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Abstract
Wound healing in human oral mucosal gingiva is faster and results in significantly
reduced scar formation as compared to similar skin wounds. Fibroblasts are the most abundant
group of connective tissue cells that play a key role in wound healing and scar formation. It is
possible that differential healing outcomes in skin and gingiva may relate to the distinct
phenotypic features of fibroblasts residing in these tissues. In fibroblasts, cells-to-cell
communication occurs partly through connexin (Cx) hemichannels (HCs) and gap junctions
(GJs). Findings from previous studies have shown that functional blockage of connexin 43
(Cx43), the most ubiquitous Cx in skin (SFBLs) and gingival fibroblasts (GFBLs), accelerates
wound closure in skin and may alleviate scarring, but the mechanisms are poorly understood and
may involve modulation of Cx43 function in fibroblasts. In the present dissertation, we show
that (1) Cx43 was the most abundant Cx present in cultured human SFBLs and GFBLs. (2) Its
abundance was potently downregulated at the early stage of human gingival wound healing. (3)
Cx43 assembled into GJ and HC plaques in skin and gingival epithelium and connective tissue
fibroblasts, although its distribution into GJs or HCs was markedly different in these two tissues.
(4) Cx43 mainly assembled into HCs in GFBLs while in SFBLs only a few HCs were present in
vivo and in vitro. (5) Using an in vivo-like 3D culture model and Cx43 mimetic peptides to block
its function, we showed that the GJ, HC, and channel-independent functions of Cx43 distinctly
upregulate anti-fibrotic and downregulate profibrotic wound healing-related genes in GFBLs and
SFBLs. (6) In GFBLs this response was mainly mediated by activation of ERK1/2 pathway via
Cx43 HC blockage.
Thus, Cx43 assembly into GJs and HCs and its function are distinct in SFBLs and
GFBLs, which may contribute to the different wound healing outcomes in these tissues.
ii

Furthermore, specific blockage of Cx43 HC functions may provide a novel target to promote
wound healing and alleviate scar formation.

iii

Lay Summary
Scar formation is the outcome of skin injury that can cause physiological and
psychological problems. Unfortunately, there exists no effective treatment to prevent scars. On
the other hand, oral mucosa heals with minimal scaring. Therefore, studying these two tissues
may provide novel information about the molecular mechanisms involved in scar formation,
which may be further used to prevent or treat scars. This project focused on the role of connexin
43 (Cx43), a cell-to-cell communication molecule, in human wound healing and scar formation.
We investigated and compared Cx43 presence in skin and mucosa. Then, to study its possible
role, we blocked its function using specific laboratory methods. Subsequently, the expression of
key wound healing- and scar formation-related genes were studied. Findings from this project
suggested the important role of Cx43 in differential healing outcomes in skin and mucosa, and
may be used to develop better therapeutic modalities to treat scars.
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Chapter 1: Introduction
1.1
1.1.1

Wound Healing
Skin Wound Healing
Wound healing is a multifaceted and complex process that aims to maintain tissue

integrity after injury and is governed by sequential yet overlapping phases including hemostasis,
inflammation, proliferation, and remodeling. In skin, scar formation is a common and
unavoidable outcome of the wound healing. Scars, clinically, may vary from fine lines to
pathological keloids or hypertrophic scars with significant mortality and morbidity and
subsequent impart immense functional, psychological and economic impact. For instance, antiscaring therapy in skin applications alone costs approximately $12 billion in the United States
annually [Sen et al., 2009; Leavitt et al., 2016; Lindley et al., 2016; Wang et al., 2017].
At the molecular level, the excessive accumulation of abnormally organized collagen-rich
extracellular matrix (ECM) by fibroblasts during the remodeling phase of wound healing is the
hallmark of scar formation. In contrast to intact skin, scar tissue contains densely-packed,
abnormally-thin, and paralleled collagen bundles that result in a tissue with reduced tensile
strength [Larjava et al., 2011]. Strong evidence highlights the role of inflammation in scar
formation. Dermal healing is linked with increased and prolonged inflammatory reaction,
whereas scarless healing in fetal skin or adult oral mucosa is associated with a significantly
attenuated inflammatory response. Various studies have also shown the central influence of other
key factors including upregulated activity of scar-prone TGF-1, profibrotic fibroblast
phenotype, and increased ECM composition and its decreased turnover rate in skin in
determining the healing outcome, as compared to the non scar-forming tissues [Larjava et al.,
2011; Leung et al., 2012; Landen et al., 2016; Leavitt et al., 2016; Wang et al., 2017]. Yet, the
1

exact mechanisms underlying wound healing and scar formation are not completely understood.
In addition, no clinically predictable and effective treatment is currently available to treat scars,
emphasizing the need to better understand the fundamental mechanisms involved in scar
formation. Minimally scar-forming oral mucosal or scarless fetal skin wound healing provide
valuable sources to study the molecular and cellular pathways that regulate scarless wound
healing, and thus to the development of more effective therapies [Leavitt et al., 2016].
1.1.2

Gingival Wound Healing
Oral mucosal gingiva provides a practical source to study regenerative healing in adults,

due to its easy accessibility and common discard during surgical procedures. Wound healing in
human oral mucosal attached gingiva is faster and is associated with a milder inflammatory
response, resulting in significantly reduced scar formation as compared to similar skin wounds
[Michalopoulos and DeFrances, 1997; Stoick-Cooper et al., 2007; Wong et al., 2009; Chen et al.,
2010; Glim et al., 2013, Häkkinen et al., 2015]. Several fundamental differences have been
reported between oral mucosa and skin tissues that may contribute to the differential nature of
healing responses in these tissues. For instance, adult oral mucosal gingiva harbours
mesenchymal stem cells with multipotent differentiation capacity and fetal-like phenotype, and
fibroblasts with distinct non-fibrotic properties (to be discussed in more detail below) that may
play key roles in scar-free gingival healing [Fournier et al., 2013; Häkkinen et al., 2014]. Intact
human oral mucosa ECM composition is also different than in skin. For example, in oral mucosa
as compared to skin, ED-A Fibronectin and blood vessels are increased while elastin fibers are
decreased. In the epithelium, oral mucosal keratinocytes exhibit greater proliferatory and
migratory capacity associated with highly-expressed molecules related to the cellular movement

2

and proliferation as compared to skin keratinocytes, which may be a contributing factor to the
faster healing in gingiva [Glim et al., 2014; Turabelidze et al., 2014; Leavitt et al., 2016].
To better identify the mechanisms of scar-free healing in humans, it would be ideal to
compare scarless gingival and scar-prone dermal healing in the same individual. However, this
may not be an easy task due to the ethical issues. Interestingly, the red Duroc pig wound healing
model closely resembles the human healing pattern in skin and gingiva, with similar healing
outcomes and molecular composition over time [Mak et al., 2009; Wong et al., 2009; Larjava et
al., 2011; Glim et al., 2013]. Therefore, both pig and human gingiva may serve as ideal wound
healing models to offer a rationale for therapeutic development to treat scars.
1.2
1.2.1

Fibroblasts
Role of Fibroblasts in Wound Healing
Fibroblasts are heterogeneous and the most abundant cell population of the connective

tissue. By regulating inflammation, ECM production and remodeling, and reepithelialization
fibroblasts play a key role in wound healing and scar formation [Häkkinen et al., 2012; Glim et
al., 2013; Leavitt et al., 2016]. During the inflammation phase of wound healing, fibroblasts
recruit key immune cells including T-helper cells and macrophages to the wound site by
secreting various inflammatory cytokines such as TGF-β, interleukins and TNF-.
Proinflammatory interleukin-1β released from fibroblasts regulates the production of other
growth factors and cytokines important in wound healing. Furthermore, fibroblasts themselves
are also responsive to these secreted cytokines. TGF-β1, a profibrotic cytokine, stimulates
fibroblasts differentiation into myofibroblasts that facilitate the ECM deposition and wound
contraction in the remodeling stage [Kendall and Feghali-Bostwick, 2014; Mescher et al., 2017].
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The inflammation-related function of fibroblasts is shortly replaced by a new significant
role, the rapid deposition and remodeling of new ECM components to reestablish tissue strength
and function. Fibroblasts are responsible for the production of different types of collagen
proteins that rapidly accumulate during the early granulation tissue formation. Then, during the
remodeling phase, in which the new ECM turns into a well-organized connective tissue,
fibroblasts involve themselves in the excessive collagen-rich ECM degradation and inflammation
suppression necessary for normal healing [Schwartz, 2010; Häkkinen et al., 2012; Karin and
Clevers, 2016]. Proliferation and migration of keratinocytes over the provisional matrix to
eventually close the wound is also partly regulated by fibroblast-derived growth factors and
cytokines such as keratinocyte growth factor (KGF), hepatocyte growth factor/scatter factor
(HGF/SF), and interleukin-6 (IL-6) [Ghahary and Ghaffari, 2007; Werner et al., 2007; Glim et
al., 2013; Häkkinen et al., 2015].
It is important to note that phenotypic properties of fibroblasts are markedly regulated by
their interactions with local ECM (niche) through different mechanisms including receptorligand interactions, growth factors, and mechanosensory signals. During different stages of
wound healing the pericellular niche constantly changes, which consequently affects the
fibroblasts phenotype and activity, which are important in the healing process [AnderssonSjöland et al., 2011; Häkkinen et al., 2012 and 2015; Mah et al., 2017]. In addition, the presence
of fibroblast subpopulations with distinct phenotypes in a given tissue, including skin and
gingiva, also contributes to the healing outcome. For instance, fibroblast subpopulations residing
in the deep skin connective tissue exhibit a pro-fibrotic gene expression profile, and
interestingly, resemble fibroblasts found in hypertrophic scars [Van Beurden et al., 2003; Wang
et al., 2008; Häkkinen et al., 2012].
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Collectively, fibroblasts are key modulators of different phases of wound healing, and
therefore their phenotypic characteristics may partly determine the healing outcome.
1.2.2

Distinct Phenotypic Features of Skin and Gingival Fibroblasts
Accumulating evidence suggests that the outcome of the wound healing may depend on

the phenotypic features of the resident fibroblasts in a given tissue. For instance, skin and
gingiva that are characterized by different healing outcomes harbour fibroblasts with distinct
properties. Human gingival fibroblasts (GFBLs) display a non-fibrotic gene expression
phenotype compared to the pro-fibrotic skin fibroblasts (SFBLs) [Glim et al., 2013; Mah et al.,
2014 and 2017]. Findings from co-cultures of keratinocytes with GFBLs and SFBLs indicate that
matrix metalloproteinase-1 (MMP-1), a major collagenase involved in keratinocytes migration
and ECM remodeling during wound healing, is differentially expressed in GFBLs and SFBLs
[Koivisto et al., 2012]. Furthermore, scarless oral gingival and fetal skin fibroblasts similarly
share certain phenotypic traits that are distinct from the scar-forming adult dermal fibroblasts
[Glim et al., 2013; Rinkevich et al., 2015]. The GFBLs migration rate into the early provisional
wound matrix is faster compared to the SFBLs, suggesting their possible contribution to the
faster healing in gingiva compared to skin [Lorimier et al., 1998]. Different developmental
origins of the GFBLs and SFBLs may indicate their distinct phenotypes. Interestingly, it has
been shown that different developmental origins result in distinct gene expression profiling
phenotype of postnatal cells [Rinn et al., 2006]. A majority of GFBLs originate from the neural
crest, whereas trunk and limb SFBLs originate from the somite and lateral plate mesoderm [Xu
et al., 2013; Häkkinen et al., 2014; Leavitt et al., 2016; Thulabandu et al., 2017]. Thus, it is
becoming clear that distinct phenotypic traits of GFBLs and SFBLs may underlie the different
wound healing outcomes in gingiva and skin.
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1.3

Connexins, Hemichannels, and Gap Junctions: Structure and Function
During physiological and pathological conditions, cells communicate with each other and

the surrounding environment in various ways, including direct cell-to-cell contact, auto-, paraand endocrine signaling, and recently introduced tunnelling nanotubes (TNTs) and extracellular
vesicles (EVs), to maintain the tissue homeostasis in a community environment [Boitano et al.,
2004; Camussi et al., 2010; Roy and Kornberg 2015; Teimouri and Kolomeisky, 2016; Baker,
2017]. Findings from dye transfer experiments and electron microscopy analysis have shown that
in fibroblasts cell-to-cell communication partly occurs through gap junctions (GJs) and
hemichannels (HCs), in vivo and in vitro [Gabbiani et al., 1978; Salomon et al., 1988; Kar et al.,
2012; Ehrlich, 2013; Pinheiro et al., 2013]. In humans, GJs and HCs are composed of subunit
proteins, connexins (Cxs) and pannexins. Assembly of six homomeric (identical) or heteromeric
(different) Cxs forms one HC or connexon. Hexameric or octameric assembly of pannexins can
also form HCs. HCs provide a pathway for the transfer of small ions, metabolites, and signaling
molecules between the cell cytosol and the extracellular environment, and also participate in the
regulation of various cell functions including survival, proliferation, migration, oxidative stress,
and gene expression via auto- and paracrine mechanisms [Goodenough and Paul, 2003; Burra
and Jiang 2011; Iyyathurai et al., 2013].
Head-to-head docking of two HCs from neighboring cells forms a GJ channel. These
channels provide direct cell-to-cell contact for the exchange of various small signaling
molecules, including inositol-3-phosphate (IP3) and cAMP, ions such as Ca2+, metabolites,
amino acids, and microRNAs, between cytoplasms of the communicating cells. They also
regulate important biological events such as tissue differentiation, remodeling, homeostasis, and
cell survival and death [Kar et al., 2012; Iyyathurai et al., 2013; Sáez and Leybaert; 2014].
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Findings from in vitro studies have shown that after Cxs are synthesized, they are
delivered to the cell membrane as HCs where they then join the existing GJ plaque clusters [Lauf
et al., 2002; Nielsen et al., 2012; Sáez and Leybaert, 2014; Zhang and Cui, 2017].
In physiological resting condition, GJ channels are usually open, while HCs are typically
closed. Several similar factors regulate both GJs and HCs, although the effects are often
opposite. For example, while increased levels of inflammatory cytokines, elevation of
intracellular Ca2+ concentration, or oxidative stress promote the opening of HCs during wound
healing or ischemia, they may cause closure of GJs [Schalper et al., 2012; Iyyathurai et al., 2013;
Willebrords et al., 2016].
In humans, Cxs are a family of 21 molecules, each composed of four transmembranespanning domains, two extracellular loops (E1 and E2), and the cytoplasmic domains including
the N-terminus, C-terminal domain (CT), and the cytoplasmic loop (CL). The transmembrane
regions participate in formation of the GJs and HCs central pore. E1 and E2 are responsible for
the docking of two opposing HCs through intramolecular disulfide bonds between cysteines that
are located within both extracellular loops, maintaining a 2-3 nm gap between the junctional
membranes. Either the alteration of the position or the mutation of these cysteine residues can
affect the formation of functional intercellular GJs [Goodenough and Paul, 2003; Sáez et al.,
2003]. The CL and CT domains are variable in length and sequence, contributing to the
differential Cxs properties, while other structural regions are highly conserved among different
Cxs [Goodenough and Paul, 2003; Saez et al., 2003; Dbouk et al., 2009]. The cytoplasmic
domains serve as an interactive platform for several cytoskeletal and junctional proteins and
enzymes like kinases or phosphatases, and, therefore play an important regulatory role in cellular
and developmental functions such as gene expression, cell adhesion, migration, and apoptosis,
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which are independent from channel-related functions of Cxs. For instance, interaction of the CT
domain with microtubules such as α- and β-tubulin is essential for the transport of newly
synthesized HCs to the plasma membrane. Also, interaction with the actin cytoskeleton and
zonula occludens-1 (ZO-1) stabilizes GJs and regulates their size and distribution, respectively,
at the plasma membrane. The existence of several phosphorylation sites on the cytoplasmic
domains of Cxs allows for interactions with several protein kinases that consequently affect the
regulation of Cx trafficking, assembly into HCs and GJs, intercellular communication, and
turnover [Hunter et al., 2005; Giepmans, 2006; Kardami et al., 2007; Nambara et al., 2007;
Herve et al., 2012; Thevenin et al., 2013; Wang et al., 2013; Abudara et al., 2014]. These
channel-independent functions of Cxs are, however, not yet completely understood [Jiang and
Gu, 2005; Nielsen et al., 2012; Zhou and Jiang, 2014].
Increasing evidence from several animal and human studies have indicated the
spatiotemporally-regulated expression of various Cxs during wound healing and shown that their
expression is altered in non-healing chronic wounds and in tissue fibrosis [Trovato-Salinaro et
al., 2006; Jansen et al., 2012, Vinken et al., 2012; Churko and Laird, 2013; Martin et al., 2014;
Sutcliffe et al., 2015]. Therefore, given that Cxs are involved in cell-to-cell communication
mechanisms, important in maintaining tissue hemostasis in both normal and disease/wound
conditions, their regulation and function may also partly determine the healing outcome in a
given tissue.
1.3.1
1.3.1.1

Connexin 43: Synthesis, Regulation, and Function
Synthesis and Regulation
Cx43 is the most ubiquitous and abundantly expressed Cx in several tissue and cell types

including cultured human skin and gingival fibroblasts [Ko et al., 2000; Wright et al., 2009;
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Churko et al., 2011], which assembles into clusters of GJ plaques in vivo and in vitro [Thévenin
et al., 2013]. The fact that Cx43 knockout mice die shortly after birth, due to cardiac
malformation, well emphasizes its critical regulatory role in physiological events [Reaume et al.,
1995; Nielsen et al., 2012].
Studies using fluorescent-tagged Cx43 have shown that it has a high dynamic nature with
a relatively short lifetime of 1-3 h. After assembly into hexamer HCs in the Golgi network, Cx43
HCs are then transported into the cell membrane, where they laterally or directly join the
previously formed GJs. The size of these plaques is balanced by internalization of the whole
plaque (annular junction) or small vesicles containing the oldest proteins to be degraded by
lysosomes and/or proteosomes. After internalization, deubiquitylation of Cx43 may rescue it
from degradation, and therefore it recycles back into the plasma membrane [Sosinsky et al.,
2007; Nielsen et al., 2012; Solan and Lampe, 2014; Ribeiro-Rodrigues et al., 2017].
Cx43 expression and function are regulated through different mechanisms. For instance,
Cx43 phosphorylation, by a variety of kinases such as AKT, PKC, and ERK1/2, regulates its
trafficking, assembly, plaque size, channel-gating properties, and turnover. It is important to note
that at least 19 phosphorylation sites have been identified on Cx43. Loss of the Cx43 CT domain
that contains several phosphorylation sites, due to the specific mutations in Cx43 encoding gene,
results in an autosomal dominant human disease, oculodentodigital dysplasia (ODDD), which
affects the development of a variety of tissues and organs and manifests several characteristics
such as craniofacial abnormalities, enamel loss, and delayed wound healing [Vreeburg et al.,
2007; Churko et al., 2011; Solan and Lampe, 2014].
Cx43 interactions with intracellular proteins such as microtubules, ZO-1 and ZO-2 also
play a key role in regulating its function. It has been shown that the interaction of ZO-1 with
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Cx43 CT domain negatively regulates GJ size by preventing Cx43 transition into GJ plaques
[Hunter et al., 2005; Solan and Lampe, 2014]. In addition, transcriptional factors like Specificity
protein-1 (SP1), Activator protein-1 (AP1) and, several wound healing-related factors including
cytokines and growth factors such as IL-1, TNF-, TGF- and hypoxia have been shown to
modulate Cx43 expression in a cell- or tissue-specific manner [Nielsen et al., 2012; Solan and
Lampe, 2014; Stains et al., 2014; Willebrords et al., 2016; Zhang and Cui, 2017].
1.3.1.2

Hemichannel Functions
When present as HCs, Cx43 participates in regulating various physiological and

pathological functions through auto- and paracrine signaling. Administration of Gap26 or Gap27,
two mimetic peptides that bind to the E1 and E2 domains of Cx43, respectively, resulted in
closure of the ischemia-induced open HCs, by yet undetermined mechanisms, before or after
occurrence of cardiac ischemia in vivo and significantly reduced the infarct size as compared to
untreated hearts in a rat model [Chaytor et al., 1997; Hawat et al., 2010 and 2012]. Several
studies have specifically shown that Cx43 HCs also modulate the inflammatory response by
regulating ATP release, an important mediator of inflammation. Blocking of Cx43 HC function
by JM2, a mimetic peptide that binds to the microtubule-binding region of Cx43 CT domain and
reduces Cx43 GJs size and GJ/HC activity, significantly reduced Cx43 HC-mediated ATP
release in cultured human endothelial cells and was associated with reduced inflammatory
infiltrate surrounding the silicone implants in a rat model [Calder et al., 2015; Rhett et al., 2017].
Furthermore, using synthetic TAT-L2 peptide, which binds to the L2 region of Cx43 CL and
interferes with the interaction between the CT tail and the CL, also inhibited ATP release
through Cx43 HCs in bovine corneal endothelial cells [Ponsaerts et al., 2010; Iyyathurai et al.,
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2013]. Modulation of ATP release through Cx43 HCs is significant, as increased inflammation
delays wound healing and promotes fibrosis and scar formation [Qian et al., 2016].
In addition, Gap19 that binds to the L2 domain of Cx43 CL, selectively blocked Cx43
HCs without affecting its GJ function, and inhibited HC-mediated unitary currents and ATP
release. Its application in ischemia-induced mice, in vivo, also reduced the infarct size
after myocardial ischemia. Interestingly, Gap19 only blocked Cx43 HCs and had no effect on
other Cx HCs [Iyyathurai et al., 2013; Wang et al., 2013; Abudara et al., 2014], which further
highlights its specificity in regulating Cx43 HC functions.
Treatment with low concentrations of Peptied5, a mimetic peptide that binds to the Cx43
extracellular loop domains, also resulted in closure of Cx43 HCs and prevented secondary tissue
damage after cerebral or spinal cord injuries by suppressing inflammatory cytokines in a rat
model [O’Carroll et al., 2008 and 2013]. Furthermore, the selective blockage of Cx43 HCs only,
but not GJ, by Cx43(E2) antibody against the E2 region, significantly prevented secretion of
prostaglandin E2, a critical mediator of bone formation, in chick osteocytes [Siller-Jackson et al.,
2008].
1.3.1.3

Gap Junction Functions
When present as GJs, Cx43 also contributes to important biological events in various

tissue types to maintain the homeostasis of the healthy organism. In the heart, Cx43 is the major
Cx present in ventricle myocardium, contributing to the synchronized current passage between
myocardium cells by GJ intercellular communication (GJIC). Nervous system astrocytes
extensively express Cx43 and communicate with each other and with adjacent oligodendrocytes
through Cx43 GJIC [Verheule et al., 1997; Orthmann-Murphy et al., 2007; Nielsen et al., 2012].
Furthermore, Cx43 remains to also be the most abundantly expressed Cx in bone tissue, and
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controls bone function and development by transferring the calcium waves, signaling molecules,
and small metabolites by GJIC between cells [Civitelli et al., 1993; Donahue et al., 1995; Jaing et
al., 2007; Bing et al., 2016; Willebrords et al., 2016]. Interestingly, blocking Cx43 GJIC using
Cx43-specific antisense oligodeoxynucleotides (AS-ODN) delayed osteoblasts differentiation
and was associated with downregulation of ECM mineralization-related genes [Lecanda et al.,
1998]. The blockage of GJIC between the neighbouring cells may offer tissue protection during
pathological conditions. For instance, Cx43 coupling and its GJIC is significantly reduced after
inflammatory cytokine treatments or human immunodeficiency virus infection in various human
and animal studies [Duffy et al., 2000; Haghikia et al., 2008; Losso et al., 2010; Nielsen et al.,
2012; Orellana et al., 2013; Willebrords et al., 2016; Ribeiro-Rodrigues et al., 2017].
1.3.1.4

Intercellular Communications Through Tunnelling Nanotubes and Extracellular

Vesicles
Interestingly, recent studies have shown that Cx43 can also mediate intercellular
communication via other mechanisms rather than its conventional GJ- and HC-related functions,
namely through tunnelling nanotubes (TNTs) and extracellular vesicles (EVs) between very
closely related cells. TNTs are thin and long (up to 100 m) actin-rich tubular structures that are
involved in the transfer of diverse materials, including miRNAs, prion proteins, and viruses,
between connected cells. TNTs have been observed in several cell types including fibroblasts
and epithelial cells. It is suggested that the presence of Cx43 is required for TNT-mediated
coupling, and inhibition of Cx43 GJIC results in the blockage of TNT-mediated calcium and
electrical signaling between neurons and astrocytes [Baker, 2017; Ribeiro-Rodrigues et al.,
2017].
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Cx43 also assembles into functional channels at the surface of EVs and docks with Cx43
HCs on target cells and therefore, may accelerate the transfer of the EVs content to its
destination. EVs are formed through the fusion of multivesicular bodies with the cell surface
(50-200 nm in diameter), or by direct outward budding of the plasma membrane (100-1000 nm)
and are secreted by several cell types including retinal epithelial cells, endothelial cells, and
cardiac cell lines [Wang et al., 2012; Soares et al., 2015; Lock et al., 2016; Ribeiro-Rodrigues et
al., 2017]. The role of Cx43 in TNT- or EV-mediated cellular communications, particularly in
fibroblasts, remains to be studied.
1.3.1.5

Channel-independent Functions
Furthermore, Cx43 can also affect cellular behavior through its channel-independent

functions. Cx43 directly interacts with intracellular signaling molecules via its cytoplasmic
domains and regulates cell adhesion, migration, apoptosis, and gene expression independent
from its channel-related functions. For instance, Cx43 promotes TGF-β signaling, an important
modulator of wound healing, tissue fibrosis, and scar formation, as a result of competing with
Smad2/3 for binding to β-tubulin. In asthmatic fibroblasts, derived from bronchoscopic biopsy
specimens of patients with asthma, significant TGF-β-induced Cx43 upregulation was associated
with enhanced myofibroblastic differentiation through Samd2 activation, independent from Cx43
GJIC. In addition, Cx43 positively regulates α-SMA expression, a myofibroblast and cell
contractility-related molecule, through activation of the TGF-β signaling pathway by competing
with SMAD2/3 proteins for binding to β-tubulin and thus forcing release of SMAD2/3, which is
needed for its activation and downstream signaling [Jiang and Gu, 2005; Dai et al., 2007;
Asazuma-Nakamura et al., 2009; Vinken et al., 2012; Zhou and Jiang, 2014; De Bock et al.,
2015; Willbrords et al., 2016; Paw et al., 2017; Ribeiro-Rodrigues et al., 2017].
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Thus, collectively, Cx43 vitally contributes to several cellular events by its channel- or
non-channel-dependent functions during physiological and pathological processes.
1.4

Role of Connexin 43 in Skin Healing
Previous studies have shown expression of nine Cxs in the epidermis, with Cx43 the most

predominant Cx in vivo and in cultured human keratinocytes and fibroblasts [Fitzgerald et al.,
1994; Brandner et al., 2004; Wright et al., 2009 and 2012; Solan and Lampe, 2014].
In skin, Cx43 plays key regulatory roles during wound healing. In non-healing diabetic
human and rat skin wounds, Cx43 is significantly upregulated at mRNA and protein levels in the
epidermis and dermis as compared to the non-diabetic wounds. Although, the regulation of Cx43
in fibroblasts, in particular, remained unclear [Wang et al., 2007; Becker et al., 2012; MendozaNaranj et al., 2012]. Interestingly, application of ACT1, a Cx43 mimetic peptide that binds to the
CT domain and blocks its function, to human non-healing diabetic foot ulcers in a multicenter
randomized clinical study showed significantly greater wound closure when compared to control
wounds [Grek et al., 2015].
Findings from Cx43+/- mice have shown the earlier onset of keratinocyte migration and
accelerated wound closure, increased dermal fibroblasts proliferation rate, and upregulated
expression levels of ECM remodeling mediators [Kretz et al., 2003 and 2004; Cogliati et al.,
2015]. In addition, downregulation of Cx43 expression and/or function by transient treatment of
murine skin wounds with ACT1, and Cx43 AS-ODN or siRNA at the early stage of wound
healing resulted in faster wound closure via increased keratinocyte and fibroblasts migration and
proliferation, and promoted connective tissue healing by reducing inflammation and stimulating
collagen deposition, angiogenesis, and earlier recruitment of myofibroblast and wound
contraction [Goliger and Paul, 1995; Coutinho et al., 2003; Qiu et al., 2003; Gourdie et al., 2006;
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Mori et al., 2006; Rhett et al., 2008; Ghatnekar et al., 2009; Grek et al., 2014; Lorraine et al.,
2015; Gilmartin et al., 2016; Wong et al., 2016].
Cx43 has a key assignment in regulating scar-related molecules and therefore contributes
to scar formation and fibrosis in skin. Studies from a pig wound healing model have shown that
blocking Cx43 function using its mimetic peptide ACT1, promotes dermal histoarchitecture and
mechanical strength of skin and reduces scar formation by regulating inflammation [Ghatnekar et
al., 2009; Ongstad et al., 2013; Zhang and Cui, 2017]. Application of ACT1 peptide into
submuscularly-implanted silicone disks in rats also significantly reduced collagen deposition,
hallmark of scars, and downregulated inflammatory infiltrate, long-linked with scar formation
[Soder et al., 2009; Zhang and Cui, 2017]. Of note, the pig skin wound healing model closely
resembles human dermal healing, while skin wound healing in rodents may differ somewhat
from humans owing to their loose skin and differential inflammatory response to wounding
[Larjava et al., 2011; Ongstad et al., 2013].
Interestingly, in a recent multicentre randomized clinical study, immediate or early
application of ACT1 gel to the human laparoscopic incisional wounds significantly improved
scar pigmentation, thickness, and surface roughness as compared to untreated wounds [Grek et
al., 2017]. Yet, the exact mechanisms by which Cx43 modulates scar formation remains to be
investigated. Importantly, several cell types present at wound site are possibly regulated by these
treatments. Therefore, there is a need for further studies to investigate the role of Cx43 in
regulation of scar formation in a cell-specific manner in more detail.
1.5

Role of Connexin 43 in Gingival Healing
The expression and localization of several Cxs has previously been shown in oral buccal

(cheek) mucosal wounds in mice. In the intact non-keratinized buccal mucosal epithelium,
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distinct from keratinized gingival epithelium, the expression of Cx43 was significantly higher
when compared to epidermis in the same animals. During wound healing, Cx43 expression was
similarly downregulated in migrating keratinocytes in buccal mucosa and in skin [Davis et al.,
2013]. The expression of Cx43 has also been previously shown in normal human gingival
epithelium [Ye et al., 2000; Hatakeyama et al., 2006; Fujita et al., 2008].
Despite emerging evidence about the role of Cxs in skin wound healing, nothing is
known about Cx43 expression and function in gingival fibroblasts and during gingival wound
healing.
1.6

Hypotheses and Objectives
Wound healing in human oral mucosal attached gingiva is faster and results in significantly

reduced scar formation as compared to similar skin wounds [Wong et al., 2009; Glim et al.,
2013]. Given that Cx43 plays a key role in accelerated wound healing in skin, it is possible that it
may also contribute to fast gingival healing, and therefore may partly determine the privileged
healing outcome in gingiva. However, nothing is known about Cx43 expression and function
during gingival wound healing. Also, no information is available about the expression of Cx43 in
skin fibroblasts (SFBLs) in unwounded tissue and during wound healing in vivo. Therefore, in
this study we will examine the expression and function of Cx43 during human gingival healing,
particularly in fibroblasts, due to their significant role in modulating wound healing and scar
formation. We will also compare the expression, abundance and distribution of Cx43 between
human gingival fibroblasts (GFBLs) and SFBLs in vivo and in vitro. The possible differential
Cx43 functionality in GFBLs and SFBLs will be studied by analyzing Cx43-mediated gene
expression regulation in these cells. The specific hypotheses and objectives of this study were:
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1.6.1

Hypothesis 1
Cx43 function is downregulated during human gingival wound healing, which in

fibroblasts promotes expression of genes conducive for fast and scarless wound healing.
1.6.2

Specific Aim 1
To characterize in detail the localization and function of Cx43, a key connexin associated

with skin wound healing, in the fast and scarless human gingival wound healing:
Initially, the expression of Cxs in cultured human GFBLs was analyzed using
quantitative

real-time

RT-PCR

(qPCR),

immunoblotting

and

immunostaining.

