: GCCCCTCAGCTGGTACATAA
Dele-CS1-R1 R: GGAAGGGGAGCTCTTCAATC
Dele-CTCF-Ds-F F: GCCCCTCAGCTGGTACATAA
Dele-CS1-R2 R: ACACCCACCTCTGAGCTGTC

Primers for ChIP

: CTACCCAGACCCATCCACTGTAG

Hu CTCF-AD
R: CCACTCGCACATCAGTGCTT
F: TCTGTGCCTACGAAGTCCCCAGAG
Hu IGF2 P2
R: GAAGCCCTCCCTGTCCACGTCCTGA
F: TGCCTGCCCGGAGACCCCAGCTCAC
Hu IGF2 P3
R: CGCAGAGCGCCAAGGCCATGCTGAA
F: GGAGGAGGACAGAGGCAAGAG
Hu CCD-CTCF
R: AACAAAATTTCAGCCGGTTCA
Hu H19 ICR F: CTTGCATAGCACATGGGTATTTCT
CTCF6
- R: GTGACCCGGGACGTTTCC
F: CTGGGTCTCGCTCCATAAAC
Hu H19 E1
R: ACAGAGAGGCACACGTAGGG
F: CACAGCCTGGCCTTGACC
Hu H19 E2
R: TTCACAGGAAGCATTCGAGA
F: CCCCAACTTGCCTGGACTTT
Hu BC2
R: ACACCCAGCAAGGAGCAAAA
F: TCTTGGCCCAGAGAGAAAGTG
Hu CTCF-Ds

: GCTTCTGAGCAGGTGCTTTCTT
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F: GCCAGAGATGAGCAAGGTTC
Mu Igf2 DMR1
R: CCTCAGCGTTTTCCTACCTG
F: TTATGGAGTCGCCTTCGAGT
Mu Igf2 P1
R: GAGAAGTGACGAGGCCGATA
F: CTGCTTAGCAAGTAGGTCCCTGTGA
Mu Igf2 P2
R: TGCTCAGTTAGAGGGTTACAAGGTAGGCGCA
F: TCCAGCCCTTTCCTGTCTTCATCCTCTTCCA
Mu Igf2 P3
R: TACCCGGTGCCCTGACCACCCCACTG
F: GTCCCCACATTTGCAGTTCT
Mu Igf2 DMR2
R: GTCCCCACATTTGCAGTTCT
F: AGCAAGAACCCCAAGTCTGA
Mu CCD-CTCF
R: GTTAGGCAGACTCCGCTCTG
Mu F: ACCCACAGCATTGCCATT
H19 ICR_CTCF1
- = R: GACCATGCCCTATTCTTGGA
Mu F: GCCCATGACTATGGGATCAT
H19 ICR_CTCF2
- - R: TGTGTAAAGACCAGGGTTGC
Mu F: AGGTTGGAACACTTGTGTTTCTGGAG
H19 ICR_CTCF3
- - R: TGGGCCACGATATATAGGAGTATGCT
Mu F: CAAATGCCTGATCCCTTTGT
H19 ICR_CTCF4
- = R: GATCGATCGGTTCACTCTCC
F: AACATCAATCCGAGCCTGAC
Mu E1
R: ACCAGTCTTTCCCAGCCTTT
F: TGTTAACCTGGCTCTGCCCTGC
Mu E2
R: CTGCAGGTACAAACACGTAGG
F: TGCTCAGGAAGGTCAGAGGT
Mu Anchor 0
R: TGCACTGCTGTGATTTCCTC
F: GATGGTGTCTGTGTGGATGC
Mu CS6
R: CCTGTCTGCTTCTTCCCAAG
Mu Nctcl

T

: ACATTCAGGCAGTGACCAAT
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R: GCTCCGACCTGAATATCTTG

F: ATAAGTCCCAGGCTCGAGGT
Mu CS9

R: GGCCAAGGAGGATTTAGCTC

F: CTGCGTTACAGCATCCACTC
mAlb-E

R: CGTCCGGAATGATGGTATTT

F: GCAAACATACGCAAGGGA
mAlb-P

R: CAGAAAGACTCGCTCTAATATAC

F: ACATTGCTGTAGCTCTGCTTGACC
mAfp enh 3

R: ACCGAGCTGCCTGTCGAACTTAAA

F: AGTCAACAACAGGAGTCAGAGCAG
mAfp enh 2

R: CCACAGTTTGTGTGCTGACTGCAA

F: CACGGAGGAGTGGAAAGAAA
mAfp-enh 1

R: CCTGTGACACGAAACATTGG
mAfp Distal F: CTACATATGAAGCCTTAGCAAACATGT
Promoter R: ACTCAGACGTTGGCGTGTCA

F: AGCTGGCTCATCAGGTTT
mAfp-P-middle

R: CAGTAGTTCAGGCTATTCA

F: CACATCCCTGAGCAGAGACA
mAfp-Ctcf

R: CCTTGCTAGCTTTCCCTTCC

Primers for methylation

migf2 DMRO P1 F

GGGAGAGTTAGGGTTTTTTAGTTAGTT

migf2 DMRO P1 RBio

Bio-TCTAACCCCTCTACACAATTTAACC

migf2 DMRO P1 S1 TTTTTGAAGAGGGGG
migf2 DMRO P1 S2 GTTATAAGGAAAGTATGGTT
migf2 DMRO P1 S3 GTTGTTTTTGTAAATGTGAA

migf2 DMR1 P1 F

TTGTATGTTTTGGTGGTTTTTTAAT

migf2 DMR1 P1 RBio

Bio-AAACCCTCTACTAAAAATCTCCTTT

migf2 DMR1 P1 S1

TGGATATTTTAAGGTGATTT
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mlgf2 DMR1 P1 S2 AGGAAAAGGAAGGTAGG

migf2 DMR2 P1 FBio Bio-TGTTTTGTGGAATTTTTAGGTAGGT

migf2 DMR2 P1 R CCCCAAATCAAAAAATAAATAATCTC
migf2 DMR2 P1 S1 CAATATATCTCCAAAAAAC

migf2 DMR2 P1 S2 CCTTCAACCCCACC

migf2 DMR2 P2 F TTTTTTAATATGATATTTGGAGATAGTT

migf2 DMR2 P2 RBio Bio-CCACATAATTTAATTCACTAATAATTACTA

migf2 DMR2 P2 S1 ATGATATTTGGAGATAGTT

migf2 DMR2 P3 FBio Bio-TTTTTTAATATGATATTTGGAGATAGTT

migf2 DMR2 P3 R CCACATAATTTAATTCACTAATAATTACTA
migf2 DMR2 P3 S1 TTCACTAATAATTACTAAAC
mH19_CCD_F AAGTTTAGAATTGGAGAGGTAGTAT
mH19_CCD_RBio Bio-TCTCCACACAACCACAATCTTAC
mH19_CCD_S1 GTTTAGAAGGTAGAGGATAA

mH19 _CCD_S2 AAGTGGTTTTGAGGAT

mH19_PIHit_F AGAGTTAGAGGTGGTTTGGATAT
mH19_PIHit_RBio Bio-AATCACTTCAACCTCCCAAAACTTTC
mH19_PIHit_S1 AGAGGTGGTTTGGATATTA

mH19 BamHI site 0_F GGGTGTGGTATGGTTTGTT

mH19 BamHI  site | Bio-CATAACCCCTACCCCCAAC

0_RBio

mH19 BamHI site 0_S GGTTTGTTTAGGAAGG

MH19 Enh E1 P1F GTTAGTTTTGAGGGTAGATTAGGA

mH19 Enh E1 P1 RBio | Bio-ACTTTATATACACCTCCCTTAATCC

mH19 Enh E1 P1 S1 TTGAGGAAAAATAGATTTAAAATAT

mH19 Enh E1 P1 S2 GTGGTATTTAGGTTGTG

mH19 Enh E1 P2 F GGAGGTATTAGGATGTAATGATATAGTT

mH19 Enh E1 P2 RBio | Bio-TATCAACACCACCATATCTACAACT

mH19 Enh E1 P2 S1 GGGTTAGTGTGTGGA
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mH19 Enh E2 P1 F

TGTGGGGATTGTTTTGTAGTTGTATAATT

mH19 Enh E2 P1 RBio

Bio-CCCCTCACCAAAATCAACA

mH19 Enh E2 P1 S1

AGTTGTTTTTTATGAATTGTAAAT

mH19 Enh E2 P1 S2

GGATTGTTTTGTAGTTGTATAATT

migf2_ DMR1_3C_F

GGGGGATTATAGAGAATTAGAGTTG

migf2_DMR1_3C_RBio

Bio-ACCTCTACTACCCAAACC

migf2_ DMR1_3C_S1

AATTTGAGAAAGTGAGTTT

migf2_DMR2_3C_F

GGTTATTGTTGGATGATATGGATAGT

migf2_DMR2_3C_RBio

Bio-ACCCTCCATCTTATCTCTTCC

migf2_DMR2_3C_S

GGATAGTGGTATAGGTG

mH19_ICR_Pyrol F

AAGGAGATTATGTTTTATTTTTGGA

mH19_ICR_PyrolRBi

Bio-CCCACAACATTACCATTTATAAATTC

mH19_ICR_P1_Sinew

GAATTAGTTGTGGGGTTTATA

mH19_ICR_Pyro2FBi

Bio-AAAGAATTTTTTGTGTGTAAAGATT

mH19_ICR_Pyro2_R

ATCAAAAACTAACATAAACCCCTAAC

mH19_ICR_Pyro2_S1

AACTCAATCAATTACAATCC

mH19 ICR_Pyro3_F

GGGTTTTTTTGGTTATTGAATTTTAA

mH19_ICR_Pyro3RBi

Bio-AATACACACATCTTACCACCCCTATA

mH19 ICR_Pyro3_S1

TGTTATGTGTAATAAGGGAA

mH19_ICR_Pyro4FBi

Bio-TTTTTGGGTAGTTTTTTTAGTTTTG

mH19_ICR_Pyro4_R

ACACAAATACCTAATCCCTTTATTAAAC

mH19_ICR_P4_Silnew

CCATTTAACTATAACCAAATCTACA

mH19_ICR_P4_S2new

ACCTAAAATACTCAAAACTTTATCA
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3 Results
3.1 Roles of Sirt6 on Foxal/2-dependent H19 and Igf2 expression

in hepatocytes

3.1.1 Tissue-specific gene expression of H19 and Igf2 in Sirt6-deficient mice
Experiments of the group of Prof. Strand have shown that established biomarkers of HCC

are upregulated in Sirt6-deficient hepatocytes (Marquardt et al., 2013). To examine
whether H19 and Igf2 were tissue-specifically expressed, gPCR data sets were generated
in different tissues of mice, such as thymus, liver, colon, heart, muscle, spleen, kidney and
brain. Figure 3.1 shows that upon loss of Sirt6, an increased expression of H19 and Igf2
was observed with the most prominent differences in liver and colon, which are of

endodermal origin.
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Figure 3.1 Expression of H19 and Igf2 in different tissues of Sirt6"* and Sirt6” mice.
Total RNA was extracted from different tissues of WT (blue) and Sirt6 KO (red) mice, including
thymus, liver, colon, heart, muscle, spleen, kidney and brain. H19 (A) and Igf2 mRNA (B) were
quantified by gPCR; quantification was normalized to RPIlI (RNA polymerase Il). This experiment
was repeated in two pairs of mice and a representative result was shown. Error bars indicate
standard deviation (s.d).

To confirm the upregulated expression of H19 and Igf2 in the liver, Sirt6™*"* and
Alb-Cre mice were used. Alb-Cre mice are liver-specific Sirt6é deletion, which are
generated by breeding of Sirt6™"°* mice with the mice expressing the Cre recombinase

driven by the albumin promoter. These mice were useful to overcome the early postnatal
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lethality of Sirt6” mice and enable older mice to be analyzed. Figure 3.2 shows that loss of
Sirt6 also induces gene expression in the liver-specific Sirté knockout mouse model: H19
and Igf2 increased about 60- and 4-fold, respectively. These results further confirmed that

loss of Sirt6 is responsible for the up-regulation of H19 and Igf2 in hepatocytes.
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Figure 3.2 Expression of H19 and Igf2 in Sirt6™*’™°* and Alb-Cre primary murine
hepatocytes (pmHep). Total RNA was extracted from Sirt6™*"* (blue) and Alb-Cre (red)
primary murine hepatocytes. H19 and Igf2 mRNA were quantified by qPCR; quantification was
normalized to RPII mRNA level; error bars indicate s.d. Exp indicates experiment, and 3 pairs of
mice were used.

To further characterize the influence of Sirt6 on expression H19 and IGF2 gene, a cell
culture model was selected. Hep3B cells transfected with a human SIRT6 expression
vector were analyzed in comparison to Hep3B cells transfected with pcDNA control vector.
Hep3B cells are characterized by low Sirt6 and high H19 and IGF2 expression in
comparison to primary human hepatocytes (phHep). As shown in Figure 3.3,
overexpression of SIRT6 decreased expression of H19 and IGF2 in Hep3B, 45% and 36%,
respectively. Overall, these data indicate that SIRT6 can reduce expression of H19 and

IGF2 mRNA.
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Figure 3.3 Overexpression of SIRT6 suppresses the expression of H19 and IGF2.
Expression of H19 and IGF2 mRNA when overexpression of SIRT6 in Hep3B (left). Hep3B cells
were transfected with pcDNA (blue) or SIRT6-myc (red) plasmids. Forty eight hours following
transfection, cells were collected to isolate RNA. Primers of indicated genes were used to quantify
the mRNA level by gPCR; quantification was normalized to RPII, n=2, error bars indicate s.d. The
right picture indicates the protein level of SIRT6 in this experiment. The transfected cells were
isolated and the WB was performed with SIRT6 specific antibody. B-tubulin was used as a loading
control.

