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ABSTRACT OF THE DISSERTATION

Molecular Mechanisms Regulating

Epithelial Barrier Function and Inflammatory Response

Shebli Mehrazarin
Doctor of Philosophy in Oral Biology
University of California, Los Angeles, 2016
Professor No-Hee Park, Co-Chair

Professor Mo Kang, Co-Chair

The long-term goal of this study is to develop mode of treatment for inflammation in the oral
cavity. To this end, we sought to investigate both (1) the mechanism regulating the integrity of
the mucosal barrier, as well as (2) the epigenetic mechanisms by which inflammatory response is
elicited and regulated. Epithelial tissue serves as an important barrier against infection. In
response to physical injury or infection, this tissue undergoes significant phenotypic changes for

eliciting its barrier function. For example, epithelial cells, major components of epithelial tissue,
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upregulate the expression of TGF-f3 when the tissue is encountered by inflammation or injury in
the human oral cavity. TGF-f induces cellular proliferation and differentiation, and also initiates
a reversible process known as epithelial-mesenchymal transition (EMT) for wound healing
processes. During EMT, epithelial cells exhibit phenotypic changes, loss of cell-cell adhesion,
enhanced migratory capacity, and disruption of epithelial integrity. We have demonstrated that
transcription factors Grainyhead-like 2 (GRHL2) and p63 regulate epithelial proliferation and
differentiation, and may regulate EMT in human keratinocytes. Thus, to explore the molecular
mechanism of TGF-f3-dependent EMT, we investigated the effects of p63 and Grainyhead-like 2
(GRHL2) modulation on epithelial plasticity. We found that TGF-f leads to downregulation of
GRHL2 and p63 expression, and facilitation of EMT molecular phenotype. Knockdown of all
p63 isoforms by transfection of p63 Si-RNA was sufficient to induce EMT phenotype in normal
human keratinocytes (NHK), and EMT in NHK accompanied loss of GHRL2 and miR-200
family gene expression, both of which play crucial roles in determining epithelial phenotype.
Modulation of GRHL2 in NHK also led to congruent changes in p63 expression. Lastly,
conditional knockout of GRHL2 resulted in significant phenotypic changes affecting the
epithelial barrier and led to enhanced Porphyromonas gingvalis (P.g.) bacterial load within the
bloodstream. These findings indicate that GRHL2 and p63 play an important role in inhibiting
TGF-B-dependent EMT in epithelial cells, and that loss of GRHL2 expression induces
phenotypic changes altering epithelial barrier function and facilitates accumulation of P.g.
bacteria in the bloodstream. These bacteria are known to release lipoglycan endotoxin
lipopolysaccharide (LPS) that triggers the expression of pro-inflammatory cytokines. Although
previous literature has identified an association between dynamic demethylation of distinct

histone marks and cytokine transcriptional activation, the role of histone lysine demethylases in
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the epigenetic regulation of inflammatory response is not well understood. Thus, to explore the
epigenetic regulation of P.g. lipopolysaccharide (P.g. LPS) induced inflammatory response, we
discovered a novel histone lysine demethylase KDM3C that regulates pro-inflammatory cytokine
induction and inflammatory response. We found that P.g. LPS culture led to KDM3C
upregulation and enrichment on the promoter regions of several inflammatory cytokines, driving
their transcriptional activation by demethylating H3K9me2. Overexpression of histone
methyltransferase G9a maintained the H3K9me?2 repressive mark and prevented inflammatory
cytokine induction. Knockout of KDM3C also prevented induction of inflammatory signaling
molecules, including pro-inflammatory cytokines, by P.g. LPS. These findings indicate that
KDM3C plays an important functional role in the epigenetic regulation of inflammatory
response. Collectively, these data demonstrate the effect that injury or infection in the oral cavity
can have on epithelial integrity and resistance against pathogenic bacteria, and the epigenetic
mechanisms that trigger the inflammatory response to these bacteria. As a result, we have
identified the potential of KDM3C as novel anti-inflammatory therapeutic target, and our
understanding of the mechanisms regulating epithelial barrier function and inflammatory
response will be useful in the management and treatment of inflammatory diseases affecting oral

tissues.
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1 INTRODUCTION

1.1 Specific Aims

Infection of pulpal and periodontal tissues in the oral cavity, if left untreated, leads to gross
alveolar bone and tooth loss, abscess formation, sinus infection and bacteremia (Wilson, 1995;
Dahlen, 2000; Kinney et al., 2007). Chronic infection and inflammation in these tissues have
also been associated with several systemic diseases, including cardiovascular diseases and
diabetes (Buhlin ef al., 2003; Faria-Almeida et al., 2006). Infectious bacteria affecting these
tissues often spread and are characterized as endodontic-periodontic or periodontic-endodontic
lesions, in which bacteria spread from pulpal tissues to periodontal ligament and surrounding
gingival tissues, and vice versa. Over 80 million patients are diagnosed or seek treatment for
pulpal or periodontal infections in the United States annually (American Dental Association,
2007; Eke et al., 2012), and although treatment options exist, pathogens causing chronic
infection, such as Porphyromonas gingivalis (P.g.), often continue to persist despite active
treatment (Johnson ef al., 2008). Although phenotypic alterations in the epithelial barrier may
account affect persistent infection in oral tissues, the mechanisms behind this phenomenon is not
well understood.

Epithelial plasticity is the ability of epithelial cells to alter their cellular phenotype and is
tightly regulated by a process known as epithelial-mesenchymal transition (EMT). During EMT,
epithelial cells undergo molecular and morphological changes towards fibroblast phenotype, and
exhibit loss of cell-cell adhesion and increased cell motility (Banyard and Bielenberg, 2015).
Transcription factors Grainyhead-like 2 (GRHL?2) and p63 have independently been shown to
regulate epithelial proliferation and differentiation, and based on our preliminary data, may play
an important role in regulating EMT in human keratinocytes (Truong et al., 2006; Chen et al.,

2012; Xiang et al., 2012). Transforming growth factor beta (TGF-f) is known to be critical for



initiation of EMT, and is also highly expressed in epithelial cells when epithelial tissue is
encountered by inflammation or injury in the human oral cavity (Steinsvoll et al., 1999; Xu et
al., 2009; Mize et al., 2015). Thus, we were interested in investigating whether GRHL2 and p63
regulate EMT in a TGF-pB-dependent manner, and whether this EMT mechanism alters the
epithelial barrier and its ability to protect against oral bacteria, such as Porphyromonas gingivalis
(P.g).

Several gram-negative oral bacteria are known to be responsible for the initiation and
propagation of pulpal and periodontal infection and inflammatory response. Many of these
bacteria, including P.g., secrete lipoglycan endotoxins known as lipopolysaccharides (LPS)
(Kabanov & Prokhorenko, 2010). Binding of LPS to Toll-like receptors (TLRs) are known to
initiate downstream signaling pathways leading to transcriptional activation and secretion of pro-
inflammatory cytokines, including several interleukins (ILs), that drive CD4" T cell
differentiation and recruitment of inflammatory cells to the site of pathogenesis (Buer & Balling,
2003; McAleer & Vella, 2008). Although previous literature has identified an association
between dynamic demethylation of histone marks and cytokine transcriptional activation
(Saccani & Natoli, 2002), the role of histone lysine demethylases in the epigenetic regulation of
inflammatory response is not well understood. Our preliminary data indicated that histone lysine
demethylase KDM3C was upregulated in dental pulpal stromal cells (DPSC), immortalized
monocytic cell line THP-1, and bone marrow macrophages cultured with P.g. LPS, and activated
IL-6 induction by demethylating lysine 9 residues on histone 3 (H3K9). Thus, we were interested
in whether KDM3C plays a functional role in epigenetically regulating P.g. LPS-mediated
inflammation in oral tissues infected with P.g. bacteria.

In the current study, we proposed a hypothesis that during injury or inflammation of oral



epithelial tissues, upregulation of TGF-f3 expression in human keratinocytes result in
downregulated expression of GRHL2 and p63, initiation of EMT, altered epithelial phenotype
and inability of epithelial barrier to protect against P.g. bacteria. We also hypothesized that
secretion of bacterial endotoxin LPS from these bacteria induce expression of KDM3C, leading
to epigenetic activation of pro-inflammatory signaling pathways and inflammatory response

(Figure 1-1). In order to test these hypotheses, we proposed the following Specific Aims:

oo@oooooo

Abscess

Cytokine

Figure 1-1. Proposed model of EMT-mediated alteration of epithelial barrier and
epigenetic mechanisms regulating inflammatory cytokine induction.



Specific Aim 1 — To investigate the molecular mechanism of TGF--dependent EMT.
NHEK were transiently transfected with siRNA targeting p63 (Si-p63). Onset of EMT was
assessed by altered cellular morphology and expression of EMT markers, including fibronectin
(FN), E-Cadherin (E-Cad), and ZEB proteins. Stemness was assessed by change in expression of
cell surface markers, e.g., CD44, CD73, CD90, and CD105. Expression of p63 and GRHL2 were
assessed in Si-p63/NHEK. Effect of TGF-f-dependent EMT induction on p63 and GRHL2
expression was evaluated. ChIP assay was performed to assess both enrichment of p63 on miR-
200 family genes and enrichment of GRHL2 on p63 promoter. Luciferase activity was measured
to assess GRHL2 and p63 reciprocal feedback and regulation of promoter activity. Tongues of
Wt or GRHL2 KO mice administered P.g. bacteria by oral inoculation were stained with
toluidine blue to assess extent of phenotypic alteration of epithelial barrier. Whole blood was
collected, genomic DNA was extracted, and conventional PCR was used to assess bacterial load

of P.g. in whole blood.

Specific Aim 2 — To investigate the functional role of KDM3C in the epigenetic regulation
bacterial endotoxin mediated inflammatory response. Dental pulp stromal cells (DPSCs),
human monocytic cell line THP-1, and bone marrow macrophages were cultured with P.g. LPS
in time-dependent manner and screened for differential expression of KDMs by qRT-PCR.
Transient knockdown of KDM3C using Si-RNA was used to assess its functional role in
cytokine induction. ChIP-Seq experiments were performed to assess global binding of KDM3C
to inflammatory cytokine gene targets upon exposure to P.g. LPS. For in vivo study, both
KDM3C knockout (KO) mice and mice administered with in vivo-specific Si-RNA targeting
KDM3C were intravenously exposed to P.g. LPS. Inflammatory cytokine induction in these

mice was assessed by qRT-PCR, ELISA, and cytokine antibody array.



1.2 Epithelial-Mesenchymal Transition

1.2.1 Definition of Epithelial-Mesenchymal Transition

Epithelial-Mesenchymal Transition (EMT) is a process by which epithelial cells exhibit
morphologic and molecular changes consistent with mesenchymal phenotype and is involved in
tissue and organ development and repair (Hay & Zuk, 1995) (Figure 1-2). Alteration in
epithelial phenotype was first noted as “epithelial-mesenchymal transformation” (Hay, 1995), as
the process was initially thought to be unidirectional. Subsequent study has established the
reversibility of epithelial transition and the existence of a complementary phenomenon referred
to as Mesenchymal-Epithelial Transition (MET), which serves an important role in many

processes, including cancer metastasis (Yao et al., 2011).

1.2.2  Characterization of EMT

EMT is characterized by downregulation of notable epithelial markers, loss of cell-cell adhesion
and acquisition of fibroblast-like phenotype, mesenchymal marker expression, increased motility
and invasiveness, and apoptotic resistance (Banyard and Bielenberg, 2015). Among the epithelial
markers downregulated, E-Cadherin is the most critical for the loss of epithelial phenotype and
transition towards mesenchymal phenotype. E-Cadherin is a glycoprotein belonging to the
Cadherin family of calcium-dependent cell-cell adhesion molecules and plays an important role
in maintenance of epithelial integrity (van Roy and Berx, 2008). Loss of E-Cadherin and
epithelial cell-cell adhesion plays an important role in facilitating the enhanced motility,
migratory capacity and invasiveness associated with EMT (Grille et al., 2003; Moreno-Bueno et
al., 2009). Cytokeratins, in particular K5 and K14, are intermediate filament proteins that play a
distinct but similarly important role in regulating epithelial cell proliferation and differentiation

and are important epithelial markers (Alam ef al., 2011). K5 and K14 are located in the epithelial



basal layer and are important for maintaining cell shape (Moll et al., 1982). Downregulated
expression of these cytokeratins compromises epithelial differentiation and ultimately facilitates
mesenchymal transition.

In addition to loss of epithelial marker expression, cell adhesion and integrity, EMT is also
characterized by the acquisition of several mesenchymal markers, e.g. Fibronectin, N-Cadherin,
Snail, and ZEB-1. Fibronectin is a stromal extracellular matrix protein that binds to integrin
receptors and has been shown to facilitate EMT by activating MAP/ERK signaling (Park and
Schwarzbauer, 2014). N-Cadherin also belongs to the cadherin family of calcium-dependent cell-
cell adhesion molecules and has been shown to promote EMT-associated motility and invasion
independent of E-Cadherin loss (Hazan ef al., 1997; Niemen et al., 1999). Snail is a zinc-finger
transcription factor that promotes EMT and mesenchymal phenotype by binding to the E-box
region of E-Cadherin and repressing its transcription (Batlle ef al., 2000; Barrallo-Gimeno &
Nieto MA, 2005). Similar to Snail, Zinc finger E-box binding homeobox 1 (ZEB-1) promotes
EMT by binding to E-box regions on E-Cadherin and repressing E-Cadherin expression (Postigo
& Dean, 2000; Liu ef al., 2008). These mesenchymal markers help promote mesenchymal
transition, and in particular enhanced migratory and invasive capacity, through unique

mechanisms and are thus vital for EMT.