The

spatiotemporal localization of Cx43 was assessed in human gingival wounds by immunostaining.
To study Cx43 function, we blocked its function in cultured GFBLs by mimetic peptides,
siRNA, or chemically, and the activation of key wound healing- associated signaling pathways
and expression of a set of genes was analyzed.
1.6.3

Hypothesis 2
Cx43 HCs and GJs distinctly regulate the expression of wound healing-associated genes

in GFBLs.
1.6.4

Specific Aim 2
To characterize Cx43 HCs and GJs in human GFBLs, and determine their roles in

regulating fibroblast gene expression relevant for wound healing:
The expression and localization of Cx43 HCs and GJs were examined in human gingiva
by immunostaining, and in cultured human GFBLs by qPCR, Western blotting, and
immunostaining. To study Cx43 function, we used blocking peptides selectively targeting Cx43
GJs or HCs, and the expression of a set of wound healing-associated genes and activation of
signaling pathways was analyzed.
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1.6.5

Hypothesis 3
SFBLs and GFBLs display distinct expression or function of Cx43 and that this may

partly underlie the different wound healing outcomes in skin and gingiva.
1.6.6

Specific Aim 3
To characterize Cx43 HCs and GJs in human GFBLs and SFBLs in vivo, and to compare

the function of Cx43 HCs and GJs in GFBLs and SFBLs by using a well-established threedimensional (3D) cell culture model:
The expression and localization of Cx43 HCs and GJs was examined in human gingiva
and skin by immunostaining, and in 3D-cultured human GFBLs and SFBLs by qPCR, Western
blotting, and immunostaining. To study Cx43 function, we used blocking peptides selectively
targeting Cx43 GJs or HCs, and the expression of a set of wound healing-associated was
analyzed.
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1.7

Figures

Figure 1-1: Schematic summary of Connexin structure, and Connexin 43 function and peptide
binding sites.
(A) Each Connexin (Cx) is composed of four transmembrane-spanning domains (M1-M4), two
extracellular loops (E1 and E2), a N-terminal domain, a C-terminal domain and the cytoplasmic loop
(CL). (B) Cx43 assembles into hemichannels (HCs) and gap junctions (GJs) on the cell membrane and
participates in transferring small signaling molecules between the cytoplasm and extracellular space and
between connecting cells, respectively. (C) Cx43 mimetic peptides binding sites. Gap26 and Gap27 bind
to the E1 and E2 domains of Cx43, respectively, and block its HC and GJ functions. Gap19 binds to Cx43
CL domain and specifically blocks its HC functions.
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Chapter 2: Expression and Function of Connexin 43 in Human Gingival
Wound Healing and Fibroblasts1
2.1

Introduction
Connexins (Cxs) are a family of transmembrane proteins that assemble to form connexons

(hemichannels) or gap junctions (GJs). Each connexin protein is composed of four
transmembrane-spanning domains, two extracellular loops, and the cytoplasmic domains
including N-terminus, C-terminal domain and the cytoplasmic loop. Assembly of six connexin
subunits generates one connexon or hemichannel, which functions in auto- and paracrine
signaling by providing a pathway for transfer of signaling molecules, including ATP, NAD+,
Ca2+ and glutamate, between cells and extracellular environment. Two connexons from
neighboring cells can also dock to form GJs, which provide conduits for direct exchange of small
(<1 kDa) signaling molecules between communicating cells [Goodenough and Paul, 2003;
Wright et al., 2009; Wang et al., 2013]. In addition to the channel functions, connexins
participate in intracellular signaling cascades, and regulate gene expression and cell migration
[Jiang et al., 2005; Wright et al., 2009; Nielsen et al., 2012; Zhou and Jiang, 2014].
Connexins are expressed virtually by all cells in the body, and play crucial role during
development and normal tissue functions, and contribute to development of various pathologies
[Nielsen et al., 2012; Zhou and Jiang, 2014]. In addition, they may play a role in skin wound
healing [Churko and Laird, 2013; Ehrlich, 2013; Ongstad et al., 2013]. In skin, the expression
and localization of connexins have been best described in epithelium of normal tissue and in

1

A version of this chapter has been published. Tarzemany R, Jiang G, Larjava H, Häkkinen L.
Expression and Function of Connexin 43 in Human Gingival Wound Healing and Fibroblasts. PLoS One.
10, e0115524 (2015).
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epithelium of experimental wounds in various murine and human models. For instance, in
normal skin in mice, epithelial cells at various layers, and cultured human skin keratinocytes,
express several connexins, including Cx26, Cx30, Cx30.3, Cx31, Cx31.1, Cx37, Cx40, and Cx43
[Goliger and Paul, 1995; Coutinho et al., 2003; Kretz et al., 2003 and 2004; Wright et al., 2009].
Likewise, based on immunostaining, human epidermis contains at least Cx26, Cx30, and Cx43
[Brandner et al., 2004]. Interestingly, wound healing induces rapid but transient changes in
epithelial cell connexins. For instance, in mouse skin, Cx26, Cx30, Cx31, Cx31.1, and Cx43 are
strongly downregulated in the migrating wound epithelium, while Cx26 and Cx30 are
upregulated at the wound margins [Goliger and Paul, 1995; Coutinho et al., 2003; Kretz et al.,
2003 and 2004]. Until re-epithelialization is complete, the expression of connexins is further
spatiotemporally regulated at different epithelial layers [Coutinho et al., 2003]. Similar findings
have also been reported for Cx26, Cx30, and Cx43 in human skin wound epithelium [Brandner
et al., 2004; Richards et al., 2004]. During the early stages of murine skin wound healing,
decreased expression of Cx26 and Cx43 in hair follicles at the wound site, and upregulation of
Cx43 in blood vessels close to wound area has also been reported [Coutinho et al., 2003], but
very little is known about the expression of connexins in wound fibroblasts.
In general, fibroblasts in normal skin express connexins, and appear connected to each
other by GJs [Salomon et al., 1988; Ko et al., 2000; Moyer, 2002; Langevin et al., 2004]. The
major GJ protein in cultured murine skin fibroblasts is Cx43 [Becker et al., 2012]. Similarly,
cultured human skin fibroblasts express Cx43 as their major connexin, but they also express
lower levels of Cx40 and Cx45 [Wright et al., 2009; Churko et al., 2011]. Electron microscopy
analysis has suggested that wound myofibroblast-like cells are connected to each other by GJs
[Gabbiani et al., 1978], but the identity of the connexins involved and their spatiotemporal
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regulation during wound healing is unclear.
Based on the above studies, Cx43 appears a key connexin expressed by skin cells, and it is
strongly downregulated in the wound epithelium at the early stages of wound healing. To study
its role in more detail, different strategies to further suppress its function or expression in
experimental murine skin wounds have been used. For instance, transient blocking of Cx43
function at the early stage of wound healing by ACT1, a peptide that binds to the cytoplasmic
carboxy-tail of Cx43 [Hunter et al., 2005], or transient suppressing its expression by topical
Cx43-specific antisense oligodeoxynucleotides (AS-ODN), promotes re-epithelialization and
wound closure via increased keratinocyte migration and proliferation [Goliger and Paul, 1995;
Coutinho et al., 2003]. Studies from conditional Cx43 knockout mice have also shown an earlier
onset of keratinocyte migration and increased proliferation, resulting in faster skin wound
closure as compared to control mice [Kretz et al., 2003 and 2004]. In addition to the epithelial
effects, transient treatment of murine skin wounds with ACT1, Cx43 AS-ODN or siRNA
suppresses inflammation, and promotes certain aspects of connective tissue healing. For instance,
connective tissue cell proliferation, angiogenesis, collagen deposition, and earlier myofibroblast
recruitment and wound contraction are stimulated, resulting to reduced wound connective tissue
size at the early remodeling stage as compared to control wounds [Goliger and Paul, 1995;
Coutinho et al., 2003; Kretz et al., 2003 and 2004; Qiu et al., 2003; Gourdie et al., 2006; Mori et
al., 2006; Wang et al., 2007; Nakano et al., 2008; Rhett et al., 2008; Ghatnekar et al., 2009].
Thus, downregulation of Cx43 appears to accelerate wound granulation tissue formation and
remodeling. Interestingly, transient downregulation of Cx43 expression by AS-ODN or
modulation of its function by ACT1 at the very early stage of wound healing also improves the
clinical appearance of the wounds and increases wound breaking strength in long term in mouse
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and pig models [Coutinho et al., 2005; Ghatnekar et al., 2009]. However, it is unclear whether
the above effects of early and transient Cx43 inhibition in wounds are secondary to the reduced
inflammation and/or due to the altered Cx43 function in fibroblasts. In any case, downregulation
of Cx43 by AS-ODN, or blocking of its function by ACT1, or by Gap26 and Gap27, two Cx43
mimetic peptides that block its hemichannel and GJ functions [Wang et al., 2013], promotes
fibroblast, and also keratinocyte, proliferation and migration in vitro [Krets et al., 2003; Qui et
al., 2003; Mori et al., 2006; Kandyba et al., 2008; Wright et al., 2009; Becker et al., 2012; Wright
et al., 2012]. Thus, connexin inhibition may also have direct wound healing promoting effects on
these cells, but the mechanisms remain largely undefined.
Interestingly, wound healing in human and pig oral mucosal attached gingiva is faster and
results in significantly reduced scar formation as compared to similar skin wounds [Mak et al.,
2009; Wong et al., 2009; Glim et al., 2013; Häkkinen et al., 2015]. Therefore, gingival wound
healing provides a model to study molecular and cellular pathways that regulate fast and scarless
wound healing. Given that connexins play a role in wound healing, it is possible that they have a
key role determining the wound healing outcome also in human gingiva. Previously, connexins
have been localized in oral mucosal wounds in a mouse buccal (cheek) mucosal wound model. In
the unwounded buccal mucosal epithelium, a non-keratinized epithelium distinct from
keratinized gingival epithelium, keratinocytes expressed Cx26, Cx40, and Cx43, and their levels
were significantly elevated as compared to epidermis in the same animals [Davis et al., 2013].
Similar to skin wounds, these connexins were downregulated in migrating keratinocytes in the
mucosal wounds [Davis et al., 2013]. Connexin expression has also been studied in normal
human gingival epithelium, where keratinocytes express Cx26 and Cx43 [Ye et al., 2000;
Hatakeyama et al., 2006; Fujita et al., 2008]. However, nothing is known about connexin
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expression and function in gingival connective tissue cells and during gingival wound healing.
Therefore, the aim of the present study was to characterize in detail the localization and function
of Cx43, a key connexin associated with skin wound healing, in the fast and scarless human
gingival wound healing. We hypothesized that Cx43 function is downregulated during human
gingival wound healing, which in fibroblasts promotes expression of genes conducive for fast
and scarless wound healing.
2.2
2.2.1

Materials and Methods
Tissue Samples
Tissue sections from experimental wounds created in palatal attached gingival mucosa in

three healthy males (mean age 38 years) that have been previously extensively characterized
were used [Häkkinen et al., 2000; Ghersi et al., 2002; Honardoust et al., 2006 and 2008; Eslami
et al., 2009; Wong et al., 2009]. Briefly, identical, standardized, full-thickness excisional wounds
(about 12 mm long, 2 mm wide and at least 10 mm away from each other) were prepared under
local anesthesia in the palatal mucosa in an area between the canine and the third molar using a
double-bladed scalpel. The tissue obtained from the initial wounds served as the control samples
(day 0 sample). After the surgery, subjects were instructed to use standard dosages of
acetaminophen or ibuprofen for postoperative pain control. Wound biopsies were collected at
days 3, 7, 14, 28, and 60 after wounding. In order to record the original location of the wounds,
they were photographed, and each wound was biopsied only one time. Immediately after
collection, the samples were embedded in Optimal Cutting Temperature Compound (Sakura
Finetek Inc., Torrance, CA, USA) and frozen in liquid nitrogen. Tissue sections (6 μm) were cut
using a 2800 Frigocut Cryostat Microtome (Leica, Nussloch, Germany), placed on 3aminopropyltriethoxysilane-coated slides and stored at -86°C until use. For the study, minimum
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of three tissue/mid-wound sections from two to three subjects at each time point were used.
2.2.2

Cell Culture
Four primary gingival fibroblast lines (GFBLs) were isolated from clinically healthy

attached gingiva from healthy human donors, as previously described [Häkkinen et al., 1994]
(Table 2-1). Cells were routinely maintained in Dulbecco’s Modified Eagle’s medium (DMEM),
supplemented with 1% antibiotic/antimycotic and 10% fetal bovine serum (FBS) (Gibco Life
Technologies, Inc., Grand Island, NY, USA) at 37oC and 5% CO2. Cells were routinely seeded
for experiments when they reached about 95% confluence. Experiments were performed at
passages 5 to 10.
2.2.3

Ethics Statement
Gingival tissue donors provided a written informed consent, and procedures were reviewed

and approved by the Office of Research Ethics of the University of British Columbia, and
complies with the ethical rules for human experimentation that are stated in the 1975 Declaration
of Helsinki.
2.2.4

Blocking of Cx43 Function by Mimetic Peptides or MFA
To block the Cx43 function, GFBLs were seeded on 6-well plates (42,000 cells/cm2) in

their normal growth medium. At day 2 when cultures became confluent, culture medium was
replaced with serum-free medium. At day 3, cells were treated with 150 μM of Gap27
(SRPTEKTIFII; Biomatik, Cambridge, ON, Canada) [Chaytor et al., 1997; Hawat et al., 2012;
Wang et al., 2013], equal molar amount of Gap26 (VCYDKSFPISHVR) [Chaytor et al., 1997;
Hawat et al., 2010 and 2012; Wang et al., 2013], or corresponding scrambled Gap27
(TFEPDRISITK) [Wright et al., 2012] or Gap26 (YSIVCKPHVFDRS) [Hawat et al., 2010]
25

control peptides, respectively, for up to 24 h before total RNA isolation or collection of cell
lysates/conditioned medium for Western blotting. In a set of experiments, cells were treated with
increasing concentrations (25, 50, 75, 100 μM) of meclofenamic acid (MFA; M4531, SigmaAldrich, St. Louis, MO, USA), a pharmacological connexin inhibitor [Harks et al., 2001], or
corresponding amount of MFA diluent (dH2O) for 24 h before RNA isolation.
2.2.5

Blocking Cx43 Expression by siRNA Technique
To block the expression of Cx43, GFBLs were seeded in 6-well plates as described above.

After 24 h, siRNA transfection was carried out using Lipofectamine RNAiMax reagent
(Invitrogen, Carlsbad, CA, USA). To this end, 22 µl of Lipofectamine RNAiMax and 150
picomoles of Cx43 siRNAs (siRNA-1; UUUUGCAAGUGUAAACAGC or siRNA-2;
AAUGAAAAGUACUGACAGC;
ACUUCGACACAUCGACUGC

Invitrogen)
or

control

or

control

siRNA-2

siRNAs

(control

siRNA-1

ATCGCAAATCCGGACCTAT;

Invitrogen) were mixed with 2.4 ml of Opti-MEM medium (Invitrogen), and incubated at room
temperature for 5 min. The mixtures of transfection reagent and individual siRNAs were
combined and incubated at room temperature for 20 min for complex formation. Then the
reagent was diluted with Opti-MEM to yield final siRNA concentration of 30 nM, and added to
the cells. After 5 h in cell culture incubator, the transfection reagent was removed, and cells fed
with their normal growth medium overnight. Medium was then replaced with serum-free growth
medium, and RNA isolation and sample collection for Western blotting was performed after 48
h.
2.2.6

Real-Time PCR
Real-time PCR analysis was performed according to MIQE guidelines [Bustin et al., 2009]
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as we have described in detail previously [Mah et al., 2014]. Briefly, total RNA from cultured
GFBLs was isolated using NucleoSpin RNA II kit according to the manufacturer's protocol
(Macherey-Nagel). Total RNA (1 μg) was reverse transcribed using iScript Select cDNA
Synthesis Kit (Bio-Rad, Mississauga, ON, Canada) and random oligodeoxynucleotide primers
according to the manufacturer’s instructions, as described previously. The primers used for realtime PCR are listed in Table 2-2. Real-time PCR amplification was performed on the CFX96
System (Bio-Rad) using the following program: 1 cycle at 94o C for 3 min 35 cycles at 94oC for
10 s, 60oC for 20 s, and reaction completion with reading plate and a melt curve analysis from
65oC to 95oC, 5 s for each 0.5oC. Amplification reactions were conducted for target genes with
ubiquitin C (UBC), glyceraldehydes-3-phosphate dehydrogenase (GAPDH), hypoxanthine
phosphoribosyltransferase I (Hprt1), TATAA-box binding protein (TBP), and Beta-2microglobulin (B2M) as reference genes. For a given experiment, at least two reference genes
were chosen [Liu et al., 2015]. Non-transcribed RNA samples were used as a negative control.
The PCR reactions were performed in triplicate for each sample. The data was analyzed and is
presented based on the comparative Ct method (CFX Manager Software Version 2.1, Bio-Rad).
2.2.7

Preparation of Cell Lysates/Conditioned Medium Samples for Western Blotting
Confluent GFBL cultures were treated as described above. The conditioned medium was

then collected and immediately treated with Complete Protease Inhibitor Cocktail (Roche
Diagnostics, Manheim, Germany). The samples were concentrated (30-40 times) by
centrifugation (5,000g) using Centrifugal Filter Units (Amicon Ultra-4 3K, 3000 MWCO;
Millipore, Bedford, MA, USA) for 3 h, and stored at −80oC until use. To collect cell lysates,
cells were washed with ice-cold phosphate-buffered saline (PBS), and lysed with a buffer
containing 25 mM Tris-HCL (pH 7.6), 100 mM Octyl β-D-glucopyranoside, 5 mM NaF, 1 mM
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Na3VO4, (Sigma-Aldrich, St. Louis, MO, USA), and the Complete Protease Inhibitor Cocktail
(Roche Diagnostics), dissolved in H2O. Lysates were collected using a rubber policeman, and
filtered through a NucleoSpin Filter (Macherey-Nagel) by centrifugation at 5,000g for 10 min.
2.2.8

Western Blotting
Immunoblotting analysis was conducted as described in detail previously [Mah et al.,

2014]. Briefly, total protein concentration in call lysates/conditioned medium samples was
determined using the Bio-Rad Protein Assay Dye Reagent Concentrate (Bio-Rad). Equal amount
of protein of each sample was solubilized in SDS sample buffer containing 2-mercaptoethanol
(5%) and separated by 10-12% SDS-polyacrylamide gel electrophoresis. The proteins were
transferred onto a nitrocellulose membrane (Hybond-ECL membrane, GE Healthcare
Bioscience, Buckinghamshire, UK). The nonspecific binding sites were blocked by incubating
the membranes in Odyssey Blocking Buffer (LI-COR Biosciences; Lincoln, NE, USA) at room
temperature for 1 h, followed by incubation with the primary antibody (Table 2-3) at 4oC
overnight. After washing with TBS containing 0.1% Tween-20 (TBS-T), the membranes were
incubated with an appropriate IRdye-conjugated secondary antibody (1:10,000; LI-COR
Biosciences). Dried membranes were then detected using the LI-COR Odyssey infrared reader
(LI-COR Bioscience, Nebraska, USA). Intensity of the protein bands was quantitated using
ImageJ software (NIH).
The activation of signaling pathways by Gap27 treatment was studied in cell lysates
obtained as described above. For the experiments, GFBLs were seeded on 6-well plates, treated
with Gap27 (150 μM) or equal amount of control peptide for 1, 2, 6, and 24 h, and cell lysates
collected, as above. Western blotting was performed with antibodies against total or
phosphorylated forms of β-Catenin and GSK3α/β (β-Catenin pathway), SMAD3 (TGF-β
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pathway), ERK1/2 and p38 (MAPK pathway) (Table 2-3). β-Tubulin was used as a loading
control.
To identify latent and active MMPs, a set of cell/conditioned medium samples was treated
with or without p-aminophenylmercury acetate (APMA; 1.0 mM, pH=7.4; Sigma-Aldrich) at
37oC for 4 h to activate latent enzymes [Nagase et al., 1991] prior to gel electrophoresis and
Western blotting (data not shown).
2.2.9

Use of Chemical Inhibitors to Block Signaling Pathways
To determine the role of key signaling pathways in Gap27-induced gene expression, we

blocked TGF-β pathway with SB431542 (20 μM; Selleckchem, Houston, TX, USA), MEK1/2
with PD184352 (10 μM; Sigma-Aldrich), p38 with SB203580 (10 μM; Cell Signaling, Danvers,
MA, USA), GSK3α/β with SB415286 (30 μM; Biomol, Hamburg, Germany), AP1 with
curcumin (30 μM; Sigma-Aldrich), and SP1 with WP631 (5 nM; Sigma-Aldrich) in Gap27treated cells, respectively. To this end, confluent GFBL cultures were pre-incubated with
inhibitors at 37 oC for 1 h, and then treated with Gap27 (150 μM) with or without the inhibitors
in serum-free growth medium for 24 h. All inhibitors were dissolved in DMSO, and control
samples were treated with respective amounts of DMSO only. Total RNA was collected for realtime PCR as described above.
2.2.10 Dye Transfer Experiments
To assess the GJ function of Cx43, dye transfer assays were performed. To this end, GFBL
cultures were generated on gelatin-coated glass coverslips in 24-well plates as described
previously [King and Parsons, 2011]. Briefly, the coverslips were incubated in 0.2% gelatin in
PBS at 37oC for 1 h. After rinsing with PBS, coverslips were incubated in 1% glutaraldehyde at
room temperature for 30 min, then washed with PBS, followed by incubation with DMEM at
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37oC for 30 min. Coverslips were then washed with PBS and stored at 4oC or used immediately.
To assess dye transfer through GJs by scrape loading, cells (GFBL-DC) were seeded on the
coverslips in their normal growth medium as described above for 24 h, and then serum-starved in
DMEM for another 24 h. Confluent cultures were then pre-incubated with Gap27 or the control
peptide (150 μM; 24 h), or with MFA (50 μM; 1 h) or vehicle control (dH2O; 1 h) in DMEM at
37oC, media was removed, and a scrape wound was created through the cell layer with a 10 μL
pipette tip, and cells incubated as above with 0.5% Lucifer Yellow (Molecular Probes Inc.,
Eugene, OR, USA) in PBS+ (containing 1 mM Ca2+ and Mg2+) for 5 min at 37oC. Cells were
rinsed once with PBS+ and then fixed with 4% formaldehyde at room temperature for 20 min.
Nuclei were then stained with 300 nM DAPI (Molecular Probes Inc.) in PBS for 5 min. In a set
of experiments, cells were transfected with Cx43 siRNA-1, siRNA-2 or control siRNA (30 nM)
as above before seeding on the coverslips for 24 h, serum-starved for 24 h, and then subjected to
the dye transfer experiment as above. Samples were mounted with Immu-Mount solution
(Thermo Scientific, Pittsburgh, PA, USA), examined using the ECLIPSE 80i Microscope
(Nikon, Tokyo, Japan), and images captured using NIS-Elements BR software (Version 4.20,
Nikon).
2.2.11 Scratch Wound Cell Migration Assay
To assess role of Cx43 in cell migration, GFBLs were grown on gelatin-coated glass
coverslips, serum-starved, and pretreated with Gap27 or control peptides (150 μM) for 24 h as
above. A wound was then created through the cell layer using a 100 μL pipette tip. Cells were
then cultured in DMEM with the peptides in a cell culture incubator, and wound closure recorded
over time by standardized digital images taken from the samples using a phase contrast
microscope (Nikon Eclipse, TS100) and a digital camera (Nikon Coolpix 995). In a set of
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experiments, cells were transfected with Cx43 siRNA-1 or -2 and control siRNA-1 or -2 (30 nM)
separately as above, seeded on gelatin-coated glass coverslips for 24 h, and serum-starved for 6 h
before wounding. Experiments were performed in triplicate per treatment group, and images
were captured from three to four different areas of the wound on each coverslip. Wound closure
rate was determined measuring the area of the open wound at each time point relative to the area
of the wound at the time of wounding using the Adobe Photoshop for Mac software
(https://www.adobe.com).
2.2.12 Immunostaining
For immunostaining, confluent GFBLs were seeded on gelatin-coated glass coverslips in
their normal growth medium (24 h) and then serum starved (24 h) as described above, fixed with
4% formaldehyde at room temperature for 20 min, and then permeabilized using 0.5% Triton X100 in PBS for 4 min. All samples were then blocked with PBS+ containing BSA (10 mg/ml)
and glycine (1 mg/ml) at room temperature for 30 min, followed by an incubation with the
primary antibody (Table 2-3) diluted in PBS containing BSA (1 mg/ml) in a humidified chamber
at 4oC overnight. The samples were then washed with PBS containing BSA (1 mg/ml) and
0.01% Triton X-100, and incubated with an appropriate Alexa-conjugated secondary antibody
(1:200 dilution; Alexa 488/594; Molecular Probes Inc.) at room temperature for 1 h. Nuclei were
then stained with DAPI and samples mounted as above.
For immunostaining of human gingival tissue samples, sections were fixed with cold
acetone (-20oC) at room temperature for 5 min. Samples were then washed, blocked, and
incubated separately with each primary antibody (Table 2-3) overnight, followed by washing,
incubation with appropriate Alexa 488 and 594-conjugated secondary antibodies, nuclear
staining with DAPI and mounting as above. Images were acquired using optical sectioning at 1
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μm (ECLIPSE 80i Microscope; Nikon), and are presented as z-stacks created by the NISElements BR software (Nikon). Control stainings were performed by omitting the primary
antibody incubation step.
2.2.13 Statistical Analysis
All data is presented as mean ± standard error of the mean (SEM) from repeated
experiments. Statistical analysis was performed by using Student’s t-test, p<0.05 was considered
statistically significant. Values obtained from the real-time PCR by the comparative Ct-method
were Log2 transformed for statistical testing [Rieu and Powers, 2009].
2.3
2.3.1

Results
Cx43 Is the Major Connexin Expressed by Gingival Fibroblasts
Previous studies have shown that Cx43 is present in human skin, periodontal ligament and

gingival fibroblasts, but that skin and periodontal ligament fibroblasts also express Cx32, Cx40
and Cx45 [Ko et al., 2000; Yamaoka et al., 2002; Churko and Laird, 2013]. Therefore, we
assessed the expression of Cx32, Cx40, Cx43 and Cx45 in four parallel human gingival
fibroblast (GFBL) lines from different donors in confluent monolayer cultures that allowed
abundant cell-cell contacts to form. Real-time PCR (Figure 2-1 A) and Western blotting (Figure
2-1 B) analysis showed that GFBLs expressed Cx43 as their major connexin protein, with
moderate levels of Cx45, very low levels of Cx32, and no expression of Cx40.
Immunolocalization of Cx43 and Cx45 showed a punctate staining, likely representing connexin
plaques. Some of these connexin plaques localized to long cellular processes contacting nearby
cells likely representing GJs (Figure 2-1 C). In addition, they localized to areas with no apparent
cell-cell contacts, possibly representing intracellular and/or cell surface non-junctional
hemichannel plaques (Figure 2-1 C). In general, the number of Cx43- compared to Cx45-postive
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plaques was markedly higher (Figure 2-1 C), reflecting the real-time PCR and Western blotting
analysis.
2.3.2

Cx43 Is Strongly Downregulated in Gingival Epithelium and Fibroblasts During

Wound Healing
In order to assess expression of Cx43 during gingival wound healing, we compared
localization of Cx43 in unwounded human gingiva, and in experimental excisional gingival
wounds 3, 7, 14, 28 and 60 days after wounding by immunostaining (Figure 2-2 and Figure 2-3).
Fibroblasts were identified based on their elongated, spindle-shaped morphology, and positive
immunostaining for vimentin, a mesenchymal cell marker highly expressed in fibroblasts
[Hematti, 2012]. Cx43 was present in unwounded gingival epithelium where it showed strong,
punctate staining in the cell-cell contacts at the spinous layer. In addition, a weaker and sparse
staining was noted between some basal and granular layer cells (Figure 2-3). A punctate, positive
staining for Cx43, likely representing Cx43 plaques [Hunter et al., 2005], was also noted
throughout connective tissue (Figure 2-2 A and B), where it associated with vimentin-positive
fibroblast-like cells. Many of the Cx43-positive plaques were fairly large in size (>1 μm in
diameter), and some localized to long processes extending from these cells (Figure 2-2 B). At
day 3 after wounding, abundance of Cx43 was strongly reduced in the migrating wound
epithelium (Figure 2-3), and in the fibroblasts residing at the wound edge and migrating into the
wound (Figure 2-2 C and D and Figure 2-3). At day 7 when wound epithelium had completely
covered the wound, and granulation tissue formation was underway, Cx43 was abundantly
present in 2-3 most basal cell layers of the wound epithelium, while the spinous layer showed
some weak positive staining (Figure 2-3). In general, in the connective tissue cells at the wound
edge (Figure 2-2 E and Figure 2-3), and in the wound granulation tissue (Figure 2-2 F and Figure
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2-3), only very few Cx43-positive plaques were noted. At day 14, Cx43 was still most abundant
in 2-3 most basal wound epithelial cell layers, but its staining was now increased also in more
suprabasal cells (Figure 2-3). Our previous analysis of these same wounds has shown that at this
stage, the granulation tissue had started contraction, contained abundantly α-SMA-positive
fibroblasts, and was being remodeled to wound connective tissue [Honardoust et al., 2006 and
2008; Wong et al., 2009]. At this stage, vimentin-stained fibroblast-like cells at the wound edge
showed some Cx43-positive plaques (Figure 2-3). In general, the highly cellular wound
connective tissue showed only very few such structures in vimentin-positive cells (Figure 2-2 G
and H), or in M2 macrophages (Figure 2-4), also abundantly present in these same wounds at this
stage [Häkkinen et al., 2015], or in α-SMA-positive myofibroblasts (Figure 2-5). At day 28,
while the typical gingival epithelial long rete pegs were not yet formed, abundance and
localization of Cx43 in the epithelium at the wound site was almost similar to normal
unwounded tissue, being weakly present in the basal cells, and most strongly stained in the
spinous layer (Figure 2-3). At this stage, wound contraction was still underway, but cellularity
and the number of myofibroblasts and M2 macrophages had dramatically decreased [Honardoust
et al., 2006 and 2008; Wong et al., 2009; Häkkinen et al., 2015]. Vimentin-stained fibroblast-like
cells at the wound edge and within the newly formed wound connective tissue displayed
increased number of Cx43-positive plaques as compared with earlier time points, but the number
and size of the plaques was clearly reduced as compared to unwounded tissue (Figure 2-2 I and J
and Figure 2-3). Few M2 macrophages that were still present in the wounds showed very little
Cx43 positive staining (Figure 2-4). At day 60 when the epithelium had reformed long rete pegs
and connective tissue structure was normalized, the localization and abundance of Cx43 was
similar to unwounded tissue both at the epithelium and connective tissue at the wound site
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(Figure 2-2 K and L and Figure 2-3).
2.3.3