3.1.2 Analysis of Sirt6-dependent histone modifications
3.1.2.1 Sirt6 alters enrichment of H3K9ac at the Igf2/H19 gene locus

SIRT6 is shown to tightly bind to chromatin and is best characterized as a NAD"
-dependent deacetylase of histone H3K9ac (Kugel and Mostoslavsky, 2014). To gain
insight into how SIRT6 regulates the expression of H19 and Igf2, the recruitments of Sirt6
was firstly analyzed by ChIP in pmHep, Hep3B pcDNA and SIRT6-myc cells. As shown in
Figure 3.4B, Sirt6 was enriched at all the regions of the Igf2/H19 gene locus in normal
primary murine hepatocytes, and the binding reduced along with the deletion of Sirt6. By
contrast, the occupancy of SIRT6 increased at all the analyzed locus when SIRT6 was
overexprssed in Hep3B cells (Figure 3.4C).

As the classic substrate of Sirt6, the occupancy of acetylation of histone H3 lysine 9 was
also analyzed at the Igf2/H19 gene locus by ChIP with H3K9ac specific antibody.
Consistent with the data of ChlIP-Sirt6, Figure 3.5B shows that the occupancy of H3K9ac
increased in Sirt6-deficient pmHep at the Igf2/H19 gene locus with a prominent enrichment

at enhancers region, from E1 to CS9 (Figure 3.5B).
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Figure 3.4 ChIP analysis of Sirt6 enrichment at the Igf2/H19 gene locus in
hepatocytes. (A) Schematic representation of the mouse Igf2/H19 gene locus. Igf2 and H19
genes (white boxes) are displayed together with the downstream endodermal enhancers (black
ovals), the centrally conserved domain (CCD) and the ICR (white box), as well as promoters of 1gf2
(black boxes): DMR1, P1, P2, P3 and DMR2. Occupancy of Sirt6 at the Igf2/H19 gene locus was
performed in pmHep (B), Hep3B pcDNA and Hep3B SIRT6-myc cells (C). The cells were
cross-linked, sonicated and IP was performed using Sirt6 specific antibody. DNA was extracted
from IP sample and PCR was performed using primers spanning the indicated regions. ChIP
profiles of gPCR data were normalized to the input. These experiments were repeated 3 times and
a representative result was shown. Error bars indicate s.d.
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Moreover, the enrichment of H3K9ac showed the similar trend at all sites except
CTCF-binding site upstream of IGF2 (CTCF-AD) in Hep3B cell in comparison with phHep
(Figure 3.5C). H3K9ac also exhibited strongly enrichment both at the promoters of IGF2
and enhancers region in Hep3B cells. Importantly, the occupancy of H3K9ac decreased at

all sites in SIRT6 overexpressing Hep3B cells.
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Figure 3.5 ChIP analysis of Sirt6-dependent enrichment of the histone mark H3K9ac
at the 1gf2/H19 gene locus in hepatocytes. (A) Schematic representation of the mouse
Igf2/H19 gene locus (see also Figure 3.4 and Figure 1.2). (B) Enhanced H3K9ac binding at the
enhancers region of the Igf2/H19 gene locus when Sirt6 was deleted in pmHep. (C) Occupancy of
H3K9ac in primary human hepatocytes (phHep), Hep3B pcDNA and Hep3B SIRT6-myc cells. The
cells were cross-linked, sonicated and IP was performed using H3K9ac specific antibody. DNA was
extracted from IP sample and PCR was performed using primers spanning the indicated regions.
ChlIP profiles of gPCR data were normalized to the input. These experiments were repeated three
times and a representative result was shown. Error bars indicate s.d.
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3.1.2.2 Characterization of the histone modifications of H3K27ac and
H3K27me3 at the Igf2/H19 gene locus

Enhancers are classified into poised and active states according to their status of the
H3K27 residues. Together with H3K4mel, H3K27me3 marks poised enhancers and a
combination of H3K4mel and elevated H3K27ac means an active enhancer state
(Creyghton et al., 2010; Zentner et al., 2011). To understand the enhancer environment,
ChIP assays of H3K27ac and H3K27me3 were firstly performed in hepatocytes, since
poised enhancers can be activated through replacing H3K27me3 by H3K27ac.

As shown in Figure 3.6B, there was no strong signal in normal pmHep for most tested
regions. However, H3K27ac was specifically enriched and sharply increased at
endodermal enhancers (5-fold at E1 and 2.5-fold at E2) when Sirt6é was deleted. Unlike
H3K27ac, H3K27me3 was enriched at all sites of this locus, but mainly at the promoters of
Igf2 in normal pmHep, including DMR1, P1, P2, P3 and DMR2, and the reduction of
H3K27me3 occupancy at these sites were about 50% when Sirté was lost (Figure 3.6C),
which is consistent with the data of ChlP-seq of H3K27me3 (data not shown). Interestingly,
enrichments of H3K27me3 at the ICR and the enhancers region (E1-CS9) decreased
more than 80%, especially at the E1 and E2 (91.1% and 92.2%, respectively).

Acetylation and methylation cannot co-occur on the same lysine 27 of histone H3
(Shlyueva et al., 2014), therefore, the analysis of the ratio of H3K27ac to H3K27me3
(H3K27ac/H3K27me3) was calculated, which is suggested as a new prognostic marker for
HCC (Hayashi et al., 2014). Intriguingly, Sirt6 knockout caused the ratio specifically
increased at the entire enhancers region, especially at endodermal enhancers (Figure
3.6D), which implies the importance of the enhancers region, especially E1. Altogether,
Sirté not only controls the acetylation of histone H3 lysine 9, but also influences the
trimethylation and acetylation of histone H3 lysine 27, especially at the enhancers region
of the Igf2/H19 gene locus. The ChIP data of H3K27me3 in Sirt6 normal expressing
primary hepatocytes also indicates the enhancers region of the 1gf2/H19 gene locus is

poised enhancers.
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Figure 3.6 ChIP analyses of histone modifications of H3K27ac and H3K27me3 at the
Igf2/H19 gene locus in pmHep. (A) Schematic representation of the mouse Igf2/H19 gene
locus (see also Figure 3.4 and Figure 1.2). Sirt6""* (blue) and Sirt6™ (red) pmHep were used for
ChIP. The cells were cross-linked, sonicated and IP was performed using H3K27ac (B) and
H3K27me3 (C) specific antibodies. DNA was extracted from IP sample and PCR was performed
using primers spanning the indicated regions of the 1gf2/H19 gene locus. ChIP profiles of gqPCR
data were normalized to the input. (D) Relative enrichment ratio of H3K27 maodifications specially
increased at enhancers region of the Igf2/H19 gene locus. The H3K27 ratio is the enrichment of
H3K27ac normalized with that of H3K27me3. These experiments were repeated three times and a
representative result was shown. Error bars indicate s.d.
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To gain more into Sirt6-dependent histone modification changes, ChIP profiles of
H3K27ac and H3K27me3 were performed in phHep and Hep3B cells. Consistent with the
above observations, the occupancy of H3K27ac increased about 10-fold at the enhancers
region in Hep3B in comparison with that in phHep, together with about 5-fold at promoters
of IGF2 (P2-P3), which was different with that in pmHep (Figure 3.7B).

Correspondingly, enrichment of H3K27me3 exhibited the opposite trend with that of
H3K27ac in Hep3B (Figure 3.7C), which reduced at most sites of the IGF2/H19 gene locus
except two CTCF binding sites (CTCF-AD and CTCF-Ds) with respect to that in phHep.
Most importantly, the reduced occupancies of H3K27me3 at enhancers were more than 80%
in Hep3B in comparison with in phHep. Moreover, the H3K27ac/H3K27me3 ratio in Hep3B
displayed comparable results as in Sirt6 KO pmHep (Figure 3.7D), which underlines the
importance of the enhancers region in liver cancers.

Thus, the enrichments of the repressive mark (H3K27me3) is down-regulated along with
that of the active mark (H3K27ac) is up-regulated at enhancers region of the Igf2/H19
gene locus when Sirt6 is deleted. Taken together, the alterations of trimethylation and

acetylation at H3 lysine 27 at the 1gf2/H19 gene locus in hepatocytes are Sirt6-dependent.
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Figure 3.7 ChIP analyses of histone modifications of H3K27ac and H3K27me3 at the
IGF2/H19 gene locus in phHep and Hep3B cells. (A) Schematic representation of the
human IGF2/H19 gene locus (see also Figure 1.2). (B-C) phHep (blue) and Hep3B (red) were used
for ChlP. The cells were cross-linked, sonicated and IP were performed with H3K27ac (B) and
H3K27me3 (C) specific antibodies. DNA was extracted from IP sample and PCR was performed
using primers spanning the indicated regions of the IGF2/H19 gene locus. ChIP profiles of qPCR
data were normalized to the input. (D) Relative enrichment ratio of H3K27 maodifications specially
increased at enhancers region of the IGF2/H19 gene locus. The H3K27 ratio is the enrichment of
H3K27ac normalized with that of H3K27me3. These experiments were repeated two times and a
representative result was shown. Error bars indicate s.d.
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3.1.2.3 Altered enrichments of H3K4mel and H3K4me3 at the Igf2/H19 gene
locus in Sirt6 knockout mice

Analysis of human primary and tumor cell lines has shown that enhancers region identified
by virtue of H3K4mel enrichment, as well as DNasel hypersensitivity, display a cell
type-specific distribution across the genome (Creyghton et al., 2010). ChIP profile of
H3K4mel at the 1gf2/H19 gene locus was characterized in mouse hepatocytes. As shown
in Figure 3.8B, H3K4mel was specifically enriched and sharply increased at the
endodermal enhancers (E1-Anchor 0) and promoters of Igf2 (P1-P3). However, loss of
Sirté enhanced the occupancy of H3K4mel at all the sites, especially at endodermal
enhancers (E1-Anchor 0) (more than doubled). These data also emphasize the
importance of the enhancers region when Sirt6 is lost.

The relative enrichment of H3K4mel to H3K4me3 is currently considered the major
epigenomic feature that can differentiate enhancers from promoters; therefore, ChlP of
H3K4me3 was also performed in pmHep (Figure 3.8C). Unlike H3K4mel, the occupancy
of H3K4me3 mainly focused at the promoters region of Igf2 including P1-P3, and ICR
region of H19, and exhibited an about 20% increase at these sites in the absence of Sirt6.
Thus, the enhanced enrichment of H3K4mel is mainly at the enhancers region of the
Igf2/H19 gene locus in Sirt6-defiicent mice, while that of H3K4me3 was prominent at the
promoters and ICR. Furthermore, the relative ratio of enrichment of H3K4mel with
H3K4me3 was higher at endodermal enhancers (E1-Anchor 0) in normal primary murine
hepatocytes. However, Sirté knockout enhanced the ratio not only at the endodermal
enhancers, but also at the mesodermal enhancers like Cs6-Cs9 (Figure 3.8D). This data
suggests that Sirt6 deletion facilities the enhancer property.

Moreover, these data together with the ChlP profiles of H3K27me3, H3K27ac in Sirt6
normal expressing primary hepatocytes confirms that the enhancers region of the Igf2/H19
gene locus is poised enhancers. When Sirt6 is deleted, the poised enhancers switch into
active enhancers with the activation of H3K27ac and H3K4me1, together with the removal

of the bivalent repressive marker of H3K27me3.
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Figure 3.8 Sirt6-dependent enrichments of H3K4mel and H3K4me3 at the Igf2/H19
gene locus in pmHep. (A) Schematic representation of the mouse Igf2/H19 gene locus (see
also Figure 3.4 and Figure 1.2). Sirt6*"* (blue) and Sirt6™ (red) pmHep were used for ChIP. The cells
were cross-linked, sonicated and IP was performed with H3K4mel (B) and H3K4me3 (C) specific
antibodies. DNA was extracted from IP sample and PCR was performed using primers spanning the
indicated regions of the 1gf2/H19 gene locus. ChIP profiles of gPCR data were normalized to the
input. (D) Relative enrichment ratio of H3K4 modifications specially increased at enhancers region
of the Igf2/H19 gene locus. The H3K4 ratio is the enrichment of H3K4mel normalized with that of
H3K4me3. These experiments were repeated three times and a representative result was shown.
Error bars indicate s.d.
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3.1.2.4 Occupancies of H4K8ac and H3K9me3 at the Igf2/H19 gene locus in
hepatocytes in Sirt6-deficient and wild-type mice

In contrast to the acetylation of K9 and K14 in histone H3 which is critical for the
recruitment of TFIID, acetylation of histone H4K8 mediates recruitment of the SWI/SNF
complex, a chromatin remodeling complexes. These modifications of the enhancer are
required for the recruitment transcription complexes (Agalioti et al., 2002). Then ChIP
profile of H4K8ac at the Igf2/H19 gene locus was characterized in both Sirt6** and Sirt6™
mice. Like other acetylated histone (e.g. H3K9ac and H3K27ac), H4K8ac is prominently
enriched at the endodermal enhancers but, at E2 not E1 in normal pmHep. Loss of Sirté
only specifically significantly increased the occupancy of H4K8ac at endodermal
enhancers, including E1, E2 and Anchor O (Figure 3.9B). These results indicate that loss of
Sirté maybe establishes an environment for transcription factors to initiate the
transcription.