1.2.3 Role of EMT in Disease and Development

EMT is known to play a prominent role in both human development and diseases processes.
In particular, EMT has been found to play an integral role in embryonic development and
maintenance of normal epithelial tissues. In particular, EMT has been found to regulate neural

crest, cardiovascular, and mesoderm development through transcriptional regulation by EMT



markers Snail, Slug, and Twistl (Carver et al, 2001; Nieto, 2002; Soo et al., 2002; Yang &
Weinberg, 2008). EMT has also been shown to play an important role in oral palatogenesis.
During development of the oral palate, palatal shelves grow towards the palatal midline,
ultimately resulting in medial epithelial seam development. These epithelial cells undergo EMT
shortly after fusion and complete oral palatogenesis by growing towards the mesenchymal
palatal region, and EMT has been shown to be critical for successful palate formation (Fitchett &
Hay, 1989; Hay & Griffith 1992). Wound healing and re-epithelialization are also known to be
facilitated by EMT. Movement and closure of epithelial sheets is a hallmark feature of wound
healing, and is induced by EMT in response to inflammatory cytokines (Chen ef al., 1995; Yan
et al., 2010). In particular, tumor necrosis factor alpha (TNF-a.) has been shown to activate bone
morphogenetic protein-2 (BMP-2) and receptor BMPR1A, ultimately resulting in EMT in human
keratinocytes and enhanced migratory capacity necessary for epithelial sheets to move and close
epithelial wounds (Yan et al., 2010).

In addition to its developmental roles in palatogenesis and wound healing, EMT has also been
heavily implicated in the promotion and facilitation of cancer metastasis. Metastasis is a process
by which tumorigenic cells travel to other sites in the body through the blood stream and reattach
at a secondary site, thereby accounting for the “spread” of many cancers (Tsai and Yang, 2013).
EMT has been implicated in tumor initiation, as EMT marker Twist] has been shown to promote
malignancy driven by Her2 and H-ras by inhibiting tumor suppressor protein p53 (Ansieau et al.,
2008; Morel et al., 2012). In order to enter the vasculature, many tumorigenic epithelial cells rely
on the loss of cell-cell adhesion and enhanced migratory and invasive capacity characteristic of
EMT. The transition from immotile epithelial cell to motile mesenchymal-like tumor cell

facilitates the dissemination of these cells and the first several steps of cancer metastasis, namely



local invasion, intravasation, systemic transport, and extravasation (Tsai and Yang, 2013). Upon
reaching and colonizing secondary tissues, these mesenchymal-like tumor cells undergo
morphological and molecular reversal towards epithelial phenotype, either by reversal of EMT
phenotype or by undergoing MET, allowing proliferation and spread of tumorgenic cells in these
distant tissues. Thus, complete characterization and understanding of EMT and MET processes,
and in particular their role in metastasis, continues to be of great interest. Undoubtedly, EMT
plays an important role in not only cancer metastasis, but in embryogenesis and wound healing
as well, and may provide in further insight into the importance of epithelial plasticity in epithelial

barrier function and protection against pathogens.

1.2.4 Molecular Regulation of EMT

Transforming growth factor beta (TGF-f3) is known to play an important role in triggering EMT
in cultured normal human keratinocytes (NHK) (Xu et al., 2009). Our previous study
demonstrated that overexpression of the ANp63 isoform of p63, a transcription factor that

regulates epithelial phenotype and keratinocyte proliferation, induces EMT in NHK in a TGF-3
dependent manner (Oh et al., 2011). These cells exhibited morphological and molecular changes
consistent with EMT, and also acquired multipotency and other stemness characteristics, such as
enhanced expression of reprograming factors Lin28 and Nanog (Oh et al., 2011).

In addition to p63, Grainyhead-like 2 (GRHL2), a novel transcription factor involved with
epithelial morphogenesis, cell proliferation, and differentiation, has also been found to play an
important role in the regulation of EMT (Chen et al., 2012; Xiang ef al., 2012). GRHL2 has been
found to transcriptionally regulate broad spectrum of target genes including the human

telomerase (hTERT) gene, proliferating cell nuclear antigen (PCNA), and epidermal



differentiation complex (EDC) genes and has been found to promote epithelial cell proliferation
and inhibit keratinocyte differentiation in NHK (Chen et al., 2010b, Chen ef al., 2012). GRHL2
has recently been found to negatively regulate EMT by upregulating microRNA 200 (miR-200)
family genes, namely miR-200b and miR-200c (Cieply et al., 2012). Upregulation of miR-
200b/miR-200c has been shown to suppress ZEB1 signaling, there by inhibiting EMT by
preventing E-Cadherin transcriptional repression (Korpal et al., 2008; Wellner et al., 2009).
Further, a reciprocal feedback loop between ZEB1 and GRHL2 has been shown to exist, thereby
indicating that EMT is a tightly regulated process (Cieply ef al., 2013). Clearly, GRHL2 is a
determinant of epithelial phenotype through transcriptional network of its target genes. The
interaction between p63 and GRHL2 and its implications in EMT and epithelial plasticity has not

been investigated, and will be the focus of this study.

1.3 Epithelial Barrier Maintenance

1.3.1 Wound Healing

Epithelial wound healing is a highly regulated process that includes changes in cellular motility,
proliferation, and inflammatory response. During wound healing, epithelial cells utilize
actinomyosin fibers to migrate towards the wound site, allowing cell-to-cell interaction and
wound closure (Bement ef al., 1993). During this time, epithelial cells undergo enhanced cellular
proliferation (Todaro et al., 1965) and secrete growth factors, e.g., fibroblast growth factor
(FGF) and platelet-derived growth factor (PDGF) (Werner ef al., 1992). However, it is the
inflammatory response to wound healing that has the largest impact on the rate and efficiency of

wound repair, as well as on cutaneous scar formation.



In response to injury and trauma, an inflammatory response is mounted to aid in wound
healing and to prevent infection. Polymorphonuclear cells are recruited to the wound site to clear
bacterial pathogens and secrete pro-inflammatory cytokines, e.g., IL-1a, IL-1f, IL-6, and TNF-
o, with macrophages aiding in cytokine secretion later in the wound healing process (Hubner e?
al., 1996; Grellner et al., 2000). This pro-inflammatory cytokine release promotes keratinocyte
and fibroblast cell proliferation, regulates extracellular matrix (ECM) protein metabolism, and

mediates the body’s immune response to wound formation (Werner et al., 2003).

1.3.2 Impact of Deregulated Cytokine Release on Wound Healing

Deregulation of pro-inflammatory cytokine release may impose detrimental effects on wound
healing. Wound induced in IL-6-deficient mice exhibited delayed reepithelialization and wound
healing as well as impaired granulation tissue formation (Gallucci et al., 2000). Excessive IL-6
cytokine expression in adult tissues results in significant cutaneous scarring (Liechty et al.,
2000). Human fetal tissues with reduced IL-6 expression exhibit minimal scarring during wound
healing (Schrementi et al., 2008); similar relationship between TGF-3 and scar formation has
been observed during wound healing.

Oral mucosa is composed of highly regenerative stratified epithelium and submucosal
connective tissue, which demonstrate accelerated epithelial turnover and scarless wound healing,
when compared epidermal and other epithelial tissues (Chen et al., 2010a). This improved
wound healing is attributed to enhanced growth factor secretion as well as increased amount,
potency, and proliferation capacity of oral keratinocyte stem cells (OKSCs) (Chen ef al., 2010a).
Differences in inflammatory response and pro-inflammatory cytokine secretion have also been

associated with improved oral mucosal healing, and are thought to be responsible for the
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minimal scar formation exhibited by oral mucosa.

When compared to skin wound healing, oral mucosal wound repair involves an much milder
inflammatory response, with reduced concentration of neutrophils, macrophages, T cells, and
other inflammatory cells, as well as suppressed angiogenesis and no change in VEGF expression
(Szpaderska et al., 2003; Szpaderska et al., 2005; Mak et al., 2009). Although activated by the
wound healing process, expression level of inflammatory cytokines, e.g., IL-1a, IL-1f, IL-6, and
TNF-a, as well as TGF-f, at the oral mucosal wound site are lower than those of skin
(Spaderska et al., 2005; Schrementi et al., 2008). Oral mucosal wounds undergo complete
reepithelialization after one day, and the wound closes after 3 days; this is in contrast to 40%
reepitelialization at one day and wound closure after 5 days in skin wound (Spaderska ef al.,
2003; Spaderska et al., 2005). Reduced inflammatory cell recruitment, pro-inflammatory
cytokine release, and enhanced rates of reepithelialization and wound closure account for the
minimal scar formation in mucosal wound healing, indicating that oral mucosal wound repair

involves a more simple and efficient mechanism than that of skin.

1.3.3 Effect of Chronic inflammation on Epithelial Maintenance

Although oral epithelial tissues are known to exhibit rapid and scarless wound healing, they are
also susceptible to chronic inflammatory disease due to the interruption of epithelial coverage
around the teeth. Chronic periodontitis is the most common oral inflammatory disease and
affects up to 15% of the adult population worldwide (Preshaw et al., 2012). It is characterized by
inflammation of surrounding gingival tissues, deepening of the periodontal pocket, and
destruction of periodontal ligament fibers and alveolar bone (Teng et al., 2000; Tunkel et al.,

2002; Preshaw et al., 2012). This persistent alveolar bone loss leads to gingival recession and
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further deepening of periodontal pocket depth, ultimately resulting in tooth loss (Heitz-Mayfield
et al., 2002). In addition to osteoclastogenesis and alveolar bone loss, chronic periodontitis also
results in compromised epithelial integrity and internalization of many oral bacteria, including
Porphyromonas gingivalis, Fusobacterium nucleatum, and Treponema denticola, within buccal
and gingival epithelial cells (Teng et al., 2000; Rudney ef al., 2005; Colombo et al., 2007,
Groeger et al., 2010). Management of periodontitis involves physical debridement of plaque that
accumulates along surface of the root adjacent to periodontal tissues and elimination of
infectious bacteria. Periodontal infection can also lead to the spread of infection to adjacent
tissues, such as dental pulp, by means of accessory canals and the apical foramen, and
management of this inflammatory disease is important to ensure both retention of natural

dentition and prevent rampant destruction of oral tissues (Zehnder et al., 2002).

Chronic periodontitis is associated with the upregulation of and secretion of several notable
inflammatory cytokines and growth factors by macrophages, gingival epithelial cells and
gingival fibroblasts (Leask & Abraham, 2006; Cetinkaya et al., 2013). In particular, transforming
growth factor beta (TGF-p) is highly expressed in surgically removed inflamed tissues from
chronic periodontitis patients (Steinsvoll et al., 1999; Mize et al., 2015), and is responsible for
activation and upregulation of connective tissue growth factor (CTGF) (Gurkan et al., 2006).
During chronic periodontitis, TGF- and CTGF promote tissue degradation and enhanced
osteoclastogenesis and bone destruction by activating macrophage colony stimulating factor and
RANK ligand (Jagels & Hugli, 2000; Nozawa et al., 2009; Jun & Lau, 2011). As described
previously, TGF-f also plays an important role in mediating EMT in cultured normal human
keratinocytes (NHK) (Xu et al., 2009), and is critical for activation of EMT phenotype. EMT

involves the loss of cell-cell adhesion mediated by E-Cadherin and (3-Catenin, which are critical
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for epithelial integrity (Tian et al., 2011). Since TGF-f is highly expressed during chronic
periodontitis and is also critical for the initiation of EMT, it is possible EMT is initiated in oral
epithelial cells during chronic inflammation, leading to loss of epithelial integrity and barrier
function and enhanced bacterial infiltration in gingival and periradicular tissues. Ultimately, the
role of EMT and compromised epithelial barrier function on oral bacterial infiltration is not well

understood, and will be a major focus of this study.

1.4  Mechanisms of Bacterial Endotoxin Induced Inflammation

1.4.1 Role of Porphypromonas gingivalis in Inflammation

Gram-negative anaerobic bacterium Porphyromonas gingivalis (P.g.) is known to trigger oral
inflammation in both periodontal and pulpal tissues (Nair, 2004), and to play an important role in
endodontic-periodontal lesion development (Fujii ef al., 2014). Over 47% of Americans, or
nearly 65 million adults, present symptoms of periodontitis (Eke ez al., 2012) and chronic
periodontitis has been shown to lead to gross alveolar bone and tooth loss (Wilson, 1995; Kinney
et al., 2007) and potentially aggravate of cardiovascular diseases and diabetes (Buhlin ef al.,
2003; Faria-Almeida ef al., 2006). Similarly, over 15 million root canals are performed annually
in order to alleviate pulpal and periradicular inflammation (American Dental Association, 2007),
which if left untreated could lead to periradicular abscess formation, alveolar bone destruction,
sinus infection and bacteremia (Dahlen, 2000). P.g. play a critical role in these periodontal and
endodontic inflammatory disease processes by secreting lipoglycan endotoxins known as

lipopolysaccharides (LPS).
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1.4.2  Molecular Mechanisms of Endotoxin-Dependent Cytokine Induction
Gram-negative bacteria utilize LPS, which reside on the outer layer of their cell membrane, to
confer toxicity and to protect the bacteria from phagocytosis and degradation (Kabanov &
Prokhorenko, 2010). LPS are structurally conserved, consisting of a hydrophobic lipid A, which
is responsible for endotoxicity, as well as hydrophilic core and O-antigenic polysaccharide
chains (Maeshima & Fernandez, 2013). The O-antigenic polysaccharide side chain consists of a
repeating oligosaccharide unit, and accounts for the distinct LPS serotypes that exist both
physiologically and commercially (Whitfield ez al., 1992). The lipid A molecule binds to Toll-
like receptor 4 (TLR4) and triggers a signaling cascade that ultimately results in the transcription
of several pro-inflammatory cytokines and inflammatory response (Kawai & Akira, 2010).
Toll-like receptors (TLRs) are a class of pattern recognition receptors (PRRs) that recognize
several distinct pathogen-associated molecular pattern (PAMP) molecules (Netea ef al., 2004).
The ten distinct TLRs recognize lipopeptides, glycolipids, lipoteichoic acid, profilin, and double
stranded RNA, among other PAMPs, from fungi, viruses, and bacteria (Akira et al., 2006;
Uematsu et al., 2006). During gram-negative bacterial infection, LPS binding protein (LBP)
removes LPS from the bacterial membrane and presents it to CD14, which carries LPS to the
Toll-like receptor 4 (TLR4) and MD-2 complex (Maeshima & Fernandez, 2013). Binding of LPS
to the TLR4-MD-2 complex activates either Toll-IL-1R domain-containing adapter protein
(MAL/TIRAP) or myeloid differentiation primary response gene 88 (MyD88) signaling,
resulting in activation of interleukin 1 receptor association kinase 2 (IRAK2), protein kinase R
(PKR), nuclear factor—kappa B (NF-kB) and mitogen-activated protein kinase (MAPK)
signaling, ultimately resulting in transcriptional activation of inflammatory response, dendritic

cell maturation, chemotaxis and T-cell differentiation (Buer & Balling, 2003). In particular, these
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downstream signaling molecules lead to the transcriptional activation of several important
inflammatory cytokines, including IL-1f, IL-6, IL-8, and TNF-a (Rossol et al,, 2011; He et al.,
2013). Since these signaling pathways are involved in the regulation of distinct downstream
targets, including those not involved in inflammation (Chang et al., 2001; Ngo et al., 2011),
identification and characterization of epigenetic regulators of P.g. LPS and TLR-mediated pro-
inflammatory cytokine gene targets may be important for the identification of a novel and potent

anti-inflammatory therapeutic target, and will be an important focus of this study.