Blocking of Cx43 Function Significantly Regulates the Expression of a Distinct Set

of Wound Healing-Associated Genes in Gingival Fibroblasts
Having established that Cx43 is the major connexin expressed by GFBLs, and that
abundance of Cx43 plaques is strongly reduced during gingival wound healing, we wanted to
find out the functional significance of this downregulation. Downregulation of the number of
Cx43-positive plaques in wound fibroblasts can result in reduced hemichannel and GJ function.
Treatment of cells with Cx43 mimetic peptides can be used to specifically block these channel
functions [Evans et al., 2012], which promotes connective tissue wound healing in vivo [Ongstad
et al., 2013]. Therefore, we treated GFBLs with Gap27, a mimetic peptide that binds to the 11amino acid sequence in the second Cx43 extracellular loop and blocks Cx43 channel functions
[Desplantez et al., 2012; Evans et al., 2012]. Treatment with Gap27 (150 μM) did not markedly
affect cell morphology (Figure 2-6). However, it reduced GJ- mediated dye transfer, similar to
meclofenamic acid (MFA), a pharmacological connexin inhibitor [Harks et al., 2001], also in this
model as expected (Figure 2-7). Gap27 treatment also significantly promoted GFBL migration in
the scratch wound healing model (Figure 2-8), as previously described for skin fibroblasts
[Wright et al., 2009]. Thus, reduced Cx43 abundance/function may promote fibroblast
recruitment at the early stages of human gingival wound healing. In addition to being absent
from migrating fibroblasts in early wounds, Cx43 abundance was also strongly suppressed in
fibroblasts abundantly present inside gingival granulation and wound connective tissue at day 728 post-wounding. This coincides with resolution of inflammation, angiogenesis, ECM
deposition, myofibroblast differentiation, contraction and remodeling stages of wound healing
[Häkkinen et al., 2015]. Therefore, we next assessed the effect of suppressing Cx43 function by
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Gap27 in confluent cell cultures on expression of genes important specifically for these stages of
wound healing. Real-time PCR results showed that Gap27 treatment significantly upregulated
expression of 15, and downregulated 7, of the 54 genes analyzed (Tables 2-4 to 2-7). The
selected genes encoded proteases (MMPs and their inhibitors), important in regulation of
inflammation, angiogenesis and ECM remodeling [Steffensen et al., 2001; Dufour and Overall,
2013], molecules involved in intracellular ECM degradation (Endo180 and Cathepsin K) (Table
2-4), ECM proteins (fibrillar and matricellular proteins, and small leucine-rich proteoglycans),
cell contractility and myofibroblast-associated proteins (Table 2-5), TGF-β signaling associated
molecules and cytokines involved in inflammation, angiogenesis and re-epithelialization
(CXCL12, FGF-2, VEGF-A, IL1β, IL10 and TNF-α) [Häkkinen et al., 2015] (Table 2-6), and
cell-cell junction proteins (connexins and cadherins) [Degen and Gourdie, 2012] (Table 2-7). To
rule out significant but potentially biologically irrelevant minor changes, we used minimum of
+/- 1.5-fold change threshold for the significantly regulated genes. This yielded 17 significantly
regulated genes of which 11 were upregulated (MMP-1, -3, -10 and -14, TIMP-1 and -3,
Tenascin-C, TGF-β1, VEGF-A, Cx43 and Cadherin-2), and 6 downregulated (Collagen type I,
Decorin, Fibromodulin, α-SMA, NMMIIB and CXCL12) (Tables 2-4 to 2-7). The responses
were concentration-dependent at least up to 300 μM peptide concentration (data not shown).
In order to find out, whether the Gap27-mediated regulation of gene expression is a
common property of GFBLs, we assessed its effect on expression on a set of the above genes in
three parallel GFBL lines in the same experiment (Figure 2-9). The findings confirmed a gene
expression response to Gap27 treatment in all GFBL lines that was consistent with initial
findings using GFBL-DC (Tables 2-4 to 2-7).
To confirm specificity of the Gap27 treatment, we also blocked Cx43 function by Gap26,
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another connexin mimetic peptide corresponding to a 13 amino acid sequence in the first Cx43
extracellular loop [Desplantez et al., 2012; Evans et al., 2012], and by MFA, and assessed
expression of a set of genes as above. Gap27 and Gap26 treatments caused in general similar
gene expression changes in GFBLs, although the magnitude of change slightly varied (Figure 210). MFA treatment induced a concentration-dependent increase in MMP-1 and -10, Tenascin-C
and VEGF-A expression, and downregulated CXCL12 (Figure 2-11), similar to Gap27 (Tables
2-4 to 2-6) and Gap26 treatment (Figure 2-10). Interestingly, Gap27 (Table 2-7), Gap26 (Figure
2-10) and MFA (Figure 2-11) induced up to about 2-fold increase in expression of Cx43 mRNA.
Likewise, Gap27 and Gap26 caused about 2-fold increase in Cx43 protein level, while MFA had
no effect (data not shown).
In a set of experiments, we also suppressed Cx43 expression in three parallel GFBL lines
using two different Cx43 siRNAs (Cx43 siRNA-1 and -2), and studied the expression of the
above wound healing-associated genes. Treatment of GFBLs with both Cx43 siRNAs
consistently resulted in about 80% downregulation of Cx43 at both mRNA and protein levels,
while expression of the two other connexins expressed by these cells, Cx32 and Cx45, were not
affected (Figure 2-12 A). Cx43 siRNA treatment with both Cx43 siRNA-1 and -2 effectively
suppressed GJ-mediated dye transfer (Figure 2-12 B), but did not have a significant effect on
fibroblast migration in the scrape-wound assay (Figure 2-8). Similar to Gap27 treated cells, Cx43
siRNA treatments significantly increased expression of Tenascin-C (1.46 +/- 0.15-fold change;
p<0.05) and reduced expression of Collagen type I (0.89 +/- 0.03-fold change; p<0.001) as
compared to control treatment. However, possibly due to incomplete Cx43 downregulation, the
gene expression responses to Cx43 siRNA treatment were small with none of the studied genes
reaching the +/- 1.5-fold change threshold (data not shown).
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2.3.4

Characterization of Proteins Regulated by Gap27 Treatment in Gingival

Fibroblasts
As gene expression analysis showed that blocking of Cx43 function by Gap27 strongly
regulated expression of several genes (Tables 2-4 to 2-7), we further assessed the protein levels
of a set of genes that showed significant, minimum of +/- 1.5-fold change relative to control
treatment in the real-time PCR analysis. Western blotting analysis showed that treatment of
GFBLs with Gap27 (Figure 2-13) resulted in markedly increased secretion of active and/or total
MMP-1 (Figure 2-13 A and B) and -10 (Figure 2-13 H and J) compared to control treatments. In
addition, Gap27-treated cells produced significantly elevated levels of pro-MMP-3 in the cell
layer (Figure 2-13 F and G). The expression of mRNA for Decorin (Table 2-5), a small leucinerich proteoglycan that regulates cell functions involved in wound healing and fibrosis, and
VEGF-A (Table 2-6), a potent pro-angiogenic growth factor [Häkkinen et al., 2015], were also
strongly suppressed and upregulated, respectively, by Gap27 treatment. Accordingly, Western
blotting showed robust downregulation of Decorin and upregulation of VEGF-A levels in the
cell culture medium of Gap27-treated GFBL cultures (Figure 2-14). Gap27 treatment also
significantly increased Cx43 expression at mRNA (Table 2-7) and total protein levels (Figure 215). However, no changes in the relative intensities of the three bands corresponding to the
differently phosphorylated forms of Cx43 recognized by the Cx43 antibody (P0: pS368;
P1:pS279/282 and pS255; P2: pS262) [Sosinsky et al., 2007; Solan and Lampe, 2009] were
noted in the Western blots (Figure 2-15 A).
2.3.5

Blocking of Cx43 Function by Gap27 Modulates Key Signaling Pathways in

Gingival Fibroblasts
Having established that during gingival wound healing, Cx43 abundance and/or GJ and
38

hemichannel functions maybe strongly reduced, and that suppressing Cx43 function in cultured
fibroblasts distinctly regulates expression of a set of wound healing-associated genes, we wanted
to find out which intracellular signaling pathways are involved. To this end, we treated GFBLs
with Gap27 and assessed phosphorylation changes in TGF-β (SMAD3), MAPK (ERK1/2 and
p38), GSK3α/β and β-Catenin pathways that have been previously associated with Cx43mediated signaling [Garcia-Dorado et al., 2002; Dai et al., 2007; Ishikawa et al., 2012; Vinken et
al., 2012; Hebert and Stains, 2013; Solan and Lampe, 2014; Stains et al., 2014; Zhou and Jiang,
2014], and wound healing and fibrosis [Cheon et al., 2006; Profyris et al., 2012; Wong et al.,
2012; Akita et al., 2013; Principi et al., 2013] (Figure 2-16). Gap27 induced robust
phosphorylation of p38 and ERK1/2 already after 1 h after treatment. These responses lasted at
least for 6 h, before returning to the levels of untreated cells by 24 h (Figure 2-16 C-F). Gap27
treatment also markedly increased GSK3α/β phosphorylation at 1-6 h, returning to the normal
level by 24 h (Figure 2-16 G and H), while phosphorylated and non-phosphorylated β-Catenin
levels, downstream targets of GSK3α/β, did not show marked changes (Figure 2-16 I and J).
Gap27 treatment did not noticeably affect SMAD3 phosphorylation until 24 h, when the steadystate p-SMAD3 levels were markedly increased (Figure 2-16 A and B). Thus, in gingival
fibroblasts, blocking of Cx43 by Gap27 treatment induced fast activation of MAPK and
GSK3α/β signaling pathways, while TGF-β pathway was activated via a slower, possibly
indirect, mechanism.
2.3.6

Distinct Involvement of Gap27-Regulated Signaling Pathways in Modulation of

Wound Healing-Associated Genes in Gingival Fibroblasts
In order to further assess the role of the above pathways in Gap27-induced gene expression
changes, we blocked TGF-β signaling by SB431542, MEK1/2 by PD184352, p38 by SB203580,
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and GSK3α/β by SB415286 in Gap27-treated cells, and assessed gene expression changes
relative to untreated cells by real-time PCR. In addition, we assessed involvement of AP1 and
SP1, transcription factors previously linked to Cx43 signaling [Sullivan et al., 1993; Niger et al.,
2011; Stains et al., 2014], by treating cells with curcumin and WP631, respectively. We
specifically focused on assessing expression of the genes that were significantly modulated (with
a minimum by +/- 1.5-fold change threshold) by Gap27 in the above experiments. Results
showed that MEK1/2 signaling was most widely involved in Gap27-induced change in gene
expression, as its inhibition totally blocked Gap27-induced expression change of 10 genes. These
genes included proteases and their inhibitors (MMP-1, -3 and -10, TIMP-1 and -3), ECM
molecules (Collagen type I and Tenascin-C), cell contractility-associated genes (α-SMA and
NMMIIB), and Cadherin-2 (Table 2-8 and Figure 2-17). In addition, this pathway partially
regulated (inhibited Gap27-induced expression change by at least 50%) expression of growth
factors (TGF-β1 and VEGF-A) and Cx43. The only genes that were not affected by blocking of
MEK1/2 were MMP-14, two leucine-rich proteoglycans (Decorin and Fibromodulin), and
CXCL12. The other examined pathways also totally or partially regulated Gap27-modulated
expression of several genes. For instance, inhibition of GSK3α/β resulted to total inhibition of
Gap27-induced upregulation of TIMP-1 and -3 expression, while it partially blocked MMP-1 and
TGF-β1 upregulation. Findings also showed variable and complex interplay between the studied
pathways in regulation of Gap27-induced gene expression. For instance, Gap27-induced MMP10 upregulation and Collagen type I downregulation was only blocked by the MEK1/2 inhibitor.
In contrast, Gap27-induced TIMP-1 expression was totally blocked by SP1, TGF-β, MEK1/2 and
GSK3α/β inhibitors, and partially by p38 inhibitor. On the other hand, Gap27-induced TenascinC expression was totally inhibited by AP1 and MEK1/2 inhibitors, and partially by SP1, TGF-β
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and p38 inhibitors. Transcription factors AP1 or SP1 were distinctly involved in regulating 7 of
the Gap27-modulated genes. Interestingly, inhibition of SP1 totally blocked Gap27 induced
upregulation of Cx43 expression, while blocking of AP1, p38 and MEK1/2 had a partial effect.
Gap27-induced upregulation of VEGF-A and downregulation of CXCL12 were only partially
blocked by MEK1/2 and SP1 inhibitors, respectively, suggesting that also other unidentified
pathways are involved. In addition to the above effects, interestingly, blocking of GSK3α/β
strongly potentiated Gap27-induced upregulation of MMP-3 (Figure 2-17) and Tenascin-C
expression (Figure 2-17). Moreover, Gap27 treatment with simultaneous inhibition of MEK1/2
resulted to strongly induced α-SMA expression (by more than 7-fold), while treatment with
Gap27 alone reduced its expression by about 50% (Figure 2-17).
2.4

Discussion
Gingival fibroblasts that participate in scarless oral wound healing expressed Cx43 as the

major connexin, which is similar to skin fibroblasts [Wright et al., 2009; Churko et al., 2011]. In
oral wounds, Cx43 expression was strongly downregulated in gingival wound epithelium during
epithelial migration stage. This is in agreement with studies assessing Cx43 localization in the
epithelium of murine skin and buccal mucosal, and in human skin wounds [Goliger and Paul,
1995; Coutinho et al., 2003; Kretz et al., 2003 and 2004; Brandner et al., 2004; Richards et al.,
2004; Davis et al., 2013]. Thus far, very little was known about Cx43 expression and localization
in connective tissue cells during wound healing. Interestingly, in gingival fibroblasts, which were
identified based on morphological criteria and positive immunostaining for the mesenchymal cell
marker vimentin [Hematti, 2012], strong Cx43 immunoreactivity localized to large plaque-like
structures in unwounded tissue. In order to form functional GJs, connexins cluster on the cell
membrane to form plaques. Cell culture findings suggest that connexins are first transported to
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the cell membrane as hemichannels where they then join GJ plaques directly or by moving
laterally towards them [Lauf et al., 2002; Nielsen et al., 2012]. The size of the plaques can reach
few micrometers [Lauf et al., 2002], and can be therefore detected by immunostaining. In
contrast, individual connexins or hemichannels are undetectable by this method [Goodenough
and Paul, 2009; Nielsen et al., 2012]. Atomic force microscopy of cardiac GJs has also suggested
existence of large (up to 2 μm2) hemichannel plaques [Lal et al., 1995]. Connexins can also be
present intracellularly during synthesis and transport to the cell membrane, and when being
endocytosed or assembled to the mitochondrial membrane. However, these intracellular
connexins have not been reported to organize into large plaque-like structures [Nielsen et al.,
2012]. Thus, the Cx43-positive structures observed in gingival fibroblasts in vivo likely represent
Cx43 hemichannel and/or GJ plaques on the cell membrane.
Interestingly, the Cx43-positive plaques found in fibroblasts in unwounded tissue were
missing from fibroblasts at the wound edge and those migrating into the wound at days 3 and 7
post-wounding. This could be explained by reduced recruitment of Cx43 to hemichannel and GJ
plaques, or their redistribution, resulting to smaller plaques undetectable by immunostaining, or
from downregulation of Cx43 expression and/or its increased turnover. The factors that modulate
these processes during wound healing in vivo are not clear, but are likely cell type-specific and
could include effects of wound healing-related cytokines, growth factors and mechanosignaling
[Nielsen et al., 2012; Schalper et al., 2012]. In any case, similar to cultured skin fibroblasts
[Wright et al., 2009], blocking of Cx43 function by Gap27 promoted gingival fibroblast
migration, suggesting that Cx43 may regulate fibroblast recruitment into the wound provisional
matrix. Interestingly, Cx43 was also still largely absent from the vimentin-positive cell
population established in the wound at day 14 and 28 post-wounding. These cells could include
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fibroblasts, myofibroblasts and macrophages that all express vimentin [Mor-Vaknin et al., 2003;
Fournier et al., 2013]. Reparative M2 macrophages are abundant and the predominant
macrophages in these same gingival wounds at day 14 and 28 post-wounding [Häkkinen et al.,
2015]. However, our double immunostaining showed that very few Cx43 plaques were detected
in M2 macrophages at this stage. Previous studies have not explored Cx43 in wound
macrophages. However, contrary to our findings, M2 macrophages in thyroid tumor stroma show
abundant Cx43-positive plaques [Caillou et al., 2011]. Our previous analysis has also shown that
the number of α-SMA-rich myofibroblasts is strongly increased, and wound contraction is
underway, already at day 14 in these same wounds [Honardoust et al., 2006 and 2008; Wong et
al., 2009]. However, only few Cx43-positive plaques were noted in areas where myofibroblasts
were abundant at this stage. Therefore, it is possible that in human gingival wounds absence of
Cx43 plaques promotes myofibroblast differentiation and wound contraction. In support of this,
suppressing Cx43 expression or function in murine models of wound healing results to earlier
recruitment and disappearance of myofibroblasts from the wounds, and reduced wound
connective tissue size [Becker et al., 2012], suggesting that in these wounds myofibroblast
differentiation and contraction occurred earlier and/or was accelerated. Curiously though, in
cultured rat cardiac fibroblasts, Cx43 positively regulates α-SMA expression [AsazumaNakamura et al., 2009], and in mouse fibroblasts, Cx43 deficiency associates with a reduced
ability of the cells to contract a collagen gel, a model for wound contraction [Ehrlich et al.,
2000]. In addition, our findings showed that blocking of Cx43 function by Gap27 significantly
reduced expression of α-SMA and non-muscle myosin IIB (NMMIIB), another cytoskeletal
protein involved in tissue contraction [Komatsu et al., 2010]. Thus, role of Cx43 function in αSMA expression, myofibroblast differentiation and contraction appears cell- and context43

dependent, and requires further investigation. Nevertheless, it is possible that the early reduction
of Cx43 plaques, and their slow reformation in gingival fibroblasts at the late stages of wound
healing has functional significance for the scarless gingival wound-healing outcome. In
particular, reduced abundance of Cx43 plaques at days 14 and 28 post-wounding in wound
fibroblasts coincides not only with myofibroblast differentiation and contraction, but also with
resolution of inflammation, angiogenesis, ECM deposition and remodeling stages of wound
healing [Ghersi et al., 2002; Honardoust et al., 2006 and 2008; Eslami et al., 2009; Häkkinen et
al., 2015], suggesting a role for Cx43 in modulating also these events.
To study the significance of reduced Cx43 function for these later stages of wound healing,
we blocked its function in human gingival fibroblasts by Cx43 mimetic peptide Gap27 [Wang et
al., 2013]. Our findings showed that Gap27 reduced GJ-mediated dye transfer as expected,
confirming its inhibitory effect also in human gingival fibroblasts. Furthermore, Gap27 treatment
significantly regulated a number of genes that may be beneficial for scarless gingival wound
healing. These effects were not limited to Gap27, as similar results were also obtained by using
Gap26, another Cx43 mimetic peptide [Wang et al., 2013]. It is interesting that the mimetic
peptides significantly upregulated several genes. This suggests that for those genes that were
upregulated by the treatment, normal Cx43 function is inhibitory, i.e. it is needed to suppress
expression of these genes. Therefore, during gingival wound healing reduced expression/function
of Cx43 in fibroblasts may allow increased expression of these molecules. This group of
molecules includes several MMPs, TIMP-1 and -3, Tenascin-C, TGF-β1 and VEGF-A, which
are important modulators of inflammation, cell migration, angiogenesis and ECM deposition
[Häkkinen et al., 2012], and may contribute to reduced inflammation and efficient angiogenesis
found in gingival wounds [Glim et al., 2013; Häkkinen et al., 2015]. Of note, Tenascin-C
44

accumulation is strongly induced in early granulation tissue of human gingival wounds
[Häkkinen et al., 2000; Wong et al., 2009], suggesting that downregulation of Cx43 expression
or function may drive this process in vivo. The hallmark of scar formation and fibrosis is
increased accumulation of ECM and increased cell contractility [Penn et al., 2012]. Therefore, it
is also interesting to note that blocking of Cx43 function in gingival fibroblasts caused a robust
downregulation of several ECM (Collagen type I, Decorin and Fibromodulin) and cell
contractility-associated genes (α-SMA and NMMIIB). Interestingly similar to our findings,
comparable treatment of human skin fibroblasts with Gap27 was also recently shown to
significantly increase expression of MMP-1 mRNA [Wright et al., 2012], while unlike in
gingival fibroblasts, Collagen type I and CTGF, two genes strongly associated with scar
formation and fibrosis in vivo [Penn et al., 2012], were significantly upregulated [Wright et al.,
2012]. There is increasing evidence that human skin and gingival fibroblasts are phenotypically
distinct [Glim et al., 2013; Häkkinen et al., 2014 and 2015; Mah et al., 2014]. Therefore, it is
possible that different function of Cx43 in skin and gingival fibroblasts may in part contribute to
the different wound healing outcomes in these two tissues, but this needs further experimental
verification.
The mechanisms of the mimetic peptide-induced gene expression change in gingival
fibroblasts may include blocking of transfer of signaling molecules via hemichannels and/or GJs,
peptide-induced changes in Cx43 levels, conformation and/or phosphorylation of its cytoplasmic
tail that interacts with the signaling molecules [Herve et al., 2012; Wang et al., 2013; Solan and
Lampe, 2014; Zhou and Jiang, 2014]. The latter channel-independent effects maybe mediated via
Cx43 cytoplasmic tail that recruits and interacts with intracellular signaling effectors, including
MAPK (ERK1/2 and p38), GSK3/β-Catenin and PI3K-Akt-GSK3 pathway mediators [Garcia45

Dorado et al., 2002; Ishikawa et al., 2012; Vinken et al., 2012; Hebert and Stains, 2013; Solan
and Lampe, 2014; Stains et al., 2014; Zhou and Jiang, 2014] also involved in wound healing and
scar formation [Profyris et al., 2012; Wong et al., 2012]. In addition, Cx43 competes with
SMAD2/3 for binding to tubulin releasing SMAD2/3 from the microtubules and promoting TGFβ signaling [Dai et al., 2007]. Our findings showed that MFA, a pharmacological connexin
channel inhibitor [Harks et al., 2001], also blocked GJ-mediated dye transfer in gingival
fibroblasts, and induced similar changes in the expression of a set of genes as the Cx43 mimetic
peptides, suggesting that the noted Gap27-induced gene expression changes depended on the
channel functions of Cx43. However, Gap27 also caused a robust activation of the above Cx43
cytoplasmic tail-mediated signaling pathways. Thus, regulation of both channel-dependent and independent functions may be involved in Gap27-regulated gene expression in gingival
fibroblasts.
In order to study the role of the above signaling pathways in regulation of Gap27-induced
fibroblast gene expression in more detail, we used pathway-specific pharmacological inhibitors.
In addition, we blocked two transcriptional regulators (AP1 and SP1) that associate with Cx43
signaling [Sullivan et al., 1993; Niger et al., 2011; Stains et al., 2014]. Blocking of these
pathways distinctly, and co-operatively regulated Gap27-modulated gene expression, and most
notably, as Gap27 caused a robust early activation (phosphorylation) of ERK1/2 and p38
MAPKs, pharmacological blocking of these pathways totally or partially blocked Gap27modulated expression of 14 out of the 17 genes analyzed. Inhibition of MEK1/2 alone, an
upstream regulator of ERK1/2 [Seger and Krebs, 1995], totally blocked Gap27-induced change
of 10 genes. These included MMP-10 and Collagen type I that were not affected by the other
pathways studied. Thus, MEK-ERK1/2 pathway is a major target of Gap27-induced signaling in
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gingival fibroblasts. Whether this depends on the reported ability of MAPKs to regulate Cx43
channel functions and phosphorylation of the cytoplasmic tail [Solan and Lampe, 2014] remains
to be shown.
As mentioned above, Cx43 can also promote TGF-β-induced signaling [Dai et al., 2007].
Interestingly, Gap27 treatment did not affect phosphorylation of SMAD3 during the first 6 h
after treatment. However, an increased level of p-SMAD3 was noted after 24 h. Therefore,
Gap27 induces activation of TGF-β pathway in gingival fibroblasts, but this may occur via a
distinct, indirect mechanism. The inhibitory effect of Gap27 is time-dependent, as it blocks
hemichannels within minutes to few hours, while GJ inhibition may require up to 24 hours to
occur [Wang et al., 2013]. Thus, the late activation of SMAD3 after Gap27 treatment may also
depend on its distinct effects on GJs rather than hemichannels. In any case, pharmacological
inhibition of TGF-β signaling totally or partially suppressed Gap27-induced change in
expression of nine of the studied genes, indicating that this Cx43-mediated pathway has a role in
modulating cell functions relevant to wound healing.
Treatment of gingival fibroblasts with Gap27 also induced fast phosphorylation of
GSK3α/β, but this did not associate with marked changes in the phosphorylation or levels of its
downstream target β-Catenin. Phosphorylation of GSK3α/β renders it inactive removing its
inhibitory effect on its targets, which include more than 40 proteins and transcription factors
[McCubrey et al., 2014]. Therefore, Cx43-mediated phosphorylation of GSK3α/β likely affects
other downstream targets than the β-Catenin pathway. The involvement of this pathway is
supported by the finding that pharmacological blocking of phosphorylation of GSK3α/β totally
blocked TIMP-1 and -3, and partially MMP-1 and TGF-β1 upregulation induced by Gap27
treatment. Furthermore, blocking of GSK3α/β potentiated Gap27-induced expression of MMP-3
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and Tenascin-C. Thus, in gingival fibroblasts GSK3α/β controls Cx43 regulated expression of
molecules involved in proteolytic processing of the wound ECM, cytokines and growth factors
(MMP-1, TIMP-1 and -3), and ECM deposition (TGF-β1) [Steffensen et al., 2001; Dufour and
Overall, 2013; Häkkinen et al., 2015].
Interestingly, Gap27 treatment also significantly increased expression of Cx43 at both
mRNA and total protein levels, although it did not affect relative proportions of the differently
phosphorylated forms of the protein in the Western blots. Increased Cx43 mRNA expression was
also noted after MFA treatment. These findings are different from previous observations where
treatment of human skin fibroblasts with Gap27 in a scratch wound model did not upregulate
Cx43 levels, but promoted its phosphorylation at S368 [Pollok et al., 2011]. It is possible that
Gap27 treatment of confluent cell layers (as in the present study) or in the scratch wounding
protocol [Pollok et al., 2011] may result in a different cell response to the peptide. Another
possibility is that the responses depend on the previously described distinct phenotype of human
gingival and skin fibroblasts [Häkkinen et al., 2014; Mah et al., 2014]. In any case, in the present
study, the dye transfer assays, which showed reduced GJ-mediated dye transfer by Gap27
treatment, were performed after 24 h pre-incubation with Gap27 to allow Gap27-induced Cx43
upregulation to occur. Thus, despite of the elevated levels of Cx43 in gingival fibroblasts, Gap27
was still able to block Cx43 GJ channel functions as expected. Therefore, whether Gap27induced gene expression changes in cultured human gingival fibroblasts depend on Gap27induced upregulation of Cx43 expression and/or reduced GJ function, and how this relates to
reduced Cx43 immunostaining and potential function in gingival wounds, remains to be shown.
In order to assess the mechanisms of Gap27-induced Cx43 upregulation in gingival
fibroblasts we used pharmacological inhibitors to key signaling pathways that associate with
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Cx43. Previous findings have indicated that transcriptional modulator AP1 regulates Cx43
expression by various signals [Nielsen et al., 2012]. Accordingly, its inhibition also partially
suppressed Gap27-induced Cx43 expression. In addition, Gap27-induced Cx43 expression was
partially regulated by MEK1/2 and p38 inhibitors, two upstream modulators of AP1
[Gopalakhrisnan et al., 2006; Salameh et al., 2008]. Interestingly, though, Gap27-induced Cx43
induction was totally blocked by the SP1 inhibitor, suggesting that this transcription factor is
another important regulator of Gap27-induced Cx43 expression in gingival fibroblasts. A recent
molecular study has also linked SP1 to regulation of Cx43 expression [Negoro et al., 2013]. SP1
also modulates Cx43-induced expression of a set of genes in various cells [Stains et al., 2014].
Accordingly, blocking of SP1 totally or partially inhibited Gap27-induced expression of 7 genes
in the present study.
To summarize, our findings demonstrate that Cx43 shows similar spatiotemporal
regulation in gingival wound epithelium over time as previously describe for skin. In addition,
we showed for the first time that the abundance of Cx43-positive plaques is strongly reduced in
fibroblasts at the early stages of human gingival wound healing, returning to the level of normal
tissue by day 60 post-wounding. Thus, wounding-induced suppression of Cx43 in wound
fibroblasts leads to disruption of the connexin-mediated intercellular communication network in
the connective tissue, resulting in a gene expression change that may be important for the fast
and scarless wound healing outcome in gingiva. Interestingly, blocking of Cx43 function by
mimetic peptides strongly regulated expression of a number of wound healing- and scar
formation-associated genes in human gingival fibroblasts. These changes involved p38,
MEK1/2-ERK1/2, TGF-β-SMAD3 and GSK3α/β mediated signaling pathways, and AP1 and
SP1 transcription factors. Among these pathways, ERK1/2-MEK1/2 appeared to be a key
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regulator of Cx43 mimetic peptide-modulated gene expression. Thus, Cx43 mimetic peptides
may provide an efficient tool to modulate fibroblast gene expression during wound healing. The
exact mechanisms by which the Cx43 mimetic peptides cause these effects, and the mechanisms
and importance of Cx43 downregulation for fast and scarless wound healing outcome in human
gingiva in vivo warrant further investigation.
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2.5

Tables

Table 2-1: List of the human gingival fibroblast lines used for the study.
Cell line name

Origin

Sex

Age (years)

GFBL-DC

Attached gingiva

Male

41

GFBL-OL

Attached gingiva

Male

30

GFBL-HN

Attached gingiva

Female

18

GFBL-DW

Attached gingiva

Female

30
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Table 2-2: Primers used for real-time PCR.
GeneBank

Gene

Primer sequence

Orientation

Location

Amplicon
(bp)

MMPs and TIMPs
NM_002421 MMP-1

GCTAACAAATACTGGAGGTATGATG

Forward

1250-1275

GTCATGTGCTATCATTTTGGGA

Reverse

1304-1325

NM_001127 MMP-2

AGACATACATCTTTGCTGGAG

Forward

1900-1920

891

ATCTGCGATGAGCTTGG

Reverse

1988-1972

NM_001166 MMP-3

ATGATGAACAATGGACAAAGGA

Forward

661-682

308

GAGTGAAAGAGACCCAGGGA

Reverse

751-732

NM_214207 MMP-7

TATGCTGCAACTCATGAAC

Forward

722-740

CGTAGGTTGGATACATCAC

Reverse

804-785

CACTACTGTGCCTTTGAGTCC

Forward

1531-1551

CGATGGCGTCGAAGATGTT

Reverse

1592-1574

TTATACACCAGATTTGCCAAGA

Forward

394-415

TTCAGAGCTTTCTCAATGG

Reverse

450-432

NM_004994 MMP-9

NM_002425 MMP-10

100

88

91

82

62

56
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GeneBank

Gene

Primer sequence

Orientation

Location

Amplicon
(bp)

NM_005940 MMP-11

NM_002426 MMP-12

NM_002427 MMP-13

NM_004995 MMP-14

NM_002429 MMP-19

NM_003254 TIMP-1

NM_003255 TIMP-2

CTATCCTCCAAAGCCATTGTAA

Forward

2258-2179

CAACTGTGTTTAATGACAATCCTC

Reverse

2254-2231

GTATGATGAAAGGAGACAGATGAT

Forward

1303-1326

TACGTTGGAGTAGGAAGTCAT

Reverse

1469-1449

CAGGAATTGGTGATAAAGTAGAT

Forward

1302-1324

CTGTATTCAAACTGTATGGGTC

Reverse

1365-1386

TCTCCCAGAGGGTCATTCAT

Forward

618-1637

TTCCAGTATTTGTTCCCCTTGTAG

Reverse

1688-1665

CCTGTCACAATATGGGTACCTAC

Forward

232-254

CTCGGTGATATCTTCTGGCTT

Reverse

304-284

CTGTGTCCCACCCCACC

Forward

267-283

GAACTTGGCCCTGATGACGA

Reverse

330-311

ACATTTATGGCAACCCTATCAA

Forward

481-502

106

166

85

70

72

64

70
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GeneBank

Gene

Primer sequence

Orientation

Location

Amplicon
(bp)