H3K27ac, H3K9ac, H4K8ac and H3K4mel/3 are active chromatin marks. To get better
mechanistical insights, whether the Sirt6-dependent regulation was related with the
heterochromatin was studied. ChIP profile of H3K9me3, the heterochromatin marker
(Peters et al., 2002), was characterized at the Igf2/H19 gene locus in Sirt6"* and Sirt6™
primary murine hepatocytes. However, the enrichment of H3K9me3 was not observed at
the 1gf2/H19 gene locus in both Sirt6** and Sirt6” mice (Figure 3.9C). These data together
with that of the bivalent marks, histone H3 lysine 4 trimethylation, implicate that Sirt6 is not

associated with regulation of heterochromatin at the 1gf2/H19 locus in pmHep.
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Figure 3.9 ChlIP analyses of histone modifications of H4K8ac and H3K9me3 at the
Igf2/H19 gene locus when Sirt6 was lost. (A) Schematic representation of the mouse
Igf2/H19 gene locus (see also Figure 3.4 and Figure 1.2). Primary murine hepatocytes of Sirt6
(blue) and Sirt6” (red) mice were used for ChlP. The cells were cross-linked, sonicated and IP was
performed using H4K8ac (B) and H3K9me3 (C) specific antibodies. Rabbit IgG was used as a
negative control. DNA was extracted from IP sample and PCR was performed using primers
spanning the indicated regions of the Igf2/H19 gene locus. ChIP profiles of gPCR data were
normalized to the input. These experiments were repeated three times and a representative result

+/+

was shown. Error bars indicate s.d.
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3.1.2.5 Analysis of protein level of histone markers in Sirt6 knockout mice

The above data indicates that the altered occupancies of some histone modifications are
Sirté dependent. Then western blots and IFs of histone markers were performed to
analyze whether Sirt6 deletion induces the histone modification alterations at the protein
level. As shown in Figure 3.10, the normal primary murine hepatocytes had stronger
signals of repressive markers H3K27me3 than the active markers of H3K9ac and
H3K27ac; the signals of H3K9ac were strongly enhanced in Sirt6-deficient mouse,
together with that of H3K27ac slightly increased, whereas the expression of H3K27me3
dramatically reduced. Consistent with the data of western blots, analysis of IF
demonstrated the same results (Figure 3.11). These data also suggest acetylation and
methylation could not co-occur on the same lysine 27 of histone H3, which is consistent
with previous report (Shlyueva et al., 2014). Furthermore, these histone markers including
H3K9ac, H3K27ac, H3K27me3 and H3, located in the nucleus, not the cytoplasm (Figure
3.11). Altogether, these data indicate that SIRT6 not only alters the histone modifications
on chromatin, but also influences the proteins level of the histone marks, like H3K9ac,

H3K27ac and H3K27me3.
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Figure 3.10 Western blots of H3K9ac, H3K27ac and H3K27me3 in Sirt6"" and Sirt6™
pmHep. H3K9ac, H3K27ac and H3K27me3 protein expression level were analyzed by western
blots using samples from pmHep of Sirt6™" and Sirt6” mice. Histone H3 was used as a control.
Nitro-Block-II™ CDP-Star® detection system was used to visualize the bands. +/+ and -/- indicate
Sirt6"" and Sirt6”, respectively. This experiment was repeated two times and a representative
result was shown.
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Figure 3.11 IFs of H3K9ac, H3K27ac and H3K27me3 in Sirt6"”* and Sirt6” pmHep.
H3K9ac, H3K27ac, H3K27me3 and H3 specific antibodies were used to detect their protein levels
in Sirt6™* and Sirt6” primary murine hepatocytes by IF. Alexa-488 labeled secondary antibody was
used. Hoechst was used to visualize the nuclear staining. +/+ and -/- indicate Sirt6™" and Sirt6™,
respectively. This experiment was repeated three times and a representative result was shown.
White scale bar is 10 um.
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3.1.2.6 Characterization of Sirt6-dependent occupancy of the histone variant
H2AZ at the Igf2/H19 gene locus in murine hepatocytes

Numerous studies document enrichment of H2AZ at both poised and active enhancer
region of multiple cell types, because nucleosomes containing H2AZ are biochemically
less stable and therefore easier to displace from DNA than canonical nucleosomes (Jin
and Felsenfeld, 2007). Thus, the occupancy of H2AZ at the locus of 1gf2/H19 in Sirt6™* and
Sirt6” primary murine hepatocytes was investigated. Consistent with earlier studies (Hu et
al., 2013; Lietal., 2012a), H2AZ mainly enriched at the promoters and enhancers region in
normal pmHep, such as E1, ICR and P2, etc. Similar with H3K4mel and H3K9ac, the
occupancy of H2AZ slightly doubled at promoters of Igf2 and far more increased at the
endodermal enhancers region (E1, E2 and anchor 0) (Figure 3.12B). The ChIP data
demonstrated that loss of Sirt6 significantly enhanced H2AZ enrichments at endodermal
enhancers.

Recently, some studies showed that histone acetylation as well as DNA methylation
contribute to the somatic maintenance of H19 and Igf2 imprinting and expression (Pedone
et al., 1999; Singh et al., 2010), and a gain of acetylated H2AZ (acH2AZ) is in concert with
oncogene activation (Valdes-Mora et al., 2012). To test this hypothesis, ChIP of acetylated
lysine was firstly performed (Figure 3.12C). Interestingly, the acetylated lysine only
enriched at the endodermal enhancers (E1 and E2), not at the promoters in WT pmHep.
Sirt6 deletion stimulated more than 10-fold enrichment of H2AZ at endodermal enhancers’
sites, together with slightly increase at some of the Igf2 promoters like DMR1, P1, and P2,
as well as the ICR region of H19. Consequently, Sirt6 knockout also induces more
acetylation modification at endodermal enhancers.

To examine the acH2AZ enrichment, then ChIP-reChIP analysis of acetylated H2AZ
was performed in Sirt6"" and Sirt6” pmHep. Strikingly, Sirt6 knockout promoted the
increase of acetylation of H2AZ only at E1, and the increase is up to 34.5% in comparison
with wild-type cells (Figure 3.12D). Thus, Sirt6 deletion not only enhanced the enrichment
of H2AZ at endodermal enhancers, but more importantly, accumulation of acetylated

H2AZ was observed at E1, which implies the critical role of this site.
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Figure 3.12 ChIP-reChlIP analyses of H2AZ and acH2AZ occupancies at the Igf2/H19
gene locus in pmHep. (A) Schematic representation of the mouse Igf2/H19 gene locus (see
also Figure 3.4 and Figure 1.2). Sirt6""* (blue) and Sirt6™ (red) pmHep were used for ChIP. The cells
were cross-linked, sonicated and IP was performed using H2AZ (B) and acetylated lysine (Kac) (C)
specific antibodies. DNA was extracted from IP sample and PCR was performed using primers
spanning the indicated regions of the 1gf2/H19 gene locus. For acH2AZ reChlIP (D), the 1% IP was
performed with H2AZ specific antibody followed by the 2" p using antibody detecting acetylated
lysine. ChIP and reChlP profiles of gPCR data were normalized to the input. Then the occupancy of
acH2AZ in Sirt6” was normalizing with that in Sirt6
a representative result was shown. Error bars indicate s.d.
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. The experiments were repeated 3 times and
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In addition, lysine crotonylation (Kcr) is a newly discovered histone post-translational
modification that is enriched at active gene promoters and potential enhancers in
mammalian cell genomes (Tan et al., 2011). To explore whether this modification is
involved into Sirt6-dependent regulation, ChIP analysis of crotonylated lysine occupancy
at the Igf2/H19 gene locus were performed in pmHep (Figure 3.13B). There were almost

+/+

no strong signals at all the loci in Sirt6™" pmHep. However, loss of Sirté induced strong

signals at the endodermal enhancers, especially E1 (about 10.5-fold).
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Figure 3.13 ChIP-reChIP analyses of crotonylated H2AZ occupancy at the I1gf2/H19
gene locus in pmHep. (A) Schematic representation of the mouse Igf2/H19 gene locus (see
also Figure 3.4 and Figure 1.2). Sirt6™* (blue) and Sirt6™ (red) pmHep were used for ChIP. The cells
were cross-linked, sonicated and IP was performed with crotony lysine (B) specific antibody. DNA
was extracted from IP sample and PCR was performed using primers spanning the indicated
regions of the Igf2/H19 gene locus. For Kcr-H2AZ reChlIP (C), the 1% IP was performed with H2AZ
specific antibody followed by the 2" 1P using antibody detecting crotonylated lysine. ChIP and
reChlP profiles of qPCR data were normalized to the input. Then the occupancy of Kcr-H2AZ in
. These experiments were repeated three times and a

+/+

Sirte” was normalizing with that in Sirt6

representative result was shown. Error bars indicate s.d.
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Furthermore, the reChlP was also performed to characterize the crotonylated H2AZ at
the 1gf2/H19 gene locus. As shown in Figure 3.13C, the crotonylation of H2AZ also
showed the comparable results as acetylated H2AZ. Most importantly, the alteration was
observed at the unique site-E1. The aforementioned points clearly indicate that knocking
out Sirt6 increases the modifications of acetylation and crotonylation, together with those
modifications of H2AZ.

In summary, in combination with the data of active histone marks including H2AZ,
H3K4mel, H3K4me3, H3K27ac and H4K8ac, together with that of the repressive mark
H3K27me3, these imply the importance of the enhancers region of the Igf2/H19 gene

locus, and the histone modification alterations are Sirt6-dependent in hepatocytes.

3.1.3 Analysis of the methylation level at the Igf2/H19 gene locus
Previously, the lab of Prof. Dr. Strand have showed that Sirt6 deficiency caused a global

DNA hypomethylation of liver tissue (Marquardt et al., 2013). Because it is known that
loss of methylation uncovers intronic enhancers to drive IGF2 and H19 expression (Blattler
et al., 2014), a locus-specific analysis was performed in cooperation with lab of Prof. Ulrich
Zechner. Analysis of DNA methylation levels of individual CpGs at the locus of 1gf2/H19
was investigated by pyrosequencing of bisulphite modified DNA from pmHep of Sirt6™*
and Sirt6” mice.

As shown in Figure 3.14, the hypermethylated sites (more than 80%) were PIHit, CCD
and CS9, and mesodermal enhancers like CS6, Nctcl in WT pmHep. The middle
methylated sites were 40%-60%, including DMR2, ICR region (i.e. CTCF 1-4) and E1, as
well as the hypomethylated sites (less than 10%) are DMR1, E2 and P1-P3 (data not
shown). After Sirt6 deletion, DNA methylation was reduced at the ICR, E2 and CS6,
especially E1 from 40.1% to 15.3%. Moreover, among four CTCF-binding sites at the ICR,
DNA methylation was reduced at three sites (CTCF1-3) in Sirt6-deficient hepatocytes.
Consistent with the hypothesis, Sirt6 alters CpG island methylation at Igf2/H19 gene locus,

with a most prominent difference at E1.
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Figure 3.14 Methylation level at the Igf2/H19 gene locus in Sirt6"* and Sirt6” pmHep.
DNA methylation levels of individual CpGs at the locus of Igf2/H19 were determined by
pyrosequencing of bisulphite modified DNA from pmHep. ICR and E1 show decreased methylation
level in Sirt6 deficient pmHep (red). Box and whisker plots show mean, inter-quartile ranges, max
and min values. Each box blot represents the average methylation score for a given number of
CpGs in the respective pyrosequencing assay performed with more than three biological replicates.
(Experiments were performed in cooperation with Dr. Matthias Linke and Prof. Ulrich Zechner,

Institute of Human Genetics)

3.1.4 Characterization of chromatin loops at the Igf2/H19 gene locus by
chromosome conformation capture (3C)

Specific enhancer-promoter interactions are crucial for the switch from poised to active
enhancers and play a role in the regulation of tumor-relevant genes (Calo and Wysocka,
2013; Wamstad et al., 2014). To determine the Sirt6-dependent chromatin conformation
changes at the 1gf2/H19 gene locus, 3C-gPCR analyses with a BamHI restriction enzyme
was performed. Primers within the ICR, DMR1 and BamHI site O (located 3.9 kb

downstream from the endodermal enhancers) were used as anchors.
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Figure 3.15 3C analysis of higher-order chromatin conformation at the Igf2/H19
gene locus in Sirt6”* and Sirt6” pmHep. (A) Schematic representation of the mouse
Igf2/H19 gene locus (also see Figure 3.4 and Figure 1.2). BC indicates the intervening regions

between CTCF sites. (B-D) 3C analysis shows associations with the anchor sites of endodermal
enhancer (B), ICR (C) and DMR1 (D). Black and red lines are profiles in Sirt6"" and Sirt6™” pmHep,
respectively. BC indicates intergenic background control regions. X axis is the chromosome 7 locus

according to Ensemble Release 80 (May 2015). Y axis is the relative crosslinking frequencies

normalized with that of the BAC clone of the Igf2/H19 gene locus. These experiments were

repeated three times and a representative result was shown.
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When the endodermal enhancer was used as an anchor, strong associations were
detected with DMR1, PIHit and CCD in WT pmHep. Sirt6 deletion enhanced the above
mentioned interaction with endodermal enhancer, such as DMR1 from 23.1 to 81.1.
Interestingly, Sirt6 deficiency also amplified the associations with Nctcl, from 20.4 to 47.4
(Figure 3.15B). These data indicate the associations between endodermal enhancers and
enhancer-related region including PIHit, CCD and Nctcl were significantly induced in
Sirt6-deficient hepatocytes, as well as with the DMRL1 of 1gf2.

As shown in Figure 3.15C and D, usage of the ICR and DMR1 as anchor, the connection
frequency between enhancers and promoters was substantially enhanced when Sirt6 is
deleted. Specifically, both ICR and DMR1 showed significantly increased interaction with
the CCD, endodermal enhancer and Nctcl in Sirt6 knockout hepatocytes. Interestingly,
unlike in case of the ICR, the signal between the DMR1 and PIHit were not observed. This
may be due to the fact that PIHit interacts with DMRs separately from that with endodermal
enhancers (Court et al., 2011). The increased interactions between enhancers and H19
ICR or Igf2 DMR1 suggest that both genes should be highly expressed without Sirt6.

Moreover, recent studies suggest that promoter cross-talk might play a similarly critical
role in organizing the genome and establishing cell-type specific gene expression (Eun et
al., 2013). Analysis of 3C data confirmed that DMR1 raised the link with DMR2 in Sirt6
knockout pmHep (Figure 3.15C and D). The observation indicates that loss of Sirt6
increases the interaction among enhancers, promoters and enhancer-promoter, which can
act cooperatively to enhance H19 and Igf2 expression.

As earlier reported, PIHit (Court et al., 2011) is a tissue-specific long noncoding RNA
gene; while Nctcl is an enhancer RNA (Eun et al., 2013), which displays a strong active
chromatin signature (Wamstad et al., 2014). Through analyzing the mRNA level, Nctcl
was expressed in muscle, but not liver, and doubled in pmHep when Sirt6 was deleted.
Unlike Nctcl were muscle-specific, PIHit was highly expressed in liver and especially in
female mice. Moreover, the transcription of PIHit also showed significantly increase in

Sirt6-deficient mice (Figure 3.16).
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Figure 3.16 Expression of Nctcl and PIHit in liver and muscle of Sirt6** and Sirt6™
mice. Total RNA was extracted from muscle and liver of WT and Sirt6 KO mice, Nctcl (right) and
PIHit (left) expression were quantified by gPCR; quantification was normalized to RPIIl. This
experiment was repeated 2 times and a representative result was shown. Error bars indicate s.e.m.