1.5  Epigenetic Modifications

1.5.1 Definition of Epigenetics

Epigenetic regulation involves alteration of gene expression that does not affect the nucleotide
sequence. Epigenetic mechanisms have been implicated in cancer, psychiatric diseases,
developmental abnormalities, and other molecular processes (Boulle et al., 2012; Ohnishi et al.,
2014; Bai et al., 2014). Epigenetic modifications primarily involve DNA methylation or histone
modification, and are regulated by a wide range of epigenetic modification-specific enzymes
(Copeland ef al., 2010). DNA methyltransferases (DNMT1/3a/3b) are known to methylate the 5-
position of cytosines in GC rich regions, referred to as CpG islands, on gene promoters in order
to prevent transcription and silence gene expression (Bestor et al., 1988; Okano et al., 1998;
Jones and Takai, 2001). Histone modifications are post-translational modifications to histone
proteins that are critical for transcriptional repression or activation. These modifications include
lysine and arginine methylation and acetylation, serine and threonine phosphorylation, and lysine
ubiquitylation and sumoylation, occur on distinct sites on histones H2A, H2B, H3 and H4 and

are carried out by distinct epigenetic enzymes (Peterson & Laniel, 2004). Histone modification
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enzymes modify distinct histone residues and are thus site specific, as is their effect on gene
expression. Whereas histone acetylation generally results in transcriptional activation (Peterson
& Laniel, 2004), methylation of lysine 4 on histone 3 (H3K4), H3K36, and H3K79 results in
transcriptional activation (Wang et al., 2001; Krogan et al., 2003; Sawado et al., 2008), and
methylation of H3K9, H3K27, and H4K20 results in transcriptional repression (Tachibana et al.,
2001; Cao et al., 2002; Nishioka et al., 2002). Thus, histone modifications are important

epigenetic alterations that are critical for tightly controlled transcriptional regulation.

1.5.2 Role of Histone Methylation/Demethylation on Disease & Development

Histone lysine demethylases (KDMs) have been shown to play an important role in
transcriptional regulation as well as gene silencing and activation (Tsukuda et al., 2006; Fodor et
al., 2006; Bjorkman et al., 2011; Hubner et al., 2011), and many of these KDMs are known to
play a role in disease and developmental processes. For instance, KDM®6B is known to promote
neural differentiation (Jepsen et al., 2007), KDM4B and KDM6B have been shown to facilitate
osteogenic differentiation in human mesenchymal stem cells (MSCs) (Ye ef al,, 2012), and
several KDMs, including KDM2B, KDM4C, KDM5B and KDM6A, have been implicated in
cancer development (Yang et al., 2000; van Haaften ef al., 2009; Hayami ef al., 2010; He et al.,
2011).

Among these, KDM3C, or alternatively IMID1C, of the KDM3/IMJID1 family of histone
demethylases has been shown to drive transcriptional activation by demethylating mono- and di-
methylated lysine 9 residues on histone 3 (H3K9mel & H3K9me2) (Kim et al., 2010; Peeken et
al., 2013). KDM3C has previously been shown to be a potential tumor suppressor (Wolf et al.,

2007), repress neural differentiation of human embryonic stem cells (Wang et al., 2014), to play
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a critical role in steroidogenesis (Kim et al., 2010; Kuroki et al., 2013), and has been implicated
in leukemia maintenance (Sroczynska et al., 2014). In contrast to KDMs, histone
methyltransferase (HMTase) G9a has been shown to mono-/di-methylate H3K9, recruiting
heterochromatin protein 1 (HP1) to bind to and stabilize methylated H3K9 (Tachibana et al.,
2005; El-Gazzar et al., 2008). G9a also recruits DNA methyltransferase 3a/b (DNMT3a/b) to
methylate DNA CpG islands upstream of the transcription start site (TSS) and silence gene
expression.

Despite one study demonstrating that KDM6B is upregulated in monocytes undergoing
terminal differentiation towards macrophage lineage (De Santa ef al., 2007), the role of KDMs,
and KDM3C in particular, in epigenetically mediating inflammatory response is not well
understood. There is no information regarding downstream targets in inflammatory pathways or
evidence of functional role of KDM3C in regulating pro-inflammatory cytokine expression. Thus
we were very interested in the role of KDMs, and KDM3C in particular, in the epigenetic
regulation of inflammation and potential as novel anti-inflammatory therapeutic targets in the
management and treatment of inflammatory oral diseases. The underlying epigenetic

mechanisms regulating inflammatory response will be explored extensively in this study.
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2 MATERIALS AND METHODS

2.1 Cells and cell culture

Primary NHEK cultures were prepared from discarded foreskin epidermal tissues and grown in
EpiLife medium supplemented with growth factors (Invitrogen, Carlsbad, CA), as described
elsewhere (Kang et al., 2000). Normal human oral keratinocytes (NHOK) isolated from
separated keratinizing oral epithelial tissues were prepared similar to NHEK. NHEK were
serially subcultured and passed at 70% confluence until they reached replicative senescence.
Replication kinetics were recorded as described previously (Kang ef al., 2000). Normal human
oral fibroblasts (NHOF) were obtained from discarded gingival connective tissue and cultured in
Dulbecco’s modified Eagle’s medium (DMEM) (Invitrogen), supplemented with 10% fetal
bovine serum (FBS) (Invitrogen). Bone marrow mesenchymal stromal cells (BM-MSCs) and
dental pulp stem cells (DPSCs) were cultured in o-MEM medium (Invitrogen) supplemented
with 10% FBS (Invitrogen), and 5 mg/mL gentamicin sulfate (Gemini Bio-Products, West
Sacramento, CA). SCC4 and SCC9 cancer cell lines were cultured in DMEM/F12 (Invitrogen)
and supplemented with 10% FBS and 0.4 pg/ml hydrocortisone, as described elsewhere (Kang et
al., 1998). Immortalized keratinocyte cell line HaCaT cells were grown in EpiLife medium
supplemented with growth factors (Invitrogen). THP-1 cells were cultured in Roswell Park
Memorial Institute medium (RPMI) (Invitrogen) supplemented with 10% fetal bovine serum
(Invitrogen), and 5 pg/mL gentamicin sulfate (Gemini Bio-Products), and terminally
differentiated towards macrophage lineage by 24 hour treatment with 100 ng/mL phorbol 12-
myristate 13-acetate (PMA) (Sigma, St Louis, MO). Bone marrow monocytes were isolated from
femurs of wild type and KDM3C knockout mice and negatively selected using EasySep mouse

monocyte enrichment kit (StemCell Technologies, Vancouver, BC, Canada). Bone marrow
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monocytes were cultured in RPMI growth medium (Invitrogen) supplemented with 10% fetal
bovine serum (Invitrogen), 5 pg/mL gentamicin sulfate (Gemini Bio-Products), and 40 ng/ml M-
CSF (R&D Systems, Minneapolis, MN) for 5 days to facilitate terminal macrophage
differentiation. DPSC, THP-1, and bone marrow macrophages were further cultured with 1
ug/mL P.g. LPS (Invivogen, San Diego, CA) for 0, 1, 2, 4, 8, 12, or 24 hours prior to being
harvested. DPSC and THP-1 were also cultured with 1 uM BIX-01294 (diazepin-quinazolin-
amine derivative) (Sigma) for 24 hours to inhibit G9a enzymatic activity. DPSC were infected
with retroviral vectors expressing full-length G9a (pMSCV-G9a) or empty vector (pMSCV-EV)
as described elsewhere (Kang & Park, 2007), and selected with 50 mg/ml Hygromycin B
(Sigma) for 14 days prior to being cultured with P.g. LPS for 24 hours. Cells were maintained at

37°C at 5% CO2 in a humidified chamber.

2.2 Retroviral vector construction and transduction of cells

We constructed retroviral vectors expressing human wild-type ANp63a, ANp63f, and
ANp63y. Full-length cDNAs of ANp63 were cloned from the cDNA library obtained from
primary human keratinocytes by PCR amplification. ANp63ca, ANp63f, and ANp63y cDNAs
were subcloned into pLXSN retroviral expression vector (Clontech, Mountainview, CA) at
Xhol/BamHI restriction sites, and isoforms were confirmed by sequencing. Retroviral
construction and infection were performed as described elsewhere (Kang & Park, 2007), and the
infected cells were selected with 200 pg/ml G418 (Sigma, St. Louis, MO). G418-resistant cells

were continually maintained by serial subculture as outlined above.
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23 Transwell Migration Assay

Transwell chambers with polycarbonate membranes were used to measure cell migration
(Corning Inc., Corning, NY), according to previously described methods (Giannelli et al., 1997).
NHEK/LXSN, NHEK/ANp63a, NHEK/ANp63f, and NHEK/ANp63y cells were cultured in
EpiLife (Invitrogen) and seeded in the upper chamber of the transwell. Cells were allowed to
migrate for 24 hours, and the transwell was washed with 1x phosphate-buffered saline (PBS) and
fixed in 10% formalin for 10 min. Cells were then stained with 1% crystal violet dissolved in
10% formalin for a duration of 1 hour. Non-migratory cells were removed from the chamber and

transwells were photographed.

2.4  Immunofluorescence Staining

Cells were fixed for 15 minutes in 3.7% formaldehyde prior to permeabilization with 0.25%
Triton X-100 for 10 minutes. Cells were then blocked in 10% normal goat serum for 1 hour.
Antibodies against p63 (A4A), E-Cad, pB-catenin, Zinc Finger E-Box Binding Homeobox 1
(ZEB1) (Santa Cruz Biotech, Santa Cruz, CA), GRHL2 (Abnova, Taipei City, Taiwan), and anti-
FN (Sigma) were used as primary antibodies, and Alex Fluor 488 IgG (Invitrogen) was used as
secondary antibody. Cells were counterstained with DAPI, and Olympus BH2-RFCA

fluorescence microscope was used to obtain images.

2.5  siRNA Transient Transfection
NHEK were transfected with non-specific, scrambled siRNA (Si-SCR) or siRNA targeting
human p63 (Si-p63), and DPSC were transfected with non-specific Si-RNA or Si-RNA targeting

human KDM3C, at a concentration of 10 nM using Lipofectamine reagents (Invitrogen)
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according to the manufacture’s instructions. NHEK were transfected with Si-p63 once every 3
days over the course of 9 days. NHEK growth medium was replaced with mesenchymal growth
medium (o-MEM medium/10% FBS, 5 mg/mL gentamicin sulfate) upon morphological
transition to mesenchymal phenotype. DPSC were cultured with P.g. LPS 24 hours post-

transfection, and harvested 48 hours post-transfection.

2.6  Western Blotting

Whole cell extracts or protein lysates from 100 mg ground liver tissue were isolated from the
cultured cells, fractionated by sodium dodecylsulfate polyacrylamide gel electrophoresis, and
transferred to Immobilon membrane (Millipore, Billerica, MA). Antibodies against p63 (A4A),
p63 (H129), E-Cad, K14, ZEBI1, N-Cad, KDM3C, HP-1, DNMT3a/b, IL-6, TNF-a, GAPDH
(Santa Cruz Biotech), GRHL2 (Abnova), FN, Snail (Sigma), G9a (Millipore, Chicago, IL),
H3K9mel, and H3K9me2 (Abcam, Cambridge, MA), were used. Chemiluminescence signal was
detected by using the HyGLO Chemiluminescent HRP antibody detection reagent (Denville

Scientific, South Plainfield, NJ).

2.7  Real-time qRT-PCR

Total RNA was extracted from cultured cells by using RNeasy Plus Mini kit (Qiagen, Valencia,
CA). Reverse transcription (RT) was performed with 5 ug RNA by using the method described
elsewhere (Kang ef al., 2004). qRT-PCR was performed for the relative mRNA expression of
TAp63, ANp63, GRHL2, KDM2A, KDM2B, KDM3A, KDM3B, KDM3C, KDM4A, KDM4B,
KDM4C, KDM4D, KDMS5A, KDM5B, KDM5C, KDM5D, KDM6A, KDM6B, IL-6, IL-33,

MAPK14, STAT3, and PIK3R1, relative microRNA expression of miR-200a, miR-200b, miR-
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200c, miR-141, miR-429, and enrichment of GRHL2, H3K4me3, H3K27me3, KDM3C, G9a,
H3K9mel and H3K9me2 in triplicates for each sample with LC480 SYBR Green I master
(Roche, Basel, Switzerland) using LightCycler 480 (Roche). Second derivative Cq value was
calculated after running a total of 50 cycles in order to compare relative change in mRNA and
microRNA expression. The primer sequences and the PCR conditions will be available on

request.

2.8  F-Actin Staining / Stress Fiber Formation

Cells were fixed for 10 minutes in 3.7% formaldehyde prior to permeabilization with 0.1%
Triton X-100 for 5 minutes. Cells were stained with Alexa Fluor 594 Phalloidin (Invitrogen) for
20 minutes at room temperature. Cells were counterstained with DAPI, and Olympus BH2-

RFCA fluorescence microscope was used to obtain images.