TCAGGCCCTTTGAACATCTTTA

Reverse

550-529

AGGACGCCTTCTGCAAC

Forward

1281-1297

CTCCTTTACCAGCTTCTTCC

Reverse

1348-1329

ACCTGTCCTTGGTGCAGA

Forward

927-944

TGTAGCAGGTGGTGATTTGG

Reverse

1004-985

TCGACTATCGAAAGAAAGGATA

Forward

585-606

(Cathepsin K)

AAAGCCCAACAGGAACCA

Reverse

655-637

Endo180

AAGAGGCCCAGCTGGTCA

Forward

3144-3161

(CD280)

GCATGGAGGCCAATCCAAAG

Reverse

3243-3224

Collagen type I

AACCAAGGCTGCAACCTGGA

Forward

3951-3970

(alpha 1)

GGCTGAGTAGGGTACACGCAGG

Reverse

4030-4009

NM_000362 TIMP-3

NM_003256 TIMP-4

68

80

Molecules involved in intracellular ECM degradation
NM_000396 CTSK

AF134838

70

100

Fibrillar ECM proteins
BC036531

80
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GeneBank

Gene

Primer sequence

Orientation

Location

Amplicon
(bp)

NM_000090 Collagen type III
(alpha 1)
NM_212482 EDA-FN (Extra
Domain A-

CTCCTGGGATTAATGGTAGT

Forward

1271-1290

CCAGGAGCTCCAGGAAT

Reverse

1340-1324

CACAGTCAGTGTGGTTGCCT

Forward

5633-5652

CTGTGGACTGGGTTCCAATCA

Reverse

5700-5680

CAGTAGTTGCGGCAGGAGAA

Forward

4168-4188

GTATCCTACTGAGGAGTCCACAAAATC

Reverse

4232-4206

CAACCTGATGGGGAGATATGGGGA

Forward

6769-6792

GAGTGTTCGTGGCCCTTCCAG

Reverse

6846-6826

ATGATGTTCATCAAGACCTGTGCCTG

Forward

199-183

CTTCCTGTAGTACAGGGATTCAAAGAT

Reverse

199-184

70

68

Fibronectin)
NM_212482 EDB-FN (Extra
Domain B-

65

Fibronectin)
Matricellular proteins
NM_002160 TN-C
(Tenascin-C)

NM_001901 CTGF (CCN2)

75

80
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GeneBank

Gene

Primer sequence

Orientation

Location

Amplicon
(bp)

GTC
Small Leucine-Rich Proteoglycans
NM_001711 BGN

BT019800

CTCAAGCTCCTCCAGGTGGTC

Forward

1067-1087

(Biglycan)

CCGAAGCCCATGGGACAGAAGTC

Reverse

1151-1127

DCN

CTGACACAACTCTGCTAGAC

Forward

242-261

(Decorin)

GACAAGAATCAATGCGTGAAG

Reverse

339-319

CACAATGAGATCCAGGAAG

Forward

761-779

(Fibromodulin)

TCCGAAGGTGGTTATAACTC

Reverse

845-826

LUM

TAGACAACAATAAGATCAGCAACA

Forward

635-658

(Lumican)

TTCGTTGTGAGATAAACGCAG

Reverse

720-700

AGCGTGGCTATTCCTTCGT

Forward

637-655

CTCATTTTCAAAGTCCAGAGCTACA

Reverse

733-707

NM_002023 FMOD

BT006707

93

97

85

85

Contractility and myofibroblast associated proteins
NM_001613 α –SMA
(α-Smooth

97

Muscle Actin)
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GeneBank

Gene

Primer sequence

Orientation

Location

Amplicon
(bp)

NM_001142 P311

CCTGGACTGAAGAGAGG

Forward

321-447

483

CAGACAAAGAGTTCTGGGTA

Reverse

508-489

NM_001004 11 integrin

GAAGGCACCAACAAGAACGA

Forward

1144-1163

439

AGGAAAAGCCCGTCTGTGA

Reverse

1204-1186

NM_002473 NMMIIA (Non-

ACCGAGAAGATCAATCCATC

Forward

722-741

AGATACTGGATGACCTTCTTG

Reverse

803-783

CCGTTTTACATAATCTGAAGGATC

Forward

395-418

TTGGAAGATTCTTGTAAGGGTT

Reverse

493-472

CAACGAAATCTATGACAAGTTCAAGC

Forward

1218-1245

Reverse

1294-1275

Muscle Myosin

78

60

81

IIA)
NM_005964 NMMIIB (NonMuscle Myosin

98

IIB)
TGF- Signaling related genes
NM_000660 TGF-β1

76

AG
CTTCTCGGAGCTCTGATGTG
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GeneBank

Gene

Primer sequence

Orientation

Location

Amplicon
(bp)

NM_003238 TGF-β2

TGGTGAAAGCAGAGTTCAGAG

Forward

1883-1903

CACAACTTTGCTGTCGATGTAG

Reverse

2022-2001

ACACCAATTACTGCTTCCGCAA

Forward

1161-1182

GCCTAGATCCTGTCGGAAGTC

Reverse

1242-1220

NM_001130 TGF-βR1 (TGF-β

GTGTATAGCTGAAATTGACTTAA

Forward

286-308

916

TGATTGCAGCAATATGTTGTA

Reverse

384-364

CTGGTGAGACTTTCTTCATGTG

Forward

768-789

Receptor 2)

CTGATGCCTGTCACTTGAAA

Reverse

894-875

NM_00196

EGR1

ACGTCTTGGTGCCTTTTGTG

Forward

2663-2682

4

(Early Growth

GAGGTGAGCATGTCCCTCA

Reverse

2737-2719

NM_001136 EGR2

AGCTTTGCTCCCGTCTCTG

Forward

469-487

179

AGCTGGCACCAGGGTACT

Reverse

556-539

NM_003239 TGF-β3

Receptor 1)

NM_003242 TGF-βR2 (TGF-β

140

81

99

127

75

Response 1)

(Early Growth

88

Response 2)
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GeneBank

Gene

Primer sequence

Orientation

Location

Amplicon
(bp)

NM_004430 EGR3

CGTTGGACAGCAATCTCTTC

Forward

903-922

AATGGAGCCCATGTCGTTG

Reverse

976-958

CAAAGTCCCACTCATCAGAGA

Forward

1930-1950

TCACAGCTATCTTGAATCTTCAG

Reverse

2043-2020

CACATCCCTGCTAAAGCTGAA

Forward

1170-1190

ATGATGCTGTATTTGCGGATCT

Reverse

1280-1259

NM_001171 VEGF-A

AGTGTGTGCCCACTGAGGA

Forward

1316-1334

630

GTGCTGTAGGAAGCTCATCTC

Reverse

1413-1393

(Early Growth

74

Response 3)
NM_005966 NAB1
(NGFI-A Binding

114

Protein-1)
NM_005967 NAB2
(NGFI-A Binding

111

Protein-2)
Growth factors & cytokines

(Vascular

97

Endothelial
Growth Factor-A)
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GeneBank

Gene

Primer sequence

Orientation

Location

Amplicon
(bp)

NM_002006 FGF-2 (Fibroblast AGTTGGTATGTGGCACTGAA

Forward

831-850

GTATAGCTTTCTGCCCAGGTC

Reverse

886-906

TACAGATGCCCATGCCGA

Forward

174-191

CTGAAGGGCACAGTTTGGAG

Reverse

266-247

NM_000576 IL1Interleukin- CAGTGAAATGATGGCTTATT

Forward

111-130

CTTCATCTGTTTAGGGCCA

Reverse

186-168

AGAACCTGAAGACCCTCAG

Forward

400-418

CTTATTAAAGGCATTCTTCACCT

Reverse

503-481

TCCCCAGGGACCTCTCTCTAATC

Forward

357-379

CTACAACATGGGCTACAGGCTTG

Reverse

449-427

TCATCTTCATCTTCAGAATCATGG

Forward

226-249

Growth Factor-2)
NM_199168 CXCL12/SDF-1α

1 beta)
NM_000572 IL10Interleukin10)
NM_000594 TNF-α (Tumor
Necrosis Factor-

75

93

75

103

92

α)
Cell-cell junction proteins
NM_000166 Cx32

85

60

GeneBank

Gene

Primer sequence

Orientation

Location

Amplicon
(bp)

GTGTTGCAGATGAAGGAAGA

Reverse

310-291

GAATGTCTTCATTGTCTTTATGCTG

Forward

753-777

ACAAATCGCTGTCTGATCTTC

Reverse

857-837

AGCAGTCTGCCTTTCGTTGTA

Forward

393-412

GATTGGGAAAGACTTGTCATAGCAG

Reverse

466-442

NM_001097 Cx45

AGCTGGGTCCAACAAAAGC

Forward

1151-1169

519

ACCATAAACTATGAGAAGCACAGATT

Reverse

1258-1233

NM_001792 Cadherin-2

TGAGGAGTCAGTGAAGGAG

Forward

843-861

CTTCTGCCTTTGTAGGTGG

Reverse

933-915

TTCCTTCGTGTTGTCATTTGTTG

Forward

174-196

CTTCTTCACCCATTGGATACTTG

Reverse

262-240

CTTTGTCAAGCTCATTTCCTGGTA

Forward

1020-1043

NM_181703 Cx40

NM_000165 Cx43

NM_001797 Cadherin-11

105

73

108

91

89

Housekeeping genes
NM_002046 GAPDH
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GeneBank

Gene

Primer sequence

Orientation

Location

Amplicon
(bp)

(Glyceraldehydes

GGCCATGAGGTCCACCA

Reverse

1089-1073

HPRT1

TGTTGGATTTGAAATTCCAGACAAG

Forward

619-643

(Hypoxanthine

CTTTTCCAGTTTCACTAATGACACAA

Reverse

727-700

GTGGCACAGCTAGTTCCGT

Forward

371-389

CTTCACGAAGATCTGCATTGTCA

Reverse

444-467

TGTCTTTCAGCAAGGACTGGTCTTTC

Forward

281-306

ATGGTTCACACGGCAGGCATA

Reverse

351-372

NM_001172 TBP

TTCGGAGAGTTCTGGGATTG

Forward

542-562

085

ACGAAGTGCAATGGTCTTTAG

Reverse

635-614

-3-phosphate ddehydrogenase)
M31642

107

phosphoribosyltra
nsferase I)
NM_021009 UBC
(Ubiquitin C)
NM_004048 B2M (Beta-2microglobulin)

(TATAA-box

96

92

94

binding protein)
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Table 2-3: List of antibodies used for immunostaining and Western blotting.
*Non- reducing conditions were used in Western blotting.

Antibody

Manufacturer

Source

Dilution
Immunostaining

Western
blotting

Anti-Vimentin

DakoCytomation, Mouse

1:200

Burlington, ON,
CA
Anti-Connexin32 Chemicon

Mouse

1:500

Rabbit

1:1000

International,
Billerica, MA,
USA
Anti-

Chemicon

Connexin40

International

Anti-Connexin43 Sigma-Aldrich,
(C6219)

Rabbit

1:800

1:8000

St. Louis, MO,
USA

Anti-MMP-1 (N-

Santa Cruz

Rabbit

1:1000

Anti-MMP-3

Abcam Inc.,

Mouse

1:2000

(ab77962)

Cambridge, MA,

17) (sc-8834-R)

USA
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Antibody

Manufacturer

Source

Dilution
Immunostaining

Western
blotting

Anti-MMP-10

R&D Systems

Goat

1:1000

Santa Cruz

Rabbit

1:500*

Anti-human

R&D Systems

Mouse

1:500

Decorin

Inc.

Anti-human

Abcam Inc.

Rabbit

1:2000

Abcam Inc.

Rabbit

1:2000

Santa Cruz

Mouse

1:1000

Inc.,
Minneapolis,
MN, USA
Anti-VEGF (A20)
(sc-152)

SMAD3
(ab28379)
Anti-human
phosphoSMAD3
(ab52903)
Anti-GSK3/
(0011-A): sc7291
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Antibody

Manufacturer

Source

Dilution
Immunostaining

Western
blotting

Anti- GSK3/

Cell Signaling,

Rabbit

1:1000

(Ser21/9)

Danvers, MA,

Abcam Inc.

Rabbit

1:500

Abcam Inc.

Rabbit

1:2000

Anti-ACTIVE®

Promega,

Rabbit

1:2000

p38

Madison, WI,

(pTGpY)

USA

Anti-human p38

Cell Signaling

Mouse

1:1000

Anti-active β-

Millipore,

Mouse

1:1000

Catenin

Temecula,

(clone 8E7)

CA, USA

USA
Anti-human
ERK1
(ab7947)
Anti-active
MAPK
(ERK1/2)
(pTEpY)

MAP kinase
(L53F8)
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Antibody

Manufacturer

Source

Dilution
Immunostaining

Western
blotting

Anti-β-Catenin

Abcam Inc.

Rabbit

1:10000

Cell Signaling

Rabbit

1:1000

Abcam Inc.

Goat

1:1000

Abcam Inc.

Rabbit

1:200

Anti-Clever-1

Kindly provided

Rat

20 g/ml

(M2

by Dr. Sirpa

macrophages)

Jalkanen,

(total)
(ab32572)
Anti-phospho-Catenin
(Ser33/37/Thr41)
Anti-β-Tubulin
(ab21057)
Anti--SMA
(ab5694)

University of
Turku, Turk,
Finland
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Table 2-4: Blocking of Cx43 function with Gap27 treatment modulates significantly expression
of genes involved in protein degradation during wound healing in gingival fibroblasts.

Target Gene

Ct Value

Relative Expression

p-Value

Mean ± SEM
MMPs and TIMPs
MMP-3

22≤Ct≤23

6.22 ± 0.93

***1.72608E-06

MMP-1

17≤Ct≤21

4.83 ± 0.59

***1.40031E-09

MMP-10

20≤Ct≤23

4.72 ± 0.49

***1.89712E-10

TIMP-3

17≤Ct≤24

2.05 ± 0.34

MMP-14

20≤Ct≤23

1.65 ± 0.11

TIMP-1

15≤Ct≤20

1.63 ± 0.18

**0.001

MMP-11

24≤Ct≤26

1.19 ± 0.07

0.16

TIMP-2

15≤Ct≤22

1.05 ± 0.05

0.30

MMP-2

13≤Ct≤16

0.98 ± 0.04

0.67

MMP-19

23≤Ct≤26

0.81 ± 0.09

0.11

TIMP-4

18≤Ct≤27

0.70 ± 0.05

***0.0001

MMP-7

Ct>30

MMP-9

Ct>30

MMP-12

Ct>30

MMP-13

Ct>30

**0.001
***7.93526E-05

Molecules involved in intracellular ECM degradation
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Target Gene

Ct Value

Relative Expression

p-Value

Mean ± SEM
CTSK

17≤Ct≤19

0.88 ± 0.03

0.07

Endo180 (CD280)

19≤Ct≤21

0.83 ± 0.06

0.12

Results show real-time PCR analysis of relative mRNA expression in confluent GFBL-DC cultures
treated with Gap27 (150 μM) relative to control peptide-treated samples for 24 h. Results represent mean
± SEM from minimum of three repeated experiments (**p<0.01, ***p<0.001; Student’s t-test). Genes
that are bolded show ≥ 1.5-fold up or downregulation relative to control peptide treated samples. Genes
with negligible expression (Ct>30) were not analyzed further. MMP: Matrix Metalloproteinase; TIMP:
Tissue Inhibitor of Metalloproteinase; CTSK: Cathepsin K.
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Table 2-5: Blocking of Cx43 function with Gap27 treatment modulates significantly expression
of extracellular matrix proteins and cell contractility and myofibroblast-associated genes in
gingival fibroblasts.
Target Gene

Ct Value

Relative Expression

p-Value

Mean ± SEM
Fibrillar ECM proteins
EDA-FN

18≤Ct≤22

1.20 ± 0.09

*0.04

EDB-FN

19≤Ct≤24

1.20 ± 0.09

*0.04

Collagen type III

21≤Ct≤24

0.72 ± 0.11

0.07

Collagen type I

18≤Ct≤21

0.62 ± 0.06

***0.0007

***4.88554E-08

Matricellular proteins
TN-C

22≤Ct≤24

5.5 ± 0.79

CTGF (CCN2)

19≤Ct≤23

1.0 ± 0.14

0.81

Small Leucine-Rich Proteoglygans
LUM

19≤Ct≤20

1.23 ± 0.13

0.09

BGN

19≤Ct≤26

1.23 ± 0.17

0.19

DCN

15≤Ct≤16

0.63 ± 0.03

***5.62708E-06

FMOD

24≤Ct≤27

0.61 ± 0.06

***0.0006

Contractility and myofibroblast associated protein
11 integrin

26≤Ct≤27

1.27 ± 0.07

0.05

NMMIIA

21≤Ct≤22

1.20 ± 0.12

0.12

P311

26≤Ct≤27

0.89 ± 0.05

0.09
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Target Gene

Ct Value

Relative Expression

p-Value

Mean ± SEM
-SMA

19≤Ct≤21

0.60 ± 0.04

***6.79753E-06

NMMIIB

26≤Ct≤27

0.59 ± 0.14

***0.0002

Results show real-time PCR analysis of relative mRNA expression in confluent GFBL-DC cultures
treated with Gap27 (150 μM) relative to control peptide-treated samples for 24 h. Results represent mean
± SEM from minimum of three repeated experiments (*p<0.05, ***p<0.001; Student’s t-test). Genes that
are bolded show ≥ 1.5-fold up or downregulation relative to control peptide treated samples. EDA-FN:
Extra Domain A-Fibronectin; EDB-FN: Extra Domain B-Fibronectin; TN-C: Tenascin-C; BGN:
Biglycan; DCN: Decorin; FMOD: Fibromodulin; LUM: Lumican; α-SMA: α-Smooth Muscle Actin;
NMMIIA: Non-Muscle Myosin IIA; NMMIIB: Non-Muscle Myosin IIB.
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Table 2-6: Blocking of Cx43 function with Gap27 treatment modulates significantly expression
of genes involved in TGF-β signaling and encoding VEGF-A and CXCL12/SDF-1α in gingival
fibroblasts.
Target Gene

Ct Value

Relative Expression

p-Value

Mean ± SEM
TGF-β signaling related genes
TGF-1

18≤Ct≤21

1.60 ± 0.10

EGR1

22≤Ct≤25

1.54 ± 0.80

0.49

TGF-3

25≤Ct≤28

1.42 ± 0.14

*0.01

NAB1

24≤Ct≤26

1.26 ± 0.02

**0.005

NAB2

23≤Ct≤24

1.15 ± 0.26

0.59

TGF-R2

21≤Ct≤23

0.89 ± 0.05

0.16

TGF-R1

25≤Ct≤29

0.87 ± 0.12

0.41

TGF-2

24≤Ct≤26

0.63 ± 0.22

0.27

EGR2

25≤Ct≤28

0.56 ± 0.13

0.12

EGR3

Ct>30

***4.64896E-06

Growth factors & cytokines
VEGF-A

23≤Ct≤24

3.48 ± 0.43

FGF-2

23≤Ct≤24

1.19 ± 0.13

CXCL12/SDF-1α

20≤Ct≤21

0.34 ± 0.05

IL1

Ct>30

***6.29123E-07
0.15
***1.39169E-05
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Target Gene

Ct Value

Relative Expression

p-Value

Mean ± SEM
IL10

Ct>30

TNF-

Ct>30

Results show real-time PCR analysis of relative mRNA expression in confluent GFBL-DC cultures
treated with Gap27 (150 μM) relative to control peptide-treated samples for 24 h. Results represent mean
± SEM from minimum of three repeated experiments (*p<0.05, **p<0.01, ***p<0.001; Student’s t-test).
Genes that are bolded show ≥ 1.5-fold up or downregulation relative to control peptide treated samples.
Genes with negligible expression (Ct>30) were not analyzed further. TGF-βR1: TGF-β Receptor 1; TGFβR2: TGF-β Receptor 2; EGR1: Early Growth Response 1; EGR2: Early Growth Response 2; EGR3:
Early Growth Response 3; NAB1: NGFI-A Binding Protein-1; NAB2: NGFI-A Binding Protein-2;
VEGF-A: Vascular Endothelial Growth Factor-A; FGF-2: Fibroblast Growth Factor-2; IL1β Interleukin1β; IL10 Interleukin-10; TNF-α: Tumor Necrosis Factor-α.
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Table 2-7: Blocking of Cx43 function with Gap27 treatment upregulates significantly expression
of Cx43 and Cadherin-2 expression involved in formation of cell-cell junctions.
Target Gene

Ct Value

Relative Expression

p-Value

Mean ± SEM
Cell-cell junction molecules
Cx43

21≤Ct≤23

1.79 ± 0.15

Cadherin-2

22≤Ct≤23

1.68 ± 0.21

**0.002

Cx45

24≤Ct≤27

1.18 ± 0.15

0.21

Cadherin-11

21≤Ct≤22

1.03 ± 0.06

0.69

Cx32

27≤Ct≤30

0.95 ± 0.24

0.85

***3.05801E-05

Results show real-time PCR analysis of relative mRNA expression in confluent GFBL-DC cultures
treated with Gap27 (150 μM) relative to control peptide-treated samples for 24 h. Results represent mean
± SEM from minimum of three repeated experiments (*p<0.05, **p<0.01, ***p<0.001; Student’s t-test).
Genes that are bolded show ≥ 1.5-fold up or downregulation relative to control peptide treated samples.
Cx43: Connexin 43; Cx45: Connexin 45; Cx32: Connexin 32.
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Table 2-8: Blocking of Cx43 function with Gap27 treatment activates distinct signaling
pathways that regulate wound healing-associates genes in gingival fibroblasts.
GENE

AP1

SP1

TGF-

p38

MMP-1
MMP-3

P

T

MMP-10

TIMP-1

T
P

P

T

P

T

P

T

T

P

T

T

T

T

TN-C

T

DCN

P

FMOD

P

P

P

T

T
P

P

P

T

NMMIIB
TGF-1

T

P

Collagen type I

-SMA

GSK3/

T

MMP-14

TIMP-3

MEK1/2

P
P

P

T
T

VEGF-A

P

P

P

CXCL12/SDF-1α

P

Cx43

P

T

Cadherin-2

T

T

P

P

P

T

T

Results show a summary of involvement of AP1, SP1, TGF-β p MEK1/2 and GSK3α/β signaling
pathways in Gap27-mediated regulation of gene expression in GFBLs. Results were obtained from realtime PCR analysis of relative mRNA expression in confluent GFBL-DC cultures treated with Gap27 (150
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μM) with or without corresponding signaling pathway inhibitors for 24 h, and show results relative to
control peptide/vehicle treated samples. T: Inhibition of the pathway completely blocks Gap27-induced
change in gene expression. P: Inhibition of the pathway partially (by at least 50%) blocks Gap27-induced
change in gene expression. TN-C: Tenascin-C; DCN: Decorin; FMOD: Fibromodulin; α-SMA: α-Smooth
Muscle Actin; NMMIIB: Non-Muscle Myosin IIB; VEGF-A: Vascular Endothelial Growth Factor-A.
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2.6

Figures

Figure 2-1: Gingival fibroblasts express Cx43 as their major connexin protein.
(A) Results show real-time PCR analysis of major connexins previously described in fibroblasts (Cx32,
Cx40, Cx43 and Cx45) in cultured human gingival fibroblasts from four different individuals (GFBL-HN,
GFBL-CM, GFBL-OL and GFBL-DC). All cell lines expressed Cx43 as their major connexin, with
moderate levels of Cx45, low level of Cx32, and no expression of Cx40. Range of Ct-values obtained
from real-time PCR is indicated below each gene name. (B) Similar findings were found when the same
connexins were analyzed in cell lysates using Western blotting. (C) Immunostaining of a representative
confluent cell culture (GFBL-DC) for Cx43 and Cx45. Gingival fibroblasts contained numerous Cx43positive plaques, while much fewer similar structures positive for Cx45 were noted. In general, connexinpositive plaques were localized at cell-cell contact areas, possibly representing GJs (arrows), and other
areas not associated with cell-cell contacts (arrowheads).
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Figure 2-2: Cx43 is downregulated in gingival fibroblasts during wound healing.
Representative immunostainings of Cx43 (red) and vimentin (green; a mesenchymal cell marker) in
unwounded human oral mucosal connective tissue (attached gingiva) (A and B), and in gingival
granulation and wound connective tissue 3 (C and D), 7 (E and F), 14 (G and H), 28 (I and J) and 60 days
(K and L) post-wounding. (A and B) In the unwounded gingival connective tissue, abundant Cx43
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immunoreactivity was present as punctate staining, likely representing Cx43 plaques, in vimentin-positive
fibroblast-like cells throughout the tissue. (C and D) At day 3 post-wounding, Cx43 was downregulated in
fibroblasts at wound edge as compared to unwounded tissue (A and B). First fibroblasts that had migrated
into the wound area showed no immunoreactivity for Cx43 (D). (E-H) At day 7 (E and F) and 14 (G and
H) post-wounding, very few Cx43 positive structures were noted in fibroblasts in the highly cellular
granulation and connective tissue. (I and J) At day 28 after wounding, abundance of Cx43-positive
plaques in connective tissue cells in the newly formed connective tissue at the wound area was increased
as compared to earlier time points. However, size of these plaques was clearly smaller than in the
unwounded tissue (A and B). (K and L) At day 60 after wounding, structure of the connective tissue
formed at the wound area was closely similar to unwounded tissue. Size and number of Cx43-positive
plaques in fibroblast-like cells in the regenerated wound area was similar to the unwounded tissue (A and
B). Data shown represents minimum of three sections stained in parallel samples from two to three
individual donors at each time point. CT: connective tissue; W Edge: wound edge; W Area: wound area;
GT: granulation tissue; WCT: wound connective tissue. Nuclear staining (blue) was performed using
DAPI.
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Figure 2-3: Cx43 is downregulated in gingiva during wound healing.
Representative immunostainings of Cx43 (red) and vimentin (green; a mesenchymal cell marker) in
unwounded human oral mucosal tissue (attached gingiva) (A–C), and in gingival wounds 3- (D–F), 7(G–I), 14- (J–L), 28- (M–O) and 60-days (P–Q) post-wounding. (A–C) In unwounded gingiva, abundant
Cx43 staining was localized in suprabasal epithelial cells. Most intensely stained cells were located in the
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stratum spinosum, but weak staining was also noted in basal epithelial cells. Inserts in (B) and (C) show
higher magnification images of Cx43 localization in basal cells at the connective tissue papilla and rete
peg areas, respectively. (D–F) At day 3 post-wounding, Cx43 was downregulated in migrating epithelial
cells (D and E) and fibroblasts at wound edge (F; arrowheads indicate wound edge). (G–I) At day 7 postwounding, when the wound was completely covered with a new epithelium, 2-3 most basal epithelial cell
layers showed Cx43 staining in the wound epithelium, while there was only a very weak
immunoreactivity for Cx43 in the spinous layer (G and H). Very little Cx43 immunoreactivity was noted
in fibroblasts at the wound edge (I). (J–L) At day 14 post-wounding, Cx43 was confined to the 2-3 most
basal layers of wound epithelium (J and K). At this stage, immunoreactivity for Cx43 was slightly
increased at the wound edge connective tissue (L) as compared to 7-day wounds (I). (M–O) At day 28
after wounding, Cx43 immunoreactivity was normalized in the epithelium at the wound site, being
present mainly in suprabasal cells of the stratum spinosum (M and N). Abundance of Cx43-positive
plaques in connective tissue cells at the wound edge (O) was increased as compared to earlier time points
(I and L). (P–Q) At day 60 after wounding, structure of the epithelium and connective tissue formed at the
wound area was closely similar to unwounded tissue. Cx43 immunoreactivity was also similar to
unwounded tissue in the epithelium at the wound site (P and Q). (R) Negative control staining of Cx43 in
unwounded epithelium. Data shown represents minimum of three sections stained in parallel samples
from two to three individual donors at each time point. Arrowheads (D, E, F, G, I, J and M) indicate
wound edge. E: epithelium; CT: connective tissue; FC: fibrin clot; W Edge: wound edge; WE: wound
epithelium; GT: granulation tissue; WCT: wound connective tissue. Nuclear staining (blue) was
performed using DAPI. Magnification bars in the inserts in B, C and Q: 50 μm.
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Figure 2-4: Immunolocalization of Cx43 in gingival wound macrophages.
Immunolocalization of Cx43 in gingival wound macrophages. (A and B) Representative images of wound
samples double immunostained with anti-Cx43 (red) and anti-Clever-1 (green; M2 macrophage marker)
antibodies. (A) At day 14 post-wounding, very few Cx43-positive structures (arrowheads) were noted in
some of the macrophages located in the newly made wound connective tissue. (B) At day 28 postwounding, number of M2 macrophages was strongly reduced compared to day 14, with very little
macrophage-associated Cx43 immunoreactivity. Magnification bar: 10 μm.
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Figure 2-5: Immunolocalization of Cx43 in gingival wound myofibroblasts.
(A and B) Representative images of the same wound location in parallel day 14 wound sections stained
with an antibody against α-SMA (A) and Cx43 (B). At day 14 post-wounding, the wound contained
numerous α-SMA-positive myofibroblasts. However, very few Cx43-positive structures (arrowheads)
were noted in cells in the myofibroblast-rich area. Magnification bar: 10 μm.
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Figure 2-6: Phase contrast images of gingival fibroblast cultures treated with or without Gap27.
Confluent fibroblast cultures (GFBL-DC) were cultured in their normal growth medium (DMEM) (A), or
treated with control peptide (B) or Gap27 (C) (150 μM), and images acquired 24 h after treatment.
Magnification bar: 50 μm.
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Figure 2-7: Gap27 and MFA suppress GJ-mediated dye transfer in gingival fibroblasts.
(A-F) Confluent GFBL-DC cultures maintained in DMEM were scrape-loaded with Lucifer Yellow (0.5
%; green) in the presence of control peptide (A and B; 150 μM), Gap27 (C; 150 μM), vehicle (dH 2O; D
and E), or MFA (50 μM; F), and dye transfer was followed for 5 min. Treatment of cells with Gap27 (C)
or MFA (F) markedly reduced dye transfer as compared to control samples treated with the control
peptide (A and B) or vehicle (D and E). Results show representative images from minimum of three
repeated experiments. For the experiments, cells were pretreated with Gap27 and control peptide or MFA
and vehicle for 24 h or 1 h before the experiments, respectively. Magnification bars: 50 μm.
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Figure 2-8: Gap27-treatment promotes gingival fibroblast migration.
(A) Representative images of human gingival fibroblast (GFBL-DC) migration in the presence of Gap27
or control peptide (150 μM) across a scrape wound over time. Lines indicate original wound margins.
Magnification bar: 20 μm. (B) Quantification of Gap-27-induced fibroblast migration over time. (C)
Representative images of human gingival fibroblast (GFBL-DC) migration in the presence of control
siRNA-1 or -2 or Cx43 siRNA-1 or -2 (30 nM) across a scrape wound over time. Wounds were
completely closed in all groups at 24 h. Lines indicate original wound margins. Magnification bar: 40 μm.
(D) Quantification of cell migration in Cx43 and control siRNA treated samples over time. Results show
pooled data for Cx43 siRNA-1 and -2, and control siRNA-1 and -2 treated samples, respectively. Wounds
were completely closed in all groups at 24 h. For the experiments, siRNA transfection was performed 30
h before wounding. Wound closure rate was determined measuring the area of the open wound at each
time point relative to the area of the same wound at the time of wounding. Results show mean ± SEM
from minimum of triplicate samples. Statistical testing was performed comparing test and control samples
at the given time point (*p<0.05, **p<0.01; Student’s t-test). Non-treated samples (incubated in DMEM
only) did not show difference to control peptide or control siRNA-treated samples, and are not shown.
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Figure 2-9: Effect of Gap27-mediated blocking of Cx43 function on gene expression in parallel
gingival fibroblast lines.
Confluent cultures of gingival fibroblasts from three different individuals (GFBL-HN, GFBL-CM and
GFBL-DC) were treated with Gap27 or control peptide (150 μM) for 24 h, and expression of a set of
genes involved in wound healing was analyzed by real-time PCR. Results represent mean ± SEM of
mRNA expression relative to control peptide-treated cells from triplicate samples in one experiment
(*p<0.05, **p<0.01, ***p<0.001; Student’s t-test). Horizontal line indicates relative mRNA expression
for the control-peptide treated samples. EDA-FN: Extra Domain A-Fibronectin; EDB-FN: Extra Domain
B-Fibronectin; TN-C: Tenascin-C; CTGF: Connective Tissue Growth factor (CCN2); α-SMA: α-Smooth
Muscle Actin; VEGF-A: Vascular Endothelial Growth Factor-A.
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Figure 2-10: Effect of Gap26 and Gap27 treatment on gene expression in gingival fibroblasts.
Confluent fibroblast cultures (GFBL-DC) were treated with Gap26 or control peptide (300 μM), and
Gap27 or control peptide (150 μM) for 24 h, and expression of a set of genes was analyzed by real-time
PCR. Results show mean mRNA expression relative to control-peptide treated samples from triplicate
samples from one experiment. Horizontal line indicates relative mRNA expression for the control-peptide
treated samples. EDA-FN: Extra Domain A-Fibronectin; EDB-FN: Extra Domain B-Fibronectin; TN-C:
Tenascin-C; α-SMA: α-Smooth Muscle Actin; VEGF-A: Vascular Endothelial Growth Factor-A.
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Figure 2-11: Expression of a set of genes in gingival fibroblasts treated with connexin inhibitor
meclofenamic acid (MFA) relative to untreated samples.
Real-time PCR results from GFBL-DC cultures treated with increasing concentrations of MFA for 24 h
relative to vehicle-treated samples are shown. Results represent mean of triplicate samples in one
experiment. MFA induced a concentration-dependent increase in expression of MMP-1, MMP-10,
Vascular Endothelial Growth Factor-A (VEGF-A), Tenascin-C (TN-C) and Cx43, and downregulation of
CXCL12 (SDF-1α).
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Figure 2-12: Cx43 siRNA treatment suppresses Cx43 expression, abundance, and GJ-mediated
dye transfer in gingival fibroblasts.
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(A) Confluent GFBL-DC cultures were transfected with Cx43 siRNA-1, siRNA-2, or control siRNA (30
nM) for 48 h, and connexin expression analyzed by real-time PCR (a), Western blotting (b) and
immunostaining (c and d). (a) Both Cx43 siRNAs caused a significant, about 80%, down regulation of
Cx43 expression, while expression of Cx32 and Cx45 remained unaltered. Results show mean ± SEM of
mRNA expression (n=3 experiments) in cells treated with the Cx43 siRNAs relative to control siRNA
(indicated by a horizontal line). (b) Similar results were obtained at protein level by Western blotting. (c
and d) Immunostaining showed strongly reduced number of Cx43 positive plaques in Cx43 siRNAtreated fibroblasts (d) as compared with control siRNA treated cells (c). Results show data from siRNA-1
transfected cells in b, c, and d.
(B) Confluent GFBL-DC cultures transfected with control siRNA-1 (a and b), Cx43 siRNA-1 (c) or Cx43
siRNA-2 (d) were scrape-loaded with Lucifer Yellow (green), and dye transfer was followed for 5 min.
Treatment of cells with Cx43 siRNA-1 and -2 reduced markedly dye transfer as compared to control
siRNA-1 (results for control siRNA-2 were identical to control siRNA-1, and are not shown). Results
show representative images from triplicate samples. For the experiments, siRNA transfections were
performed 48 h before the experiment. Magnification bars: 50 μm.