3.1.5 Analysis of CTCF and cohesin binding at the 1gf2/H19 gene locus in the
absence of Sirt6

Recent studies show that CTCF is the master organizer of genomic imprinting at the
H19/1gf2 locus (Han et al., 2008) and can also recruit the cohesin complex to insulator
sites that are required for the insulator activity and higher-order chromatin conformation at
the Igf2/H19 gene locus (Nativio et al., 2009; Stedman et al., 2008; Yao et al., 2010). To
examine whether CTCF and cohesion participate in the Sirt6-dependent regulation of the
higher-order chromatin conformation, ChIP of CTCF and Rad21, a protein of cohesin
complex, were performed at the 1g2/H19 gene locus. Analysis of ChlIP data confirmed that
the two CTCF interaction sites both occupied by cohesin are specifically located at the
CCD and ICR elements (Figure 3.17B and C). The enrichment of CTCF increased about
50% at both loci when Sirt6é was lost. Furthermore, Rad21 displayed the same trend in
Sirt6-deficient cells. As previously reported, CTCF and cohesin normally co-localize at the
unmethylated ICR (Stedman et al., 2008), which was confirmed by the methylation data
(Figure 3.14). In addition, both CTCF and cohesin is involved in heterochromatin
regulation (Chien et al., 2011). To analyze heterochromatin formation, binding of the
heterochromatin marker HP1B3 was performed by ChIP. As shown in Figure 3.17D, no
binding of HP13 at the entire locus could be detected at both Sirt6 expressing or deleted
hepatocytes. These data together with that of H3K9me3 further demonstrated that Sirt6 is

not associated with CTCF or cohesin to regulate heterochromatin organization at the
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Igf2/H19 gene locus in pmHep.
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Figure 3.17 ChIP analyses of CTCF and Rad21 binding at the Igf2/H19 gene locus in
in Sirt6”* and Sirt6” pmHep. (A) Schematic representation of the mouse Igf2/H19 gene locus
(see also Figure 3.4 and Figure 1.2). Sirt6™* (blue) and Sirt6™ (red) pmHep were used for ChIP. The
cells were cross-linked, sonicated and IP was performed using CTCF (B), Rad21 (C) and HP1[3 (D)
specific antibodies. DNA was extracted from IP sample and PCR was performed using primers
spanning the indicated regions of the 1gf2/H19 gene locus. ChIP profiles of gPCR data were
normalized to the input. These experiments were repeated three times and a representative result

was shown. Error bars indicate s.d.

Cohesin and CTCF mediate tissue-specific transcriptional responses via long-range
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chromosomal interactions, together with functionally serves as a transcriptional regulator
(Schmidt et al., 2010; Zuin et al., 2014). To test whether these factors interacted with
SIRT6 to participate in chromatin conformation and gene expression of H19 and Igf2, the
interactions of these proteins should be analyzed. Based on primary results of the Prof.
Strand group, RAD21 was identified as a potential interacting protein with Sirt6 by mass
spectrometry (MS). To confirm the MS result, SIRT6 was immunoprepitated in Hep3B cells.
As expected, SIRT6, CTCF and RAD21 were interacting reciprocally with each other
(Figure 3.18A). These findings were confirmed by PLA (Proximity Ligation Analysis), which
used SIRT6-Myc precipitated with CTCF, RAD21 and H3K9ac (Figure 3.18B). As
described in Figure 3.15, the higher associations of three anchors with CCD and ICR with

endodermal enhancers imply the important role of CTCF and cohesin when Sirt6 is lost.

A B SIRT6

P CTCF H3K9ac

Input CTCF IgG SIRT6

RAD21 NC

Figure 3.18 Detection of the interaction of CTCF, cohesin and SIRT6 by Co-IP and
PLA in Hep3B cells. (A) Co-IP was performed using CTCF and SIRT6 specific antibodies in
Hep3B cells. Rabbit IgG was used as a negative control. (B) Hep3B SIRT6-myc cells were plated
on chamber slide and fixed with 4% PFA. PLA was performed using fluorescent microscopy images
to determine the relative extents of interaction (red spots) between CTCF, RAD21 and SIRT6. As a
negative control, proximity ligation was using PLA probes only. White scale bar is 20 um. (PLA
assays in cooperation with Henning Janssen and Dr. Dennis Strand)

3.1.6 Sirt6 in regulation of enrichments and modification of Foxal/2
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3.1.6.1 Sirt6 knockout enhances binding of Foxal/2 at the Igf2/H19 gene
locus
Activation of a gene is often associated with tissue-specific transactivation factors. It is

known that Foxal/2 (Foxal and Foxa2), members of liver-enriched transcription factors,
have binding sites at the H19 E1 enhancer to drive H19 expression (Long and Spear,
2004). These findings prompted us to investigate whether Foxal and Foxa2 proteins are
involved in the Sirt6-dependent regulation of the 1gf2/H19 gene locus. Remarkably, Foxal
and Foxa2 are found to be enriched only at the E1 locus and the occupancies 4-fold

increased in Sirt6-deficient pmHep (Figure 3.19).
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Figure 3.19 ChIP of Foxal/2 binding at the Igf2/H19 gene locus in the absence of
Sirt6 in pmHep. (A) Schematic representation of the mouse 1gf2/H19 gene locus (see also Figure
3.4 and Figure 1.2). (B) ChIP analysis of Foxal and Foxa2 binding at the Igf2/H19 gene locus in
pmHep. Sirt6™* (blue) and Sirt6™ (red) pmHep were used for ChIP. The cells were cross-linked,
sonicated and IP was performed using Foxal or Foxa2 specific antibodies. DNA was extracted from
IP sample and PCR was performed using primers spanning the indicated regions. ChIP profiles of
gPCR data were normalized to the input. These experiments were repeated three times and a

representative result was shown. Error bars indicate s.d.
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To gain better insight of the FOXA1/2 binding at the IGF2/H19 gene locus in the context
of SIRT6, ChlIP profiles of FOXAL1 and FOXA2 were performed in phHep, Hep3B pcDNA
and SIRT6-myc cells. Consistent with the above observations, the binding of FOXA1 and
FOXAZ2 at E1 were consistently up-regulated in Hep3B tumor cells in comparison to phHep.
However, the enrichment decreased about 20-25% when over-expression of SIRT6 in
Hep3B cells (Figure 3.20). These data suggest SIRT6 regulates the expression of H19 and
IGF2 through recruiting the pioneer factors, Foxal and Foxa2. Over-expression of SIRT6

could suppress the binding of the Foxal and Foxa2 at the unique site, E1.
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Figure 3.20 ChIP of Foxal/2 binding at the IGF2/H19 gene locus in phHep, Hep3B
pcDNA and SIRT6-myc cells. (A) Schematic representation of the human IGF2/H19 gene
locus (see also Figure 3.4 and Figure 1.2). (B) ChIP analysis of FOXA1 and FOXAZ2 binding at the
IGF2/H19 gene locus. phHep, Hep3B pcDNA and Hep3B SIRT6-myc cells were used for ChiIP. The
cells were cross-linked, sonicated and IP was performed using FOXAl or FOXA2 specific
antibodies. DNA was extracted from IP sample and PCR was performed using primers spanning the
indicated regions. ChlIP profiles of qPCR data were normalized to the input. These experiments
were repeated two times and a representative result was shown. Error bars indicate s.d.
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3.1.6.2 Detection of acetylated Foxa2 in Sirt6"" and Sirt6” pmHep
To investigate whether SIRT6 influences the acetylation level of FoxaZ2,

immunprecipitation of acetylated lysine was performed and Foxa2 specific antibody used
to detect the WB signals. As expected, an increased acetylation level of Foxa2 in
Sirté-deficient mice was observed (Figure 3.21A), which was further confirmed by
proximity ligation assay (Figure 3.21B). These data suggest that Sirt6 regulates the

acetylation level of Foxaz2 in vivo.
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Figure 3.21 Detection of acetylation level of Foxa2 by Co-IP and PLA in Sirt6™" and
Sirt6” pmHep. (A) Primary murine hepatocytes of Sirt6”* and Sirt6” were used. The Co-IP was
performed using acetylated lysine antibodies and western blots were used to detect the signals.
Rabbit IgG was used as a negative control. This experiment was repeated 3 times and a

+/+

representative result is shown. (B) Sirt6" and Sirt6™ pmHep were plated on chamber slide and
fixed by 4% PFA. PLA signals (red) of protein-protein interactions of Foxa2 and acetylated lysine
were visualized by confocal fluorescence microscopy. As a negative control, proximity ligation was
performed using PLA probes only. +/+ and -/- indicate Sirt6"" and Sirt6”, respectively. White scale
bar is 10 um. This experiment was repeated three times and a representative result was shown.

(PLA assays in cooperation with Henning Janssen and Dr. Dennis Strand)

Of note, it has been previously shown that Foxa2 acetylation facilitates its localization in
the nucleus and promotes transcriptional activity in ob/ob and db/db mice (von Meyenn et

al., 2013).
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Figure 3.22 ChlIP-reChlIP of acetylated Foxa2 binding at the Igf2/H19 gene locus in
the absence of Sirt6. (A) Schematic representation of the mouse Igf2/H19 gene locus (see also
Figure 3.4 and Figure 1.2). Sirt6”* and Sirt6” pmHep were used for reChIP. The cells were
cross-linked, sonicated and the 1* IP were performed using Foxa2 specific antibody. Then 2™ IP
were using acetylated Lysine (Kac) (B) specific antibody or rabbit IgG (D). DNA was extracted and
PCR was performed using primers spanning the indicated regions of the Igf2/H19 gene locus.
reChlP profiles of gPCR data were normalized to the input. ReChip analysis of occupancy of
acetylated Foxa2 in Sirt6” by normalizing with that in Sirt6+’+(C). These experiments were repeated
two times and a representative result was shown. Error bars indicate s.d.
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To assess whether the acetylated FoxaZ is critical for the recruitment to E1, reChIP were
performed to characterize the acetylated Foxa2 enrichment at the Igf2/H19 gene locus. As
shown in Figure 3.22B, the acetylated Foxa2 did not exhibit specifically binding sites in WT,
but the binding is specifically at E1 of the 1gf2/H19 gene locus, and displayed about 10
times increase when Sirt6 was deleted (Figure 3.22B and C). These results indicate that
the acetylated of Foxa2 specifically enriched at E1 when Sirt6 is lost, which is similar with

acH2AZ.

3.1.6.3 Analysis of mRNA and protein level of Foxa2 when Sirt6 was lost
To analyze whether Foxa2 expression is regulated by SIRT6, gRT-PCR and WB were

performed in pmHep. Interestingly, the protein level of Foxa2 decreased dramatically
whereas the mMRNA showed no significant difference in Sirt6-deficient mice (Figure 3.23A
and B). These results suggest that SIRT6 regulates FOXA2 protein expression in

post-transcriptional level, not RNA level.
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Figure 3.23 Detection of Foxa2 level by WB/qQPCR and the PTM of FOXA2 by Co-IP.
(A) Total RNA was extracted from pmHep of WT and Sirt6 KO mice. Foxa2 mRNA expression level
were quantified by qPCR; quantification was normalized to RPII; n=2, error bars indicate s.d. (B)
Foxa2 protein expression level were analyzed by western blots using samples from pmHep of
Sirt6"" and Sirt6” mice. +/+ and -/- indicate Sirt6”* and Sirt6”, respectively. Actin was used as a
control. (C) Hep3B cells were transfected with the indicated plasmid. Forty eight hours following
transfection, lysated cells were immunoprecipiatated with mouse Flag specific antibody and IP
complexes were detected using western blotting with antibodies as indicated.
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As previously reported, preventing sumoylation by mutating the SUMO acceptor K6 to
arginine resulted in downregulation of FOXAZ2 protein but not RNA expression (Belaguli et
al., 2012). To identify whether SIRT6 regulates the modification of FOXA2, the sumo
modification level of FOXA2 was examined through transfecting FOXA2-Flag plasmid
together with/without SIRT6-myc plasmid. Indeed, over-expression of SIRT6 enhances
the interactions of both Sumol and Sumo2/3 with Foxa2. However, there was no
difference of the ubiquitination level of FOXA2 (Figure 3.23C). Thus, SIRT6 maybe

deacetylate FOXA2 and then enhance its sumoylation to increase its stability.

3.1.7 Alterations of occupancy of histone H1 at the Igf2/H19 gene locus when
Sirt6 was deleted

It is known that pioneer factors are important for hepatic differentiation. Foxal/2 can open
compacted chromatin and displace the linker histone H1 to activate liver-specific genes
(Cirillo et al., 2002a; Cirillo et al., 1998; Taube et al., 2010). Histone H1.2 and H1.4 variants
are highly expressed in mouse liver (Popova et al.,, 2013; Vaupel and Mayer, 2007,
Wisniewski et al., 2007), which is consistent with the gene expression microarray analysis
(data not show). Based on these data, ChIP assays of histone H1.2 and H1.4 were
performed.

As shown in Figure 3.24B and C, histone H1.2 was more enriched at DMR2, CCD and
the enhancers region (E2-CS9) in Sirt6-deficient mice in compared with WT, whereas
occupancy of H1.4 was more at P2. Most importantly, enrichments of both histone H1.2
and H1.4 showed a significant and specific reduction at E1, the known nucleosomes
occupying region, when Sirt6 was deleted. This nucleosome occupancy is inversely
correlated with the Foxal/2 binding data at this site (Figure 3.19). Thus, these data

indicate that Foxal/2 could displace the histone H1 specifically at E1 when Sirt6 was lost.
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Figure 3.24 ChIP analysis of the occupancy of histone H1 at the Igf2/H19 gene locus
in Sirt6-deficent pmHep. (A) Schematic representation of the mouse Igf2/H19 gene locus (see
also Figure 3.4 and Figure 1.2). (B) Sirt6™* and Sirt6™ pmHep were used for ChIP. The cells were
cross-linked, sonicated and IP was performed using histone H1.2 and H1.4 specific antibodies.
DNA was extracted from IP sample and PCR was performed using primers spanning the indicated
regions of the 1gf2/H19 gene locus. ChIP profiles of gPCR data were normalized to the input. The
fold change indicates the occupancy of histone H1.2 or H1.4 in Sirt6” vs Sirt6”*. These
experiments were repeated three times and a representative result was shown. Error bars indicate

s.d.