2.9  Lentiviral vector construction and knockdown of endogenous GRHL?2

Lentiviral vector expressing short hairpin RNA (shRNA) against GRHL2 (Sh-GRHL2) and
control vector expressing enhanced green fluorescence protein (EGFP) were constructed as
described earlier (Kang et al., 2009). Endogenous GRHL2 was knocked down with Sh-GRHL2.
All lentiviral vectors used allow identification of infected cells by GFP fluorescent signal under

epifluorescence microscope.

2.10 Dual-Luciferase Reporter Assay

Promoter regions of GRHL2 and p63 were cloned into pGL3B-Luc reporter plasmid (Promega,

Madison, WI) expressing firefly luciferase. The promoter-luciferase constructs were transfected
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into SCC4 or SCC9 using Lipofectin Reagent (Invitrogen), along with pRL-SV40 containing
Renilla luciferase cDNA under the control of SV40 enhancer/promoter. After 48 hours post-
transfection, cells were collected and the lysates were prepared using Dual Luciferase Reporter
Assay System (Promega). Firefly and Renilla luciferase activities were measured using a
luminometer (Turner Designs, Sunnyvale, CA). Renilla luciferase activity was used to control
for the varied transfected efficiency. The gene promoter activity, reflected by the firefly

luciferase activity, was determined as the mean of at least triplicates per experiment.

2.11 Chromatin Immunoprecipitation (ChIP) / ChIP-qPCR Assay

ChIP assay was performed as described previously (Chen et al., 2012). Nuclear proteins were
cross-linked to DNA by adding 10% formaldehyde for 10 minutes, and 0.15 M glycine was used
to stop cross-linking. The cells were then collected in ice-cold phosphate-buffered saline (PBS)
supplemented with a protease inhibitor mixture and lysed in buffer (1% SDS, 10mM EDTA,
protease inhibitors, 50mM Tris-HCI, pH 8.1). Genomic DNA was sonicated to produce DNA
fragments 300—1000 bp in length. Cellular lysates were diluted 1:10 in ChIP dilution buffer
(0.01% SDS, 1.1% Triton X-100, 1.2mM EDTA, 16.7mM NaCl, protease inhibitors, 16.7mM
Tris-HCI, pH 8.1). Chromatin solutions were incubated with 4 ug p63, GRHL2, H3K4me3,
H3K27me3, KDM3C, G9a, H3K9mel or H3K9me2 primary antibody (or 1 pl of mouse IgQG)
overnight at 4°C with rotation. Immunocomplexes were precipitated with 30 ul of protein G-
agarose slurry (Upstate Biotechnology, Lake Placid, NY, USA) and eluted in 500 pl of buffer
(1% SDS, 100mM NaHCO3). Precipitated DNA was recovered by phenol extraction and used for
PCR amplification to check the enrichment of p63, GRHL2, H3K4me3, H3K27me3, KDM3C,

G9a, H3K9mel, or H3K9me2 in gene promoter regions. qPCR was performed with the purified
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DNA using LightCycler 480 (Roche). Semi-quantitative PCR was also performed, and samples
pulled down with IgG were included as the negative control. qPCR readout was normalized

relative to the amount of amplification from input.

2.12  Generation of Knockout Mice Models

GRHL2 conditional knockout (KO) mice were established by crossing K14/Cre/ERT mice with
GRHL2/LoxP mice. GRHL2 knockout was induced by daily intraperitoneal injection of
20mg/mL Tamoxifen for one week. Genotyping was performed using primer sequences against
LoxP: F- 5’CCAACCTTCCCTTTCCATTC-3”, R- 5’ AGAGGACTTGAGGTCGGAG-3” and
Cre: F - 57-GTTCGCAAGAACCTGATGGAC-3”, R- 5’"CTGGCAATTTCGGCTAT

ACG-3”. Tissue specificity of GRHL2 knockout was assessed by semi-quantitative PCR in skin,
tongue, gingiva, stomach, and small intestine of wildtype and KO mice. GRHL2 KO mice were
administered 1x10° P.g. bacteria by oral inoculation every other day for 6 weeks, or had ligatures
placed around 2™ molars for 3 weeks, and harvested. Tongues from wildtype and KO mice were
collected and stained with 1% toluidine blue to assess epithelial barrier damage. Whole blood
was collected, and genomic DNA was extracted to assess P.g. bacterial load in blood by semi-
quantitative PCR. Heterozygous KDM3C mice were obtained from RIKEN BRC, courtesy of
Dr. Makoto Tachibana, and crossed to breed KDM3C knockout (KO) mice. Genotyping was
performed and KDM3C wild-type and mutant alleles were identified using wild type primers 2C-
144121-F- 5”-AGTCCCCGCACTCAGGAGGCTGCTG-3” and 2C-144790-R- 5”-
ATATACACTATGATAC AGGAACAGC-3” and mutant primers IN-60F- 5”-CGCCTTCTT
GACGAGTTCTTCTGAGGGG-3” and 2C-144790-R- 5-ATATACACTATGATACAGGAAC

AGC-3”.
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Table 2-1. Human primer sequences used for real time qRT-PCR.

Genes Forward (5'-3") Reverse (5'-3")

TAp63 TTGAGATTAGCATGGACTGTA GTTCTGAATCTGCTGGTCCAT
ANp63 GGAAAACAATGCCCAGACTC CTGCTGGTCCATGCTGTTC
GRHL2 GGACAGCACATACAGCGAGA AGCCCCAACTGAAGCACTC
KDM2A | CGGATAGTTGAGAAAGCCAAGATCCG CTCTTTGGTGGGCCTCTGTAGC
KDM2B GTTAGTGGTAGTGGTGTTTTGG AGCAGATGTGGTGTGTGGTC
KDM3A ACCTGCAGTTATTCTTCAGC TAATGCCAGTCCTATGCCAT
KDM3B TGTTCCCTGGGGACTCCTCT GGGCACTACAGTACAGCTGG
KDM3C TTTGTTGAAGCTATTGACTG CACTTTAACAAAAGCAAGCC
KDM4A CCTCACTGCGCTGTCTGTAT CCAGTCGAAGTGAAGCACAT
KDM4B | CGGGTTCTATCTTTGTTTCTCTCACCC AAGGAAGCCTCTGGAACACCT
KDMA4C GGCATAGGTGACAGGGTGTGTC CGGGGACCAAACTCTGGAAACCCG
KDM4D | CGGGATCTGCACAGATTATCCACCCG AGTTTCTGAGGAGGGCGACCA
KDMS5A GTTTCTTAAGGTGGCAAGTC TCTTTTGTACTGTTCCCTAC
KDMS5B AGCTTTCTCAGAATGTTGGC GCAGAGTCTGGGAATTCACA
KDM5C GGGTTTCTAAAGTGTAGATCT CCACACATCTGAGCTTTAGT
KDM5D ATCTCCTCACCTCTCCAAAG TTGTCTCTAGGCGTGGCCGT
KDM6A | CGTCCGAGTGTCAACCAACTGGACG TGAGAGTCCTGGAGTAGGAGCAG
KDM6B CTCAACTTGGGCCTCTTCTC GCCTGTCAGATCCCAGTTCT

IL-6 AAATTCGGTACATCCTCGAC CAGGAACTGGATCAGGACTT

Table 2-2. Mouse primer sequences used for real time qRT-PCR.

Genes Forward (5'-3") Reverse (5'-3")
KDM3C GAGGACTTCAAGGCC AATTAGGTGTCTTCC
IL-6 GAGGATACCACTCCCAACAGACC AAGTGCATCATCGTTGTTCATACA
IL-33 CAATCAGGCGACGGTGTGGATGG TCCGGAGGCGAGACGTCACC
MAPK 14 GCATCGTGTGGCAGTTAAGA GTCCTTTTGGCGTGAATGAT
STAT3 CTTGTCTACCTCTACCCCGACAT GATCCATGTCAAACGTGAGCG
PIK3R1 CTTGTCCGGGAGAGCAGTAAGCA TTGTTGGCTACAGTAGTGGGCTTGG

Table 2-3. MicroRNA primer sequences used for qRT-PCR.

Genes Sequence (5'-3")
miR-200a CATCTTACCGGACAGTGCTGGA
miR-200b TAATACTGCCTGGTAATGATGA
miR-200¢ CGTCTTACCCAGCAGTGTTTGG
miR-141 TAACACTGTCTGGTAAAGATGG
miR-429 TAATACTGTCTGGTAAAACCGT
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Table 2-4. Human ChIP PCR primer sequences.

Genes Forward (5'-3") Reverse (5'-3")
p63 GGTGGAAGTTGATGGATTGG CTTCTGGCTCCAGGATTTTG
miR-200a TGGGCCTGTGTGCAGTCTCA TGTGGAAGCCCAGGGAAGA
miR-200b CCCACTCCGACCTAGTCCTC ACTCGCTGGGAAGCTCAGTA
miR-200c¢ CTGCTTGGACTGCAACCTGG ACCTTGGGTCAGGCAGCTTC
miR-141 AAGCCCCTCGTCTTGAGCTG CCAACCCCAAGCTCAAGGTC
miR-429 GGGGCTGCAGGGAACCTTTG GTGCTGCGGGGCTGTGAA
IL-6 (TSS) AATTCCCTGGGCATCTTCTT GAATTCTGCAGCATCACCAG
IL-6 (1kb) GCAAAGAAACCGATTGTGAAG CCAGTCTCCAGAGACCCAGA
IL-6 (1.5kb) AATGAAACCATCCAGCCATC TCGTGCATAACATTTCAGGAC
IL-6 (2.2kb) | TGGACTAATTATCTAAAACAAGAGACC CCAATCATTTTCCCTCAAAA
IL-33 CGGAGCTTGAAGTGAGCTG ATTTTGTCCCCCTGGCTGGCTTAT
MAPK14 CTCCCAAAGTGCTGGGATTA GAGCACCTGCTCACCTGAA
STAT3 GGCAGCCAGTGGAAGAATAG CCAATTCCTCTTGGCTAAATG
PIK3R1 AATCCCCGAATGTTGAGAAA GTGCCACACTTTTAAACCATCA

2.13 Interpapillary Endotoxin Inoculation

C57BL/6 mice were injected with 10 mg/ml P.g. LPS (Invivogen) between first and second
molars. Whole blood was collected by cardiac puncture 24 hours post-injection, and placed in
blood collection tubes (Fisher Scientific, Houston, TX) and diluted in PBS. Harvested blood was
diluted over Lympholyte cell separation media (Cedarlane Labs, Burlington, NC) and
centrifuged at room temperature for 20 minutes at 800g. The Lympholyte layer was separated,
diluted in PBS, and centrifuged for 10 minutes at 800g to collect peripheral blood mononuclear
cell (PBMC) pellet. Interpapillary tissues were also collected, and change in KDM3C and IL-6

mRNA expression in PBMCs and interpapillary tissues was assessed by qRT-PCR.

2.14 In Vivo Si-RNA Administration

KDM3C in vivo Si-RNA and scrambled in vivo Si-RNA were prepared using Invivofectamine
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2.0 reagent and complexation buffer (Life Technologies, Grand Island, NY) and dialyzed using
Float-A- Lyzer G2 cassette (Spectrum Laboratories, Rancho Dominguez, CA). Prepared Si-RNA
were intravenously administered to C57BL/6 mice at a concentration of 7 mg/kg, followed by
intravenous administration of 250 ug/kg P.g. LPS 24 hours later. C57BL/6 mice were sacrificed

3 hours post-P.g. LPS injection, and tissues and blood were harvested.

2.15 Enzyme Linked Immunosorbent Assay

Blood collected by cardiac puncture was centrifuged at 200g for 10 minutes, and serum was
collected for ELISA assay using IL-6 ELISA Max Standard kit (Biolegend, San Diego, CA).
Protein standards and serum IL-6 protein were measured at 450 nm, and a standard curve was
established to determine IL-6 protein levels in serum samples. Additionally, serum from whole
blood was used to perform mouse cytokine antibody array (RayBiotech, Norcross, GA) to assess
whole blood serum secretion of 97 unique pro-inflammatory cytokines, as per the manufactures

instructions. ImagelJ software was used to quantitate cytokine array data.

2.16 High Throughput Sequencing & Data Extraction

DNA precipitate “libraries” were prepared from the IP samples obtained above by enzymatic
repair of the ends and ligation of the adapter sequences, as described elsewhere (Barski et al.,
2007). High throughput sequencing was performed with Illumina Genome Analyzer IIx
Sequencer located at the UCLA Genome Sequencing Center (Los Angeles, CA). Sequence tags
were mapped to the human genome using the Illumina Genome Analyzer Pipeline. Output data
in browser extensible data (BED) format was viewed with UCSC Genome Browser, allowing for

alignment of multiple datasets in reference to the human genome. In doing so, we compared the
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peak locations representing KDM3C binding between untreated and P.g. LPS treated THP-1
cells. Processed data was also ran through Ingenuity Pathway Analysis (IPA) software to identify
unique inflammatory signaling targets bound by KDM3C between untreated and P.g. LPS
treated THP-1, and those targets that are shared. DNA binding motif sequences were generated

for those targets bound by KDM3C.
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3 MOLECULAR REGULATION OF EPITHELIAL PLASTICITY BY p63 AND

GRAINYHEAD-LIKE 2 (GRHL2) RECIPROCAL FEEDBACK

3.1 Overexpression of ANp63a in NHEK yields EMT morphology and phenotype
NHEK were infected with retroviruses containing empty vector LXSN or those expressing
ANp63a, ANp63, or ANp63y isoforms. Among the transduced cells, cells expressing ANp63 «
and A Np63p isoforms showed morphological changes indicative of EMT, e.g., elongated,
flattened, and spindle-like morphology (Figure 3-1A, left panel). However, we observed that in
NHEK expressing A Np63p isoforms, few mesenchymal-like cells were formed and were not
able to be maintained in culture. Transwell migration assay also showed enhanced cellular
motility, a hallmark of EMT (Xu et al, 2009) in NHEK/ANp63a, while NHEK/ANp63p,
NHEK/ANp63y, and NHEK/LXSN showed limited transwell migration (Figure 3-1A, right
panel).