90

Figure 2-13: Blocking of Cx43 by Gap27 resulted in significantly increased secretion of active
MMP-1 and MMP-10, and pro-MMP-3 by gingival fibroblasts.
Confluent cultures of gingival fibroblasts (GFBL-DC) were treated with Gap27 or control peptide (150
μM) for 24 h, and abundance of MMP-1 (A-D), MMP-3 (E-G), and MMP-10 (H-J) in the conditioned
medium and cell layer was analyzed by Western blotting. (B, D, G and J) Quantitation of MMP levels in
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Western blots shows mean ± SEM from three independent experiments (*p<0.05, ***p<0.001; Student’s
t-test). Sample loading for cell layer fraction was normalized for β-Tubulin levels. Identity of active and
pro-forms of the enzymes was confirmed by pretreatment of a set of samples with or without APMA to
activate latent enzymes prior to Western blotting (data not shown).
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Figure 2-14: Blocking of Cx43 function by Gap27 promotes secretion of VEGF-A, and
suppresses DCN levels in gingival fibroblast cultures.
Confluent cultures of gingival fibroblasts (GFBL-DC) were treated with Gap27 or control peptide (150
μM) for 24 h, and Vascular Endothelial Growth Factor-A (VEGF-A) and Decorin (DCN) levels were
analyzed in the conditioned medium by Western Blotting. Representative results from three independent
experiments are shown.
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Figure 2-15: Gap27 treatment increases Cx43 protein abundance significantly.
(A) Confluent cultures of gingival fibroblasts (GFBL-DC) were treated with Gap27 or control peptide
(150 μM) for 24 h, and abundance of Cx43 was analyzed by Western blotting. Gap27 treatment did not
affect the relative intensities of three bands corresponding to differently phosphorylated forms of Cx43
(P0: pS368; P1:pS279/282 and pS255; P2: pS262). (B) Quantitation of Cx43 levels in Western blots
shows mean ± SEM from three independent experiments (**p<0.01; Student’s t-test). Sample loading
was normalized for β-Tubulin levels.
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Figure 2-16: Western blotting analysis of key signaling pathways modulated by Gap27 in
gingival fibroblasts.
Confluent cultures of gingival fibroblasts (GFBL-DC) were treated with Gap27 or control peptide (150
μM) for 1, 2, 6, and 24 h. Cell lysates were analyzed for protein levels of total SMAD3 and
phosphorylated SMAD3 (p-SMAD3) (A), total p38 and phosphorylated p38 (p-p38) (C), total ERK1/2
and phosphorylated ERK1/2 (p-ERK1/2) (E), total GSK3α/β and phosphorylated GSK3α/β (p-GSK3α/β)
(G), and total β-Catenin, phosphorylated β-Catenin (p-β-Catenin) and non-p-β-Catenin (I). (B, D, F, H
and J) Quantitation of the phosphorylated or non-phosphorylated signaling molecules relative to their
total levels at time 0 (control samples), and at 1, 2, 6 and 24 h after Gap27 treatment. Sample loading was
normalized for β-Tubulin levels. Results from one experiment are shown.
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Figure 2-17: Modulation of Gap27-regulated gene expression in gingival fibroblasts by
pharmacological inhibitors of AP1, SP1, TGF-β, p38, MEK1/2 and GSK3α/β signaling
pathways.
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Confluent cultures of gingival fibroblasts (GFBL-DC) were treated with Gap27 (150 μM) with or without
curcumin (AP1 inhibitor), WP631 (SP1 inhibitor), SB431542 (TGF-β inhibitor), PD184352 (p38
inhibitor), SB203580 (MEK1/2 inhibitor) or SB415286 (GSK3α/β inhibitor) for 24 h, and expression of
MMPs and TIMPs (A), ECM proteins and contractility-associated genes (B), TGF-β1 and growth factors
(C), and cell-cell junction proteins (D) was analyzed by real-time PCR. Results represent mean mRNA
expression relative to non-treated cells from triplicate samples in one experiment. DMSO: Cells treated
with the vehicle (DMSO) only; TN-C: Tenascin-C; DCN: Decorin; FMOD: Fibromodulin; α-SMA: αSmooth Muscle Actin; NMMIIB: Non-Muscle Myosin IIB; VEGF-A: Vascular Endothelial Growth
Factor-A.
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Chapter 3: Connexin 43 Hemichannels Regulate the Expression of Wound
Healing-Associated Genes in Human Gingival Fibroblasts2
3.1

Introduction
Connexins (Cxs) are a family of 21 molecules in humans that form hemichannels (HCs)

and gap junctions (GJs) on the cell membrane. Each Cx molecule is composed of four
transmembrane domains, two extracellular loops (E1 and E2), a cytoplasmic N-terminus, a
cytoplasmic loop, and a C-terminal domain critical for the regulation of Cx function [Kar et al.,
2012; Iyyathurai et al., 2013]. When present as HCs, Cxs form unopposed channels between
cells and the extracellular space. HC opening can be induced by factors associated with, for
example, wound healing, inflammation, hypoxia, oxidative stress, mechanical signals, changes in
intra- and extracellular osmolarity and Ca2+ concentration, and cytosolic pH [Burra and Jiang,
2011; Decrock et al., 2011; Kar et al., 2012; Gault et al., 2014]. This provides a pathway for the
transfer of small ions, metabolites, and signaling molecules between the cytosol and the
extracellular space that regulate cell functions via auto- and paracrine mechanisms and by
changing the intracellular milieu [Kar et al., 2012; Iyyathurai et al., 2013; Saez and Leybaert,
2014]. For instance, ATP, which has an intracellular concentration several-fold higher than the
outside, moves out via HCs to interact with purinergic receptors in order to elicit auto- or
paracrine signaling [Schwiebert and Zsembery, 2003; Iyyathurai et al., 2013]. Collectively, HCs
are involved in the regulation of various cell functions including survival, proliferation,
migration, oxidative stress and gene expression [Burra and Jiang, 2011].

2

A version of this chapter has been published. Tarzemany R, Jiang G, Jiang JX, Larjava H, Häkkinen L.
Connexin 43 Hemichannels Regulate the Expression of Wound Healing-Associated Genes in Human
Gingival Fibroblasts. Sci Rep. 7, 14157 (2017).
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When Cxs form GJs, two HCs from opposing cells connect across the intercellular space,
forming a channel that links the cytoplasms of the participating cells. This process is regulated
by phosphorylation of Cxs at specific cytoplasmic sites, and interactions with cytoplasmic
scaffolding proteins. Typically, several GJs cluster laterally to form large (several micrometers)
detergent-insoluble GJ plaques, where only a proportion of GJs maybe open at a given time
[Rhett and Gourdie, 2012; Thevenin et al., 2013]. When GJs are open, they mediate the exchange
of various small signaling molecules, including inositol-3-phosphate (IP3) and cAMP, ions such
as Ca2+, metabolites, amino acids and microRNAs, between communicating cells. Unlike in HCmediated auto- or paracrine signaling, GJs allow the signals to directly spread via the cytoplasms
of connected cells to synchronize cell functions [Kar et al., 2012; Iyyathurai et al., 2013]. Many
of the same factors that regulate HCs also regulate GJs, but the effects are often opposite. For
instance, growth factors, inflammatory cytokines, oxidative stress, ischemia or a moderate
elevation of intracellular Ca2+ concentration that induces HCs to open may cause closing of GJs
[Decrock et al., 2011; Schalper et al., 2012; Iyyathurai et al., 2013]. Thus, processes such as
inflammation or wound healing may promote HC-mediated signaling and suppress GJcommunication. In addition to the above channel-dependent functions, the cytoplasmic domain
of Cxs can directly interact with other molecules independent of the channel functions, and
participate in intracellular signaling cascades that control gene expression, among other functions
[Jiang and Gu, 2005; Wright et al., 2009; Nielsen et al., 2012; Zhou and Jiang, 2014]. The
biological roles of Cx HCs, GJs and channel-independent functions are still incompletely
understood.
Wound healing in skin and mucosa is a critical process that re-establishes the structure and
function of the tissue after trauma, and in ideal cases results in fast and complete tissue
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regeneration. Aberrations of wound healing are common in skin, and include excessive scarring
and delayed or deficient wound healing [Greaves et al., 2013; Greenhalgh, 2014]. Several animal
and human studies have shown that the expression of Cxs is spatiotemporally regulated during
wound healing, and that their expression is altered in non-healing chronic wounds and in tissue
fibrosis, suggesting that Cxs could play a role in these processes [Trovato-Salinaro et al., 2006;
Jansen et al., 2012; Vinken, 2012; Churko and Laird, 2013; Martin et al., 2014; Sutcliffe et al.,
2015]. For instance, early downregulation of Cx43 has been linked to proper wound closure
[Kretz et al., 2003] while its upregulation is associated with non-healing chronic wounds
[Sutcliffe et al., 2015]. Moreover, suppressing the expression of Cx43 (the most ubiquitous Cx in
skin) by antisense oligonucleotides (AS ODN) upon wounding, results in faster skin wound reepithelialization and closure, and accelerates wound granulation tissue formation [Kretz et al.,
2003 and 2004; Coutinho et al., 2005]. Thus, early downregulation of Cx43 expression appears
beneficial for wound healing. A wound healing-promoting effect has also been achieved by a
mimetic peptide (ACT1) corresponding to the cytoplasmic carboxyl-terminus of Cx43
[Ghatnekar et al., 2009 and 2015; Grek et al., 2015]. In contrast to Cx43 AS ODN treatment,
which reduces the total Cx43 expression resulting in reduced Cx43 GJ and HC abundance [Mori
et al., 2006], ACT1 peptide specifically interferes with the interaction of Cx43 with a
cytoplasmic molecule ZO-1, and may induce HC sequestration while increasing GJs [Ghatnekar
et al., 2009 and 2015; Soder et al., 2009; Rhett et al., 2011; Rhett and Gourdie, 2012].
Interestingly, unlike Cx43 AS ODN treatment, ACT1 suppresses collagen deposition, resulting
in a reduced fibrotic response in vivo [Soder et al., 2009]. Thus, Cx43 HCs and GJs may have
different effects on the wound healing outcome.
Our recent findings have shown that in human oral mucosal gingival wounds, which heal
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faster and result in significantly less scarring than skin wounds [Mak et al., 2009; Wong et al.,
2009; Larjava et al., 2011; Glim et al., 2013; Häkkinen et al., 2015], abundance of Cx43 plaques
was strongly suppressed in wound fibroblasts, suggesting that reduced GJ and/or HC function
may promote wound healing in gingiva [Tarzemany et al., 2015]. To further assess the functions
of Cx43 in human gingival fibroblasts (GFBLs), we blocked it by mimetic peptides Gap27 or
Gap26. These peptides specifically target both Cx43 HCs and GJs at the same time [Wang et al.,
2013]. Interestingly, the peptide treatments strongly modulated the expression of several key
genes and proteins associated with wound healing via specific intracellular signaling pathways
[Tarzemany et al., 2015]. Thus, downregulation of Cx43 function may promote the GFBL
phenotype conducive for efficient wound healing, but it is not clear whether these functions
distinctly depended on Cx43 HCs or GJs. Therefore, the aim of the present study was to
characterize Cx43 HCs and GJs in human GFBLs, and determine their roles in regulating
fibroblast gene expression relevant for wound healing. We hypothesized that Cx43 HCs and GJs
distinctly regulate the expression of wound healing-associated genes in human GFBLs.
3.2
3.2.1

Materials and Methods
Tissue Samples
To obtain gingival tissue samples from three healthy individuals (26- and 27-year-old

females and a 48-year-old-male), standardized, full-thickness excisional biopsies (2x10 mm)
were collected under local anesthesia from healthy palatal attached gingiva in an area between
the canine and the third molar using a double-bladed scalpel. Samples were processed for frozen
sectioning as described previously [Tarzemany et al., 2015]. For the study, a minimum of three
tissue sections from each of the three subjects was analyzed.
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3.2.2

Cell Culture
Three primary human gingival fibroblast strains (GFBLs; GFBL-OL, GFBL-DC, and

GFBL-HN) were isolated from clinically healthy attached gingiva from healthy 30 and 41-yearold male and 18-year-old female donors, respectively, as previously described [Häkkinen et al.,
1994]. These cell lines have been extensively characterized previously [Tarzemany et al., 2015;
Mah et al., 2017]. These fibroblast strains express Cx43 as their main GJ protein [Tarzemany et
al., 2015]. Cells were routinely maintained in Dulbecco’s Modified Eagle’s medium (DMEM),
supplemented with 1% antibiotic/antimycotic and 10% fetal bovine serum (FBS) (Gibco Life
Technologies, Inc., Grand Island, NY, USA) at 37oC and 5% CO2, and seeded for experiments
when they reached about 95% confluence. For high-density cultures, cells were seeded at a
density of 42,000 cells/cm2, and for low-density cultures at 4,200 cells/cm2. Experiments were
performed at passages 5 to 10.
3.2.3

Ethics Statement
Gingival tissue donors provided written informed consent. Procedures were reviewed and

approved by the Office of Research Ethics of the University of British Columbia, and comply
with the ethical rules for human experimentation that are stated in the 1975 Declaration of
Helsinki.
3.2.4

Immunostaining
Human gingival frozen tissue sections and the fibroblast cultures were fixed and stained as

described previously [Tarzemany et al., 2015]. In order to investigate the localization of total
Cx43, a polyclonal antibody against the cytoplasmic domain of Cx43 that recognizes
intracellular, GJ-, and HC-associated Cx43 (total Cx43) was used (Table 3-1) [Sosinsky et al.,
2007; Solan and Lampe, 2009]. To localize Cx43 HCs, immunostaining was performed with an
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affinity-purified rabbit antibody Cx43(E2) that specifically targets the E2 loop domain of Cx43
and also blocks its HC function without affecting GJs (Table 3-1) [Siller-Jackson et al., 2008;
Kar et al., 2013]. Localization of Cx43 on cell membranes and intracellularly was assessed with
treatment of fixed cell with or without Triton X-100, respectively, before immunostaining.
Images were acquired using optical sectioning at 1 μm (ECLIPSE 80i Microscope; Nikon,
Tokyo, Japan), and are presented as z-stacks created by the NIS-Elements BR software (Nikon).
Control stainings were performed by omitting the primary antibodies used in the study.
3.2.5

Modulation of Cx43 GJ and HC Function
To study Cx43 function, fibroblasts were seeded on 6-well plates in their normal growth

medium as above. After 48 h, cells were serum-starved for 24 h, and then treated with Cx43
mimetic peptide Gap27 (150 μM; SRPTEKTIFII; Biomatik, Cambridge, ON, Canada) that
corresponds to the second extracellular (E2) loop domain of Cx43, and blocks its GJ and HC
functions [Chaytor et al., 1997; Hawat et al., 2012; Wang et al., 2013], and Gap19 (250 and 400
μM; KQIEIKKFK; LifeTein, Hillsborough, NJ, USA) or TAT-Gap19 peptide (200, 400, 500,
and 600 μM;YGRKKRRQRRR-KQIEIKKFK; LifeTein) that interacts with nine amino acids in
the LT-domain of the cytoplasmic loop of Cx43 and specifically blocks its HC function without
affecting GJs [Wang et al., 2013; Abudara et al., 2014]. Control samples were treated with
scrambled control Gap27 peptide (TFEPDRISITK; Biomatik) [Wright et al., 2012], or mutated,
function-deficient control TAT-Gap19 peptide (YGRKKRRQRRR-KQAEIKKFK; LeifTein)
[Wang et al., 2013], respectively.
3.2.6

Quantitative Real-Time RT-PCR (qPCR)
qPCR analysis was performed according to MIQE guidelines [Bustin et al., 2009] as we

have described in detail previously [Tarzemany et al., 2015]. The primers used for qPCR and
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reference genes are listed in Table 3-2. Amplification reactions for qPCR were performed using
the CFX96 System (Bio-Rad). For a given experiment, at least two reference genes were chosen
[Liu et al., 2015]. Non-transcribed RNA samples were used as a negative control. The qPCR
reactions were performed in triplicate for each sample. The data was analyzed and is presented
based on the comparative Ct method (CFX Manager Software Version 2.1, Bio-Rad).
3.2.7

Preparation of Cell Lysates for Western Blotting
To collect cell lysates, cells were washed with ice-cold phosphate-buffered saline (PBS),

and lysed with a buffer containing 25 mM Tris-HCL (pH 7.6), 100 mM Octyl β-Dglucopyranoside, 5 mM NaF, 1 mM Na3VO4 (Sigma-Aldrich, St. Louis, MO, USA), and the
Complete Protease Inhibitor Cocktail (Roche Diagnostics, Laval, Quebec, Canada), dissolved in
H2O. Lysates were collected using a rubber policeman, and filtered through a NucleoSpin Filter
(Macherey-Nagel) by centrifugation at 5,000g for 10 min.
To assess the distribution of Cx43 in different cellular fractions, cell lysates were obtained
by sequential treatment with 1% Triton X-100 (representing non-lipid raft-associated and
intracellular pool) followed by a treatment with octyl β-D-glucopyranoside containing buffer
(representing Triton X-100 insoluble lipid raft-associated pool) as above [Schubert et al., 2002;
Hunter et al., 2005].
3.2.8

Western Blotting
The activation of the ERK1/2 signaling pathway by Cx43 mimetic peptides or apyrase

(Sigma-Aldrich), which selectively degrades extracellular ATP [Langevin et al., 2013; Pinheiro
et al., 2013], was studied by Western blotting as described previously [Tarzemany et al., 2015]
using cell lysates obtained as described above. For the experiments, GFBLs were seeded on 6well plates, treated with Gap27 (150 µM), TAT-Gap19 (400 µM), and apyrase (1 U/mL), or
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equal amount of control peptides and vehicle control (dH2O) for 1, 2, 6, and 24 h, and cell lysates
collected as above. Western blotting was performed with antibodies against total or
phosphorylated forms of the ERK1/2 pathway (Table 3-1). β-Tubulin was used as a loading
control.
3.2.9

Blocking of ERK1/2 and ATP Signaling Pathways
To determine the role of the ERK1/2 signaling pathway in Cx43 mimetic peptide-induced

gene expression, we blocked this pathway by MEK1/2 inhibitor PD184352 (10 μM; SigmaAldrich) in Gap27- or TAT-Gap19-treated cells, respectively. To this end, confluent GFBL
cultures were pre-incubated with PD184352 at 37oC for 1 h, and then treated with Gap27 (150
μM) or TAT-Gap19 (400 μM) with PD184352 in serum-free growth medium for 24 h.
PD184352 was dissolved in DMSO, and control samples were treated with respective amounts of
DMSO only. Total RNA was collected for qPCR as described above.
To study the role of the ATP signaling pathway in Cx43 HC-regulated gene expression,
cells were cultured in high density in their normal growth medium, and serum-starved as above,
and then treated with apyrase (1 U/mL) or appropriate vehicle control (dH2O) in serum-free
growth medium for 24 h. Total RNA was then collected for qPCR as described above.
3.2.10 Dye Transfer Experiments
To assess the GJ and HC functions of Cx43, dye transfer assays were performed [Schalper
et al., 2008]. To this end, fibroblast cultures were generated on gelatin-coated glass coverslips in
24-well plates as described previously [Tarzemany et al., 2015]. To assess dye transfer through
GJs by scrape loading, cells were seeded on the coverslips in their normal growth medium as
described above and then serum-starved in DMEM for 24 h, followed by pre-incubation with
Gap27 (150 μM), TAT-Gap19 (400 μM), Cx43(E2) antibody (1 mg/mL), meclofenamic acid
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(MFA; 50 μM; Sigma-Aldrich), a widely used GJ inhibitor [Harks et al., 2001], or with
corresponding peptide, non-immune rabbit IgG, or vehicle controls in DMEM at 37oC for 1 h.
Medium was then removed and a scrape wound was created through the cell layer with a 10-μL
pipette tip, and cells incubated as above with 0.5% Lucifer Yellow (Molecular Probes Inc.,
Eugene, OR, USA) in PBS+ for 5 min at 37oC. Cells were then rinsed and fixed as described
previously [Tarzemany et al., 2015].
To assess the HC function of Cx43, cells were cultured on gelatin-coated glass coverslips
and serum-starved for 24 h as above. Cells were then preincubated in their normal growth
medium (DMEM) that contains 1.8 mM Ca2+, or in EMEM (Lonza, Walkersville, MD, USA)
supplemented with 180 nM Ca2+ (low calcium medium), which induces the opening of Cx HCs
[Wang et al., 2013], and treated with Gap27, TAT-Gap19, and Cx43(E2) antibody, or
corresponding controls, as above for 1 h, followed by incubation in the respective media with the
inhibitors or controls and Propidium Iodide (2.5 mM; Sigma-Aldrich) for 20 min. After
incubation, media was removed and cells were rinsed with PBS+, and fixed as described
previously [Tarzemany et al., 2015].
3.2.11 Statistical Analysis
The data is presented as mean ± standard error of the mean (SEM) from a minimum of
three biological replicates, unless otherwise indicated. Statistical analysis was performed by
using two-tailed t-test; p<0.05 was considered statistically significant. Values obtained from the
qPCR by the comparative Ct-method were Log2 transformed for statistical testing [Rieu and
Powers, 2009].
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3.3
3.3.1

Results
Immunolocalization of Cx43 GJs and HCs in Human Gingiva in vivo
We have previously shown that in vivo human GFBLs assemble Cx43 into large plaques

typical of GJs [Tarzemany et al., 2015], but it is unclear whether these cells also possess Cx43
HCs in vivo. To this end, we immunostained Cx43 in normal human gingiva using a polyclonal
antibody against the cytoplasmic domain of Cx43 that recognizes intracellular, GJ-, and HCassociated Cx43 (total Cx43) [Sosinsky et al., 2007; Solan and Lampe, 2009], or with the
Cx43(E2) antibody developed against the E2 extracellular loop that binds only to the HCassociated Cx43 [Siller-Jackson et al., 2008; Kar et al., 2013]. Fibroblasts were identified based
on their elongated, spindle-shaped morphology, and positive immunoreactivity for vimentin, a
molecule highly expressed in fibroblasts [Hematti, 2012]. In gingival epithelium, total Cx43
staining localized as large plaques at the cell-cell contact areas of the basal and spinous layers
(Figure 3-1 A). HC-specific Cx43(E2) immunoreactivity was also most abundantly present at the
cell-cell contact areas of the basal and spinous layers (Figure 3-1 C), but the positively stained
structures were also markedly smaller than those observed with the antibody recognizing total
Cx43 (Figure 3-1 A). As expected, staining of total Cx43 in connective tissue cells localized to
punctate, fairly large plaque-like structures (>1 μm in diameter), typical of GJs, and associated
mostly with long cellular processes reaching out from vimentin-positive fibroblast-like cells
(Figure 3-1 B). The cell processes and some areas of the cell body in these cells also showed
positive staining with the HC-specific Cx43(E2) antibody (Figure 3-1 D), but the
immunopositive plaque-like structures were in general somewhat smaller (0.5-1 μm in diameter)
than those observed with the antibody against total Cx43 (Figure 3-1 B). Thus, in human gingiva,
fibroblasts and keratinocytes assemble Cx43 into large plaques typical of GJs, and to smaller
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plaques recognized with the Cx43 HC-specific antibody, suggesting the presence of both GJ and
HC plaques in human gingival cells in vivo.
3.3.2

Cx43 Assembles into GJs and HCs in Cultured Gingival Fibroblasts
We have previously shown that Cx43 is the major Cx and forms functional GJ plaques in

confluent monolayer cultures of human GFBLs [Tarzemany et al., 2015]. In order to assess
whether GFBLs also possess Cx43 HCs, we compared the localization of total and HCassociated Cx43 in confluent cultures by immunostaining as above (Figure 3-2). To detect cellcell contacts, we double-immunostained the cells with an antibody against ZO-1, an intracellular
molecule involved in the recruitment of Cxs to GJ plaques and an indicator of cell-cell contacts
[Thevenin et al., 2013]. Results showed that in cells permeabilized with 0.5% Triton X-100
treatment, Cx43-positive structures colocalized with ZO-1 staining between closely positioned
cells, and in a few locations on the cell body, likely representing GJ plaques at cell-cell contacts
(Figure 3-2 A-C). In addition, some Cx43 plaques that did not colocalize with ZO-1 were present
in the cell body, suggesting that they represented intracellular and/or HC-associated Cx43
(Figure 3-2 A-C). In order to localize Cx43 HCs in the cell membrane and intracellular pools, or
present only on the cell membrane, we permeabilized cells with 0.5% Triton X-100 or left them
non-permeabilized, respectively, before immunostaining with the HC-specific Cx43(E2)
antibody. In both permeabilized (Figure 3-2 D-F) and non-permeabilized (Figure 3-2 G-I) cells,
Cx43(E2)-positive plaques were found distributed along the cell body. In permeabilized cells,
this staining did not colocalize with ZO-1 (Figure 3-2 D-F), indicating that Cx43 plaques were
non-junctional. As expected, no immunoreactivity for ZO-1, an intracellular molecule, was
detected in non-permeabilized cells, confirming that the antibodies did not have access to the
cytosol in non-permeabilized cells (Figure 3-2 G and I). Thus, cultured human GFBLs possess
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both Cx43 GJ and HC plaques that associate with cell-cell contacts and non-junctional cell
membranes, respectively.
To further characterize Cx43 GJs and HCs, we cultured GFBLs in high density (HD; 100%
confluence) to allow cells to form abundant GJ-mediated cell-cell contacts, or in low density
(LD; 10% confluence), which results in the formation of fewer cell-cell contacts and GJs. To
further study the localization of Cx43 into GJs that are typically present in cell membrane lipid
rafts, a set of cultures was pretreated with 1% Triton X-100 to remove non-lipid raft-associated
Cx43 (HCs and cytoplasmic pool) [London and Brown, 2000; Schubert et al., 2002; Hunter et
al., 2005; Leithe et al., 2009; Wang et al., 2013]. Results showed that Cx43 assembled into GJs
and HCs in both HD and LD cultures (Figure 3-3 A-J), and that cell density did not affect Cx43
expression at mRNA (Figure 3-3 K) or protein (Figure 3-3 L and M) levels. However,
immunostaining and Western blotting confirmed that increasing the cell density caused a
redistribution of Cx43 from a mostly non-junctional (representing intracellular and HC pool of
Cx43) to a mostly junctional pool (representing GJ fraction of Cx43) (Figure 3-3 A-J and L-N)
as expected.
3.3.3

Gingival Fibroblasts Possess Functional Cx43 GJs and HCs
Having established that GFBLs possess both Cx43 GJs and HCs, we wanted to reveal their

functionality. To test Cx43 GJs, cells were scrape-loaded with Lucifer Yellow and dye transfer
was assessed by fluorescence microscopy [Schalper et al., 2008]. After 5 min, GFBLs in control
samples showed avid Lucifer Yellow transfer extending to several cells from the wound edge
(Figure 3-4; a, b, d, e, g, h, j, k). However, when cells were pretreated with MFA (Figure 3-4 A;
c), a non-specific Cx inhibitor [Harks et al., 2001], or Gap27 (Figure 3-4 A; f) that specifically
binds to the Cx43 extracellular loop and blocks its GJ and HC functions [Chaytor et al., 1997;
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Hawat et al., 2012; Wang et al., 2013], dye transfer was potently blocked. As expected, dye
transfer was unaffected when cells were treated with TAT-Gap19 peptide (Figure 3-4 A; i) or
with the Cx43(E2) antibody (Figure 3-4 A; l), which both specifically block Cx43 HC functions
without affecting GJs [Siller-Jackson et al., 2008; Kar et al., 2013; Wang et al., 2013; Abudara et
al., 2014]. Thus, human GFBLs possess functional Cx43 GJs that can be blocked with Gap27 or
MFA, while the HC-targeting TAT-Gap19 and Cx43(E2) antibody have no effect.
To assess Cx43 HC functions, GFBLs were incubated in low Ca2+ medium (180 nM Ca2+)
to induce the opening of Cx HCs, and then treated with HC-permeable Propidium Iodide (PI)
[Schalper et al., 2008]. Dye transfer via HCs was assessed after 20 min using fluorescence
microscopy. While cells kept in high Ca2+-containing medium (1.8 mM Ca2+) did not show any
dye transfer as expected (Figure 3-4 B; a), practically all GFBLs in low Ca2+ displayed nuclear
PI staining (Figure 3-4 B; b), indicating efficient HC-mediated dye transfer. To assess the
involvement of Cx43 HCs in this process, we then treated cells with PI in the presence of Gap27
(Figure 3-4 B; d), TAT-Gap19 (Figure 3-4 B; f), or Cx43(E2) antibody (Figure 3-4 B; h). All
treatments completely blocked dye transfer, indicating that it occurred via Cx43 HCs.
Corresponding control treatments did not have any effect on the dye transfer (Figure 3-4 B; c, e,
g). Thus, GFBLs also have functional Cx43 HCs that can be blocked with Gap27, which also
blocks Cx43 GJs, and TAT-Gap19 and Cx43(E2) antibody, which do not affect Cx43 GJs in
these cells.
3.3.4