Interestingly, primary hepatocytes of the SIRT6 KO mouse displayed a histone H1.4
protein abundance that was more cytoplasmic than nuclear (Figure 3.25A and B), followed
by secretion into serum (Figure 3.25B). These data indicate that Foxal/2 may function as
pioneer factor to displace histone H1 to open the compacted chromatin, and this

displacement led histone H1 to be secreted into supernatant.
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Figure 3.25 IFs and western blots of histone H1.4 in Sirt6"" and Sirt6” pmHep. (A)
Sirt6"* and Sirt6” pmHep were plated on chamber slide and fixed with 4% PFA. The histone H1.4
protein was stained with H1.4 antibody. Staining was visualized using Alexa-488 labeled secondary

antibody. Hoechst was used to visualize the nuclear. White scale bar is 20 um. This experiment was

+/+

repeated three times and a representative result is shown. (B) Sirt6"* and Sirt6” pmHep were
plated on 6-well plates and incubation overnight. The supernatant were collected and the proteins in
nucleus and cytoplasm were isolated from the cell by Nuclear and Cytoplasmic Extraction Kit.

+/+

Anti-histone H1.4 was used to detect the bands by WB. +/+ and -/- indicate Sirt6" and Sirt6”
respectively. This experiment was repeated three times and a representative result was shown.

3.1.8 Analysis of enhancers’ type of IGF2/H19 in Hep3B by CRISPR-cas9

The above ChIP results imply the importance of enhancers, as well as by some criterions
including H3K4mel/H3K4me3 and H3K27ac/H3K27me3 ratios, which strongly indicate
the enhancers region of IGF2/H19 is more than a typical enhancer. Recent studies show
super-enhancers and stretch-enhancers, which consist of clusters of enhancers, can

stimulate higher transcriptional activity than typical enhancers (Whyte et al., 2013). This
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promoted us to test whether the enhancers region of the IGF2/H19 is a super-enhancer.
The size of the complete enhancers region (from E1 to CS9) at the mouse Igf2/H19 gene
locus was firstly checked. With a size of 19.5 Kb, that region matches with that of the
median size (19.4 Kb) of super-enhancer (Loven et al., 2013). Consistent with one of the
criterion of super-enhancers, ChlP data of super-enhancer markers like H3K4mel and
H3K27ac (Hnisz et al., 2013; Loven et al., 2013; Whyte et al., 2013) were already shown.
The occupancy of H3K4me1l doubled at the enhancers region with a loss of Sirt6, although
that of H3K27ac specifically sharply increased at the endodermal enhancers (E1-Anchor
0).

The newly emerged CRISPR-Cas9 technology was used to delete different enhancers
region of the IGF2/H19 gene locus to check their properties. As shown in Figure 3.26A and
C, three deletions were designed in Hep3B cells: endodermal enhancers (6 kb),
mesodermal enhances (18.5 kb) and the entire enhancers region (24.5 kb), which is from
upstream of E1 to CTCF-DS. Through screening the transfected clones, some monoallelic
deletion and biallelic deletion clones were gained (Figure 3.26B). gPCR analysis was
performed to quantify the effect of different deletions on H19 and IGF2 expression. In
monoallelic deletion clones, both H19 and IGF2 showed a dramatical reduction when the
endodermal enhancers (EE) were deleted, 80% and 97%, respectively (Figure 3.26D).
Unfortunately, the bialllelic deletion clones of EE were not generated due to technical
problems. Strikingly, the mesodermal enhancers (ME) deletion also caused a significantly
drop of H19 (62%) and IGF2 (65%) expression. Moreover, in biallelic deletion clones, the
expression of H19 and IGF2 induced by ME deletion was up to 91% and 98%, respectively.
These data revealed that the ME is also responsible for the expression of both H19 and
IGF2 expression regulation, although to a lesser extent as EE. Furthermore, the decrease
of H19 expression was up to 92% when the entire enhancers region was monoallelic
deleted, while that of IGF2 was 99.2%. There was almost no signal in biallelic deletion of
the entire enhancers region. Altogether, these reveal that the entire enhancers region of
the IGF2/H19 gene locus may serve as a super-enhancer to contribute to the transcription

of H19 and IGF2 in Hep3B cells.
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Figure 3.26 Expression of H19 and IGF2 genes after deletion of the enhancers
region in Hep3B cells. (A) sgRNA deletion strategies of mesodermal enhancers. H19 gene
(black boxes) is displayed together with the downstream endodermal enhancers (E1 and E2) (black
ovals), mesodermal enhancers (ME, e.g. CS6 and CS9) (gray ovals), and CTCF-downstream
binding locus (CTCF-Ds) (white box). The sgRNA sites are shown in relation to the IGF2/H19 gene
locus. The green arrows indicate the position of PCR primers for deletion band amplification, and
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the red arrows indicate the position of PCR primers for non-deletion band amplification. (B) PCR
Screening of CRISPR/Cas9-mediated genomic deletion. Cells were transfected with 7.5 ug of each
indicated sgRNA construct and 1 pg of a GFP expression construct. The top 5% of GFP" cells were
sorted 2 days post-transformation and plated at limiting dilution. 14 days after plating, gDNA was
extracted, and clones were screened for deletion by PCR. A representative screening agarose gel
shows the detection of two nondeletion clones, two monoallelic deletion clones, and one biallelic
deletion clones. As schematized in A, the red ND and green D refer to the nondeletion amplicon and
the deletion amplicon, respectively. (C) Schematic representation of CRISPR-based enhancer
deletion strategy in Hep3B cells. The blue, green and red lines with two arrows indicate the
predicted cleavage of endodermal enhancers, ME and full enhancers region, respectively. (D)
Relative expressions of H19 (blue) and IGF2 (red) in different enhancer-deletion clones. Total RNA
was extracted from different enhancer deletion colonies. H19 and IGF2 mRNA were quantified by
gPCR; quantification was normalized to RPII; n=3, error bars indicate s.e.m.
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3.2 Sirt6 in hepatic differentiation genes regulation

3.2.1 Hepatic differentiation related gene expression in context of Sirt6
Previously publication by Prof. Strand and co-workers suggest that cell differentiation is

one of the most significant pathway map folders from the Sirt6 knockout signature as
determined by GeneGo analysis (Marquardt et al.,, 2013). Recently, a study identified
thousands of enhancers that are bound by FOXA2 in a differentiation-dependent manner
(Alder et al., 2014).Thus whether SIRT6 regulates Foxa2-dependent enhancer-driven
differentiation genes in hepatocytes was investigated. Then the differentiation-related
genes that recruit FOXA2 to their temporal enhancers during liver development (Alder et
al., 2014) were analyzed from the microarray. As shown in Figure 3.27, almost all the
embryonic hepatoblast markers were up-regulated, while the adult hepatocytes markers
were down-regulated in the absence of Sirté in mouse liver. Strikingly, the up-regulated
genes including H19, Igf2, Gpc3 and Afp are oncofetal genes. This data is in line with the
hypothesis that Sirt6 is involved in regulating these hepatic differentiation-related genes in

a Foxa2-dependent manner.
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Figure 3.27 Expression of hepatic differentiation markers in the absence of Sirt6é by
microarray. Differential expression of Foxa2 target genes in Sirt6” hepatocytes were analyzed.
The expression signatures were generated using isolated primary mouse hepatocytes from WT and
Sirt6-deficient livers at 3 weeks of age. The histogram displays fold changes in gene expression

and the expression in Sirt6™* pmHep was set to 1.
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To confirm the microarray data, the relative mRNA level of the classic hepatoblast
markers H19, Igf2 and Afp as well as the differentiation markers of hepatocytes, Alb and
Cyp3a41 (Hannan et al., 2013), were quantified by gPCR. In Sirt6-deficient mice, oncofetal
makers were dramatically elevated along with the differentiation markers that were
significantly down regulated (Figure3. 28A). In contrast, this trend reversed when
overexpressed SIRT6 was induced in Hep3B cells (Figure 3.28B), which confirmed that

SIRT6 was required for lineage commitment in hepatocytes.
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Figure 3.28 qRT-PCR analysis of expression of hepatic differentiation markers and
oncofetal genes in hepatocytes. Relative expression of hepatoblast markers (H19, Igf2 and
Afp) and differentiation markers (Alb and Cyp3a4). (A) Total RNA was extracted pmHep of WT and
Sirt6 KO mice. Primers of indicated gene were used to quantify the mRNA level by qPCR;
guantification was firstly normalized to RPII; then mRNA expression level was analyzed in Sirt6” vs
Sirt6™" ; n=3, error bars indicate s.e.m. (B) Hep3B cells were transfected with pcDNA or SIRT6-myc
plasmid. Forty eight hours following transfection, cells were collected to isolate RNA. Primers of
indicated gene were used to quantify the mRNA level by gPCR; quantification was firstly normalized
to RPII; then mRNA expression level was analyzed in Hep3B cell transfected with SIRT6-myc vs
pcDNA, n=2, error bars indicate s.e.m.

3.2.2 Occupancy of Sirt6é and H3K9ac at the Alb/Afp gene locus in the
absence of Sirt6

To gain insight into how Sirt6 regulates hepatoblast and hepatocytes markers, functional
analysis of the Alb/ Afp gene locus was selected, since it is the classic model for hepatic
differentiation. The recruitment of Sirt6 was firstly analyzed by ChIP assay in pmHep of WT
and Sirt6 KO mice. As shown in Figure 3.29B, Sirt6 was enriched at all the regions of the
Alb/ Afp gene locus in normal primary murine hepatocytes, and the binding reduced along

with the deletion of Sirt6. As the classic substrate of Sirt6, the occupancy of acetylation of
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histone H3 lysine 9 was also analyzed. Unlike the recruitment of Sirt6 in Sirt6-deficient
murine hepatocytes, the occupancy of H3K9ac only increased at the enhancers and
distant promoters of Afp (Figure 3.29B), which indicates H3K9ac contributes to the

activation of Afp, not Alb.
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Figure 3.29 ChIP analysis of recruitment of Sirt6 and H3K9ac at the Alb/Afp gene
locus in the absence of Sirt6. (A) Schematic representation of the Alb/Afp gene locus. Alb and
Afp genes (white boxes) are displayed together with enhancers (gray ovals) and CTCF binding at
the middle of Afp gene. Afp gene has three enhancers while Alb has one enhancer. (B-D) ChIP of
Foxal/2 binding at the Alb/Afp gene locus in pmHep. Sirt6™* (blue) and Sirt6” (red) pmHep were
used for ChIP. The cells were cross-linked, sonicated and IP was performed using Sirt6 and
H3K9ac specific antibodies. DNA was extracted from IP sample and PCR was performed using
primers spanning the indicated regions. This experiment was repeated three times and a
representative result was shown. Error bars indicate s.d.

3.2.3 Occupancies of histone marks at the Alb/Afp gene locus when Sirt6
was lost

As one of the histone mark modulators, Sirt6 may alter the epigenetics landscape at the
Alb/Afp regulatory regions. Hence, the histone modifications at the Alb/Afp regulatory
regions were characterized by ChIP with specific antibodies. As shown in Figure 3.30B,
there was almost no difference of the enrichment of H3K4me1l at all the locus when Sirté
was lost, but the occupancy of active enhancer marker H3K27ac exhibited a strong
increase at the Afp enhancers and distant promoters (DP), which are also the binding site
of Foxal(Taube et al., 2010).
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Figure 3.30 ChIP analyses of the occupancies of histone modifications at the
Alb/Afp gene locus in Sirt6"”* and Sirt6” pmHep. (A) Schematic representation of the
Alb/Afp gene locus (see also Figure 3.29 and Figure 1.3). (B) Sirt6™"* (blue) and Sirt6” (red) pmHep
were used for ChIP. The cells were cross-linked, sonicated and IP was performed using H3K4mel,
H3K4me3, H3K27ac and H3K27me3 specific antibodies. DNA was extracted from IP sample and
PCR was performed using primers spanning the indicated regions of the Alb/Afp gene locus. ChIP
profiles of qPCR data were normalized to the input. (C) Relative enrichment ratio of H3K4 and
H3K27 modifications. The H3K4 ratio is the enrichment of H3K4mel normalized with that of
H3K4me3, while The H3K27 ratio is the enrichment of H3K27ac normalized with that of H3K27me3.
These experiments were repeated three times and a representative result was shown. Error bars
indicate s.d.
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Interestingly, the bivalent marks showed alteration only specifically at the enhancer of
Alb in Sirt6-deficent mice, namely the active mark H3K4me3 decreased 2 times while
H3K27me3 increased 84% at this site. Furthermore, both the relative ration of H3K4 and
H3K27 increased at the enhancers of Afp gene, not the Alb gene (Figure 3.30C). These
data suggest that the bivalent marks of H3K4me3 and H3K27me3 cooperation to regulate

the transcription of Alb, whereas the active enhancer mark H3K27ac contributes to the

expression of Afp.
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Figure 3.31 ChIP analyses of the occupancies of histone marks at the Alb/Afp gene
locus in Sirt6" and Sirt6” pmHep. (A) Schematic representation of the Alb/Afp gene locus
(see also Figure 3.29 and Figure 1.3). (B) Sirt6™"* (blue) and Sirt6™ (red) pmHep were used for ChlP.
The cells were cross-linked, sonicated and IP was performed using H4K8ac, H2AZ, H3.3 and Kcr
specific antibodies. DNA was extracted from IP sample and PCR was performed using primers
spanning the indicated regions of the Alb/Afp gene locus. ChIP profiles of gPCR data were
normalized to the input. This experiment was repeated two times and a representative result was

shown. Error bars indicate s.d.
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Moreover, the other histone modifications were also analyzed by performing ChIP with
the specific antibodies. As shown in Figure 3.31B, the enrichments of active marks for
enhancers such as H4K8ac and Kcr showed a strong increase at the enhancers of Afp in
Sirt6 KO mice, which is similar with that of H3K27ac. However, there was almost no
difference of histone variants H3.3 and H2AZ at the locus of Afp gene. Interestingly, active
marks at regulatory regions of Afp/Alb gene locus showed some conflicting data.
Specifically, acetylated histones like H3K9ac, H3K27ac and H4K8ac showed no difference
at the enhancer of Alb in Sirt6-deficient mice, but the other two histone variants H3.3 and
H2AZ together with the enhancer mark Kcr drop at this site.