To further confirm the molecular phenotype of EMT, we detected the level of EMT markers
by Western blotting in NHEK infected with various ANp63 isoforms. Cells infected with
ANp63a, ANp63f, and ANp63y were harvested at two different population doubling (PD) levels
at 24 and PD28; EMT phenotype occurred between these two PD levels (Figure 3-1C). We
used both pan-p63 antibody (p63 A4A) and ANp63a-specific antibody (p63 H129) to assess
protein expression of ANp63 isoforms. We observed specific bands corresponding to the a, 3,
and vy isoforms of ANp63 that were distinctly visible at 60, 50, and 40 kDa, respectively (Figure
3-1B, C). We also noted that high molecular weight p63 band denoted with asterisk (*)
disappeared with occurrence of EMT only in the culture infected with LXSN-ANp63a at PD28,

concomitant with appearance of the EMT phenotype. We also found that only prolonged
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subculture of NHEK/ANp63 « led to reduced protein expression of epithelial markers E-Cad

and K14 and increased expression of mesenchymal marker FN (Figure 3-1B, C). Prolonged
subculture of NHEK/ A Np63 « also led to downregulation of GRHL2, a transcriptional
regulator and EMT-inhibitor that regulates epithelial proliferation and differentiation (Chen et
al., 2012). Loss of E-Cad and enhanced FN expression in NHEK/A Np63a cells were also
confirmed in situ (Figure 3-2). In this particular culture, both cell types exhibiting the
mesenchymal or epithelial phenotype were visible; those cells with the mesenchymal
morphology also demonstrated enhanced FN and reduced E-Cad signal. Collectively, these data

indicate that ectopic expression of ANp63a, but not ANp63fp and A Np63y, in NHEK triggers

the EMT phenotype.
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Figure 3-1. Overexpression of ANp63a in NHEK yields EMT phenotype.

(A) NHEK were stably transduced using retroviruses containing an empty vector (LXSN), or
ANp63 isoforms a, B, or y. Morphological changes were observed in cells after stable infection
of ANp63 isoforms by phase contrast. Change in cell motility was assessed by transwell
migration assay. (B) NHEK stably transduced using retroviruses containing an empty vector
(LXSN), or ANp63 isoforms a, 3, or y were serially subcultured and assessed for change in
protein expression of ANp63a, ANp63f, and ANp63y isoforms, GRHL2, E-Cad and FN at two
different population doubling levels (PD 24 and PD28) by Western blotting. Asterisk (*)
indicates high molecular weight band of p63. (C) NHEK stably transduced using retroviruses
containing an empty vector (LXSN), or ANp63a isoforms at PD 22, PD24 and PD28 were
assessed for change in protein expression of ANp63a. (using ANp63a specific antibody H129),
GRHL2, K14, E-Cad and FN. NHOF was used as a negative control. GAPDH was using as a
loading control. Asterisk (*) indicates high molecular weight band of p63.
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Figure 3-2. Overexpression of ANp63ca in NHEK results in EMT molecular profile.
Changes in the expression of E-Cad and FN were assessed in NHEK transduced with ANp63a,

ANp63p, or ANp63y by means of fluorescence microscopy. Arrow indicates the NHEK/ANp63a
cells exhibiting EMT phenotype.
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3.2 Knockdown of all p63 isoforms in NHEK by transient transfection of siRNA results
in EMT phenotype

Since EMT occurrence by ANp63a. overexpression was accompanied by loss of the major p63
band (denoted with an asterisk in Figures 3-1B, C), we asked whether the loss of all p63
isoforms would lead to EMT. NHEK were transiently transfected with the control, scrambled
siRNA (Si-SCR) or siRNA targeting p63 (Si-p63). In order to assess phenotypic and
morphological changes upon p63 knockdown, we examined the changes in protein expression of
p63, E-Cad, and FN after 3, 6, and 10 days post-transfection with Si-SCR or Si-p63. After 10
days post-transfection, NHEK/Si-p63 cells exhibited complete loss of p63 and E-Cad protein
expression, whereas FN expression was notably enhanced (Figure 3-3A). These cells also
exhibited mesenchymal cell morphology after 17 days when compared to NHEK/Si-SCR
(Figure 3-3B).

We confirmed successful knockdown of p63 by qRT-PCR (Figure 3-3C). In the control cells
(Si-SCR), the levels of ANp63 and GRHL2 were substantially higher than those in NHOF; upon
Si-p63 transfection, p63 was almost completely knocked down to the level similar to those of
NHOF. TAp63 expression level was negligible in all tested samples. Concomitantly, we found
that GRHL2 level was also drastically reduced by p63 knockdown, indicating a link between p63
and GRHL2 in epithelial phenotype.

We also determined mesenchymal cell surface markers (e.g., CD44, CD73, CD90, and
CD105) in NHEK/Si-p63 cells with EMT phenotype. For comparison, we included BM-MSCs,
DPSCs, and parental NHEK. The NHEK/Si-p63 cells with EMT phenotype showed elevated

CD44, CD90, and CD105 expression compared with the parental NHEK, while the level of
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CD73 was reduced, consistent with other MSC cell types (Figure 3-4), further supporting EMT
in cells after loss of p63 expression.

EMT is a process by which epithelial cells lose the cell-to-cell contact adhesion and
associated protein expression and exhibit mesenchymal phenotype, including stress fiber
formation and migration (Xu ef al., 2009). As additional evidence of EMT, the NHEK/Si-p63
cells demonstrated stress fiber formation with organized F-actin (Figure 3-3D). We also
performed fluorescence microscopy to determine changes in the EMT marker expression upon
p63 knockdown in NHEK. NHEK/Si-p63 cells showed loss of p63 and GRHL2 expression,
reduced expression of E-Cad and f-catenin, and enhanced expression of ZEB1 and FN (Figure
3-3E). We used NHEK treated with 5 ng/ml TGF-§ for 10 days as a positive control for EMT,
which similarly showed reduced GRHL2, p63, K14 and f-catenin expression and enhanced FN
expression by immunofluorescence staining (Figure 3-5). Collectively, these data indicate that

knockdown of all p63 isoforms in NHEK led to EMT.
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Figure 3-3. Knockdown of p63 in NHEK by transient transfection with p63 si-RNA (Si-
p63) results in EMT phenotype.

(A) Western blotting was performed using whole cell lysates of NHEK transiently transfected
using scramble siRNA (Si-SCR) and NHEK transiently transfected using siRNA targeting p63
(Si-p63) to confirm loss of p63 and E-Cad protein expression, and enhanced FN expression
(arrow) consistent with EMT. NHOF was used as a positive control for mesenchymal phenotype.
GAPDH was used as a loading control. (B) Morphological changes were observed in Si-SCR
and Si-p63 transfected NHEK to determine onset of EMT phenotype. (C) Relative mRNA
expression of TAp63, ANp63, and GRHL2 was assessed in NHOF, and NHEK transiently
transfected using Si-SCR or Si-p63 by qRT-PCR. (D) Stress fiber formation in NHEK/Si-SCR
and NHEK/Si-p63 was determined by F-actin staining using Alexa Fluor 594 Phalloidin. (E)
Changes in p63, GRHL2, ZEBI1, FN, E-Cad and p-catenin expression were determined in
NHEK/Si-SCR and NHEK/Si-p63 by immunoflourescent staining.
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Figure 3-4. Modulation of p63 results in acquisition of stem-like molecular profile in
NHEK.

Flow cytometry was performed to assess change in expression of stem cell-associated cell

surface markers CD44, CD73, CD90, and CD105 in Parental NHEK, early and late passage Si-
p63 (PD 42 and PD 59, respectively). BM-MSC and DPSC were used as positive controls.
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Figure 3-5. TGF-f induces EMT phenotype in NHEK.

DAPI DAPI

NHEK were cultured in 5 ng/mL TGF-f for 10 days and expression of GRHL2, p63, FN, K14,
and (-catenin were assessed by immunofluorescent staining. Cells were counterstained using
DAPL
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33 Knockdown of p63 in NHEK results in loss of GRHL2 and miR-200 family gene
expression

Having demonstrated that p63 modulation regulates EMT in NHEK, we sought to understand the
mechanisms underlying the p63-associated EMT. In both NHEK/ANp63a. and NHEK/Si-p63
cells, EMT occurred with enhanced expression of ZEB1 and N-Cad, which are linked with
mesenchymal and stem characteristics (Gandarillas & Watt, 1997) (Figure 3-6A). We also found
that both NHEK/ANp63a and NHEK/Si-p63 exhibiting EMT phenotype lost GRHL2 and E-Cad
expression. Since GRHL2 is a direct upstream regulator of E-Cad (Varma et al., 2012), our data
suggest that p63 modulation could lead to EMT through loss of GRHL2.

Recent studies showed that GRHL2 suppressed EMT by upregulating miR-200 family genes
(Cieply et al., 2012), which then downregulate ZEB1 (Korpal ef al., 2008). In the current study,
acquisition of EMT phenotype in NHEK/ANp63a and NHEK/Si-p63 resulted in strong
downregulation of miR-200a, miR-200b, miR-200c, miR-141, and miR-429 microRNA
expression (Figure 3-6B). To test whether p63 directly binds to and regulates the gene
expression of miR-200 family genes, we performed ChIP assay; NHEK/ A Np63 o and
NHEK/Si-p63 with EMT phenotype showed loss of p63 enrichment on the promoter regions of
the miR-200a, miR-200b, miR-200c, and miR-429 loci, compared to those of parental NHEK
(Figure 3-6C). No change in p63 enrichment on miR-141 was observed between NHOF,
parental NHEK, and NHEK/ A Np63 o and NHEK/Si-p63. These data suggest that p63 may
regulate the epithelial phenotype in keratinocytes by direct regulation of GRHL2 and miR-200

family genes, although miR-141 may be bound and regulated by other factors downstream of

p63.
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Figure 3-6. Modulation of p63 results in the loss of GRHL2 and miR-200 family expression.

(A) NHEK ectopically expressing ANp63a and transiently transfected with p63 siRNA were
harvested before and after the onset of EMT. Non-transduced/transfected NHEK were used as an
epithelial cell control, and NHOF were used as a mesenchyme control. Whole cell lysates were
collected, and Western blot was performed for p63, ZEB1, GRHL2, E-Cad, and N-Cad. GAPDH
was used as a loading control. (B) Change in expression of miR-200a, miR-200b, miR-200c,
miR-141, and miR-429 was assessed by qRT-PCR using QuantiMir cDNA. (C) ChIP assay and
ChIP-qPCR was performed to examine binding of p63 to the miR-200a, miR-200b, miR-200c,
miR-141, and miR-429 promoter regions in NHOF, parental NHEK, NHEK/ANp63a and
NHEK/Si-p63 cells showing EMT phenotype.
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3.4  Modulation of GRHL?2 alters p63 expression and EMT induction

In order to investigate the regulatory relationship between p63 and GRHL2 in mediating EMT,
we induced EMT in SCC4 and HaCaT epithelial cell lines by exposure to TGF-f. In time-
dependent manner after TGF-f treatment, protein expression of p63 and GRHL2 were reduced
and the expression of FN, N-Cad, ZEB-1, and Snail were enhanced in SCC4 compared to the
untreated cells (Figure 3-7A). Similarly, HaCaT cells showed reduced expression of GRHL2,
p63, and E-Cad and enhanced expression of FN and ZEB-1 upon TGF-f treatment in time-
dependent manner (Figure 3-7B). These data further confirm the regulatory relationship between
p63 and GRHL2 in EMT.

Since GRHL?2 is a transcription regulator for diverse gene targets, including those in the
epidermal differentiation complex (EDC) (Chen et al., 2012), we tested whether p63 itself would
be under the regulation of GRHL2. GRHL2 was ectopically expressed in NHOF and NHOK by
using retroviral vectors. Overexpression of GRHL2 resulted in a weak but notable upregulation
of p63 and E-Cad in NHOF and very strong upregulation in NHOK (Figure 3-7C). Also,
GRHL2 overexpression in SCC9, which lack endogenous GRHL2 gene expression, led to visible
p63 band and enhanced mRNA expression. Knockdown of GRHL2 in SCC4, which express high
endogenous GRHL2, almost completely abolished p63 expression (Figure 3-7C, E).
Furthermore, in situ staining for GRHL2, p63, and f3-catenin revealed protein expression only in
SCC9 cells transduced with GRHL2, and not in the control cells (Figure 3-7D). Notably, there
was heterogeneity in the level of p63 staining in the SCC9 cells expressing exogenous GRHL2,
presumably due to the varied level of GRHL2 expression in cells.

Because our prior data indicated that p63 was necessary for GRHL2 expression (Figure 3-

3C), the above data indicate reciprocity in the regulation between p63 and GRHL2 in
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determining the epithelial phenotype. We explored this possibility by performing a Dual-
Luciferase reporter assay. Knockdown of GRHL2 in SCC4 cells resulted in diminished p63
promoter activity, whereas GRHL2 overexpression in SCC9 cells resulted in enhanced p63
promoter activity (Figure 3-7F). Interestingly, knockdown of p63 in SCC4 cells also led to a
notable reduction of GRHL2 promoter activity. Therefore, GRHL2 and p63 mutually regulate
their promoter activity through a reciprocal feedback loop.

To examine whether GRHL2 directly binds to the promoter region of p63, ChIP assay was
performed with SCC4 and NHEK cells. In both cell types, GRHL2 pull-down co-
immunoprecipitated the p63 promoter fragment near the TSS. Also, GRHL2 enrichment on the
p63 promoter was altered according to the level of GRHL2 protein, i.e., GRHL2 knockdown in
SCC4 or overexpression in NHEK (Figure 3-8A, B). As positive control, we included GRHL2
binding to the promoter region of the hTERT gene, which is a known transcriptional target of
GRHL2 (Kang et al., 2009). ChIP revealed concordant GRHL?2 binding signal to the hTERT
promoter according to the GRHL2 protein level (Figure 3-8C). ChIP-qPCR quantitatively
showed the altered GRHL?2 binding to the p63 promoter in concordance to the GRHL2 protein
levels in SCC4 and NHEK (Figure 3-8D,E). Furthermore, ChIP-qPCR analysis revealed
reduced enrichment of trimethylated histone 3 at lysine 4 (H3K4Me3) indicative of active
chromatin on the p63 promoter when GRHL2 was knocked down in SCC4 (Figure 3-8F), in
keeping with the loss of p63 expression in SCC4 with GRHL2 silencing. On the contrary, the
repressive mark (H3K27Me3) was slightly elevated with GRHL2 knockdown. Since p63
modulation showed regulatory effects on GRHL2 expression, these data indicate a reciprocal

regulation between GRHL2 and p63 to establish the epithelial phenotype.
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Figure 3-7. Modulation of GRHL2 alters p63 expression and EMT phenotype in human
keratinocytes and epithelial cancer cell lines.