Targeting of Cx43 with TAT-Gap19 Significantly Regulates Gene Expression

Similar to Gap27 in Gingival Fibroblasts
We have previously shown that Gap27 treatment significantly regulates mRNA and protein
expression of a set of key wound healing-associated genes in human GFBLs cultured in HD
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[Tarzemany et al., 2015]. However, it is not known whether the gene expression change is
mediated by Cx43 GJs or HCs. Therefore, we treated confluent GFBL cultures with Gap27 (150
μM) to block both Cx43 HCs and GJs, or TAT-Gap19 (400 μM), which blocks its HC function,
and analyzed gene expression by qPCR. Results showed that Gap27 treatment significantly
changed the expression of 21 of the 25 genes analyzed, while having no effect on four of the
assessed genes (TIMP-2, EDA-FN, EDB-FN, and Cx45) (Figure 3-5 A), which is consistent with
our previous data [Tarzemany et al., 2015]. Similar to Gap27, TAT-Gap19 treatment induced
significant up or downregulation of 16 (MMP-1, -3, -10, -14, Collagen type I, Collagen type III,
Tenascin-C, Decorin, α-SMA, NMMIIB, TGF-β1, TGF-β3, NAB1, VEGF-A, CXCL12, and
Cx43) of the 21 Gap27-responsive genes, although the magnitude of change relative to the
untreated cells slightly varied between Gap27 and TAT-Gap19 treated cells (Figure 3-5 A).
Findings from set of experiments showed that TAT-Gap19 responses were concentrationdependent from 200 µM up to 500 µM (Figure 3-6 A). Similarly, Gap19 peptide that was not
linked with the TAT cell-penetrating peptide caused concentration-dependent gene expression
changes, albeit at a slightly lower efficiency (Figure 3-6 B). Thus, the expression of the above 16
genes maybe regulated via blocking of the Cx43 HC function by Gap27 and TAT-Gap19. In
contrast, the expression of the five genes (TIMP-1, -3, -4, Cadherin-2, and Fibromodulin), which
were significantly regulated by Gap27, but not by TAT-Gap19, may depend on Gap27-mediated
inhibition of GJ functions. The expression of the four genes (TIMP-2, EDA-FN, EDB-FN, and
Cx45) not regulated by Gap27 was also unaffected by TAT-Gap19 (Figure 3-5 A), confirming
that their expression is not regulated by Cx43 GJs or HCs in these cells.
3.3.5

Modulation of Cell Cycle by Gap27 and TAT-Gap19 in Gingival Fibroblasts
To assess whether gene expression changes caused by blocking of Cx43 function by the
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mimetic peptides were associated with cell cycle modulation, we performed qPCR for Cyclin
A2, Cyclin B1, Cyclin D1, and Cyclin E1, four genes that are distinctly expressed during
different stages of cell cycle [Hochegger et al., 2008]. To this end, we treated confluent GFBL
cultures with Gap27 (150 μM) or TAT-Gap19 (400 μM), and analyzed gene expression by
qPCR. Results showed that Cyclin D1, a gene that regulates transition from G1 to S phase of the
cell cycle [Hochegger et al., 2008], was significantly elevated by both Gap27 and TAT-Gap19
while the other cyclins did not show significant change compared to control samples (Figure 3-5
B).
3.3.6

Targeting of Cx43 with TAT-Gap19 Modulates ERK Signaling Pathway Similar to

Gap27 in Gingival Fibroblasts
We have previously shown that most gene expression changes induced by Gap27 treatment
are linked to the activation of the ERK1/2 signaling pathway in GFBLs [Tarzemany et al., 2015].
Therefore, having established that targeting Cx43 HCs with TAT-Gap19 regulates the expression
of a set of wound healing-associated genes similar to Gap27, we wanted to find out whether
TAT-Gap19 also activates the ERK1/2 signaling pathway. Similar to Gap27, TAT-Gap19
treatment already markedly induced phosphorylation of ERK1/2 after 1 h of treatment. With both
treatments, ERK1/2 activation lasted for at least 6 h, before returning to the level of untreated
cells by 24 h (Figure 3-7). Thus, in GFBLs, targeting Cx43 with TAT-Gap19 or Gap27 treatment
similarly involves activation of the ERK1/2 signaling pathway.
3.3.7

Distinct Involvement of ERK1/2 Signaling Pathway in Modulation of Cx43-

Regulated Genes in Gingival Fibroblasts
In order to further study the role of the ERK1/2 pathway in Gap27 and TAT-Gap19induced gene expression, we blocked the ERK1/2 pathway by PD184352 in Gap27 or TAT112

Gap19-treated cells and assessed gene expression changes by qPCR. We specifically assessed
the expression of a set of 17 wound healing-related genes that were previously significantly
modulated (with a minimum 1.5-fold change threshold) by Gap27 treatment [Tarzemany et al.,
2015]. These include 13 genes commonly regulated by Gap27 and TAT-Gap19. As previously
reported [Tarzemany et al., 2015], inhibition of the ERK1/2 pathway by PD184352 blocked
Gap27-induced expression changes of 13 of these genes (MMP-1, -3, -10, TIMP-1, -3, Collagen
type I, Tenascin-C, α-SMA, NMMIIB, TGF-β1, VEGF-A, Cx43, and Cadherin-2), while the
expression of four genes (MMP-14, Decorin, Fibromodulin, and CXCL12) was not regulated by
this pathway (Figure 3-8 A). Likewise, PD184352 treatment significantly blocked TAT-Gap19induced expression changes in nine of the above 13 genes (MMP-1, -3, -10, Collagen type I,
Tenascin-C, α-SMA, NMMIIB, TGF-β1, and VEGF-A). While Gap27 and TAT-Gap19 bind to
different domains in the Cx43 molecule, their common property is their ability to block function
of Cx43 HCs [Abudara et al., 2014]. Therefore, expression of the above nine genes maybe
regulated by Gap27 and TAT-Gap19-induced suppression of Cx43 HC function and subsequent
activation of the ERK1/2 pathway. In contrast, expression changes of three genes (MMP-14,
Decorin, and CXCL12) commonly regulated by Gap27 and TAT-Gap19 were not affected by
PD184352 treatment, suggesting the involvement of an ERK1/2-independent Cx43 HC-regulated
pathway (Figure 3-8 B). Both Gap27 and TAT-Gap19 treatments significantly induced
expression of Cx43. Interestingly, however, the Gap27-induced Cx43 mRNA increase was
sensitive to PD184352 treatment while TAT-Gap19 was not, suggesting that Gap27 and TATGap19 induce Cx43 expression by distinct mechanisms in GFBLs.
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3.3.8

Inhibition of ATP Signaling Partially Recapitulates Gene Expression Changes

Induced by TAT-Gap19 in Gingival Fibroblasts
Cx43 HCs are known to mediate the release from cells of ATP, which is a powerful autoand para-crine signaling molecule. Gap27 and TAT-Gap19 have been shown to efficiently block
the Cx43 HC-mediated ATP release in various cells [Evans et al., 2012; Abudara et al., 2014].
Furthermore, ATP-regulated cell signaling has been linked to the ERK1/2 pathway [JacquesSilva et al., 2004; Lu et al., 2012]. Therefore, to study whether suppression of ATP-mediated
signaling is important in the regulation of gene expression by Gap27 and TAT-Gap19, we treated
cells with apyrase that selectively degrades extracellular ATP [Langevin et al., 2013; Pinheiro et
al., 2013], and assessed gene expression changes relative to vehicle-treated cells by qPCR after
24 h. The analysis focused on the above 13 genes commonly regulated by TAT-Gap19 and
Gap27. Results showed that 10 of these genes (MMP-1, -3, -10, -14, Collagen type I, TenascinC, α-SMA, NMMIIB, VEGF-A, and CXCL12) were also significantly up or downregulated by
apyrase (Figure 3-9 A), which was similar to Gap27 and TAT-Gap19 treatment. In contrast,
when cells were pretreated with TAT-Gap19, apyrase treatment did not have any additional
effect on the expression of these genes (Figure 3-10). This suggests that the expression of the
above 10 genes is regulated by the blocking of HC-mediated ATP release by Gap27 and TATGap19. In contrast, TAT-Gap19 and Gap27-induced expression of Decorin, TGF-β1, and Cx43
was not affected by apyrase treatment, suggesting the involvement of other mechanisms.
3.3.9

Modulation of mRNA Abundance of ATP and Adenosine Receptors by Gap27 and

TAT-Gap19 in Gingival Fibroblasts
In order to find out whether Gap27 and TAT-Gap19 treatments also affect the expression
of cell surface receptors involved in ATP or adenosine (a metabolite of ATP) signaling
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[Burnstock et al., 2012; Ferrari et al., 2016], we performed qPCR for the Cx43-mimetic peptidetreated samples as above. The peptide treatments did not significantly modulate abundance of
mRNA of ATP receptors P2X4 and P2X7 or adenosine receptor P1A2bR and adenosine
deaminase (ADA), a modulator of adenosine signaling, compared to control samples (Figure 311). However, unlike TAT-Gap19, Gap27 treatment caused a significant down- and upregulation
of CD39 and CD73 mRNA abundance, respectively, two receptors involved in generation of
adenosine from ATP [Burnstock et al., 2012; Ferrari et al., 2016], compared to control samples
(Figure 3-11). Abundance of mRNA of ATP receptors P2Y1 and P2Y2 and adenosine receptors
P1A1R, P1A2aR, and P1A3R in GFBLs was negligible and were not explored further.
3.3.10 Blocking of ATP Signaling Activates ERK1/2 Signaling Pathway Similar to Cx43
Mimetic Peptides in Gingival Fibroblasts
The findings from above showed that blocking of Cx43 HC function with TAT-Gap19 or
Gap27 treatment causes activation of the ERK1/2 signaling pathway (Figure 3-7), and blocking
ATP signaling with apyrase results in a similar gene expression response (10 out of 13 genes) as
treatment with Gap27 or TAT-Gap19 (Figure 3-9 A). Therefore, we wanted to ask whether the
apyrase-modulated gene expression response was also associated with activation of the ERK1/2
signaling pathway. To this end, we treated GFBLs with apyrase and assessed ERK1/2
phosphorylation over time by Western blotting. Similar to Gap27 and TAT-Gap19 (Figure 3-7),
apyrase treatment already markedly induced phosphorylation of ERK1/2 after 1 h of treatment,
which lasted for at least 6 h, before returning to the level of untreated cells by 24 h (Figure 3-9 B,
C).
Collectively, the findings indicate that in GFBLs, the expression of a set of wound healingrelated genes (MMP-1, -3, -10, -14, Collagen type I, Tenascin-C, α-SMA, NMMIIB, VEGF-A,
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CXCL12, TGF-β1, and Decorin) is regulated by Cx43 HCs (genes that were responsive to both
Gap27 and TAT-Gap19). The expression change of the majority of these genes (except for TGFβ1 and Decorin) was ATP-dependent (ATP inhibition by apyrase caused a similar expression
change as blocking of Cx43 HC function). Among Cx43 HC-regulated genes that were
dependent on inhibition of ATP activity, the expression of eight out of 10 genes (MMP-1, -3, 10, Collagen type I, Tenascin-C, α-SMA, NMMIIB, and VEGF-A) was also regulated by the
ERK1/2 pathway (Table 3-3). Our findings also suggest that the expression of four genes (TIMP1, -3, Cadherin-2, and Fibromodulin) is regulated by Cx43 GJs (genes that were only responsive
to Gap27 but not to TAT-Gap19). Out of these genes, the expression change of TIMP-1, -3, and
Cadherin-2 was ERK1/2 mediated. Among the studied genes, the expression of four genes
(TIMP-2, EDA-FN, EDB-FN, and Cx45) was not regulated by Cx43 GJs or HCs (Table 3-3).
The regulation of Cx43 expression in GFBLs by Cx mimetic peptides appears complex. Both
Gap27 and TAT-Gap19 significantly upregulate Cx43 expression, but the Gap27-mediated
response was ERK-dependent while the response to TAT-Gap19 was not. Furthermore, Cx43
expression was not affected by apyrase treatment (ATP signaling). The gene expression changes
caused by Gap27 and TAT-Gap19 were commonly associated with significantly increased
expression of cyclin D1, a modulator of cell cycle [Hochegger et al., 2008]. In addition, Gap27,
but not TAT-Gap19, also modulated the expression of CD39 and CD73, two receptors involved
in ATP metabolism to adenosine [Burnstock et al., 2012; Ferrari et al., 2016].
3.4

Discussion
The findings in the present study showed that Cx43 assembles into distinct plaques in

GFBLs in vivo and in vitro. Based on immunostaining of tissue sections and GFBL cultures
using Cx43 antibodies that recognizes total Cx43 or only HC-associated Cx43, we further
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showed that some of these plaques were composed of Cx43 HCs while others localized to cellcell contacts likely representing Cx43 GJ plaques. It is widely accepted that Cx43 forms GJ
plaques in vivo and in vitro in various cells and tissues [Thevenin et al., 2013]. Evidence from
atomic force microscopy has also suggested the presence of up to 2 μm2 HC plaques in cardiac
cells in vivo [Lal et al., 1995], but it remains unclear whether such HC plaques also exist in other
tissues or cells. Elegant human and animal epithelial and fibroblast cell culture studies have
shown that to form GJs, Cxs are first transported to the cell membrane as HCs, where they then
cluster into plaques and assemble into GJs [Lauf et al., 2002; Nielsen et al., 2012]. These Cx
plaques can be several micrometers in size and, therefore, unlike individual Cxs, are detectable
by immunostaining [Thevenin et al., 2013]. Thus, some of the Cx43 plaques noted in GFBLs are
likely composed of both Cx HCs and GJs. However, in cultured GFBLs, the localization of Cx43
HC plaques was mainly noted along the cell body not associated with cell contacts, suggesting
that these plaques are composed of HCs only. Cxs have not been shown to organize into plaquelike structures intracellularly [Nielsen et al., 2012], suggesting that the noted plaques are
associated with the cell membrane. This is further supported by our findings also showing Cx43
HC staining in cells not permeabilized by Triton X-100 prior to staining. In any case, our
biochemical fractionation and Cx43 immunoblotting data (Figure 3-3) indicate the presence of
two distinct pools of Cx43 in GFBLs, as described previously for other cell types [Solan and
Lampe, 2009]. These pools likely represent GJs that can be mostly found in the Triton X-100
insoluble cell membrane lipid raft fraction, while the detergent-soluble non-lipid raft pool
consists of Cx43 HCs present on the membrane and intracellularly [Leithe et al., 2009]. Thus,
collectively, the above findings show for the first time the presence of both Cx43 GJs and HCs in
GFBLs in vivo and in vitro.
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Our GJ and HC-specific dye transfer experiments and functional blocking of Cx43 GJs and
HCs by specific peptides further indicate that Cx43 GJs and HCs are functional in GFBLs.
Interestingly, however, in cultures where GFBLs possess both Cx43 GJs and HCs abundantly,
specific blocking of both Cx43 GJ and HC function by Gap27 or only HC function by TATGap19 showed in general a similar effect on gene expression, and this was mediated by the
activation of the ERK1/2 pathway. Thus, the Cx43 HC-mediated pathway appears to play an
important role in the regulation of wound healing-associated genes in cultured GFBLs. Cx43
HCs are important conduits for auto- and paracrine signaling mediated by ATP [Rhett et al.,
2016]. Our data also suggests that the gene expression response and activation of the ERK1/2
pathway by Cx43 HC-blocking peptides depends on reduced ATP signaling by GFBLs. This is
based on the findings that inhibition of ATP activity by apyrase caused in general a similar gene
expression response and activation of the ERK1/2 pathway as the blocking of Cx43 HCs by the
peptides. Furthermore, inhibition of ATP signaling by apyrase did not have an additional effect
over the gene expression change induced by Cx43 HC blocking by TAT-Gap19 (Figure 3-10).
Thus, in cultures of human GFBLs where the cells possess functional Cx43 GJs and HCs, the
blocking of Cx43 HC function and ATP signaling by Cx43 mimetic peptides causes a robust
ERK1/2-dependent change in the expression of a set of wound healing-associated genes. These
changes include significant upregulation of MMPs (MMP-1, -3, and -10) that modulate
inflammation and tissue remodeling [Steffensen et al., 2001; Dufour and Overall, 2013], TN-C
that regulates cell migration and suppresses fibrosis [Yates et al., 2016], and VEGF-A that
promotes angiogenesis [Liakouli et al., 2011], and downregulation of Collagen type I, α-SMA
and NMMIIB that are associated with fibrosis [Penn et al., 2012]. Thus, the inhibition of Cx43
HC-dependent ATP signaling by Cx43 HC-specific blocking peptides may be used to promote a
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gene expression response that may be beneficial for fast and scarless wound healing. The
targeting of Cx43 HCs to promote wound healing by blocking peptides may also have beneficial
effects via other mechanisms. ATP released by connective tissue and inflammatory cells is an
important pro-inflammatory signal during the early stages of wound healing [Rhett et al., 2014].
In certain animal models, the blocking of Cx43 function prevents this pro-inflammatory ATP
release [Calder, et al., 2015]. This is significant as increased inflammation delays wound healing
and promotes fibrosis and excessive scar formation [Qian et al., 2016]. In line with the above, the
transient blocking of Cx43 functions has been shown to promote experimental wound healing
and reduce fibrosis [Qiu et al., 2003; Ghatnekar et al., 2009; Soder et al., 2009]. Interestingly,
however, fibroblasts from two fibrotic skin conditions (hypertrophic scars and keloids) display
reduced Cx43 levels and GJ-mediated intercellular communication, suggesting that the normal
GJ functions of Cx43 may be important for normal fibroblast function [Cogliati et al., 2016].
Therefore, our finding that specifically targeting Cx43 HC function without affecting GJs
promotes the expression of wound healing-related genes in fibroblasts may provide a novel
specific target to modulate functions beneficial for wound healing. Specific targeting of Cx43
HCs may also be desirable as the blocking of Cx43 GJ functions may have more systemic side
effects, including impaired cardiac function [Reaume et al., 1995; Kurtenbach et al., 2014].
Interestingly, a subset of genes in GFBLs (TIMP-1, TIMP-3, Cadherin-2 and
Fibromodulin) was significantly modulated by Gap27, but not by TAT-Gap19, suggesting that
their expression is regulated by Cx43 GJs. This was not associated with differential cell cycle
regulation by the two peptides, as both caused a significant increase in Cyclin D1 mRNA
abundance. However, Gap27 treatment was distinctly associated with a significant change in
mRNA abundance of CD39 and CD73, two receptors that metabolize ATP to adenosine
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[Burnstock et al., 2012; Ferrari et al., 2016]. Importance of this pathway in Cx43-regulated gene
expression warrants further investigation.
While our results showed that Cx43 expression was significantly upregulated with both
Gap27 and TAT-Gap19 treatments, the former response was ERK-dependent but the latter was
not. Furthermore, Cx43 expression was not affected by apyrase-mediated extracellular ATP
degradation that also induced ERK activation, a situation mimicking inhibition of HC-mediated
ATP release from cells. Therefore, the regulation of Cx43 expression may involve distinct Cx43
GJ and HC-mediated feedback mechanisms.
To summarize, we have shown for the first time that in human GFBLs, Cx43 not only
assembles into GJ plaques but also forms HC plaques in vitro and in vivo. In cultured GFBLs,
selective blockage of Cx43 HCs modulates the expression of key wound healing-associated
genes through suppression of ATP release and activation of the ERK1/2 signaling pathway.
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3.5

Tables

Table 3-1: List of antibodies used for immunostaining and Western blotting.
Antibody

Manufacturer

Source

Dilution
Immunostaining

Western
blotting

Anti-Vimentin

DakoCytomation,

(M7020; Vim 3B4)

Burlington, ON, CA

Anti-Connexin 43

Sigma-Aldrich, St.

(C6219)

Louis, MO, USA

Cx43(E2)

Kindly provided by

Mouse

1:200

Rabbit

1:800

Rabbit

1:300

1:8000

Dr. Jean X. Jiang,
University of Texas
Health Science
Center, San
Antonio, TX, USA
Anti-ERK1

Abcam Inc.

(ab7947)

Cambridge, MA,

Rabbit

1:500

Rabbit

1:2000

USA
Anti-active MAPK

Promega, Madison,

(pTEpY)

WI, USA
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Antibody

Manufacturer

Source

Dilution
Immunostaining

Western
blotting

Anti-β-Tubulin

Abcam Inc.

Goat

1:1000

(ab21057)
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Table 3-2:Primers used for quantitative real-time RT-PCR.
GeneBank

Gene

Primer sequence

Orientation

Location

Amplicon
(bp)

MMPs and TIMPs
NM_002421 MMP-1

GCTAACAAATACTGGAGGTATGATG

Forward

1250-1275

GTCATGTGCTATCATTTTGGGA

Reverse

1304-1325

NM_001166 MMP-3

ATGATGAACAATGGACAAAGGA

Forward

661-682

308

GAGTGAAAGAGACCCAGGGA

Reverse

751-732

NM_002425 MMP-10

TTATACACCAGATTTGCCAAGA

Forward

394-415

TTCAGAGCTTTCTCAATGG

Reverse

450-432

TCTCCCAGAGGGTCATTCAT

Forward

618-1637

TTCCAGTATTTGTTCCCCTTGTAG

Reverse

1688-1665

CTGTGTCCCACCCCACC

Forward

267-283

GAACTTGGCCCTGATGACGA

Reverse

330-311

ACATTTATGGCAACCCTATCAA

Forward

481-502

TCAGGCCCTTTGAACATCTTTA

Reverse

550-529

NM_004995 MMP-14

NM_003254 TIMP-1

NM_003255 TIMP-2

100

91

56

70

64

70
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GeneBank

Gene

Primer sequence

Orientation

Location

Amplicon
(bp)

NM_000362 TIMP-3

AGGACGCCTTCTGCAAC

Forward

1281-1297

CTCCTTTACCAGCTTCTTCC

Reverse

1348-1329

ACCTGTCCTTGGTGCAGA

Forward

927-944

TGTAGCAGGTGGTGATTTGG

Reverse

1004-985

Collagen type I

AACCAAGGCTGCAACCTGGA

Forward

3951-3970

(alpha 1)

GGCTGAGTAGGGTACACGCAGG

Reverse

4030-4009

CTCCTGGGATTAATGGTAGT

Forward

1271-1290

CCAGGAGCTCCAGGAAT

Reverse

1340-1324

CACAGTCAGTGTGGTTGCCT

Forward

5633-5652

CTGTGGACTGGGTTCCAATCA

Reverse

5700-5680

CAGTAGTTGCGGCAGGAGAA

Forward

4168-4188

GTATCCTACTGAGGAGTCCACAAAATC

Reverse

4232-4206

NM_003256 TIMP-4

68

80

Fibrillar ECM proteins
BC036531

NM_000090 Collagen type III
(alpha 1)
NM_212482 EDA-FN (Extra
Domain A-

80

70

68

Fibronectin)
NM_212482 EDB-FN (Extra
Domain B-

65
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GeneBank

Gene

Primer sequence

Orientation

Location

Amplicon
(bp)

Fibronectin)
Matricellular proteins
NM_002160 TN-C

CAACCTGATGGGGAGATATGGGGA

Forward

6769-6792

GAGTGTTCGTGGCCCTTCCAG

Reverse

6846-6826

AGCGTGGCTATTCCTTCGT

Forward

637-655

CTCATTTTCAAAGTCCAGAGCTACA

Reverse

733-707

CCGTTTTACATAATCTGAAGGATC

Forward

395-418

TTGGAAGATTCTTGTAAGGGTT

Reverse

493-472

DCN

CTGACACAACTCTGCTAGAC

Forward

242-261

(Decorin)

GACAAGAATCAATGCGTGAAG

Reverse

339-319

(Tenascin-C)

75

Contractility and myofibroblast associated proteins
NM_001613 α –SMA
(α-Smooth

97

Muscle Actin)
NM_005964 NMMIIB (NonMuscle Myosin

98

IIB)
Small leucine-rich proteoglycans
BT019800

97
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GeneBank

Gene

Primer sequence

Orientation

Location

Amplicon
(bp)

NM_002023 FMOD
(Fibromodulin)

CACAATGAGATCCAGGAAG

Forward

761-779

TCCGAAGGTGGTTATAACTC

Reverse

845-826

CAACGAAATCTATGACAAGTTCAAGC

Forward

1218-1245

CTTCTCGGAGCTCTGATGTG

Reverse

1294-1275

ACACCAATTACTGCTTCCGCAA

Forward

1161-1182

GCCTAGATCCTGTCGGAAGTC

Reverse

1242-1220

CAAAGTCCCACTCATCAGAGA

Forward

1930-1950

TCACAGCTATCTTGAATCTTCAG

Reverse

2043-2020

AGTGTGTGCCCACTGAGGA

Forward

1316-1334

85

TGF- signaling related genes
NM_000660 TGF-β1

76

AG

NM_003239 TGF-β3

NM_005966 NAB1
(NGFI-A Binding

81

114

Protein-1)
Growth factors and cytokines
NM_001171 VEGF-A

97

126

GeneBank

Gene

Primer sequence

Orientation

Location

Amplicon
(bp)

630

(Vascular

GTGCTGTAGGAAGCTCATCTC

Reverse

1413-1393

TACAGATGCCCATGCCGA

Forward

174-191

CTGAAGGGCACAGTTTGGAG

Reverse

266-247

AGCAGTCTGCCTTTCGTTGTA

Forward

393-412

GATTGGGAAAGACTTGTCATAGCAG

Reverse

466-442

NM_001097 Cx45

AGCTGGGTCCAACAAAAGC

Forward

1151-1169

519

ACCATAAACTATGAGAAGCACAGATT

Reverse

1258-1233

NM_001792 Cadherin-2

TGAGGAGTCAGTGAAGGAG

Forward

843-861

CTTCTGCCTTTGTAGGTGG

Reverse

933-915

CCTCTATGGCAAGGACTACA

Forward

1044~1063

Endothelial
Growth Factor-A)
NM_199168 CXCL12/SDF-1α

93

Cell-cell junction proteins
NM_000165 Cx43

73

108

91

ATP and adenosine signaling
NM_001776 CD39

133
127

GeneBank

Gene

Primer sequence

Orientation

Location

Amplicon
(bp)

NM_001204 CD73
813
NM_000022 ADA (Adenosine
deaminase)
NM_000674 P1A1R

NM_000675 P1A2aR

NM_000676 P1A2bR

NM_000677 P1A3R

ATGAAAGCATGGGTCCCT

Reverse

1177~1159

AGCATTCCTGAAGATCCAAGC

Forward

1493~1513

GTTGCCCATGTTGCATTCTC

Reverse

1642~1623

CACCCTGGACACTGATTACC

Forward

1034~1053

CCATAGGCTTTATAGAGCAGGT

Reverse

1183~1162

CTACATTGCCATCTTCCTCAC

Forward

1243~1263

GAAATGGTCATTCCAAATCTTAAGG

Reverse

1354~1330

TCGGTTGTGAATCCCTTCATCTA

Forward

1300~1321

CAGCTGCCTTGAAAGGTTCTT

Reverse

1411~1391

CTGCCTCTCTTGAGCACTTC

Forward

1437~1456

GCTGTTGGCATAATCCACAC

Reverse

1571~1552

GCTTGTGTGGTCTGCCATC

Forward

1662~1680

TGTTGATGGGGAATCTGAAGG

Reverse

1776~1756

149

149

111

111

134

114

128

GeneBank

Gene

Primer sequence

Orientation

Location

Amplicon
(bp)

NM_002563 P2Y1

NM_002564 P2Y2

NM_002560 P2X4

NM_002562 P2X7

GACAAGTGTTCACTCACATCTG

Forward

2803~2824

TGTGGATGACTGTCAACCTC

Reverse

2957~2938

TGAGCACAGAGAAAAGTCAGG

Forward

2318~2338

AATGGCTTAACATTTACCAGCA

Reverse

2409~2388

ACAACATCTGGTATCCCAAA

Forward

876~895

TTCTCCACTATTTTGCCAAGA

Reverse

1017~997

CAGCCCTGTGTGGTCAAC

Forward

1266~1283

TTGCAGACTTCTCCCTAGTAGC

Reverse

1409~1388

TCACTAACAGTATGAGAGCTATCC

Forward

922-945

GCACTGACATGGAAGACAG

Reverse

1050-1032

TGTGTCAGGCTTTCTCTGA

Forward

678-696

CTCAAGTTGTCTCAGATAAGCA

Reverse

799-778

154

91

141

143

Cell cycle
NM_001237 Cyclin A2

NM_031966 Cyclin B1

128

121

129

GeneBank

Gene

Primer sequence

Orientation

Location

Amplicon
(bp)

NM_053056 Cyclin D1

GGAGAGGATTAGGTTCCATCC

Forward

1479-1499

TCAGGAAAAGCACAAGAATATGT

Reverse

1616-1594

NM_001322 Cyclin E1

GCTGGGCAAATAGAGAGGA

Forward

462-480

262

CTCCATTAACCAATCCAGAAGAA

Reverse

598-576

CTTTGTCAAGCTCATTTCCTGGTA

Forward

1020-1043

GGCCATGAGGTCCACCA

Reverse

1089-1073

HPRT1

TGTTGGATTTGAAATTCCAGACAAG

Forward

619-643

(Hypoxanthine

CTTTTCCAGTTTCACTAATGACACAA

Reverse

727-700

GTGGCACAGCTAGTTCCGT

Forward

371-389

137

136

Reference genes
NM_002046 GAPDH
(Glyceraldehydes

70

-3-phosphate ddehydrogenase)
M31642

107

phosphoribosyltra
nsferase I)
NM_021009 UBC

96
130

GeneBank

Gene

Primer sequence

Orientation

Location

Amplicon
(bp)

(Ubiquitin C)

CTTCACGAAGATCTGCATTGTCA

Reverse

444-467

TGTCTTTCAGCAAGGACTGGTCTTTC

Forward

281-306

ATGGTTCACACGGCAGGCATA

Reverse

351-372

NM_001172 TBP

TTCGGAGAGTTCTGGGATTG

Forward

542-562

085

ACGAAGTGCAATGGTCTTTAG

Reverse

635-614

NM_004048 B2M (Beta-2microglobulin)

(TATAA-box

92

94

binding protein)
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Table 3-3: Summary of Involvement of ATP and ERK1/2 Signaling Pathways in Cx43 HC- or
GJ-Regulated Genes.
Cx43-