Taken together, loss of Sirt6 induces the active markers including H3K9ac, H3K27ac,
H4K8ac and Kcr enriched at the enhancers of Afp, not contains H3K4me1l, H3K4me3 and
H2AZ, which is a bit different at the Igf2/H19 gene locus. For Alb gene locus of
Sirté-deficent pmHep, the upregulated enrichment of H3K27me3 together with the

decreased H3K4me3, H2AZ and H3.3 contribute to the transcription of Alb.

3.2.4 Bindings of Foxal/2 at the Alb/Afp gene locus in the absence of Sirt6

Transcription factor-enhancer interactions are not only tissue specific but
also differentiation dependent (Alder et al.,, 2014). Foxal/2 acts critical in cell
differentiation and cell identity (Li et al., 2012a). To better understand the mechanism, the
enrichments of Foxal and Foxa2 at the Alb/Afp gene locus were characterized. As shown
in Figure 3.32B and C, Foxal/2 was prominent enriched at the enhancers region of Afp,
and at both enhancer and promoter of Alb in WT. As expected, the occupancy significantly
increased at Afp enhancers region and decreased at Alb enhancers when Sirt6 was lost,
while no difference at promoter of both Afp and Alb. These results together with the
Foxal/2 data at the 1gf2/H19 gene locus confirmed that Sirt6 regulates these hepatic
differentiation-related genes through influences Foxal/2 switching their target enhancers.
Interestingly, the acetylated Foxa2 at the Alb/Afp gene locus also exhibited the similar
trend with that at the Igf2/H19 gene locus, which is more enriched at enhancers of Afp in
Sirt6-deficient mouse, especially at E2 (Figure 3.32D). Moreover, the enrichment of

histone H1.4 also exhibited a downward trend at the enhancers and promoters of Afp gene,
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even though not specifically (Figure 3.32E). Altogether, these data indicate that Sirt6
participates in expression of Alb and Afp directly by recruiting the pioneer factor-Foxal/2,
especially the acetylated Foxa2. For the oncofetal gene Afp, loss of Sirt6 activates its
enhancers by recruiting Foxal and Foxa2; while for the hepatic differentiation marker Alb,
Sirté knockout represses their enhancers’ activity by blocking Foxa1/2 binding. This

enhancer switch of Foxal and/or Foxaz2 is Sirt6-dependent.
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Figure 3.32 ChIP analysis of Foxal/2 binding at the Alb/Afp gene locus in the
absence of Sirt6. (A) Schematic representation of the Alb/Afp gene locus (see also Figure 3.29
and Figure 1.3). (B, C and E) ChIP of Foxal, Foxa2 and histone H1.4 at the Alb/Afp gene locus in
Sirt6"’* (blue) and Sirt6™ (red) pmHep. (D) ReChip analysis of occupancy of acetylated Foxa2 at the
Alb/Afp gene locus in pmHep. The cells were cross-linked, sonicated and IP was performed using
Foxal, Foxa2 and goat 1gG antibodies. DNA was extracted from IP sample and PCR was
performed using primers spanning the indicated regions of the Alb/Afp gene locus. For the reChliP,
the 1* IP were performed using Foxa2 specific antibody. Then 2" 1P were using acetylated Lysine
(Kac). ChIP and reChIP profiles of qPCR data were normalized to the input, and then that in Sirt6”
by normalizing with that in Sirt6”". These experiments were repeated two times and a

representative result was shown. Error bars indicate s.d.
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3.2.5 Recruitments of CTCF and Rad21 at the Alb/Afp gene locus when Sirt6
was lost

Through checking the ChiP-seq of CTCF and Rad21 at the UCSC website, both proteins
are enriched at the Alb/Afp gene locus. To further characterize whether these two proteins
are involved into the differentiation in the context of Sirt6, the recruitments of these two

+/+

proteins were analyzed by ChIP in Sirt6"* and Sirt6” pmHep (Figure 3.33). Interestingly,
both CTCF and Rad21 only bind at the CTCF-binding locus of Afp (Afp-CTCF), which is
similar with that at the 1gf2/H19 gene locus. Furthermore, Sirté knockout also induces the
enrichment of CTCF and Rad21, especially Rad21 (about 10 times increase). These
results also implicate that CTCF and cohesin maybe participate the chromatin structure of
the Alb/Afp, and contribute to the transcription of both genes. In summary, Sirt6é regulates

the expression of hepatic differentiation-related genes not only depend on the pioneer

factor, Foxal/2, but also require the architectural proteins, CTCF and cohesin.
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Figure 3.33 ChlIP analyses of CTCF and Rad21 binding at the Alb/Afp gene locus in
Sirt6"* and Sirt6” pmHep. (A) Schematic representation of the Alb/Afp gene locus (see also
Figure 3.29 and Figure 1.3). (B) Occupancies of CTCF and Rad21 at the Alb/Afp gene locus. Sirt6™"*
(blue) and Sirt6™ (red) pmHep were used for ChIP. The cells were cross-linked, sonicated and IP
was performed using CTCF and Rad21 specific antibodies. DNA was extracted from IP sample and
PCR was performed using primers spanning the indicated regions of the Alb/Afp gene locus. ChIP
profiles of gPCR data were normalized to the input. This experiment was repeated three times and
a representative result was shown. Error bars indicate s.d.
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3.3 Sirt6 in regulation of recruitment of PRC2

3.3.1 Bindings of PRC2 proteins at the Igf2/H19 gene locus in Sirt6-deficient
mouse
PRC2 is primarily known for its role in epigenetic gene silencing. Previous reports also

proved that PRC2 is required for orchestrating chromatin loop structures of the Igf2/H19
gene locus (Li et al., 2008; Zhang et al., 2011).
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Figure 3.34 ChIP analyses of PRC2 proteins binding at the Igf2/H19 gene locus in
Sirt6-deficient mouse. (A) Schematic representation of the mouse Igf2/H19 gene locus (see
also Figure 3.4 and Figure 1.2). (B) ChIP analysis of Rbbp7 and Suz12 binding at the 1gf2/H19 gene
locus in Sirt6™* (blue) and Sirt6™ (red) pmHep. The cells were cross-linked, sonicated and IP was
performed using Rbbp7 and Suz12 specific antibodies. DNA was extracted from IP sample and
PCR was performed using primers spanning the indicated regions of the 1gf2/H19 gene locus. ChIP
profiles of gPCR data were normalized to the input. This experiment was repeated 3 times and a

representative result was shown. Error bars indicate s.d.
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To further characterize the functional mechanisms, ChIP analyses of Suz12 and Rbbp7
were performed, the two core components of PRC2, on the Igf2/H19 gene locus. As shown
in Figure 3.34, both Rbbp7 and Suz12 were enriched at the Igf2 promoters in WT pmHep,
such as P1 and P2. In Sirt6 deficient mouse, the enrichments significantly decreased at all
the regions analyzed, which are consistent with the reduction of H3K27me3, the product of
PRC2 enzyme activity. These data indicate that Sirt6 influences PRC2 binding on the

chromosome, followed by acting at histone H3 lysine 27 trimethylation (Figure 3.5C).

3.3.2 Detection of the acetylation level of PRC2 in hepatocytes
To examine whether SIRT6 regulate target genes expression through physically

interacting with PRC2, IP-cMyc was performed in SIRT6 overexpressed Hep3B cells.
Indeed, IP-Myc pulled down SUZ12 and EZH2 with overexpressed SIRT6-myc in Hep3B
cells, even though the interactions are weak (Figure 3.35A). This result was further
confirmed by PLA assays (Figure 3.35B), which indicates that SIRT6 physically interacts

with PRC2 components.
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Figure 3.35 Interactions of SIRT6 and PRC2 components in Hep3B by Co-IP and
PLA. (A) Co-IP of anti-c-Myc shows physical interaction between SIRT6 and SUZ12, EZH2 in
Hep3B SIRT6-myc cells. The detection bands were visualized by WB with the indicated antibodies.

The pcDNA was a negative control vector. (B) PLA was performed using fluorescent microscopy
images to determine the relative extents of interaction (red spots) between EZH2, SUZ12 and
SIRT6. Proximity ligation was performed using a rabbit anti-H3K9ac as positive controls to confirm
the interactions with SIRT6. As a negative control (NC), proximity ligation was performed using PLA
probes only. White scale bar is 10 um. (PLA assays in cooperation with Henning Janssen and Dr.
Dennis Strand)
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In order to test whether SIRT6 influences the acetylation level of PRC2 components,
an IP of Suz12 was performed in pmHep of Sirt6"* and Sirt6”. As shown in Figure 3.36,
Suzl12 was hyper-acetylated when Sirt6 was lost. Consistent with the observation, the
Suzl?2 protein was more interacted with acetylated lysine in the nucleus and cytoplasm of
Sirt6-deficient hepatocytes, whereas the interaction of Suz12 and Ezh2 showed strong
signals in WT mice by PLA. Interestingly, PLA also exhibited the increased acetylated
Rbbp7 in the cytoplasm of Sirt6-deficient hepatocytes (Figure 3.36B).
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Figure 3.36 Detection of acetylated lysine in proteins of PRC2 complex in
Sirt6-deficent pmHep by Co-IP and PLA. (A) The Co-IP was performed using Suzl?2
antibody in Sirt6”" and Sirt6™ pmHep. The detection bands were visualized by WB with the
indicated antibodies. Rabbit IgG was used as a negative control. (B) Sirt6"" and Sirt6™ pmHep were

plated on chamber slide and fixed with 4% PFA. PLA was performed using fluorescent microscopy
images to determine the relative extents of interaction (red spots) between PRC2 components or
with acetylated lysine. As a negative control of PLA, only PLA probes were used. +/+ and -/- indicate
Sirt6”* and Sirt6”, respectively. White scale bar is 10 um. This experiment was repeated 3 times
and a representative result was shown. (PLA assays in cooperation with Henning Janssen and Dr.
Dennis Strand)
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3.3.3 Analysis of Suz12 location in Sirt6"* and Sirt6” pmHep by IF
PLA assay showed that the acetylation of Suz12 was localized at both cytoplasm and

nucleus in Sirt6é deficient primary murine hepatocytes (Figure 3.36B), therefore, whether
Sirt6 influences the localization of Suz12 protein were examined. As previously reported,
Suzl12 was a nuclear protein in WT hepatocytes. However, Suz12 was efficiently excluded
from the nucleus and largely detected in the cytoplasm after loss of Sirt6 (Figure 3.37).

These data indicate that Sirt6 influences the translocation of Suz12 protein.
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Figure 3.37 Immunofluorescence of Suz12 in Sirt6" and Sirt6” pmHep. Sirt6™* and
Sirt6™ pmHep were plated on chamber slide and fixed with 4% PFA. Cells were stained with Suz12
specific antibody and visualized by using Alexa-488 labeled 2nd antibody. Hoechst was used to

Suz12

visualize the nuclear staining. +/+ and -/- indicate Sirt6*"* and Sirt6™, respectively. White scale bar is
20 um. This experiment was repeated 3 times and a representative result was shown.

+/+

3.3.4 Analysis of sumoylation of Suz12 in Sirt6"* and Sirt6” pmHep

SUZ12 and EZH2 were previously reported to be sumoylated (Riising et al., 2008) and
SUMO-regulated processes are well-defined and known for regulating gene transcription
and protein localization (Stielow et al., 2008). To investigate whether SIRT6 influences the
interaction between Sumo protein and PRC2 components, IP-Suz12 was performed in
mouse hepatocytes. As shown in Figure 3.38, Suz12 interacted with Sumol and Sumo2/3,
and the interaction was reduced with Sirt6 deletion, especially the interaction with

Sumo2/3. Consequently, Sirt6 facilities Suz12 interacting with Sumo proteins.
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Figure 3.38 Detection of the interaction of Suz12 and Sumo proteins in Sirt6™" and
Sirt6” pmHep by Co-IP. The Co-IP was performed using Suz12 specific antibody in Sirt6** and
Sirt6™ pmHep. The detection bands were visualized by WB with the indicated antibodies. Rabbit
lgG was used as a negative control. +/+ and -/- indicate Sirt6"* and Sirt6™”, respectively.

+/+

3.3.5 Analysis of the occupancy of PRC2-mediated H1K25me3
PRC2 mediated gene silencing, in addition to target methylation of histone H3K27, also

acts at histone H1.4 lysine 25 to compact nucleosome (Daujat et al., 2005; Kuzmichev et
al., 2005). Thus, immunoprecipitation assays were applied to check the relation between
PRC2 and histone H1.4. As expected, loss of Sirté eliminated the interaction between
Suzl2, Ezh2 and histone H1.4 (Figure 3.39).
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Figure 3.39 Detection of the interactions of PRC2 proteins and histone H1.4 Sirt6
and Sirt6” pmHep by Co-IP. IP was performed with histone H1.4 specific antibody and IP
complexes were detected using western blotting with specific antibodies against Suz12, Ezh2 and

+/+

+/+

histone H1.4. Anti-IgG antibody was used as a negative IP control. +/+ and -/- indicate Sirt6" and
Sirt6™, respectively.

To better understand the relationship of PRC2 and histone H1 in the context of Sirt6,
ChIP-H1K25me3 analysis at the locus of Alb/Afp and Igf2/H19 were performed. Strikingly,
the occupancy of HLK25me3 mainly focused at the ICR region and promoters of 1gf2, and

exhibited a down trend in Sirt6-deficient pmHep (Figure 3.40A). The reduced occupancy at
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ICR showed an opposite trend compared with that of CTCF and Rad21 (Figure 3.17). Thus,
Sirt6é regulates H19 and Igf2 expression through recruiting H1K25me3, not only through

H3K27me3, the classic modification by PRC2.