(A) SCCH4 cells were treated with 10 ng/ml TGF- for 0, 3, 5, and 10 days and harvested. Whole
cell lysates were collected, and Western blotting was performed for p63, GRHL2, FN, N-Cad,
ZEBI, and Snail. GAPDH was used as a loading control. (B) HaCaT cells were treated with 10
ng/ml TGF- for 0, 1, 3, 7, and 10 days and harvested. Whole cell lysates were collected, and
Western blotting was performed for GRHL2, p63, FN, ZEB-1, and E-Cad. GAPDH was used as
a loading control. (C) GRHL2 was overexpressed in NHOF, NHOK, and SCC9, and knocked
down in SCC4 cells using shRNA. Whole cell lysates were collected, and Western blot was
performed for GRHL2, p63, and E-Cad. GAPDH was used as a loading control. (D) Change in
p63, GRHL2, and B-catenin expression was determined in SCC9 overexpressing GRHL2 by
immunofluorescence staining. (E) Change in mRNA expression of p63 was assessed in SCC9
overexpressing GRHL2 and SCC4 after GRHL2 knockdown by qRT-PCR. (F) GRHL2 and p63
were independently knocked down in SCC4 and GRHL2 was overexpressed in SCC9, and dual
luciferase reporter assay was performed to assess the promoter activity.
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Figure 3-8. GRHL2 directly binds to and activates p63 promoter in human keratinocytes
and epithelial cancer cell lines.

(A) ChIP assay was performed to examine binding of GRHL2 to p63 promoter in SCC4 infected
with Sh-GRHL?2 and (B) in NHEK overexpressing GRHL2. (C) ChIP assay was performed to
examine binding of GRHL2 to the hTERT promoter in NHEK with or without GRHL2
overexpression. Pull down using a-IgG was used as a negative control. (D) ChIP-qPCR was
performed to quantify enrichment of GRHL2 on the p63 promoter in SCC4 with GRHL2
knockdown and (E) in NHEK overexpressing GRHL2. (F) Enrichment of H3K4Me3 and (G)
H3K27Me3 on the p63 promoter in SCC4 with GRHL2 knockdown was also assessed by ChIP-

qPCR.
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3.5 GRHL2 is necessary for epithelial barrier integrity

Transforming growth factor beta (TGF-f) is known to initiate EMT in epithelial cells, and its
expression is upregulated in these cells in response to inflammation or injury of epithelial tissues
in the human oral cavity (Steinsvoll et al., 1999; Gurkan et al., 2006; Xu et al., 2009; Mize et al.,
2015). We demonstrated that GRHL?2 expression is downregulated in NKH cultured with TGF-f3,
and that knockdown of GRHL2 leads to downregulation of p63, loss of E-Cadherin and cell-cell
adhesion, and facilitation of EMT (Figure 3-7C-F). In order to assess the functional role of
GRHL?2 in maintaining epithelial barrier function, we generated GRHL2 conditional knockout
(KO) mice. We assessed tissue specificity of GRHL2 knockout by collecting tissue from skin,
tongue, gingiva, stomach, and small intestine and evaluated GRHL2 expression by qRT-PCR.
We found that GRHL2 expression was downregulated in skin, tongue, and gingiva, but not
significantly in stomach and small intestine in GRHL2 KO mice (Figure 3-9A). We examined
the effect of GRHL2 knockout on the epithelial barrier in oral tissues by exposing wildtype (Wt)
and GRHL2 KO mice to to P.g. bacteria by oral inoculation or ligature placement around 2™
molars. We found that tongues of GRHL2 KO mice showed significant toluidine blue staining
and altered epithelial barrier phenotype than Wt mice (Figure 3-9B). GRHL2 KO mice also
showed enhanced endogenous P.g. bacterial load in blood in the absence of oral P.g. inoculation
(Figure 3-9C) or ligature placement (Figure 3-9D). Upon P.g. inoculation or ligature placement,
GRHL2 KO mice showed significantly higher P.g. in the blood compared to Wt mice (Figure 3-
9C,D). These results indicate that GRHL2 plays a critical role in the maintenance of epithelial
plasticity and barrier function, and that loss of GRHL2 may result in increased P.g. bacterial load

in the bloodstream.
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Figure 3-9. GRHL2 knockout results in altered epithelial barrier phenotype and enhanced
P.g. bacterial load in the bloodstream.

(A) Tissue from skin, tongue, gingiva, stomach, and small intestine of Wt and GRHL2
conditional knockout (KO) mice were collected and tissue specific knockout of GRHL2 was
assessed by qRT-PCR. (B) Wt and KO mice were administered P.g. bacteria by oral inoculation
every 48 hours for a duration of 6 weeks prior to being sacrificed. Tongues of harvested mice
were collected and stained with 1% toluidine blue to assess epithelial barrier damage. (C) Whole
blood was collected by cardiac puncture from Wt and KO mice administered P.g. bacteria by
oral inoculation, or (D) mice with ligatures placed around second molars for a duration of 3
weeks. Genomic DNA was extracted, and semi-quantitative PCR was performed to assess
bacterial load of P.g. in whole blood.
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3.6  Discussion

Our laboratory previously showed that overexpression of the ANp63a. isoform conferred EMT
phenotype in NHEK in TGF- dependent manner (Oh et al., 2011). The current study further
showed that ANp63f3 or ANp63y do not fully transform NHEK to mesenchymal state, although
there was morphological transition by ANp63f expression in NHEK. One of the speculations
from our prior study was that the ANp63a isoforms abolished the expression of the high
molecular weight (~75 kDa; band marked with an asterisk in Figures 3-1B, C) p63 protein with
unknown identity, which invariably occurred during EMT (Oh ef al., 2011). As an alternative
approach, in the current study we knocked down all p63 isoforms using pan-p63 siRNA. This
transient knockdown of p63 isoforms led to EMT phenotype after 10 days post-transfection.
Acquisition of the EMT phenotype in the NHEK/ANp63a and NHEK/Si-p63 cells was assessed
by altered morphology and expression of the EMT markers, e.g. loss of E-Cad, K14, B-catenin
expression and enhanced FN, and ZEBI1 expression. Whereas NHEK/ANp63a required serial
subculture and several passages to induce molecular and phenotypic EMT-associated changes,
NHEK/Si-p63 acquired these altered phenotype quite readily within 10 days after the gene
knockdown (Figures 3-1C and 3-3A).

In our previous paper, we showed that the NHEK/ANp63a cells with EMT phenotype
acquired stemness characteristics and expressed high levels of the reprogramming factors, e.g.,
Lin28 and Nanog (Oh ef al.,, 2011). Likewise, the NHEK/Si-p63 showed stem characteristics,
e.g., transdifferentiation ability into osteogenic and adipocytic lineages (data not shown). We
also found that NHEK/Si-p63 expressed cell surface markers CD44, CD73, CD90, and CD105,
which are characteristically expressed in mesenchymal stem cell (MSC) population (Figure 3-4)

(Pittenger et al.,, 1999; Dominici et al., 2006). Therefore, our studies demonstrate that EMT in
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NHEK is associated with acquisition of stem characteristics, whether it is triggered by
overexpression of ANp63a or knockdown of all p63 isoforms. We coined the term “induced
mesenchymal stem cells” (iIMSCs) to describe these epithelial cells that have acquired
multipotency through EMT to distinguish them from endogenous MSCs or induced pluripotent
stem cells (iPSCs), which acquire embryonic stem cell characteristics after stable infection of the
reprogramming factors (Takahashi & Yamanaka, 2006). These iMSCs may be derived from
cultured primary epithelial cells from skin via transient transfection of p63 siRNA, and may have
tissue-engineering potential for cases requiring autologous cell transplantation approach.

The current study reveals GRHL2 as the regulatory partner of p63, which is critical for
epithelial cell identity and embryonic morphogenesis (Barbareschi et al., 2001; Laurikkala et al.,
2006). GRHL2 is a transcription factor responsible for regulating epithelial proliferation (Chen
et al., 2012), and is known to play an important role in inducing many epithelial cancers and has
been found to regulate EMT (Xiang ef al., 2012; Kang ef al., 2009). The current study showed
that EMT in NHEK/ANp63a and NHEK/Si-p63 accompanied downregulation of GRHL2 and E-
Cad, and upregulation of ZEB1 and N-Cad expression (Figure 3-6A). GRHL2 has also been
shown to suppress EMT in breast cancer cells by suppressing ZEB1 signaling, and a reciprocal
feedback loop has been found between GRHL2 and ZEBI in regulating EMT (Cieply et al.,
2012; Cieply et al., 2013). Furthermore, GRHL2 has been found to inhibit ZEB1 expression and
EMT by activating miR-200b and miR-200c (Cieply et al, 2013). We found that
NHEK/ANp63oa. and NHEK/Si-p63 resulted in downregulation of miR-200 family gene
expression, including miR-200a, miR-200b, miR-200c, miR-141, and miR-429 (Figure 3-6B),
and that p63 binds directly to the promoter of miR-200 family genes (Figure 3-6C). It is

important to note that p63 did not bind to the promoter of miR-141, and that miR-141 may be
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bound and regulated by a downstream target of p63. Thus, p63 modulation may alter miR-200
family gene activation and induce EMT by facilitating upregulation of ZEB1 expression. These
findings indicate a novel role for p63 in GRHL2-mediated regulation of EMT. In addition,
GRHL2 was found to be required and necessary for the expression of p63. In NHOF, NHOK
and SCC9 cells, GRHL2 overexpression led to notable increase in the p63 expression level.
Also, GRHL2 knockdown in SCC4 abolished the expression of p63, suggesting p63 regulation
by GRHL2. This was confirmed by ChIP analyses showing direct GRHL2 binding on the p63
gene promoter and concordant alteration of the histone mark at the gene promoter. We also
demonstrated through dual luciferase reporter assay that GRHL2 is required for p63 promoter
activity, and vice versa. Hence, we propose a model in which p63 and GRHL2 regulate each
other’s expression, through direct promoter binding, and this reciprocal regulatory loop between
GRHL2 and p63 is critical for maintaining the epithelial phenotype through transcriptional
regulation of their target genes (Figure 3-10).

The current study also demonstrated that TGF-B-dependent EMT leads to both
downregulation of GRHL2 and p63 expression. TGF-f initiates EMT in human keratinocytes to
facilitate wound healing (Xu et al., 2009), and is also highly expressed when epithelial tissues
encounter injury or inflammation in the oral cavity (Jagels & Hugli, 2000; Nozawa et al., 2009;
Jun & Lau, 2011). The current study showed that knockout of GRHL2 was sufficient to alter
epithelial barrier phenotype, and that this altered phenotype led to increased Porphyromonas
gingivalis (P.g.) bacterial load in the bloodstream in mice (Figure 3-9B,C,D). These findings
suggest that during infection in epithelial tissue, TGF-f-mediated downregulation of GRHL2 in
epithelial cells results in phenotypic changes that alter the epithelial barrier and facilitate

persistent infection. Collectively, our findings provide a framework to study the molecular
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mechanisms that regulate epithelial plasticity, a key player in physiologic and disease processes,
including cancer metastasis, epithelial wound healing, infection, and tissue injury response to

environmental insults.
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Figure 3-10. Role of p63 and GRHL2 in epithelial plasticity.

Current data establish a reciprocal regulation between p63 and GRHL?2 through direct promoter
binding. GRHL2 and p63 expression is negatively regulated by TGF-f. Both p63 and GRHL2
are required for the expression of miR-200 family genes, which then suppress EMT through
negative regulation of ZEBI. In this model, GRHL2 appears to be intricately involved with many
different factors that determine epithelial phenotype.
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4 EPIGENETIC REGULATION OF INFLAMMATORY RESPONSE BY KDM3C

4.1 Histone lysine demethylase KDM3C is induced by P.g. LPS

We previously demonstrated that knockout of GRHL?2 lead to altered epithelial barrier phenotype
and increased P.g. bacterial load in the bloodstream in mice (Figure 3-9). P.g. is a gram-negative
bacteria known to secrete lipoglycan endotoxins known as lipopolysaccharides (P.g. LPS) that
activate pro-inflammatory cytokine induction and secretion (Kabanov & Prokhorenko, 2010). An
association between dynamic demethylation of histone marks and cytokine transcriptional
activation has been previously made (Saccani & Natoli, 2002), however the role of histone lysine
demethylases in epigenetic regulation of inflammatory response is unknown. In order to
investigate the effect of P.g. LPS on differential expression of histone lysine demethylases,
human DPSCs and THP-1 cells were cultured with P.g. LPS for 24 hours. We performed qRT-
PCR screening to assess differential mRNA expression of several KDMs, which showed distinct
KDM expression profiles for both DPSC and THP-1 cells. P.g. LPS culture resulted in
upregulation of KDM2B, KDM3A, KDM3B, and KDMS5A expression in DPSC and KDM4D
and KDMO6A expression in THP-1 cells. Among the KDMs screened, KDM3C was shown to be
most strongly induced in both cell types (Figure 4-1A,C). Further, P.g. LPS exposure also
resulted in time-dependent induction of KDM3C protein expression in both DPSC and THP-1,
and KDM3C expression pattern was consistent with that of IL-6 protein expression (Figure 4-
1B,D). Although KDM3C expression peaked at 1 hour and then again at 24 hours post-P.g. LPS
exposure in DPSC, in THP-1, KDM3C expression increased steadily for 24 hours post-P.g. LPS
exposure. Thus, additional in vitro experiments were performed using 24 hour culture with P.g.