Cx43 GJ-regulated

independent

Genes

Cx43 HC-regulated Genes

Genes
TIMP-2

ERK1/2-

Not

EDA-FN

mediated

ERK1/2-

EDB-FN

ATP-dependent

Not ATP-dependent

mediated

Cx45
TIMP-1
TIMP-3

FMOD

ERK1/2-

Not

ERK1/2-

Not

mediated

ERK1/2-

mediated

ERK1/2-

Cadherin-2

mediated

MMP-1

MMP-14

MMP-3

CXCL12

mediated

TGF-1

DCN

MMP-10
Coll I
TN-C
-SMA
NMMIIB
VEGF-A

Table shows a summary of expression changes of key wound healing-associated genes whose regulation
was mediated by Cx43 GJs (genes that were only responsive to Gap27 but not to TAT-Gap19) or by
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Cx43 HCs (genes that were responsive to both Gap27- and TAT-Gap19-treatment) in human GFBLs.
These genes are further categorized based on whether or not their expression change was inhibited by
apyrase (ATP-regulated genes) or ERK1/2 inhibitor (ERK1/2-mediated). Results were obtained from
qPCR analysis of relative amount of mRNA in confluent GFBL-DC cultures treated with Gap27 (150
μM) or TAT-Gap19 (400 μM) with or without MEK1/2 signaling pathway inhibitor (PD184352; 10 μM),
and with ATP inhibitor (apyrase; 1U/mL) for 24 h, and show results relative to control peptide/vehicle
treated samples. EDA-FN: Extra Domain A-Fibronectin; EDB-FN: Extra Domain B-Fibronectin; FMOD:
Fibromodulin; TN-C: Tenascin-C; α-SMA: α-Smooth Muscle Actin; NMMIIB: Non-Muscle Myosin IIB,
VEGF-A: Vascular Endothelial Growth Factor-A; DCN: Decorin.
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3.6

Figures

Figure 3-1: Localization of Cx43 GJs and HCs in human gingiva in vivo.
Representative images of human gingival tissue sections double immunostained with an antibody
recognizing all forms of the Cx43 molecule (Cx43; A and B) or only HC-associated Cx43 (Cx43(E2); C
and D) and vimentin (a mesenchymal cell marker) in human gingival epithelium (A and C) and
connective tissue (B and D). In the basal and spinous layers of the epithelium, Cx43 immunostaining
localized most abundantly at the cell-cell contacts as fairly large plaque-like structures typical to GJs (A).
Staining with the Cx43 HC-specific Cx43(E2) antibody also showed localization of Cx43 at the epithelial
cell-cell contacts, but the immunopositive structures were markedly smaller. In addition, some punctate
immunoreactivity was noted on the cell body of the keratinocytes (C). (B) In the gingival connective
tissue, Cx43 immunoreactivity was also present as large plaque-like staining that mostly localized in the
long cellular processes reaching out from the vimentin-positive cells (arrowheads). (D) In these cells,
Cx43 HCs detected by the Cx43(E2) antibody were also mainly present as plaque-like structures that
localized in the cell processes (arrowheads), but some staining was also present on the cell body (arrows).
Representative immunostaining images from a minimum of three parallel sections from three individual
donors are shown. Nuclear staining (blue) was performed using DAPI. E: Epithelium; CT: Connective
tissue. Magnification bars = 10 μm.
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Figure 3-2: Immunolocalization of Cx43 GJs and HCs in cultured human gingival fibroblasts.
(A-C) Representative images from GFBL-DC cultures fixed and permeabilized with 0.5% Triton X-100
treatment before double immunostaining with antibodies against all forms of Cx43 (red) and ZO-1
(green), indicator of cell-cell contacts. Fibroblasts displayed numerous Cx43-positive plaque-like
structures throughout the cell body. Some of these plaques colocalized with ZO-1 staining at apparent
cell-cell contacts and over the cell body (arrowheads in A), likely representing GJ plaques. However,
Cx43-positive structures that did not colocalize with ZO-1 (arrows) were also present. (D-F)
Representative images of confluent GFBL-DC cultures fixed and permeabilized with 0.5% Triton X-100
treatment before double immunostaining with Cx43(E2) antibody specific for Cx43 HCs (red) and ZO-1
(green). Cx43 HCs were also organized in plaque-like structures present along the cell body, but they
were not colocalized with ZO-1 present in the cell-cell contact areas (arrowheads in D). Some cells
showed localization of ZO-1 in the nucleus consistent with its function also as a transcription factor. (G-I)
Representative images of a confluent gingival fibroblast (GFBL-DC) culture fixed and then double
immunostained with the Cx43(E2) (red) and ZO-1 (green) antibodies without permeabilization with 0.5%
Triton X-100 to detect only cell surface-associated Cx43 HCs. In these cells, the Cx43(E2)-positive HCplaques localized along the cell body, but their number was reduced compared to the permeabilized cells
(D and E). No immunoreactivity for the intracellular ligand ZO-1 was detected as expected (I). Nuclear
staining (blue) was performed using DAPI. Magnification bar = 10 μm.
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Figure 3-3: The expression, abundance and distribution of Cx43 in high- and low-density
cultures of human gingival fibroblasts.
(A and B) Representative phase contrast images from human gingival fibroblasts (GFBL-DC) cultured at
high-density (HD; 100% confluence, A) and low-density (LD; 10% confluence, B) conditions.
Immunolocalization of Cx43-positive plaques in HD and LD cultures detected with an antibody that
recognizes all Cx43 molecules (C, D, G and H), and with the Cx43 HC-specific Cx43(E2) antibody (E, F,
I and J). (C-F) Cells were fixed and permeabilized with 0.5% Triton X-100 treatment before
immunostaining. In HD (C) and LD (D), total Cx43 staining localized abundantly throughout the cells.
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Cx43 HC plaques were markedly smaller than total Cx43 staining in both HD (C and E, respectively) and
LD (D and F, respectively) cultures. In LD cultures, no Cx43 HC-specific immunoreactivity was noted in
the long cell extensions (insert in F), while they contained plaques that were detected with the antibody
against total Cx43 (insert in D). (G-J) Immunolocalization of Cx43-positive plaques with the total Cx43
(G and H) or Cx43(E2) antibody (I and J) in HD (G and I, respectively) and LD (H and J, respectively)
cultures pretreated with 1% Triton X-100 for 10 min before fixation and immunostaining as above. In
general, Triton X-100 pretreatment resulted in significant reduction in the amount of small Cx43-positive
plaques (likely representing detergent soluble non-lipid raft and intracellular Cx43) as compared to nonpretreated samples (G-J and C-F, respectively). Immunostaining of the Triton X-100 insoluble fractions
with the Cx43 antibody in HD (G) showed presence of large Cx43-positive plaques, likely representing
lipid raft-associated Cx43 gap junction plaques (GJs), while the number of these plaques was markedly
reduced in LD cultures (H). Immunostaining of the Triton X-100 insoluble fractions with the Cx43(E2)
antibody in HD (I) and in LD (J) cultures revealed presence of few small- sized Cx43 non-lipid raft
associated plaques in detergent insoluble fractions. Magnification bars = 10 m. (K) qPCR analysis of
HD and LD cultures showed similar relative amount of Cx43 mRNA in both conditions. (L and M)
Similarly, Western blotting showed that the total Cx43 protein abundance per cell was not affected by cell
density. However, cells in HD cultures showed significantly higher levels of Cx43 phosphorylated at
S262 (P2), and S279/282 and S256 (P1), previously associated with Cx43 present in GJs [39,40], as
compared to LD cultures. In contrast, LD cultures had a significantly higher level of Cx43 phosphorylated
at S368 (P0), corresponding to the previously described non-junctional (HC and intracellular) Cx43 pool
[39,40]. Sample loading was normalized for -Tubulin levels. Results show mean ± SEM from three
independent experiments. Statistical analysis was performed by Student’s t-test (*p<0.05, **p<0.01). (N)
Western blotting analysis of distribution of Cx43 in 1% Triton X-100 (TX-100) insoluble (lipid raftassociated Cx43) and soluble (non-lipid raft and intracellular Cx43) fractions in HD cultures. Majority of
Cx43 phosphorylated forms (P1 and P2) were associated with the Triton X-100 insoluble (lipid raftassociated) pool, while Triton X-100 soluble Cx43 was predominantly non-phosphorylated (P0). For
adequate signal detection, sample loading in detergent soluble and insoluble fractions was increased
relative to total.
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Figure 3-4: Gingival fibroblasts have functional Cx43 GJs and HCs.
(A) Confluent GFBL-DC cultures maintained in DMEM were scrape-loaded with Lucifer Yellow (green)
in the presence of vehicle (dH2O) (a and b), a non-specific Cx inhibitor meclofenamic acid (MFA; 50
μM) (c), Gap27 control peptide (150 μM) (d and e), Cx43 mimetic peptide Gap27 (150 μM) (f), TATGap19 control peptide (400 μM) (g and h), TAT-Gap19 (400 μM) (i), non-immune rabbit IgG (1 mg/mL)
(j and k), or Cx43(E2) antibody (1 mg/mL) (l), and dye transfer via GJs was followed for 5 min.
Treatment of cells with MFA (c) or Gap27 (f) markedly reduced dye transfer as compared to
corresponding control samples (a and b or d and e, respectively), while TAT-Gap19 (i) or Cx43(E2) (l)
had no effect, as expected. (B) Confluent GFBL-DC cultures incubated in DMEM (containing 1.8 mM
Ca+2) (a) or low Ca+2-containing medium (EMEM supplemented with 180 nM Ca+2) (b) in the presence of
Cx HC-permeable Propidium Iodide (PI; 2.5 mM, red) for 20 min. No dye uptake was noted in cells
incubated in DMEM (a), while incubation of cells in EMEM potently induced dye uptake (b). (c-h)
Fibroblasts were incubated in EMEM and treated with Gap27 control peptide (c) or Gap27 (150 μM) (d),
TAT-Gap19 control peptide (e) or TAT-Gap19 (400 μM) (f), and non-immune rabbit IgG (g) or
Cx43(E2) antibody (1 mg/mL) against Cx43 HCs (h). Gap27 (d), TAT-Gap19 (f), and Cx43(E2) antibody
(h) potently blocked Cx HC-mediated dye uptake as expected. Results show representative images from a
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minimum of three repeated experiments. For the experiments, cells were pretreated with the inhibitors or
controls for 1 h before the experiments. Nuclear staining (blue) was performed using DAPI.
Magnification bars in A = 30 μm (a, d, g and j) and 50 μm (b, c, e, f, h, i, k and l); in B = 20 μm.
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Figure 3-5: Gap27 and TAT-Gap19 induce partially similar gene expression response in human
gingival fibroblasts.
Confluent GFBL-DC cultures were treated with Gap27 or control peptide (150 μM), and TAT-Gap19 or
control peptide (400 μM) for 24 h, and the expression of a set of genes involved in (A) wound healing and
(B) regulation of cell cycle was analyzed by qPCR. Results represent mean ± SEM of amount of mRNA
relative to control peptide-treated cells from a minimum of three repeated experiments. Statistical testing
was performed by comparison of Gap27- or TAT-Gap19-induced gene expression change relative to the
controls (*p<0.05, **p<0.01, ***p<0.001; two-tailed t-test). Horizontal line indicates relative amount of
mRNA for the control peptide-treated samples. EDA-FN: Extra Domain A-Fibronectin; EDB-FN: Extra
Domain B-Fibronectin; TN-C: Tenascin-C; α-SMA: α-Smooth Muscle Actin; NMMIIB: Non-Muscle
Myosin IIB; DCN: Decorin; FMOD: Fibromodulin; NAB1: NGFI-A Binding Protein-1; VEGF-A:
Vascular Endothelial Growth Factor-A.
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Figure 3-6: The expression of a set of genes in human gingival fibroblasts treated with
increasing concentrations of TAT-Gap19 or Gap19 relative to control samples.
Confluent GFBL-DC cultures were treated with (A) increasing concentrations of TAT-Gap19 (200, 400
and 500 μM) or control peptide (200, 400 and 500 μM), and (B) increasing concentrations of Gap19 (250
and 400 μM) or control peptide (250 and 400 μM) for 24 h, and expression of a set of genes involved in
wound healing was analyzed by qPCR. Results represent mean ± SEM of mRNA amount relative to
control peptide-treated cells from two repeated experiments. TN-C: Tenascin-C.
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Figure 3-7: Western blotting analysis of activation of ERK1/2 of the MAPK pathway by Cx43
GJs and HCs in gingival fibroblasts.
Confluent GFBL-DC cultures were treated with Gap27 or control peptide (150 μM) (A), and TAT-Gap19
or control peptide (400 μM) (C) for 1, 2, 6, and 24 h. Gap27 treatment was used as a positive control for
signaling pathway activation. Cell lysates were analyzed for protein levels of total ERK1/2 and
phosphorylated ERK1/2 (p-ERK1/2). (B and D) Quantitation of p-ERK1/2 abundance relative to its total
levels at time 0 (control samples) and at 1, 2, 6, and 24 h after treatment. Sample loading was normalized
for β-Tubulin levels. Results represent mean ± SEM of relative protein abundance from two repeated
experiments.
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Figure 3-8: Modulation of Gap27 and TAT-Gap19-regulated gene expression by
pharmacological inhibitor of ERK1/2 signaling pathway.
(A and B) Confluent cultures of GFBL-DC were treated with Gap27 (150 μM) (A), or with TAT-Gap19
(400 μM) (B) with or without MEK1/2 inhibitor (PD184352; 10 μM) for 24 h, and amount of mRNA for
wound healing-associated genes was analyzed by qPCR. Results represent mean ± SEM of relative
amount of mRNA from two repeated experiments in A, and three repeated experiments in B (*p<0.05,
**p<0.01; two-tailed t-test). Horizontal line indicates relative mRNA expression for the control samples
(vehicle-treated cells; 0.1% DMSO). TN-C: Tenascin-C; α-SMA: α-Smooth Muscle Actin; NMMIIB:
Non-Muscle Myosin IIB; DCN: Decorin; FMOD: Fibromodulin; VEGF-A: Vascular Endothelial Growth
Factor-A.
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Figure 3-9: Blocking of ATP signaling pathway significantly modulates amount of mRNA for
key wound healing-associated genes and activates of the ERK1/2 pathway.
(A) Results show qPCR analysis of relative amount of mRNA in confluent GFBL-DC cultures treated
with apyrase (1 U/mL) relative to vehicle control (dH2O) for 24 h. Results represent mean ± SEM from a
minimum of three repeated experiments (**p<0.01, ***p<0.001; two-tailed t-test). EDA-FN: Extra
Domain A-Fibronectin; EDB-FN: Extra Domain B-Fibronectin; TN-C: Tenascin-C; α-SMA: α-Smooth
Muscle Actin; NMMIIB: Non-Muscle Myosin IIB; DCN: Decorin; FMOD: Fibromodulin; NAB1: NGFIA Binding Protein-1; VEGF-A: Vascular Endothelial Growth Factor-A. (B) Results show Western
blotting analysis of ERK1/2 pathway activation in confluent GFBL-DC cultures that were treated with
apyrase (1 U/mL) or vehicle control (dH2O) for 1, 2, 6, and 24 h. Cell lysates were analyzed for protein
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levels of total ERK1/2 and phosphorylated ERK1/2 (p-ERK1/2). (C) Quantitation of p-ERK1/2
abundance relative to its total levels at time 0 (control sample) and at 1, 2, 6, and 24 h after treatment.
Sample loading was normalized for β-Tubulin levels.
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Figure 3-10: The expression of a set of genes in human gingival fibroblasts treated with TATGap19 with or without apyrase relative to control samples.
Confluent GFBL-DC cultures were treated with TAT-Gap19 (400 μM) with or without apyrase (1 U/mL)
for 24 h, and expression of a set of genes involved in wound healing was analyzed by qPCR. Results
represent mean ± SEM of mRNA amount relative to control peptide/vehicle treated cells from three
parallel samples from one experiment. TN-C: Tenascin-C; α-SMA: α-Smooth Muscle Actin; VEGF-A:
Vascular Endothelial Growth Factor-A.
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Figure 3-11: The expression of a set of ATP and adenosine receptor signaling genes in human
gingival fibroblasts treated with Gap27 or TAT-Gap19 relative to control samples.
Confluent cultures of GFBL-DC were treated with Gap27 (150 μM) or TAT-Gap19 (400 μM) for 24 h, and
amount of mRNA for set of ATP and adenosine receptor genes was analyzed by qPCR. Results represent mean
± SEM of relative amount of mRNA from a minimum of three repeated experiments (**p<0.01, ***p<0.001;
two-tailed t-test). ADA: adenosine deaminase.

147

Chapter 4: Connexin 43 Regulates the Expression of Wound Healing-Related
Genes in Human Gingival and Skin Fibroblasts3
4.1

Introduction
Fibroblasts are a heterogeneous and abundant group of connective tissue cells. Such cells

play a key role in wound healing and scar formation by regulating ECM production and
remodeling, inflammation, angiogenesis and reepithelialization [Häkkinen et al., 2012; Greaves
et al., 2013; Leavitt et al., 2016]. Accumulating evidence indicates that the outcome of a wound
may depend on the phenotype of the fibroblasts in a given tissue. For example, gingiva, which is
characterize by fast and significantly reduced scar-forming wound healing as compared to skin
[Szpaderska et al., 2003; Mak et al., 2009, Wong et al., 2009, Larjava et al., 2011; Glim et al.,
2014], harbors fibroblasts with a phenotype and regenerative potential that is distinct from adult
skin fibroblasts [Nishi et al., 2010; Glim et al., 2014; Häkkinen et al., 2014]. Human gingival
fibroblasts (GFBLs) display a gene expression pattern that is less pro-fibrotic than do skin
fibroblasts (SFBLs) [Glim et al., 2013; Mah et al., 2014; Mah et al., 2017]. GFBLs also migrate
faster into the early provisional wound matrix and degrade it quicker than SFBLs, another factor
which may contribute to efficient gingival wound healing [Lorimier et al., 1998]. Some suggest
that this difference in GFBLs and SFBLs may derive from their different developmental origins.
Most of GFBLs may originate from neural crest. In contrast, fibroblasts in trunk and limb dermis
derive from somites and lateral plate mesoderm [Xu et al., 2013; Häkkinen et al., 2014; Leavitt et

3
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Connexin 43 Distinctly Regulates the Expression of Wound Healing-Related Genes in Human Gingival
and Skin Fibroblasts.
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al., 2016; Thulabandu et al., 2017]. Thus, the distinct phenotypic properties of GFBLs and
SFBLs may underlie the different wound healing outcomes in these tissues.
Connexins (Cxs) are a family of 21 transmembrane proteins that play an integral role in
wound healing [Sutcliffe et al., 2015]. However, very little is known regarding their expression
and function in GFBLs compared to SFBLs in vivo or in vitro. Each Cx protein contains four
transmembrane domains with two extracellular loops, one cytoplasmic loop, and N- and Cterminal intracellular domains.

Assembly of six Cx subunits forms a hemichannel (HC),

establishing a conduit for the transfer of small ions and signaling molecules between the cell
cytosol and the extracellular environment. Head-to-head docking of two HCs from neighboring
cells forms a gap junction (GJ), which provides direct cell-to-cell contact for communication via
the exchange of small (< 1 kDa) molecules [Kar et al., 2012; Iyyathurai et al., 2013]. Typically,
Cx GJs and HCs cluster in large plaques on cell membranes, and these plaques can be detected
by immunostaining [Lauf et al., 2002; Brandner et al., 2004; Tarzemany et al., 2017].
In general, channel functions of both HCs and GJs are regulated by similar factors
although, interestingly, they are often affected in opposing manners. For example, while
increased levels of inflammatory cytokines, elevation of intracellular Ca2+ concentration or
oxidative stress promote the opening of HCs during wound healing or ischemia, they may also
induce closure of GJs [Schalper et al., 2012; Iyyathurai et al., 2013]. Cx HCs and GJs also
distinctly regulate various cell functions including proliferation, migration, death, survival,
wound healing, and gene expression [Burra et al., 2011]. Cxs can also regulate gene expression,
cell adhesion, migration, and apoptosis through functions that are not related to the Cx channel
functions, but instead involve interactions of Cx43 cytoplasmic domains with other cytoplasmic
signaling molecules. These channel-independent functions of Cxs are still not completely
149

understood [Jiang and Gu, 2005; Nielsen et al., 2012; Zhou and Jiang, 2014].
Cx43 is the most ubiquitous Cx in skin and gingiva, and its expression is dynamically
regulated during wound healing in these tissues. In skin, Cx43 also regulates the wound healing
process [Tarzemany et al., 2015; Cogliati et al., 2016]. For instance, compared to normal skin,
Cx43 is strongly downregulated in the epidermis during wound re-epithelialization [Goliger and
Paul, 1995; Coutinho et al., 2003]. In wounded mouse dermis, Cx43 abundance is also markedly
reduced in hair follicles while it is upregulated in blood vessels [Coutinho et al., 2003]. Cx43 is
also, in general, upregulated in the dermis in non-healing diabetic human and rat skin wounds
compared to non-diabetic wounds [Mendoza-Naranj et al., 2012]. Interestingly, transient
blocking of Cx43 expression or function during the early stages of wound healing accelerates
wound re-epithelialization and granulation tissue formation in skin in various wound healing
models [Kretz at al., 2003 and 2004; Coutinho et al., 2005; Ghatnekar et al., 2009 and 2015;
Grek et al., 2015]. In addition, blocking Cx43 function reduces dermal scar formation in rodent
models [Ghatnekar et al., 2009; Soder at al., 2009; Ongstad et al., 2013]. In a recent study,
immediate or early application of ACT1 (synthetic peptide mimicking the Cx43 C-terminus) gel
to human laparoscopic incisional wounds significantly improved scar pigmentation, thickness,
and surface roughness as compared to untreated wounds, likely by inhibiting ZO-1 association
with endogenous Cx43 [Grek et al., 2017]. Therefore, early down regulation of Cx43 function or
expression may be beneficial for wound healing and suppress scar formation.
In gingival wound healing, the abundance of Cx43 is strongly reduced in the epithelium
and fibroblasts during the early stages of wound healing [Tarzemany et al., 2015]. Furthermore,
selective blockage of Cx43 HCs or GJs by mimetic peptides resulted in a distinct upregulation of
anti-fibrotic genes and a downregulation of pro-fibrotic genes in cultured GFBLs, and this
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response was mainly mediated by Cx43 HCs [Tarzemany et al., 2017]. Thus, reduced Cx43 HC
function may be important for fast and relatively scar-free gingival wound healing. Given that
GFBLs and SFBLs have distinct phenotypic properties that may underlie the wound healing
outcomes, it is possible that the expression and/or function of Cx43 is also different in these two
cell types.
Therefore, the aim of the present studies was to first characterize Cx43 HCs and GJs in
human GFBLs and SFBLs in vivo. By using a well-established three-dimensional (3D) cell
culture model that mimics wound healing [Iyer et al., 1999; Beacham et al., 2007; Walmsley et
al., 2015; Kaukonen et al., 2017], we compared the function of Cx43 HCs and GJs in GFBLs and
SFBLs. We hypothesized that SFBLs and GFBLs display distinct phenotypes regarding
expression and/or function of Cx43, and that this may partly contribute to the different wound
healing outcomes in skin and gingiva.
4.2
4.2.1

Materials and Methods
Human Tissue Samples
Palatal gingival tissue samples were obtained from three healthy individuals (26-, 27-year-

old females and a 48-year-old male) and processed for frozen sectioning as described previously
[Tarzemany et al., 2015]. Frozen tissue sections from normal human breast (from two 31-yearold female donors) and abdominal (from a 55-year-old male donor) skin of healthy subjects were
obtained from Origene Technologies Inc. (Rockville, MD). For the study, a minimum of three
tissue sections from each subject was analyzed.
4.2.2

Pig Tissue Samples
Skin and palatal gingival tissue samples were obtained from juvenile female red Duroc

pigs (Neufeld Farm, Acme, AB, Canada) as described previously [Mak et al., 2009]. Briefly,
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three parallel palatal gingival and dorsal skin tissue samples were collected from three pigs,
immediately frozen in liquid nitrogen, and used for total RNA isolation and quantitative realtime RT-PCR (qPCR) as described previously [Mah et al., 2017].
4.2.3

Cell Culture
Primary human skin fibroblasts (SFBLs; five strains from different donors) from clinically

healthy human breast were obtained from PromoCell (Heidelberg, Germany). Primary human
gingival fibroblasts (GFBLs; five strains from different donors) were isolated as previously
described [Häkkinen et al., 1994] from attached gingiva of clinically healthy human donors
(Table 4-1). Cells were routinely maintained in Dulbecco’s Modified Eagle’s medium (DMEM),
supplemented with 1% antibiotic/antimycotic and 10% fetal bovine serum (FBS) (Gibco Life
Technologies, Inc., Grand Island, NY, USA) at 37oC and 5% CO2, and seeded for experiments
when they reached about 95% confluence. Experiments were performed at passages 5 to 10. To
generate three-dimensional (3D) in vivo-like cultures [Beacham et al., 2007], cells (42,000
cells/cm2) were seeded and cultured for 24 h, followed by incubation in the above medium
supplemented with 50 μg/ml of ascorbic acid up to 14 days, with medium changes every other
day [Mah et al., 2014]. The cultures were serum-starved for 24 h prior to analyses or further
treatment (see below).
4.2.4

Ethics Statement
Tissue donors provided written informed consent. All procedures were reviewed and

approved by the Office of Research Ethics of the University of British Columbia, and comply
with the 1975 Declaration of Helsinki. All animal procedures were reviewed and approved by
the Animal Care Committee of the Faculty of Medicine, University of Calgary (Calgary, AB,
Canada; protocol number M03037.M08025, 2009).
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4.2.5

Immunostaining
Human frozen tissue sections and fibroblasts grown on gelatin-coated glass coverslips in

24-well plates were fixed and immunostained as described previously [Mah et al., 2014;
Tarzemany et al., 2015]. Cx43 and Cx43(E2) antibodies were used to localize all Cx43
molecules and Cx43 located on cell surface only, respectively. Antibodies against vimentin and
ZO-1 were used to identify fibroblasts and cell-cell contact areas, respectively. All antibodies
used are listed in Supplemental Table S2. Images were acquired using optical sectioning at 1 μm
(ECLIPSE 80i Microscope; Nikon, Tokyo, Japan), and are presented as z-stacks created by the
NIS-Elements BR software (Nikon). Control staining was performed by omitting the primary
antibodies used in the study. Cx43-positive plaques were quantified from a minimum of 100
cells per culture from five standardized microscopic fields which were derived from three
parallel samples using Fiji software [Schindelin et al., 2012; http://fiji.sc/]. The analyses were
replicated in two independent experiments. A threshold was set to detect Cx43-positive plaques
with minimal background noise, and it remained the same for all images.
4.2.6

Quantitative Real-Time RT-PCR (qPCR)
qPCR analysis was performed according to MIQE guidelines [Bustin et al., 2009] as we

have described in detail previously [Tarzemany et al., 2015]. The primers used for qPCR and
reference genes are listed in Table 4-3. Amplification reactions for qPCR were performed using
the CFX96 System (Bio-Rad). For a given experiment, at least two reference genes were chosen
[Liu et al., 2015]. Non-transcribed RNA samples were used as a negative control. The qPCR
reactions were performed in triplicate for each sample. The data was analyzed and is presented
based on the comparative Ct method (CFX Manager Software Version 2.1, Bio-Rad).
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4.2.7

Western Blotting
SFBLs and GFBLs were lysed and collected at day-7 post-seeding as described previously

[Mah et al., 2014]. Western blotting was performed with the antibody against total Cx43 (Table
4-2). β-Tubulin was used as a loading control. Intensity of the protein bands was quantified
using ImageJ software version 1.51h (NIH, Bethesda, MD; http:// imagej.nih.gov/ij).
4.2.8

Modulation of Cx43 GJ and HC Function
GFBLs and SFBLs were grown on 6-well plates as described above. At day-6 post-

seeding, cells were serum-starved for 24 h, and then treated with Gap27 (150 μM;
SRPTEKTIFII; Biomatik, Cambridge, ON, Canada) which blocks Cx43 GJ and HC functions
[Chaytor et al., 1997; Hawat et al., 2012; Wang et al., 2013], or TAT-Gap19 peptide (400 μM;
YGRKKRRQRRR-KQIEIKKFK; LifeTein, Somerset, NJ, USA) which specifically blocks Cx43
HCs without affecting GJs [Wang et al., 2013; Abudara et al., 2014]. Control samples were
treated with a scrambled control Gap27 peptide (TFEPDRISITK; Biomatik) [Wright et al.,
2012], or a mutated, function-deficient control TAT-Gap19 peptide (YGRKKRRQRRRKQAEIKKFK; LeifTein) [Wang et al., 2013], respectively.
4.2.9

Dye Transfer Experiments
Fibroblasts were grown on glass coverslips as described above, and then serum-starved in

DMEM for 24 h. To assess the GJ function of Cx43, cells were preincubated with Gap27 (150
μM), TAT-Gap19 (400 μM), or with the corresponding control peptides in DMEM at 37oC for 1
h. Medium was then removed, cells were scrape-loaded with 0.5% Lucifer Yellow (Molecular
Probes Inc., Eugene, OR, USA) for 5 min, and then rinsed and fixed as described previously
[Tarzemany et al., 2015].
To assess the HC function of Cx43, cells were preincubated in their normal growth
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medium (DMEM; containing 1.8 mM Ca2+), or in EMEM (Lonza, Walkersville, MD, USA)
supplemented with 180 nM Ca2+ (low calcium medium) to induce the opening of Cx HCs [Wang
et al., 2013], with or without Gap27, TAT-Gap19, or corresponding controls, as above for 1 h.
Cultures were then treated in the respective media with the inhibitors or controls, and Propidium
Iodide (2.5 mM; Sigma-Aldrich) for 20 min.
4.2.10 Statistical Analysis
The data is presented as mean ± standard error of the mean (SEM) from a minimum of
three biological replicates, unless otherwise indicated. Statistical analysis was performed by
using two-tailed t-test; p<0.05 was considered statistically significant. Values obtained from the
qPCR by the comparative Ct-method were Log2 transformed for statistical testing [Rieu and
Powers, 2009].
4.3
4.3.1