A Igf2 gene H19gene Ncitct
. endodermal mesodermal
DMR1 F1PaP3DMR2 PIHit ¢co ICR:CTCF14  enhancers eﬁnhancers es
[

1 — 10

140 H1K25me3 [ |sirts +/+

120 I sirt6 -/-

1004
80+
60+

40

% of the input

204

D |
A A 1 %] A + ] b A 1 ] 5] A =)
0“\@ Y o+ ° 0‘3\‘32’ 0006‘(,‘(‘ d.\(ﬂ' o,,.\cﬂ‘ 0,‘(5‘ < 6\-\0\‘0( v W v

B E Alb E3 E2 E1 Afp
CTCF
71 H1K25me3 [ Sirt6+/+
1 [ Sirt6-/-
6 -
5 ]L

% of the input
w

2 -
gl
0
W

Figure 3.40 ChIP analysis of the occupancy of H1K25me3 at the Igf2/H19 and
Alb/Afp gene locus in Sirt6-deficient pmHep. (A-B) Schematic representation of the mouse
Igf2/H19 (see also Figure 3.4) and Alb/Afp gene locus (see also Figure 3.29). ChIP analysis of
H1K25me3 at the 1gf2/H19 (A) and Alb/Afp (B) gene locus. Sirt6™* (blue) and Sirt6™ (red) pmHep
were used for ChIP. The cells were cross-linked, sonicated and IP was performed using H1K25me3
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specific antibody. DNA was extracted and PCR was performed using primers spanning the
indicated regions of the Igf2/H19 gene locus. ChIP profiles of g°PCR data were normalized to the
input. This experiment was repeated 3 times and a representative result was shown. Error bars
indicate s.d.
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For Alb/Afp locus, the enrichment of HIK25me3 was prominent at the enhancers and
promoters of Afp gene and showed significantly decrease when knockout Sirt6. However,
the enrichment of HLK25me3 did not exhibit strong difference at the locus of the Alb gene
(Figure 3.40B). These data indicate that the occupancy of H1K25me3 at Afp/Alb gene

locus is also altered by Sirt6 deletion.
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4 Discussion
4.1 Loss of Sirt6 activates oncofetal genes expression in

hepatocytes

411 Loss of Sirté activates oncofetal genes expression in
Foxal/2-dependent manner

Previous study has identified up-regulation of the known HCC biomarkers including Afp,
Igf2, H19, and GPC3 in Sirt6 deficient hepatocytes (Marquardt et al., 2013). These
up-regulated genes belong to the hepatic oncofetal gene class. This class of genes are
expressed abundantly in the fetal liver and inactive in the normal adult liver, but are
frequently reactivated in HCC (Morford et al., 2007). Interestingly, decreased SIRT6
expression is also an early event in tumor development (Lai et al., 2013). These findings
indicate that SIRT6 regulates the expression of hepatic oncofetal genes in early stage of
development. Activation of genes is associated with tissue-specific transactivation factors.
Foxa family members, including Foxal and Foxa2, are known to be involved in fetal liver
development, and livers fail to form in mice when both Foxal and Foxa2 are deleted in
foregut endoderm after gastrulation (Lee et al., 2005). More important, HCC is completely
reversed in Foxal and Foxa2-deficient mice after diethylnitrosamine-induced
hepatocarcinogenesis (Li et al., 2012b). Recent studies have already shown that Foxa,
belonging to the group of liver-enriched factors, drive embryonic gene expression, such as
H19, 1gf2, Gpc3 and Afp (Alder et al., 2014; Long and Spear, 2004). These findings
suggest that Sirté might function as a negative regulator of Foxal/2. Indeed, these ChIP
data generated from primary murine and human hepatocytes and Hep3B cells, could
demonstrate that loss of Sirt6 induces Foxal/2 to bind specifically at the enhancers of
oncofetal genes including H19, Igf2 and Afp. In order to characterize the relationship
between Foxa and SIRT6, Co-IP and PLA assays were performed in primary mouse
hepatocytes. These experiments showed that Sirt6 maybe deacetylate Foxa2 in vivo.
ReChlP also identified the dramatically enhanced acetylation of Foxa2 specifically at E1 of
H19 after loss of Sirt6. Like the increased occupancy at E1 of the I1gf2/H19 gene locus, the

recruitments of Foxal/2 also significantly up-regulated at the enhancers of Afp like E3 in
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Sirt6-deficient mouse. Given the fact that Foxa2 acetylation facilities its localization in the
nucleus and promotes transcriptional activity (von Meyenn et al., 2013), multiple hepatic

oncofetal genes are induced by Foxal/2 in the absence of Sirt6.

4.1.2 Sirt6 influences epigenetic landscapes and the enhancer activity
4.1.2.1 Switch poised enhancer to active enhancer at the Igf2/H19 gene locus
in the absence of Sirt6

Large-scale studies recently have demonstrated cancer cells could disrupt enhancer
activity at oncogenes or other genes important in tumor pathogenesis (Hnisz et al., 2013).
Although TFs play a major instructive role in guiding genomic position of active enhancers
in a given cell type, emerging evidence shows that high mobility of enhancer-associated
nucleosomes is not merely a consequence of the competition with TFs, but represents an
inherent and important feature of enhancer chromatin (Calo and Wysocka,
2013). Nucleosomes containing H2AZ are biochemically less stable and therefore easier
to displace from DNA than canonical nucleosomes (Jin and Felsenfeld, 2007). This initial
binding of H2AZ can in turn induce the binding of the pioneer factor Foxa2, driving the
action of chromatin remodeling complexes such as SWI/SNF in subsequent steps that
finally leads the removal of nucleosomes from the enhancers (Li et al., 2012a). As shown
in this study, ChIP analyses of Foxal/2 and histone H2AZ fully demonstrate this theory
when Sirt6 is deleted. Moreover, pioneer factor Foxa could open compacted chromatin
and displaces the linker histone H1 to activate target gene expression (Cirillo et al., 2002a;
Cirillo et al., 1998). ChIP assays of proteins of histone H1 demonstrate that Sirt6 deletion
causes a strongly specific displacement of histone H1.4 and H1.2 at E1 of Igf2/H19 locus,
the only binding site of Foxal/2.

In addition to nucleosome deposition and attracting pioneer factors for displacement, the
enhancer chromatin also requires being active through histone modification. Enhancers
are classified into poised and active states according to the status of the H3K27 residue.
Thereby H3K27me3 together with H3K4mel marks the poised enhancers and H3K27ac
with H3K4mel means the active enhancers (Creyghton et al., 2010; Zentner et al., 2011).
The data of these histone marks suggest that the poised enhancer switches into active

enhancer after loss of Sirt6. During the process, other histone markers also play important
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roles, such as H3K4me3, that was prominent enriched at the promoter regions, showing a
sharply increased level after loss of Sirt6. It is known that H3K4me3 is able to regulate the
preinitiation complex assembly, that leads to selective gene activation (Lauberth et al.,
2013). The enriched H4K8ac and H3K9ac contribute for the recruitment of SWI/SNF and
TFIID (Agalioti et al., 2002). Therefore, Sirt6 mediates epigenetic landscape alterations

that influence the switch of the enhancer statement.

4.1.2.2 The IGF2/H19 enhancers region belongs to the class of
super-enhancer

Analyses of ChIP profiles showed that the ratios of enhancer markers like H3K27 and
H3K4 both exhibit highly increased enrichment in the absence of Sirt6. This observation
together with the data of ChlIP and 3C indicate that the enhancers region of the Igf2/H19 is
more than a typical enhancer, which is already validated as a stretch enhancer (Parker et
al., 2013). Because both H19 and IGF2 serve as bio-markers of HCC, the enhancers
region may be belong to the class of super-enhancers, a subset of stretch enhancers,
which are generated at oncogenes and other genes important in tumor pathogenesis of
cancer cells (Loven et al.,, 2013). The CRISPR-Cas technology indicates that the
endodermal enhancers are the master regulators for transcriptions of H19 and IGF2,
which is consistent with previous studies (Arney, 2003; Leighton et al., 1995; Vernucci et
al., 2000). In addition, the reduced expression of both genes are more than 60% and 90%
in ME mono-deletion and bivalent-deletion clone, respectively. These data proves the
important of mesodermal enhancers, which was confirmed by knockout the whole
enhancers region. For instance, H19 decreased another 12% in comparison with the EE
deletion in mono-deletion. Thus, these data and the size of the region, together with the
more than a hundred folds higher expression of H19 and IGF2 in the absence of Sirt6, as
well as the ChiP-seq of H3K27ac data (data not show), indicates that the whole enhancers
region of the 1gf2/H19 acts as a super-enhancer. Moreover, FOXA1 was proved to be one
of super-enhancer-associated transcription factor in HepG2 cell (Hnisz et al., 2013), a
human hepatocellular liver carcinoma cell line. Consequently, Sirt6 knockout dramatically

enhances the tissue-specific enhancers’ activity not only via switching poised enhancer to

102



Discussion

active enhancer, but also through establishment of the super-enhancer to augment hepatic

carcinogenic genes expression program in hepatocytes (Figure 4.1 B).

4.1.2.3 Sirt6 influences DNA methylation

Enrichment of histone markers that mark active enhancers is inversely correlated with
DNA methylation density (Calo and Wysocka, 2013). Previous studies have shown that
Sirté deficiency caused a global DNA hypomethylation of liver tissue (Marquardt et al.,
2013) and loss of methylation uncovers intronic enhancer to drive Igf2 and H19 expression
(Blattler et al., 2014). The bisulphite pyrosequencing assays in Sirt6-knockout hepatocytes
demonstrate that DNA methylation is significantly reduced only at the ICR and E1 of the
Igf2/H19 gene locus, which represent CTCF/cohesin and Foxa specific binding site,
respectively. Supporting the findings, earlier studies identified that DNA hypomethylation
contributes to a stabilization of Foxa (Serandour et al., 2011) and CTCF binding (Nativio et
al., 2009; Stedman et al., 2008). Consistent with another report (Fernandez et al., 2015),
H3K4mel is enriched at hypomethylated DNA regions. More recently, up-regulation of
5hmC (5-hydroxymethylcytosine), the oxidized form of 5-mC (5-methylcytosine) catalyzed
by TET (the ten-eleven translocation enzymes), is more abundant in Sirt6-deficient ESC
cells (Etchegaray et al., 2015). Unlike 5mC, 5hmC coincides with H3K4mel as well as
H3K27ac and follows active enhancer markers during differentiation (Serandour et al.,
2011; Stroud et al., 2011). PRC2 directly controls DNA methylation through serving as a
recruitment platform (Vire et al., 2006).These data indicates that loss of Sirté may facility
the release of the PRC2-mediated methylation machinery, which subsequently promotes
the oxidation of DNA methylation by TET and provides a platform for pioneer factor as well

as TFs binding.
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Figure 4.1 Sirt6 regulates an epigenetic switch from PRC2-dependent repression to
enhancer-driven oncofetal gene expression. (A) Schematic representation of the mouse
Igf2/H19 locus. (B) Model of PRC2-dependent repression switch to Foxa-mediated activation when

Sirt6 was lost. a. Genes of H19 and Igf2 are silent; all enhancers are inactive or poised and contain
“repressive markers”—H3K27me3—mediated by polycomb silencers, together with 5mc. Sirt6
deacetylates H3K9ac and enhances the interaction between PRC2 with histone H1.4. b. When
Sirté was lost, H3K9 is more acetylated and enriched at enhancers region, which guides the
acetylated pioneer factors (Foxal and FoxaZ2) to bind to specific sites at E1. c. The incorporation of
H2AZ promoted by H3K4mel binding, facilitate Foxal/2 displacement for an open chromatin state.

104



Discussion

d. This also leads to the appearance of other histone active marks like H3K27ac and H4K8ac. Thus,
the poised enhancer switches into active enhancer due to the enrichments of H3K27ac. e.
Following changes in chromatin state, the regulatory region becomes condensed, thereby bringing
enhancers into proximity with the gene Igf2 promoter. Cohesin, which is recruited by CTCF at ICR
and CCD, has been implicated in stabilizing enhancer-promoter interactions. The orientation of
CTCF binding sites determines the direction of topological DNA (Guo et al., 2015). The color lines
refer to different histone markers as indicated, and the black lollipops indicate 5mC. The red circle
indicates cohesion complex. The proteins are involved in the model as indicated in the picture, e.g.
the gray PRC2 complex and the yellow Sirt6. The black arrow indicates the direction of
CTCF-binding site at CCD.

4.1.3 Sirt6 is involved in chromatin organization

Proper efficient enhancer-promoter interactions are crucial for the switch from a poised
enhancer to active enhancer sate and mediate the cell-type specific expression pattern
(Calo and Wysocka, 2013; Wamstad et al., 2014). Based on these aspects, 3C was used
to assess the spatial proximity and physical interactions between enhancers and
promoters of the Igf2/H19 gene locus. Three anchors including ICR, DMR1 and E1 were
selected, in order to better understand these interactions. Analysis of the 3C data indicates
that Sirté knockout causes increased reciprocal associations between DMR1, ICR and E1.
These associations were also enhanced between these anchors and the enhancer-related
elements like PIHit, CCD, Nctcl and DMR2. For instance, DMR2 is an Igf2 enhancer
which augments 1gf2 transcription (Murrell et al., 2001) and the CCD also has enhancer
activity which is independent of its imprinting status (Ainscough et al., 2000; Koide et al.,
1994). Hence, loss of Sirt6 increases the interactions among enhancers, promoters and
enhancer-promoter, which can act cooperatively to strengthen the enhancement function
for H19 and Igf2 expression.