LPS.
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In order to determine whether P.g. LPS exposure also induces KDM3C expression in vivo, we
injected P.g. LPS between first and second molars in C57BL/6 mice and collected peripheral
blood mononuclear cells (PBMCs) from whole blood after 24 hours (Figure 4-1E). These
PBMCs demonstrated enhanced KDM3C and IL-6 mRNA expression when compared to the
control group (Figure 4-1F). Collectively, these data demonstrate that P.g. LPS upregulates
KDM3C expression in vitro and in vivo, and that KDM3C may play an important role in

mediating pro-inflammatory cytokine expression.
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Figure 4-1. P.g. LPS strongly induces KDM3C expression in DPSC, THP-1 cells, and
peripheral blood mononuclear cells.

(A) DPSC were exposed to 1 ug/ml P.g. LPS for 24 hours, harvested and screened for
differential mMRNA expression of KDMs by qRT-PCR. (B) Change in KDM3C and IL-6 protein
expression upon time-dependent P.g. LPS exposure in DPSC was determined by Western
blotting. GAPDH was used as a loading control. (C) THP-1 cells were also harvested and
screened for differential mRNA expression of KDMs and (D) KDM3C protein expression. (E)
C57BL/6 mice were injected between first and second molars with 10 mg/ml P.g. LPS, and (F)
whole blood was collected by cardiac puncture 24 hours post-injection. Peripheral blood
mononuclear cells (PBMCs) were isolated and change in KDM3C and IL-6 mRNA expression
was assessed by qRT-PCR.
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4.2 KDM3C knockdown abrogates pro-inflammatory cytokine induction by P.g. LPS
KDM3C has been shown to activate gene transcription by demethylating mono- and di-
methylated H3K9 in several developmental and diseases processes (Kim et al., 2010; Wang et al.,
2014; Sroczynska et al., 2014). In order to determine whether KDM3C plays a functional role in
the induction of pro-inflammatory cytokines by P.g. LPS, KDM3C was knocked down in DPSC
by transient transfection of Si-RNA targeting KDM3C (Si-KDM3C) or scrambled sequence (Si-
SCR). We successfully knocked down KDM3C in DPSC, and found that Si-KDM3C/DPSC
showed suppressed induction of IL-6 mRNA and protein expression by P.g. LPS compared to Si-
SCR/DPSC (Figure 4-2A, B), suggesting that KDM3C plays an important functional role in

regulating IL-6 induction by P.g. LPS.

In order to investigate the functional role of KDM3C in pro-inflammatory cytokine induction
in vivo, we intravenously administered in vivo-grade Si-KDM3C, followed by intravenous P.g.
LPS administration in C57BL/6 mice (Figure 4-3A). We found that in vivo knockdown of
KDM3C led to suppressed induction of IL-6 mRNA by P.g. LPS in peripheral blood
mononuclear cells (Figure 4-3B). Since both bacterial endotoxins and in vivo Si-RNA are known
to be cleared by the liver (Scott et al., 2009; Shao et al., 2012; Zhang et al., 2014), we also
assessed the impact of KDM3C knockdown on IL-6 induction by P.g. LPS in liver. We found
that P.g. LPS induction of both IL-6 mRNA and protein expression was suppressed in livers of
Si-KDM3C mice (Figure 4-3C, D). Lastly, we examined the impact KDM3C knockdown on
pro-inflammatory cytokine secretion into whole blood serum by ELISA. We found that protein
secretion of many distinct pro-inflammatory cytokines, including IL-6, was suppressed upon in

vivo KDM3C knockdown (Figure 4-3E,F,G). Collectively, these data indicate that KDM3C
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plays a functional role in P.g. LPS-mediated inflammatory signal transduction, and is critical for

induction of many distinct pro-inflammatory cytokines.
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Figure 4-2. Transient knockdown of KDM3C suppresses P.g. LPS-dependent cytokine
induction.

(A) KDM3C was knocked down by transient transfection using Si-RNA targeting KDM3C (Si-
KDM3C) or scrambled sequence (Si-SCR) in DPSC, and transfected cells were cultured with
P.g. LPS for 24 hours and harvested. mRNA expression of KDM3C and IL-6 were assessed by
qRT-PCR, and (B) protein expression of KDM3C and IL-6 were assessed by Western blotting.
GAPDH was used as a loading control.
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Figure 4-3. In vivo knockdown of KDM3C suppresses pro-inflammatory cytokine induction
by P.g. LPS.

(A) C57BL/6 mice were intravenously injected with in vivo specific Si-KDM3C or Si-SCR, and
24 hours later intravenously injected with P.g. LPS. These mice were sacrificed 3 hours post-
LPS injection, and whole blood, PBMCs, and liver tissue were collected. (B) Differential mRNA
expression of KDM3C and IL-6 was assessed by means of QqRT-PCR in PBMCs and (C) liver
tissue of Si-SCR and Si-KDM3C mice injected with P.g. LPS. (D) Change in IL-6 protein
expression in liver tissue of Si-SCR and Si-KDM3C mice was assessed by Western blotting.
GAPDH was used as a loading control. (E) ELISA was performed to assess IL-6 secretion in
whole blood serum, and (F) cytokine antibody array was used to assess secretion of a wide range
of pro-inflammatory cytokines in whole blood serum. (G) Cytokine array data was quantified
using ImageJ software.
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43  P.g. LPS alters KDM3C & G9a binding to IL-6 promoter and H3K9me2
demethylation
Having demonstrated that KDM3C plays a functional role in regulating P.g. LPS-dependent
inflammatory cytokine induction, we investigated whether KDM3C epigenetically regulates IL-6
by binding to the IL-6 promoter. We performed a chromatin immunoprecipitation (ChIP) assay,
examining KDM3C binding to several sites, including regions both upstream and spanning the
transcription start site (Figure 4-4A). Our data showed that in both DPSC and THP-1 cells,
enrichment of KDM3C on the IL-6 promoter increased upon P.g. LPS exposure (Figure 4-4B).
KDM3C is known to demethylate histone 3 at lysine 9 (H3K9) that is mono- and di-
methylated (H3K9mel, H3K9me?2) (Kim ef al., 2010), and H3K9 is initially mono- and di-
methylated by histone methyltransferase G9a, resulting in transcriptional silencing (Tachibana et
al., 2005; El-Gazzar et al., 2008). We were interested in whether G9a was enriched on the same
region of the IL-6 promoter as KDM3C, and whether G9a methylated H3K9 that would later be
demethylated by KDM3C upon P.g. LPS exposure. We found that G9a was enriched on the IL-6
promoter at the same site as KDM3C, and that enrichment of G9a was lost upon culture with P.g.
LPS in both DPSC and THP-1 (Figure 4-4C). Lastly, we examined the methylation status of
H3K9 bound to the IL-6 promoter. We found that enrichment of H3K9me?2 on the IL-6 promoter
was lost in both DPSC and THP-1 upon exposure to P.g. LPS (Figure 4-4D). H3K9mel
enrichment was strongly enhanced in THP-1 cells, and only slightly enhanced in DPSC.
Collectively, this data indicates that KDM3C and G9a regulate IL-6 expression by directly
binding to and altering the methylation of H3K9, and that P.g. LPS exposure leads to loss of G9a

and increase in KDM3C enrichment and demethylation of H3K9.
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Figure 4-4. P.g. LPS alters KDM3C and G9a enrichment on IL-6 promoter and H3K9me2
demethylation.

(A) Chromatin immmunoprecipitation (ChIP) assay was performed to assess binding to several
regions upstream and spanning the transcription start site of the IL-6 promoter. (B) Enrichment
of KDM3C, (C) G9a and (D) H3K9mel and H3K9me?2 on the IL-6 promoter was assessed by
both ChIP qPCR and conventional PCR in DPSC and THP-1 cells cultured with P.g. LPS for 24
hours.
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4.4  Modulation of histone methyltransferase G9a alters IL-6 induction by P.g. LPS

Histone methyltransferase G9a has been shown to mono-/di-methylate H3K9 (Tachibana et al.,
2005; El-Gazzar et al., 2008), recruiting heterochromatin protein 1 (HP1) to bind to and stabilize
methylated H3K9. G9a also recruits DNA methyltransferase 3a/b (DNMT3a/b) to methylate
DNA CpG islands upstream of the transcription start site (TSS) and silence gene expression (EIl-
Gazzar et al., 2008). In order to investigate the impact of P.g. LPS on G9a complex formation
and histone methylation in DPSC and THP-1, we assessed differential protein expression of G9a,
HP-1, and DNMT3a/b, as well as H3K9mel and H3K9me2, upon P.g. LPS culture. We found
that in both DPSC and THP-1, protein expression of G9a, HP-1, DNMT3a/b, and H3K9me2 was
downregulated upon exposure to P.g. LPS (Figure 4-5A, B). Protein expression of H3K9mel
remained unchanged in DPSC, and was downregulated in THP-1 cells. Collectively, these data
were consistent with our previous ChIP analysis, and indicated that in the absence of P.g. LPS,
G9a and complex proteins HP-1 and DNMT3a/b serve to maintain H3K9 in a dimethylated state.
In order to assess whether G9a plays a functional role in the transcriptional repression of IL-6,
we cultured DPSC and THP-1 cells with G9a-specific small molecule inhibitor BIX-01294
(Kubicek et al., 2007; Chang et al., 2009). Cells cultured with BIX-01294 showed significant
increase in IL-6 secretion, comparable to that of P.g. LPS cultured DPSC and THP-1 (Figure 4-
5C). We also ectopically expressed G9a in DPSC using retroviral vectors. Whereas P.g. LPS
culture normally resulted in loss of G9a and enhanced IL-6 and TNF-a expression,
overexpression of G9a suppressed IL-6 and TNF-a induction by P.g. LPS (Figure 4-5D).
Collectively, this data indicates that in the absence of inflammatory stimuli, G9a silences pro-
inflammatory cytokine expression by methylating H3K9mel/me2, and that modulation of G9a is

sufficient to alter pro-inflammatory cytokine induction.
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Figure 4-5. G9a modulation affects pro-inflammatory cytokine induction.

(A) Protein expression of histone methyltransferase G9a, G9a complex proteins HP-1 and
DNMT3a/b, and H3K9mel/me2 were assessed by Western blotting in DPSC and (B) THP-1,
with GAPDH being used as a loading control. (C) IL-6 protein secretion in untreated, BIX-
01294 treated, and P.g. LPS treated DPSC and THP-1 was assessed by ELISA. (D) DPSC stably
infected with pMSCV empty vector (pMSCV-EV) and pMSCV containing G9a overexpressing
plasmid (pMSCV-G9a) were cultured with P.g. LPS, and protein expression of G9a, IL-6, and
TNF-a was assessed by Western blotting. GAPDH was used as a loading control.
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4.5 KDMB3C epigenetically regulates several distinct pro-inflammatory signaling

pathways

We previously demonstrated that KDM3C plays a functional role in pro-inflammatory cytokine
induction by P.g. LPS. In order to determine changes in global binding sites of KDM3C between
untreated and P.g. LPS cultured THP-1 cells, we performed chromatin immunoprecipitation
followed by high throughput sequencing (ChIP-Seq). We found that KDM3C bound to 57 unique
genes that belonged to signaling pathways involved in macrophage activation in THP-1 cells that
were not cultured with P.g. LPS. In P.g. LPS cultured THP-1 cells, KDM3C bound to 89 unique
inflammatory genes involved in several inflammatory signaling pathways, with IL-6, IL-33,

MAPK14, STAT3, and PIK3R1 being involved in several of these pathways (Figure 4-6A,B).

We sought to validate our ChIP-Seq data by means of ChIP-qPCR using the same DNA
libraries used for sequencing. We found KDM3C enrichment on the promoter regions identified
by ChIP-Seq of pro-inflammatory cytokines IL-6 and IL-33 and signaling proteins MAPK 14,
STAT3, and PIK3R1 were upregulated upon P.g. LPS culture (Figure 4-6C). Using ingenuity
pathway analysis (IPA) software, we were also able to determine the conserved DNA binding
motif for KDM3C (Figure 4-6D). Collectively, this data indicates that KDM3C promotes
macrophage activation in the absence of inflammatory stimuli and epigenetically regulates pro-

inflammatory signaling and inflammatory response.
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Figure 4-6. KDM3C epigenetically regulates several pro-inflammatory signaling pathways
and inflammatory response.

(A) Global binding sites of KDM3C in untreated and P.g. LPS treated THP-1 cells were
determined by chromatin immunoprecipitation followed by high throughput sequencing (ChIP-
Seq). Ingenuity Pathway Analysis (IPA) software was used to identify KDM3C binding targets
unique to untreated THP-1, P.g. LPS treated THP-1, and sites common between both. (B)
KDM3C binding to ChIP-Seq identified promoter regions on IL-6, IL-33, MAPK14, STAT3 and
PIK3R1 was assessed and (C) validated by ChIP-qPCR using original ChIP libraries used for
ChIP-Seq experiments. (D) Ingenuity Pathway Analysis (IPA) software was used to identify the
conserved DNA binding motif for KDM3C.
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4.6 KDMB3C knockout inhibits P.g. LPS-dependent inflammatory response

We previously demonstrated that KDM3C bound to genes belonging to several inflammatory
signaling pathways upon P.g. LPS exposure in THP-1 cells. In order to determine whether
KDM23C plays a functional role in regulating transcription of these inflammatory signaling
genes, we cultured bone marrow macrophages (BMMs) isolated from wild type and KDM3C
knockout mice with P.g. LPS ex vivo in a time-dependent manner. We found BMMs cultured
with P.g LPS exhibited upregulation of KDM3C mRNA expression in a time-dependent manner,
and that its expression was consistent with that of IL-6, IL-33, and STAT3, and that MAPK 14
and PIK3R1 24 hours post-P.g. LPS. We also found that in BMMs from KDM3C knockout
mice, KDM3C mRNA expression was completely abrogated and P.g. LPS induction of IL-6, IL-
33, MAPK14, STAT3, and PIK3R1 was suppressed (Figure 4-7). These data indicate that
KDM?3C does indeed play a functional role in regulating transcriptional activation of the

inflammatory signaling genes identified by our ChIP-Seq analysis.

In order to further investigate whether KDM3C plays a functional role in regulating systemic
inflammatory response, we intravenously administered P.g. LPS in wild type and KDM3C
knockout mice. Similar to our ex vivo findings in BMMs, we found P.g. LPS administration
enhanced KDM3C, IL-6, IL-33, MAPK 14, STAT3, and PIK3R1 mRNA expression in liver
tissue of wild type mice, and that knockout of KDM3C inhibited induction of these genes
(Figure 4-8A).

We also assessed the impact of intravenous P.g. LPS injection on pro-inflammatory cytokine
secretion into blood serum by performing ELISA and cytokine antibody array analyses. We
found that in KDM3C knockout mice, P.g. LPS-dependent blood serum secretion of 40 distinct

pro-inflammatory cytokines, including IL-6, was suppressed. (Figure 4-8B,C,D). We also found
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that secretion of two distinct inflammatory proteins, epidermal growth factor (EGF) and MIG,
increased in KDM3C knockout mice. Collectively, this data indicates that KDM3C plays a

critical functional role in epigenetically regulating systemic inflammatory response.
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Figure 4-7. KDM3C knockout inhibits induction of inflammatory signaling genes.

Bone marrow monocytes were isolated from wild type (WT) and KDM3C knockout (KO) mice
and cultured in 40 ng/ml M-CSF for 5 days to induce differentiation into bone marrow
macrophages. Bone marrow macrophages from these mice were cultured with P.g. LPS for 1, 2,
4,8, 12, and 24 hours ex vivo and QRT-PCR was performed to assess mRNA expression of
KDM3C, IL-6, IL-33, MAPK 14, STAT3, and PIK3R1.
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Figure 4-8. KDM3C knockout inhibits pan-inflammatory cytokine induction.

(A) WT and KO mice were intravenously injected with 250 mg/kg P.g. LPS and sacrificed 3
hours post-LPS injection. Differential mRNA expression of IL-6, IL-33, MAPK14, STAT3 and
PIK3R1 was assessed in liver tissue by qRT-PCR. (B) ELISA was performed to assess IL-6
secretion in whole blood serum, and (C) cytokine antibody array was performed to assess pan-
inflammatory cytokine secretion in whole blood serum. (D) Cytokine array data was quantified
using ImageJ software.
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4.7  Discussion

Although KDM3C has been heavily implicated in several developmental and disease processes,
including tumor suppression (Wolfe et al., 2007), steroidogenesis (Kim et al., 2010), and
repression of neural differentiation of human embryonic stem cells (Wang et al., 2014), its role
in inflammation has not been previously investigated. Our study demonstrates a novel role for
KDM3C as a key epigenetic regulator of pro-inflammatory cytokine expression in response to
P.g. LPS. However, although we demonstrated that KDM3C was strongly upregulated in DPSC,
THP-1, PBMCs and mouse bone marrow macrophages in response to P.g. LPS, we also
demonstrated that P.g. LPS-dependent KDM expression profiles are cell-type specific and that
other KDMs may also regulate pro-inflammatory cytokine expression in a cell-specific manner.
While screening for differential mRNA expression of KDMs in DPSC and THP-1, we observed
upregulation of KDM2B, KDM3A, KDM3B, and KDM5A in DPSC and KDM4D and KDM6A
in THP-1, in addition to strong KDM3C upregulation found in both cell types (Figure 4-1A). It
is important to note that although KDM3C demethylates H3K9mel/me2 (Kim et al., 2010) to
transcriptionally activate gene expression, these additional KDMs upregulated in DPSC and
THP-1 possess distinct demethylation patterns. In particular, KDM2B demethylates
H3K6mel/me2 and H3K4me3 (Tsukada et al., 2006; Frescas et al., 2007), KDM3A and
KDM3B demethylate H3K9mel/me2 similar to KDM3C (Yamane et al., 2006; Brauchle et al.,
2013), KDMS5A demethylates H3K4me2/me3 (Christensen et al., 2007; Klose et al., 2007;
Nishio et al., 2014), KDM4D demethylates H3K9me2/me3 and H3K36me2/me3 (Whetstine et
al., 2006; Iwamori et al., 2011), and KDM6A demethylates H3K27me2me3 (Agger et al., 2007;
Lan et al., 2007). Thus, whether these KDMs cooperatively regulate pro-inflammatory cytokine

expression with KDM3C or whether they are responsible for the transcriptional activation or
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repression of pro-inflammatory cytokines not regulated KDM3C is not known and will be further
investigated.

In this study, we demonstrate that exposure to P.g. LPS is sufficient to induce both KDM3C
and pro-inflammatory cytokine induction in several cell types (Figure 4-1A-F, Figure 4-7).
Although generally lipopolysaccharides (LPS) are known bind to TLR4 to activate MyD8S,
MAPK, and NF-kB signaling pathways (He et al., 2013), P.g. LPS has been shown to bind to
both TLR2 and TLR4 (Darveau et al., 2004). Although we have been able to demonstrate
reproducibly that P.g. LPS leads to transcriptional activation of KDM3C, it is not evident
whether this activation involves TLR2 or TLR4 activation, or which signaling pathway is
responsible for KDM3C induction. Thus, extensive pathway analysis studies will be necessary to
fully understand and characterize how P.g. LPS induces KDM3C expression.

Inasmuch as KDM3C serves as a transcriptional activator by demethylating H3K9mel/me?2, it
was important for us to identify the methyltransferase responsible for methylating
H3K9mel/me2 and transcriptionally silencing those pro-inflammatory genes regulated by
KDM3C. We were able to demonstrate that both G9a and KDM3C bind to the same region on
the IL-6 promoter, and that the P.g. LPS-mediated downregulation of G9a and upregulation of
KDM3C enrichment on this region correlated with demethylation of H3K9me?2 and
transcriptional activation of IL-6 (Figure 4-4A-D). We also demonstrated that G9a played a
functional role in silencing IL-6 expression in DPSC and THP-1, and that modulation of G9a
impacted IL-6 expression (Figure 4-5C,D). However, it is not clear what, if any, interaction
exists between G9a and KDM3C. It is possible that KDM3C transcriptional activation results in
activation of downstream genes that are responsible for the downregulation of G9a or removal of

G9a from the IL-6 promoter region. Further, G9a may transcriptionally silence KDM3C in the
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absence of P.g. LPS. It will be important to further investigate the potential interaction between
G9a and KDM3C and its impact of pro-inflammatory cytokine regulation.

Another important question that remains is the state of DNA methylation upon KDM3C-
dependent demethylation of H3K9. G9a is known to both methylate H3K9 and to recruit DNA
methyltransferase 3a/b (DNMT3a/b) to methylate CpG island repeats on the promoter region,
ultimately resulting in halted transcription and transcriptional silencing (El Gazzar et al., 2008).
Although we were able to demonstrate that exposure to P.g. LPS resulted in enhanced
enrichment of KDM3C, loss of enrichment of G9a, and demethylation of H3K9 bound to the IL-
6 promoter, it will be important to further investigate whether CpG islands are methylated by
DNMT3a/b, whether these sites are demethylated upon loss of G9a enrichment, and exactly what
leads to the demethylation of these sites in order to facilitate transcriptional activation of IL-6.

By performing a ChIP-Seq analysis, we were able to identify several genes belonging to
inflammatory signaling pathways that are both bound by and functionally regulated by KDM3C.
We also identified several of these genes that were conserved among multiple interleukin-
signaling pathways, including IL-6, IL-33, STAT3, MAPK 14, and PIK3R1 (Figure 4-6A-D).
We found that among bone marrow macrophages isolated from WT and KDM3C KO mice,
time-dependent induction of KDM3C and IL-6, IL-33, and STAT3 mRNA expression followed a
similar pattern, with these genes being induced after 1-2 hours and again after 24 hours post-ex
vivo P.g. LPS culture (Figure 4-7). However, we found that unlike IL-6, IL-33, and STAT3, the
mRNA expression of MAPK 14 and PIK3R1 only peaked 24 hours post-P.g. LPS expression,
suggesting that KDM3C may not be regulating transcriptional activation of these genes
immediately upon P.g. LPS stimulation. It is possible that transcriptional activation of these

genes may require cooperative demethylase activity by other KDMs expressed upon prolonged
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P.g. LPS exposure, as described previously.

We utilized two distinct mouse models in our study to examine the functional role KDM3C
plays in regulating pro-inflammatory cytokine induction in vivo. Whereas one model utilized
intravenous in vivo Si-RNA administration to transiently knockdown KDM3C, our other model
utilized a non-conditional, non-transient knockout, in which exons 24 to 57 of the KDM3C gene
were replaced with an IRES-neo cassette (Kuroki et al., 2013). It is interesting to note that
although several key inflammatory cytokines, such as IL-6, IL-9, IL-12, and IL-17, were
downregulated in both the KDM3C knockdown and knockout model, these mice exhibited
distinct cytokine profiles (Figure 4-3F,G; Figure 4-8C,D). It is possible that upon complete
deletion of the KDM3C gene from birth, other mechanisms may compensate and result in
distinct cytokine expression profiles between these mice models. We also noticed that P.g. LPS-
dependent secretion of 40 distinct inflammatory cytokines was suppressed in KDM3C knockout
mice, and that two secreted proteins in particular, epidermal growth factor (EGF) and MIG, were
upregulated in KDM3C KO mice (Figure 4-8C, D). It is possible that KDM3C transcriptionally
activates downstream genes that serve as inhibitors of EGF and MIG, and that KDM3C intricate
regulates inflammatory response in response to P.g. LPS. Although we anticipate that KDM3C
KO mice will exhibit anti-inflammatory phenotype and minimal inflammatory lesion
development, the potential deregulation of pro-inflammatory cytokine induction in these mice
may result in aberrant inflammatory response, as demonstrated elsewhere (Balto et al., 2001). It
will be important to establish a conditional knockout mouse model to be able to closely study the
effect of transient KDM3C knockout on both inflammatory cytokine expression and
inflammatory phenotype in vivo.

Collectively, the findings of this study provide insight into the functional role that KDM3C

71



plays in P.g. LPS-mediated inflammation, as well as its role in reversing G9a-mediated pro-
inflammatory cytokine gene silencing during inflammation. We propose a model in which G9a
binds to the promoter regions of pro-inflammatory cytokines and di-methylates H3K9 to silence
cytokine transcription in the absence of inflammatory stimuli, and that G9a enrichment is lost in
the presence of P.g. LPS, allowing KDM3C to demethylate H3K9me?2 and transcriptionally
activate pro-inflammatory cytokines and drive inflammatory response (Figure 4-9). These
findings provide insight into the epigenetic mechanisms by which KDM3C regulates pro-
inflammatory cytokine induction, indicating its potential as a novel anti-inflammatory

therapeutic target in the management and treatment of inflammatory oral diseases.
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Figure 4-9. Role of KDM3C and G9a in epigenetic regulation of P.g. LPS-dependent pro-
inflammatory cytokine transcription.

Current data establish complementary roles for KDM3C and G9a in the maintenance of H3K9
methylation and transcriptional activation of inflammatory cytokines. G9a and complex proteins
HP-1 and DNMT3a/b are necessary to mono-/di-methylate H3K9 and transcriptionally silence
cytokine transcription in the absence of inflammatory stimuli. In the presence of P.g. LPS, G9a
complex is no longer bound, allowing KDM3C to demethylate H3K9me2 and facilitate
transcriptional activation of pro-inflammatory cytokines necessary for inflammatory response.
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5 SUMMARY AND CONCLUSION

Epithelial barrier function plays an important role as the first line of defense against infection,
and as such, epithelial plasticity and integrity are important areas of investigation in the study of
inflammation in the oral cavity. In the course of this dissertation, the mechanisms regulating
epithelial barrier function and the epigenetic mechanisms by which inflammatory response is
elicited and regulated were investigated and addressed.

In Chapter 3, we explored the molecular mechanisms of TGF-f3-dependent EMT and
investigated the effects of p63 and Grainyhead-like 2 (GRHL2) modulation on epithelial
plasticity. We reported that GRHL2 and p63 engage in a reciprocal feedback loop and that their
abrogation leads to EMT phenotype and altered epithelial barrier phenotype. Here we highlight

several notable findings that contribute to our understanding of EMT and epithelial plasticity:

1. TGF-p leads to downregulation of GRHL2 and p63, and facilitation of EMT molecular
phenotype e.g. downregulation of K14, 3-catenin, and E-Cadherin and upregulation of
FN and ZEB-1.

2. Knockdown of p63 leads to adoption of EMT phenotype in NHK, including fibroblast-
like morphology, stress fiber formation, and EMT molecular patterns. Knockdown of p63
also results in downregulation of and loss of enrichment on miR-200 family genes, which
are known inhibitors of EMT.

3. GRHL2 and p63 participate in reciprocal feedback loop and mutually regulate their
promoter activity.

4. Knockout of GRHL2 results in altered epithelial barrier phenotype and increased P.g.
bacterial load in bloodstream of conditional knockout mice orally fed P.g. or in which

ligatures were placed.
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In Chapter 4, we investigated the role of histone lysine demethylases in the epigenetic
regulation of P.g. LPS induced inflammation and reported that KDM3C played an important
functional role in regulating cytokine induction. Here, we highlight important findings made that
aid in our understanding of epigenetic regulation of inflammatory response:

1. KDM3C is strongly upregulated in DPSC, THP-1, PBMCs and bone marrow
macrophages cultured with P.g. LPS.

2. KDM3C binds to the promoter regions of several inflammatory signaling molecules and
cytokines, and facilitates demethylation of H3K9me?2.

3. G9a di-methylates H3K9, and overexpression of G9a prevents P.g. LPS dependent
cytokine induction.

4. Abrogation of KDM3C by Si-RNA or in KDM3C KO mice suppresses inflammatory
response and induction of inflammatory signaling molecules, including pro-inflammatory
cytokines, by P.g. LPS.

In summary, our findings support a model in which injury or inflammation of epithelial tissues in
the oral cavity result in upregulated expression of TGF-f in epithelial cells, downregulation of
GRHL2 and p63, and altered epithelial barrier phenotype. This altered phenotype results in
compromised resistance against P.g. bacteria, resulting in the upregulation of KDM3C,
demethylation of H3K9me?2 and transcriptional activation of inflammatory signaling molecules

and cytokines, triggering and maintaining an inflammatory response.
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