The higher-order chromatin conformation always reflects the activities of cohesin and
CTCF, since both cohesin and CTCF have been shown to be involved in bringing
enhancers and promoters among one another (Dowen et al., 2014; Garrick et al., 2009;
Guo et al., 2012; Zuin et al., 2014). ChIP analyses of CTCF and Rad21 in primary murine
hepatocytes demonstrated that both were recruited specifically at the ICR and CCD locus
and their binding doubled in the absence of Sirt6. Moreover, Co-IP and PLA of these

proteins in Hep3B cell demonstrated that SIRT6 physically interacted with cohesin and
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CTCF in a reciprocal manner. The 3C data further proved the increased associations
between CTCF binding locus (e.g. ICR and CCD) and enhancers like E1 and promoters
like DMR1 in Sirt6-deficient mouse. Consequently, it seems likely that Sirt6 is important to
reshape CTCF-cohesion-mediated chromatin conformation. However, recent reports
suggest that CTCF and cohesin have distinct roles in modulating the higher order structure
and gene expression (Gosalia et al., 2014). Specifically, CTCF mediates the interactions
between CTCF/cohesin binding sites, some of which have enhancer-blocking insulator
activity. Cohesin shares this tethering role, but in addition stabilizes interactions between
the promoter and enhancers. Apart from that, cohesion functionally behaves as a
tissue-specific transcriptional regulator, colocalize with liver-specific transcription factors at
liver-specific targets like Foxal/2, which is independent of CTCF binding (Gosalia et al.,
2014; Schmidt et al., 2010). These suggest cohesion might contribute to tissue-specific
transcription, and help to explain why the CTCF-mediated insulator activity is disrupted at
the 1gf2/H19 gene locus when Sirt6 was lost. More interestingly, cohesin is highly enriched
at ER-bound regions in ER-positive breast cancer cells (Schmidt et al., 2010), however, it
is possible that cohesin also stabilizes AR-mediated chromatin associations (Rhodes et al.,
2011). Since HCC is sexually dimorphic in humans, with significantly higher incidence in
males, and ER recruitment by FOXAL/2 protects against HCC while AR recruitment
promotes HCC (Li et al., 2012b). Therefore, cohesion plays a functional role in
Foxal/2-regulated transcription, and may help to mediate tissue-specific transcriptional
responses via long-range chromosomal interactions. Most recently, Guo et al. show that
the relative orientation of CTCF binding sites in enhancers and promoters determine the
direction of topological DNA looping and regulation of gene expression (Guo et al., 2015).
The study facilitates us to understand why the stronger association between CCD and all
the three anchors (DMR1, ICR and E1), and the enhanced occupancy at CCD of the
Igf2/H19 gene locus in Sirt6-deficient mouse. Generally, loss of Sirt6 alters chromosome

architecture via CTCF/cohesion-mediated directional DNA-looping (Figure 4.1B).

4.1.4 Sirt6 regulates PRC2-mediated repression
Interestingly, PRC2 also have been reported to mediate chromatin loops of the IGF2/H19
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by orchestrating CTCF, in addition to its repressive function on gene expression (Li et al.,
2008; Zhang et al., 2011). In pluripotent cells, PRC2 is required for establishing the looping
of poised enhancers (Calo and Wysocka, 2013). Consistent with previous studies, Suz12
and Rbbp7, two core components of PRC2, are enriched at the promoters of Igf2, and
significantly decrease when Sirt6 is lost. PLA and Co-IP assays also demonstrate that
Sirt6 could interact with PRC2 proteins. However, ChIP of H3K27me3 at the 1gf2/H19 gene
locus exhibits the alteration not only in promoters, but also at enhancers. This is may be
due to the altered loop structure, leading to enhanced recruitment of CTCF, which erases
the H3K27me3 (Weth et al., 2014). Thus, Sirt6 also participates in reshaping chromatin
structure via PRC2 complex. The incorporation of PRC2 contributes to establish the
poised enhancer at the Igf2/H19 gene locus in Sirt6 normal hepatocytes. In summary, all
these data demonstrate that Sirté reshapes the loop not only through CTCF and cohesin
but also via associating with PRC2.

Recent reports have shown that PRC2'’s role as a gene silencing complex could also
performed by catalyzing the trimethylation of lysine 25 on histone H1.4 to compact the
nucleosome (Daujat et al., 2005; Kuzmichev et al., 2005). Through characterizing the
occupancy profiles of HLIK25me3 on 1gf2/H19 gene locus, the substrate of PRC2 exhibits
dramatically reduce at ICR in the absence of Sirt6, which suggest that Sirt6-dependent
PRC2 regulates the gene expression via H3K27me3 and H1K25me3. Surprisingly, the
occupancy of H1K25me3 mainly focused at the ICR of the Igf2/H19 gene locus,
overlapping with that of CTCF, which orchestrates chromatin loop structures together with
PRC2 (Li et al., 2008). Next, testing the interaction between PRC2 and histone H1.4
seems to be necessary. Co-IP assays demonstrated that loss of Sirt6 erases the
association between Suz12 and histone H1.4. Supporting the data, in the histone
H1-depleted (H1.3 and H1.4) mouse embryonic stem cells, expression of H19 is 7-fold
upregulated (Fan et al., 2005; Popova et al., 2013). Next step, exploring the relationship
between Sirt6 and PRC2 was performed by Co-IP and PLA in primary mouse hepatocytes
and Hep3B cells. As expected, SIRT6 physically interacts with PRC2 components and

deacetylates Suz12 in vivo. In addition to cause the hyperacetylation of Suz12, loss of
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Sirté leads to its cytoplasmic translocation and dissociation of the PRC2 complex with
genome wide depletion of the repressive marker H3K27me3 (data not show). Consistent
with the translocation of Suz12, histone H1.4 protein exhibits a cytoplasmic translocation
and eventually secrets into serum. Based on these findings, it seems that PRC2 tightly
binds histone H1 in normal pmHep, which influences the displacement of Foxa ultimately
leading to transcriptional repression. Hence, loss of Sirt6 induces Foxal/2 displacement of
PRC2-interacted histone H1.4.

Strikingly, the sumoylation level of Suz12 reduces after the loss of Sirt6 in pmHep. As
previous report, SUMO-regulated processes are well-defined for repression of gene
expression (Stielow et al., 2008). SUMO modified sites prevent acetylation of adjacent
lysine residues by sterical issues (Wu and Chiang, 2009) or masks as an interaction
surface by preventing interaction with TFs (Flotho and Melchior, 2013) as well as
promoting recruitment of transcriptional co-repressors (Gill, 2005). Furthermore, SIRT6
was shown to bind PIAS1 (protein inhibitor of activated STAT1), a SUMO E3 ligase
(Polyakova et al., 2012), which promote Foxal or Foxa2 sumoylation and subsequently
regulates the target gene expression (Belaguli et al.,, 2012; Sutinen et al., 2014;
Toropainen et al., 2015). Since covalent attachment of SUMO to PIAS1 also associates to
epigenetic repression, such as Piasl deletion leads to decreased H3K9 methylation and
enhanced promoter accessibility (Liu et al., 2010), coincidentally it is the same histone
residue that Sirt6 modifies. However, whether Sirt6 interacts with PIAS1 to enhance the
sumoylation of PRC2 and/or FOXA to inhibit target gene expression is not known so far.

Taken together, Sirté regulates the switch between PRC2 and FoxaZ2 in three ways
(Figure 4.1). Firstly, Sirt6 might enhance the sumoylation of PRC2 and/or Foxa by
deacetylating the lysine and operates as a co-repressor to strengthen the repressive ability.
Furthermore, the alterations of modification are always associated with changes in
subcellular localization that influence their stability. Secondly, Sirt6 regulates PRC2 to
influence the nucleosome stability. On the one hand, Sirt6 facilities PRC2 to tightly bind the
histone H1, a repressor involved in the formation and stabilization of a condensed

chromatin structure. The release of PRC2 from histone H1 contributes to displacement of
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pioneer factors. On the other hand, H2AZ incorporation in turn induces the pioneer factor
Foxal/2 to bind, leading to nucleosome deletion (Li et al., 2012a). Although H2AZ is
enriched at PRC2 target genes in ES cells, it binds a different subset of genes in
lineage-specifying cells (Creyghton et al., 2008). Finally, the switch is connected with
methylation alterations. Sirt6 is required for PRC2-dependent DNA methylation
maintenance. In contrast, loss of Sirt6 induces the de-methylation of Foxa enriched
enhancers, which is beneficial for the recruitment of pioneer factors and other

transcriptional factors or remodeler.

4.2 Sirt6 affects hepatocytes differentiation via influencing Foxa2

interactions with enhancers

It is well established that tissue-specific TFs determine cell fate by association with
lineage-committed enhancers. Foxal and FoxaZ2, liver-specific TFs, have been suggested
to play a critical role in hepatic differentiation and liver development. In consequence of a
Foxal and Foxa2 knockout, no liver could form in mice in the foregut endoderm following
gastrulation (Lee et al., 2005), although no effect on chromatin structure and hepatocyte
development could be observed when the deletion after liver specification (Li et al., 2011).
Previously publication suggested that cell differentiation is one of the pathways showing
the most dramatic effects following Sirt6 knockout as determined by GeneGo analysis
(Marguardt et al., 2013). A very recent study also proved that SIRT6 acts as a chromatin
regulator safeguarding the balance between pluripotency and differentiation (Etchegaray
et al., 2015). Then the expression of Foxa2-mediated hepatic differentiation genes in the
microarray was analyzed, which was carried out with total RNA isolated from Sirt6” and
wild type primary murine hepatocytes. As expected, Sirt6 regulates Foxa2-mediated
hepatic differentiation through up-regulation of the embryonic genes and repressing genes
involved in differentiation. Next, gRT-PCR was performed and confirmed the microarray
data: the differentiation markers including Alb and Cyp3a4l were significantly
downregulated, whereas oncofetal makers (H19, Igf2 and Afp) were dramatically elevated

in Sirt6-mutant mice. Meantime, this trend was reversed when an over-expression of
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SIRT6 in Hep3B cells was induced. Functional analysis of this regulatory mechanism at
the Alb/Afp gene locus, the classic hepatic differentiation model, demonstrates that
Sirt6-deficiency causes the recruitment of Foxal/2 showing an increased incidence at
enhancers of hepatoblast gene Afp and a reduced appearance at enhancers of

differentiation marker Alb.
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Figure 4.2 Sirt6 affects hepatic differentiation via influencing Foxa2 interactions
with enhancers. Schematic representation of the mouse Alb/Afp gene locus (see also Figure
3.29). In normal adult hepatocytes, Sirt6 deacetylates H3K9ac and binds at the enhancers region of
Afp and suppress Afp expression, while Foxa2 is recruited to enhancer of Alb and induces the
activation of Alb. When loss of Sirt6, Foxaz2 is recruited to enhancers region of Afp and displaces
histone H1.4, subsequently actives transcription of Afp, whereas the expression of differentiation
gene Alb is blocked. Moreover, CTCF and cohesin are recruited to the CTCF-binding site at Afp
gene. The color lines refer to different histone markers as indicated.

Furthermore, epigenetics landscape also contributes to the expression of Alb and Afp.
Specifically, loss of Sirt6 induces the active markers including H3K9ac, H3K27ac, H4K8ac
and Kcr enriched at the enhancers of Afp, not contains H3K4mel, H3K4me3 and H2AZ,
which is a bit different at the Igf2/H19 gene locus; the upregulated enrichment of
H3K27me3 together with the decreased H3K4me3, H2AZ and H3.3 contribute to the
transcription of Alb, which is consistent with the previous study (Kim et al., 2011).
Interestingly, the enrichments of the architectural proteins (CTCF and cohesion),
especially Rad21 enhanced at the CTCF-binding sites of Afp when Sirt6 is lost. Moreover,

PRC2 has also been linked to regulate pluripotency and differentiation in ESCs and
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hepatic progenitor cells (Koike et al., 2014; Margueron and Reinberg, 2011; Obier et al.,
2015; Pasini et al., 2007). However, ChIP assays of Suz12 (data not show), H3K27me3
and H1K25me3 at Afp/Alb gene locus suggest that PRC2-mediated repression is not
evident at the regions of differentiation gene Alb. By contrast, there is no difference of the
methylation level at the locus when Sirt6 is deleted (data not show). Consequently, loss of

Sirt6 induces Foxa2 enhancer switch in a differentiation-dependent manner.

4.3 Perspective

Reversible post-translational modification (PTM) of proteins is a common and efficient
cellular strategy used for rapid modulation of protein activities and protein expression
levels (Belaguli et al., 2012). Efforts made in the present study revealed that Sirt6 is
important to participate in acetylation and sumoylation modification of Suz12/Foxa2. To
this end, the study determined that the modification alteration caused by loss of Sirt6, not
only change the subcellular localization, but also influence their transcriptional activities.
Conceivably, deciphering the complex interplay between different modifications and their
impudence on the recruitment of activation or repression complexes will be necessary to
better understand the mechanisms brought about by Sirt6 and hence its
tumor-suppressive properties. Thus, further experiments in this direction will be needed to
reveal how Sirt6é can balance the different modifications. A possible mechanism may be
that Sirt6 interacts with PIAS1 to enhance the sumoylation of PRC2 and/or FOXA, which
sterically hinders acetylation of adjacent K residues, resulting in repression of their target
genes expression. In contrast, loss of Sirt6é impairs the activity of sumoylation but
enhances that of acetylation, resulting in the dissociation of the PRC2 complex and
enhances the FOXA transcription functions, respectively. These possibilities remain to be
investigated in the future.

This study already demonstrates that Sirt6 regulates the subcellular localization of the
Suzl2 component and enhances the repressive activity of PRC2, subsequently
influencing its role in target gene expression. However, the global reduced occupancy and

protein level of H3K27me3 in Sirt6é knockout mice maybe indicate the diverse roles of
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PRC2. Therefore, it would be interesting to investigate more closely the functional
enrichment of genes that are altered in ChlP-seq of H3K27me3 with regard to their role in
different networks and signaling pathways. By comparing with that in microarray of Sirt6
knockout pmHep, select the high values and important subset gene to characterize the
mechanism. Up to date, accumulating evidence have revealed frequent aberrant
expression of PRC2 components and their downstream molecular effects in promoting
hepatocarcinogenesis (Au et al.,, 2013). HCC represents a tumor type where a more
complete understanding of the underlying genetics could have a major impact on
treatment of the disease (Zender et al., 2006). A better understanding of the mechanism
between Sirt6 and PRC2 may contribute to the design of novel therapeutic strategies
against HCC or other different cancer.

Sirt6, the regulator of lifespan and aging-related disease, performs its multiple roles via
different enzymatic reactions include deacetylation, deacylation and ADP-ribosylation, all
of which use NAD" as a cofactor. These multitasking enzymatic activities pave the way for
its pleiotropic functions in genomic stability, metabolism and differentiation. Hence, new
mechanistic insights and far-reaching functions can be derived from the discovery of highly
specific substrates of Sirt6. Moreover, with a better understanding of the diverse roles,

improved treatment strategies can be designed against Sirt6-related disease and cancer.
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