Results
Human Gingival Fibroblasts and Epithelial Cells Show Abundant Immunostaining

of Cx43 HCs Compared to Skin in vivo.
To compare the abundance of Cx43 in skin and gingiva, we first assessed the expression of
Cx43 mRNA in paired samples from normal dorsal skin and attached palatal gingiva from three
separate red Duroc pigs. The tissue structure and wound healing response in the skin and gingiva
of these animals closely resembles that of the corresponding human tissues [Gallant-Behm et al.,
2005; Ramos et al., 2008; Wong et al., 2009]. Findings showed that expression of Cx43 mRNA
in skin was 4-fold (p<0.033, Student’s t-test) higher than in gingiva. To investigate the
localization of Cx43, tissue sections obtained from human gingiva and skin were immunostained
using an antibody that recognizes intracellular, GJ- and HC-associated Cx43 (total Cx43)
[Sosinsky et al., 2007; Solan and Lampe, 2009], or with an antibody that detects only the cell
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surface HC-associated Cx43 [Cx3(E2); Siller-Jackson et al., 2008; Kar et al. 2013]. Consistent
with our previous findings [Tarzemany et al., 2015 and 2017], in gingival epithelium, total Cx43
staining was localized to cell-cell contact areas of keratinocytes, with stronger immunoreactivity
at the basal and spinous layers and a less abundant staining at the upper layers (Figure 4-1 A and
B, respectively). In contrast, HC-specific Cx43(E2) staining was present only in the basal and
spinous epithelial layers (Figure 4-1 D), with no immunoreactivity observed at the upper layers
(Figure 4-1 E). Staining of Cx43 plaques with the antibody against total Cx43 detected markedly
more plaques in the basal and spinous layers of the epithelium than the Cx43(E2) antibody
against Cx43 HCs (Figure 4-1 A and D, respectively).
Using both antibodies against total Cx43 (Figure 4-1 C) or Cx43 HCs (Figure 4-1 F) fairly
large plaque-like structures were also detected in GFBLs as identified by double-immunostaining
for vimentin. The most notable staining with both Cx43 antibodies was associated with long
fibroblast processes (inserts in Figure 4-1 C and F). Unlike in the epithelium that showed more
abundant staining for total Cx43 than Cx43 HCs, the density of the Cx43 plaques stained with
both of the antibodies appeared relatively equal in GFBLs.
In dermal epithelium, a very intense immunoreactivity against total Cx43 was observed at
the upper layers, with markedly less abundant staining in the basal and spinous layers (Figure 4-1
G). In contrast to the gingival epithelium, skin epidermis contained few Cx43 HCs located in the
superficial layers, while the basal and spinous layers were largely negative (Figure 4-1 I).
Similar to findings with GFBLs (Figure 4-1 C and insert), total Cx43-positive plaques were
present and located mainly on the long processes of SFBLs (Figure 4-1 H and insert). However,
in contrast to observations with GFBLs (Figure 4-1 F), Cx43 HC plaques were almost totally
absent from SFBLs (Figure 4-1 J), and when present, were localized along the fibroblast
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processes as in the GFBLs (insert in Figure 4-1 J).
Taken together, expression of Cx43 mRNA in skin is significantly higher than in gingiva.
In GFBLs in vivo, the density of total Cx43 and Cx43 HC plaques are relatively similar,
suggesting that the majority of Cx43 plaques contain Cx43 HCs. In contrast, SFBLs show
abundant immunoreactivity for total Cx43, while they possess only very few Cx43 HC plaques.
Similarly, skin epidermis shows a stronger total Cx43 staining and fewer Cx43 HC plaques,
especially in the basal and spinous layers of the epithelium, compared to the gingival epithelium.
In both gingival and skin epithelium, the number of Cx43 positive plaques detected by the total
Cx43 antibody is markedly higher than those detected by the HC-specific Cx43(E2) antibody,
suggesting that Cx43 HCs comprise a minor proportion of total Cx43 found in both epithelia.
4.3.2

Skin Fibroblasts Express Increased Amount of Cx43 Protein but Possess Fewer

Cx43 HCs than Gingival Fibroblasts in 3D Cultures.
Having established that SFBLs abundantly display total Cx43-positive plaques, but have
very few Cx43 HCs compared to GFBLs in vivo, we wanted to compare expression and
abundance of Cx43 by these cells in vitro. To this end, a well-established in vivo-like threedimensional (3D) cell culture model was used. In this model, fibroblasts are initially cultured as
a high density monolayer which are then stimulated with serum and ascorbic acid to proliferate,
express a transcriptome similar to that observed during wound healing, and produce a
multilayered 3D ECM over time, a situation that mimics connective tissue wound healing [Iyer
et al., 1999; Beacham et al., 2007; Walmsley et al., 2015; Kaukonen et al., 2017]. In addition,
cells become embedded in their own cell type-specific extracellular matrix, allowing them to
interact with the 3D matrix using similar cell adhesion receptors found in vivo [Cukierman et al.,
2001; Cukierman et al., 2002; Green and Yamada 2007; Yamada and Cukierman, 2007; Pouyani
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et al., 2012; Kimlin et al., 2013; Kaukonen et al., 2017]. We have previously shown that GFBLs
and SFBLs display distinct tissue-specific phenotypes in this model [Mah et al., 2014 and 2017].
Using five parallel GFBL and SFBL strains, the expression of key Cxs previously found in
fibroblasts (Cx32, Cx37, Cx40, Cx43, and Cx45) were assessed by qPCR. As expected, based on
mRNA levels, Cx43 was the major Cx detected in both GFBLs and SFBLs at day-3 post-seeding
(Figure 4-2 A). In addition, both cell types expressed low levels of Cx45, while expression of
Cx32, Cx37 and Cx40 was negligible (Figure 4-2 A). During propagation of the 3D cultures,
SFBLs showed a time-dependent and significant increases in Cx43 expression from day-3 to -14
post-seeding (Figure 4-2 B). However, no significant differences were detected in the levels of
Cx43 mRNA between GFBLs and SFBLs at any time point studied (Figure 4-2 A and B).
Interestingly, at day-7 post-seeding, when the 3D architecture of the cultures was well
established [Beacham et al., 2007; Mah et al., 2014], SFBLs produced significantly higher levels
of Cx43 protein compared to GFBLs (Figure 4-2 C and D).
To study in more detail the abundance and localization of Cx43 in the 3D cultures, we
performed Western blotting for total Cx43 and immunostaining for Cx43 using the antibodies
against total and HC-associated Cx43 in GFBLs and SFBLs at 3-, 7- and 14-days post-seeding.
Double-immunostaining with ZO-1 was performed to indicate the cell-cell contacts where GJs
are formed [Thévenin et al., 2013] (Figure 4-2 E). Consistent with our previous findings from
GFBLs [Tarzemany et al., 2017], immunostaining showed few plaques that were positive for
total Cx43 antibody and colocalized with ZO-1, likely representing GJ plaques at cell-cell
contacts, were detected in both GFBLs and SFBLs (Figure 4-2 E; a-f). The observation that the
majority of these Cx43-positive plaques did not colocalize with ZO-1 suggests that they
represented intracellular and/or HC-associated Cx43 (Figure 4-2 E; a-c). As reported previously
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for GFBLs [Tarzemany et al., 2017], Cx43(E2)-positive HC plaques were present and located
throughout the cell body for both GFBLs and SFBLs. As expected, they did not colocalize with
ZO-1-positive cell-cell contacts (Figure 4-2 E; g-l). Quantification of immunostaining indicated
that almost equal number of plaques were stained with the antibodies against total Cx43 and
Cx43 HCs in GFBLs (Figure 4-2 F). Thus, in GFBL 3D cultures, most Cx43 assembles into HCs
and GFBLs possess only few Cx43 GJs.
When compared to GFBLs, SFBLs displayed somewhat elevated numbers of total Cx43positive plaques and these differences were most apparent at day-7 and -14 post-seeding (Figure
4-2 F). However, SFBLs showed markedly fewer Cx43 HCs at day-3 and -7 post-seeding than
did GFBLs (Figure 4-2 F). As a result, the plaques stained with the total Cx43 antibody
significantly outnumbered the Cx43 HCs at day-3, -7, and -14 post-seeding in SFBLs (Figure 4-2
F). Therefore, unlike in GFBLs, only a small proportion of the SFBL Cx43 assembled into HC
plaques in SFBLs. The number of these Cx43 HCs in SFBLs increased significantly over time,
reaching levels similar to those of GFBLs at day-14 post-seeding (Figure 4-2 F). Taken together,
both GFBLs and SFBLs express Cx43 as their major Cx. In 3D cultures, expression of total
Cx43 protein was significantly higher in SFBLs than in GFBLs. Similar to findings in normal
skin and gingiva in vivo, 3D cultures of SFBLs possessed significantly fewer Cx43 HCs, while
they were abundant in GFBLs at day-3 post-seeding. During propagation of the 3D cultures over
time, mimicking wound healing, the number of Cx43 HCs in SFBLs increased reaching the
levels detected in GFBLs at day-14 post-seeding.
4.3.3

Gingival and Skin Fibroblasts Possess Functional Cx43 GJs and HCs.
We have previously shown that cultured GFBLs have functional Cx43 GJs and HCs

[Tarzemany et al., 2015 and 2017]. Having established that SFBLs also possess both Cx43 GJs
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and HCs, we wanted to also evaluate their functionality. To assess the Cx43 GJ function, GFBLs
and SFBLs were cultured for three days as above, scrape-loaded with Lucifer Yellow and dye
transfer was followed for 5 min, as described previously [Tarzemany et al., 2017]. Both GFBLs
and SFBLs showed potent dye transfer that extended several cells away from the scratch wound
edge indicating that they possess functional GJs (Figure 4-3 A; a, b, d, e and g, h, j, k,
respectively). To confirm whether the dye transfer occurred via Cx43 GJs, cells were pretreated
with Gap27, a Cx43 mimetic peptide that binds to the Cx43 extracellular loop and specifically
blocks its GJ and HC functions [Chaytor et al., 1997; Hawat et al., 2012]. Gap27 treatment
effectively blocked dye transfer in both GFBLs and SFBLs indicating that it was mediated by
Cx43 (Figure 4-3 A; c and i, respectively). As expected, treatment of cells with TAT-Gap19
peptide, which specifically blocks Cx43 HC functions without affecting GJs [Siller-Jackson et
al., 2008; Abudara et al., 2014], did not affect dye transfer in either GFBLs or SFBLs (Figure 4-3
A; f and i, respectively).
To assess Cx43 HC function, the above cultures were incubated in low Ca2+-containing
medium (180 nM Ca2+) to induce the opening of Cx HCs, and then treated with HC-permeable
Propidium Iodide (PI) [Schalper et al., 2008]. HC-mediated dye transfer was assessed after 20
min using fluorescence microscopy as described previously [Tarzemany et al., 2017]. Both
GFBLs and SFBLs showed avid PI uptake when kept in low Ca2+-containing medium (Figure 43 B; d and j). As expected, dye transfer was effectively blocked when cells were incubated with
high Ca2+-containing medium (1.8 mM Ca2+) (Figure 4-3 B; a and g) that maintains Cx HCs in a
closed state. Treatment of cells kept in low Ca2+-containing medium with Gap27 (Figure 4-3 B; e
and k) or TAT-Gap19 (Figure 4-3 B; f and l) resulted in complete blockage of PI uptake as
compared to treatments with corresponding control peptides (Figure 4-3 B; b, h and c, i,
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respectively). Thus, human GFBLs and SFBLs display functional Cx43 GJs and HCs that can be
blocked with Gap27. TAT-Gap19 effectively blocked Cx43 HC function without affecting GJs
in both cell types.
4.3.4

A Set of Wound Healing-Associated Genes is Distinctly Regulated via Cx43 GJs

and HCs in Gingival and Skin Fibroblasts.
Using standard 2D cultures, we have previously shown that Gap27 and TAT-Gap19
significantly regulate expression of a set of wound healing-associated genes in GFBLs,
suggesting that Cx43 GJs and HCs play a role in the cell phenotype [Tarzemany et al., 2015 and
2017]. To explore this further using 3D cultures that better mimic the skin in vivo, we next
compared gene expression of the previously validated set of wound healing-associated genes
[Mah et al., 2014; Tarzemany et al., 2015 and 2017] in response to Gap27 and TAT-Gap19
treatment in GFBLs and SFBLs. To this end, cells were maintained in 3D cultures for seven
days, treated with Gap27 (150 μM) to block both Cx43 GJs and HCs or TAT-Gap19 (400 μM) to
block Cx43 HCs only for 24 h, and gene expression assessed by qPCR. At this time point,
SFBLs expressed significantly higher levels of Cx43 proteins, but had a markedly lower
abundance of Cx43 HCs than GFBLs (Figure 4-2 C-F). Results showed that compared to
controls, both Gap27 and TAT-Gap19 treatments significantly increased the expression of 10 of
the 25 genes analyzed in RNA from GFBLs (MMP-1, -3, -10, TIMP-1, Tenascin-C, TGF-β1,
TGF-β3, VEGF-A, Cx43, and Cadherin-2). The expression of seven of these 10 genes (MMP-1,
-3, -10, Tenascin-C, VEGF-A, Cx43, and Cadherin-2) was significantly more potently
upregulated by TAT-Gap19 compared to Gap27 treatment (Figure 4-4 A). Five other genes
(TIMP-3, Collagen type I, NMMIIB, NAB1, and CXCL12) were significantly regulated only by
TAT-Gap19 (Figure 4-4 A). In contrast, two genes (TIMP-4 and Collagen type III) were
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significantly regulated only by Gap27 treatment. Neither of the peptide treatments had a
significant effect on eight of the genes assessed (MMP-14, TIMP-2, EDA-FN, EDB-FN, α-SMA,
Decorin, Fibromodulin, and Cx45) (Figure 4-4 A).
When compared to controls, only four (MMP-1, -3, -10, and VEGF-A) out of the above 25
genes were significantly increased by both Gap27 and TAT-Gap19 treatments in SFBLs (Figure
4-4 B). Further analysis showed that eight of the studied genes (TIMP-3, Collagen type I, EDAFN, EDB-FN, NMMIIB, Decorin, Fibromodulin, and CXCL12) showed a different response to
the two peptide treatments in SFBLs (Figure 4-4 B). Among these genes, EDB-FN was
significantly upregulated only by the Gap27 treatment. Out of the remaining seven genes, two
(TIMP-3 and EDA-FN) were significantly upregulated, and five (Collagen type I, NMMIIB,
Decorin, Fibromodulin, and CXCL12) were downregulated, by TAT-Gap19, while Gap27 had
no effect (Figure 4-4 B). Out of the 25 genes analyzed, 13 genes (MMP-14, TIMP-1, -2, -4,
Collagen type III, Tenascin-C, α-SMA, TGF-β1, TGF-β3, NAB1, Cx43, Cx45, and Cadherin-2)
did not show significant expression changes in response to either of the peptide treatments in
SFBLs (Figure 4-4 B). This indicates that the expression of these genes is not under the control
of Cx43 GJs or HCs in SFBLs in this model. Findings from a set of additional experiments
showed that for the genes that responded to the Gap27 and TAT-Gap19 treatments, the responses
were concentration-dependent from 50 μM up to 300 μM, and from 400 μM up to 600 μM,
respectively (Figure 4-5). Therefore, the expression of a set of wound healing-related genes is
distinctly regulated by Gap27 and TAT-Gap19 in GFBLs and SFBLs (Figure 4-4 and Table 4-4).
4.3.5

Gap27 and TAT-Gap19 Treatments Distinctly Modulate Expression of a Set of

Wound Healing-Associated Genes in Human Gingival Compared to Skin Fibroblasts.
Next, we wanted to evaluate the effect of each peptide treatment on GFBLs and SFBLs to
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compare the response patterns. To this end, we compared the gene expression fold-changes
induced by Gap27 (Figure 4-6 A) or TAT-Gap19 (Figure 4-6 B) relative to corresponding
control peptide-treated samples between GFBLs and SFBLs. MMP3 was the only gene that was
significantly upregulated by TAT-Gap19 in both GFBLs and SFBLs (Figure 4-4 A and B), and
which showed a significantly more pronounced upregulation in GFBLs compared to SFBLs
(Figure 4-6 B). Out of the remaining 24 genes studied, expression of three genes (TGF-β1, TGFβ3, and Cx43) was significantly higher after treatment with both Gap27 (Figure 4-6 A) and TATGap19 (Figure 4-6 B) in GFBLs compared to SFBLs, as only GFBLs responded to the
treatments. Likewise, two genes (TIMP-1 and Cadherin-2) showed increased expression in
response to TAT-Gap19 treatment in GFBLs, but not in SFBLs (Figure 4-6 B). Decorin was the
only gene that was significantly downregulated in SFBLs compared to GFBLs by TAT-Gap19,
because only SFBLs responded to the treatment (Figure 4-6 A). Thus, the expression of the
above seven genes (MMP-3, TIMP-1, TGF-β1, TGF-β3, Cx43, Decorin, and Cadherin-2) was
significantly influenced by TAT-Gap19 in GFBLs compared to SFBLs. Three of the above seven
genes (TGF-β1, TGF-β3, and Cx43) were also potently regulated by Gap27 in GFBLs, but not in
SFBLs. Therefore, the phenotype of GFBLs was more potently regulated by Gap27 and TATGap19 than SFBLs.
4.4

Discussion
GFBLs and SFBLs from normal tissue display distinct phenotypes, and this may contribute

to the different wound healing outcomes in these two tissues [Mak et al., 2009; Wong et al.,
2009; Glim et al., 2013; Mah et al., 2014 and 2017]. The expression and function of Cx43 is also
an important modulator of wound healing [Cogliati et al., 2016]. We have shown that in human
gingiva, fibroblasts and keratinocytes assemble Cx43 into both GJ and HC plaques in vivo
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[Tarzemany et al., 2015 and 2017]. Findings from other human studies have also shown the
presence of Cx43 GJs in skin keratinocytes in vivo [Brandner et al., 2004]. However, it is not
known whether these two tissues distinctly express Cx43 GJs and HCs. Findings from the
present studies demonstrated that, similar to the gingival tissue [Tarzemany et al., 2017], Cx43
assembles into GJ and HC plaques in human skin epithelium and connective tissue fibroblasts in
vivo. However, gingiva and skin showed marked differences in the abundance of Cx43. Based on
analysis of pig tissue samples that contained both epithelium and connective tissue, skin
expressed significantly higher levels of Cx43 mRNA than did gingiva. Cx43 immunostaining
was also greater in the human skin epidermis compared to gingival epithelium. More
specifically, in skin epidermis total Cx43-posivite plaques were most abundant at the upper
epidermal layers with notably less staining in the basal and spinous layers, which is consistent
with previous findings [Brandner et al., 2004]. Cx43(E2) staining, on the other hand, showed
very few and weakly positive Cx43 HC plaques at the spinous and upper epithelial layers, while
the basal layer was negative. Therefore, in the skin epidermis, Cx43 forms mainly GJ plaques
and only few HCs are present and localize to the suprabasal layers. In contrast to the epidermis,
in gingival epithelium, Cx43 was assembled into distinct GJ and HC plaques at the basal and
spinous layers. However, the upper keratinocytes presented only Cx43-positive GJs and no HCs.
Thus, human skin epithelium possesses markedly greater abundance of total Cx43-positive
plaques, but few Cx43 HCs as compared to gingival epithelium. The different localization of
total Cx43 and Cx43 HCs into basal and suprabasal layers in gingival and skin epithelium,
respectively, suggests that Cx43 plays distinct roles in keratinocyte differentiation and function
in these two tissues. Cx43 expression and GJ formation modulates keratinocyte differentiation in
organotypic cultures and during fetal development [Wiszniewski et al., 2000; Arita et al., 2002;
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Langlois et al., 2007], but the role of Cx43 HCs in this process and in other keratinocyte
functions is poorly understood.
In connective tissue, Cx43 was also present in SFBLs and GFBLs in vivo, with total Cx43positive plaques localized on the cell body and processes. Interestingly, however, Cx43 HCs
were almost totally absent in SFBLs, while in GFBLs their abundance appeared similar to the
plaques stained with the total Cx43 antibody. Therefore, GFBLs appear to mainly contain Cx43
HCs, while in SFBLs Cx43 plaques may represent mostly GJs in vivo. Findings from our dye
transfer experiments have shown that fibroblasts residing in intact human skin likely
communicate with each other through the GJs although the identity of the Cxs involved remained
unknown [Salomon et al., 1988]. As Cx43 is the major Cx in SFBLs and GFBLs, it is likely that
it also plays a key role in gap junctional intercellular communication (GJIC) in these tissues in
vivo. In any case, it is intriguing that SFBLs largely lacked Cx43 HCs while they were abundant
in GFBLs in vivo. Clearly, the functional role of Cx43 HCs in skin and gingival connective
tissue, like in the epithelium, needs further clarification. The functional significance of the higher
abundance of Cx43 HCs in normal gingival epithelium and fibroblasts as compared to skin may
relate to the relatively high tissue turnover rate in gingival epithelium and connective tissue
compared to skin [Glim et al., 2013]. In addition, unlike skin, healthy gingiva is characterized by
a subclinical inflammation [Cekici et al., 2014] that may be important for the defense against
oral microbes. It is well established that Cx43 HCs play a key role in the inflammatory response
[Willebrords et al., 2016], but their role in gingiva has remained unexplored.
In any case, there is strong evidence that Cx43 plays an important role in wound healing
[Ongstad et al., 2013; Lorraine et al., 2015] and distinct expression or function of Cx43 in
gingiva and skin may contribute to different wound healing outcomes in these tissues. Our
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previous findings have shown that while abundance of total Cx43 is strongly downregulated in
GFBLs during the early inflammatory and granulation tissue formation stages of gingival wound
healing, there is a gradual increase in Cx43 abundance at the matrix deposition and remodeling
stages of healing when the fibroblasts have fully populated the wound area and inflammation has
subsided [Tarzemany et al., 2015]. Furthermore, a transient downregulation of Cx43 expression
or function at the early stages of wound healing promotes skin wound closure and reduces
scaring [Ongstad et al., 2013; Lorraine et al., 2015]. Therefore, to compare Cx43 expression and
function in GFBLs and SFBLs in relation to wound healing, we used five cell lines of human
GFBLs and SFBLs in a 3D culture model, which mimics the matrix deposition and remodeling
stages of wound healing better than the traditional 2D cultures [Iyer et al., 1999; Cukierman et
al., 2001; Cukierman et al., 2002; Green and Yamada 2007; Pouyani et al., 2012; Walmsley et
al., 2015; Kaukonen et al., 2017]. In this model, Cx43 was the major Cx expressed by both
GFBLs and SFBLs, and it formed functional GJs and HCs in both cell types. While GFBLs and
SFBLs did not show significant differences in Cx43 mRNA expression, SFBLs produced
significantly higher levels of total Cx43 protein. This suggests that posttranscriptional Cx43
processing and turnover is likely distinctly regulated in SFBLs and GFBLs. In many cell types,
Cx43 turnover is fast, and involves several mechanisms that modulate its biosynthesis, transport
and assembly in the cell membrane, endocytosis, degradation and recycling [Nielsen et al.,
2012]. Very little is known about these processes specifically in fibroblasts. Nonetheless, based
on immunostaining with total and Cx43 HC-specific antibodies, and consistent with our previous
data from standard 2D cultures [Tarzemany et al., 2017], Cx43 was mainly assembled into HC
plaques in GFBLs. Interestingly, at day-3 and -7 cultures, SFBLs displayed significantly less
Cx43 HCs than did GFBLs, which is similar to the above findings in vivo. The abundance of
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Cx43 HCs in SFBLs increased over time, reaching levels similar to those of GFBLs by day-14
post-seeding. Collectively, in this model, SFBLs, but not GFBLs, increase the abundance and
distribution of Cx43 into HC plaques over time. In order to explore the functional significance of
this finding, we used Cx43 mimetic peptides as tools to dissect regulation of gene expression by
Cx43 GJs and HCs in SFBLs compared to GFBLs. Gap27, blocks both of its GJ and HC
functions [Chaytor at al., 1997; Hawat et al., 2012], while TAT-Gap19 blocks only Cx43 HC
functions without affecting GJs [Wang et al., 2013]. In addition, TAT-Gap19 may also affect
Cx43 channel-independent functions by inducing conformational changes that perturb
interactions of the cytoplasmic domains with intracellular signaling molecules [Nambara et al.,
2007; Hervé et al., 2012; Wang et al., 2013; Abudara et al., 2014]. Our analysis focused on 21
wound healing-related genes that were previously regulated by these peptides in standard 2D
cultures of GFBLs. We also included four genes in the analysis that were not regulated by either
of the peptides in 2D cultures of GFBLs [Tarzemany et al., 2015 and 2017]. Similar to the 2D
cultures [Tarzemany et al., 2015 and 2017], the above four genes were not regulated by either of
peptide treatments in GFBLs also in this 3D model. However, the expression of these four
additional genes also remained unchanged after the peptide treatments in GFBLs in the 3D
model. As in our previous study, the expression of nine genes was regulated by only Gap27
treatment or by both peptides, respectively, in the 3D model. The expression of the remaining
eight genes, however, was apparently regulated by different mechanisms in the 3D model when
compared to the previous 2D model data (Table 4-5) [Tarzemany et al., 2017]. Taken together,
the function of Cx43 GJs and HCs in GFBLs may be modulated by the 3D environment
distinctly different from the 2D cultures. Cx GJIC and HC functions and signaling can be
regulated by various mechanisms that involve interplay with signals elicited by cell adhesion to
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the extracellular matrix, mechanosensing, and auto- and paracrine cytokines/growth factors,
which may be different between the 2D and 3D cultures [Cukierman et al., 2002; Yamada and
Cukierman, 2007; Thévenin et al., 2013; Kaukonen et al., 2017; Wong et al., 2017].
When comparing gene expression changes induced by the peptide treatments between
GFBLs and SFBLs in the 3D model, 12 out of 25 studied genes showed similar responses to the
peptide treatments in both GFBLs and SFBLs. From these genes, the expression of MMP-14,
TIMP-2,

-SMA, and Cx45 was not regulated by either of the peptides in both cell types,

suggesting that their expression is not regulated by Cx43 in either GFBLs or SFBLs.
Interestingly, 13 genes were differently regulated by the peptide treatments in GFBLs and
SFBLs. These genes included six ECM proteins (EDA-FN, EDB-FN, Collagen type III,
Tenascin-C, Decorin, and Fibromodulin) involved in wound healing (Häkkinen et al., 2012), two
protease inhibitors (TIMP-1 and TIMP-4) that modulate inflammation and tissue remodeling
[Steffensen et al., 2001; Dufour and Overall, 2013], and three TGF-β signaling-related genes
(TGF-β1, TGF-β3, and NAB1) involved in fibrosis and scar formation [Penn et al., 2012]. They
also included Cx43 and Cadherin-2, which play a role in intercellular communications [Dbouk et
al., 2009]. From the above 13 genes, six (TIMP-1, Tenascin-C, TGF-β1, TGF-β3, Cx43, and
Cadherin-2) were significantly upregulated by both Gap27 and TAT-Gap19 treatments in
GFBLs, suggesting that they are regulated by Cx43 HCs in these cells. In contrast, expression of
these six genes was not affected by either of the peptide treatments in SFBLs. Moreover, the
expression of EDB-FN in SFBLs and TIMP-4 and Collagen type III in GFBLs was regulated by
only Gap27 and not by TAT-Gap19, suggesting that these genes are distinctly regulated by Cx43
GJs in GFBLs and SFBLs.
It is intriguing that some genes in both GFBLs and SFBLs (TIMP-3, Collagen Type I,
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NMMBII, and CXCL12), or in only GFBLs (NAB1) or SFBLs (EDA-FN, Decorin, and
Fibromodulin) were significantly regulated by TAT-Gap19 but not with Gap27, although both
peptides are expected to block Cx43 HCs. Gap27 binds to the Cx43 extracellular loop, whereas
TAT-Gap19 binds to the L2 domain of the cytoplasmic loop altering its interaction with the Cterminal tail. In addition to blocking Cx43 HC functions, this may perturb interactions of the
Cx43 cytoplasmic domains with the intracellular signaling molecules affecting Cx43 channelindependent signaling [Nambara et al., 2007; Hervé et al., 2012; Wang et al., 2013; Abudara et
al., 2014]. Therefore, it is possible that the expression changes in the above genes resulting from
exposure to only TAT-Gap19 are mediated by the channel-independent functions of Cx43.
Distinct regulation of the above four genes (NAB1, EDA-FN, Decorin, and Fibromodulin) by
this mechanism in GFBLs compared to SFBLs suggests that Cx43 channel-independent
functions are also distinctly regulated in these two cell types in this model.
To summarize, we have shown for the first time that Cx43 distinctly assembles into Cx43
GJs and HCs in human skin and gingiva in vivo. Interestingly, in contrast to GFBLs, Cx43 HCs
composed only a small proportion of total Cx43 in SFBLs in vivo and in vitro. Using the 3D
culture model, we further showed that the GJ, HC, and channel-independent functions of Cx43,
the major Cx expressed by these cells, distinctly regulate wound healing-related gene expression
patterns in GFBLs and SFBLs. Therefore, it is possible that the distinct wound healing outcomes
in skin and gingiva may partly derive from inherently different assembly and function of Cx43 in
the resident fibroblasts.
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4.5

Tables

Table 4-1: List of the human gingival and skin fibroblast lines used for the study.
Cell line name

Origin

Sex

Age (years)

GFBL-DC

Attached gingiva

Male

41

GFBL-OL

Attached gingiva

Male

30

GFBL-HN

Attached gingiva

Female

18

GFBL-DW

Attached gingiva

Female

30

GFBL-IE

Attached gingiva

Male

26

SFBL-2-C

Caucasian breast dermis

Female

40

SFBL-1-2

Caucasian breast dermis

Female

44

SFBL-4-1

Caucasian breast dermis

Female

41

SFBL-302

Caucasian breast dermis

Female

38

SFBL-406

Caucasian breast dermis

Female

35
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Table 4-2: List of antibodies used for immunostaining and Western blotting.
Antibody

Manufacturer

Source

Dilution
Immunostaining

Western
blotting

Anti-Vimentin

DakoCytomation,

(M7020; Vim 3B4)

Burlington, ON, CA,

Mouse

1:200

Rabbit

1:800

Rabbit

1:300

USA
Anti-Connexin 43

Sigma-Aldrich, St.

(C6219)

Louis, MO, USA

Cx43(E2)

Kindly provided by

1:8000

Dr. Jean X. Jiang,
University of Texas
Health Science
Center, San
Antonio, TX, USA
Anti-β-Tubulin

Abcam Inc., Eugene,

(ab21057)

OR, USA

Goat

1:1000
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Table 4-3: Primers used for quantitative real-time RT-PCR.
GeneBank

Gene

Primer sequence

Orientation

Location

Amplicon
(bp)

MMPs and TIMPs
NM_002421 MMP-1

GCTAACAAATACTGGAGGTATGATG

Forward

1250-1275

GTCATGTGCTATCATTTTGGGA

Reverse

1304-1325

NM_001166 MMP-3

ATGATGAACAATGGACAAAGGA

Forward

661-682

308

GAGTGAAAGAGACCCAGGGA

Reverse

751-732

NM_002425 MMP-10

TTATACACCAGATTTGCCAAGA

Forward

394-415

TTCAGAGCTTTCTCAATGG

Reverse

450-432

TCTCCCAGAGGGTCATTCAT

Forward

618-1637

TTCCAGTATTTGTTCCCCTTGTAG

Reverse

1688-1665

CTGTGTCCCACCCCACC

Forward

267-283

GAACTTGGCCCTGATGACGA

Reverse

330-311

ACATTTATGGCAACCCTATCAA

Forward

481-502

TCAGGCCCTTTGAACATCTTTA

Reverse

550-529

NM_004995 MMP-14

NM_003254 TIMP-1

NM_003255 TIMP-2

100

91

56

70

64

70
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GeneBank

Gene

Primer sequence

Orientation

Location

Amplicon
(bp)

NM_000362 TIMP-3

AGGACGCCTTCTGCAAC

Forward

1281-1297

CTCCTTTACCAGCTTCTTCC

Reverse

1348-1329

ACCTGTCCTTGGTGCAGA

Forward

927-944

TGTAGCAGGTGGTGATTTGG

Reverse

1004-985

Collagen type I

AACCAAGGCTGCAACCTGGA

Forward

3951-3970

(alpha 1)

GGCTGAGTAGGGTACACGCAGG

Reverse

4030-4009

CTCCTGGGATTAATGGTAGT

Forward

1271-1290

CCAGGAGCTCCAGGAAT

Reverse

1340-1324

CACAGTCAGTGTGGTTGCCT

Forward

5633-5652

CTGTGGACTGGGTTCCAATCA

Reverse

5700-5680

CAGTAGTTGCGGCAGGAGAA

Forward

4168-4188

GTATCCTACTGAGGAGTCCACAAAATC

Reverse

4232-4206

NM_003256 TIMP-4

68

80

Fibrillar ECM proteins
BC036531

NM_000090 Collagen type III
(alpha 1)
NM_212482 EDA-FN (Extra
Domain A-

80

70

68

Fibronectin)
NM_212482 EDB-FN (Extra
Domain B-

65

173

GeneBank

Gene

Primer sequence

Orientation

Location

Amplicon
(bp)

Fibronectin)
Matricellular proteins
NM_002160 TN-C

CAACCTGATGGGGAGATATGGGGA

Forward

6769-6792

GAGTGTTCGTGGCCCTTCCAG

Reverse

6846-6826

AGCGTGGCTATTCCTTCGT

Forward

637-655

CTCATTTTCAAAGTCCAGAGCTACA

Reverse

733-707

CCGTTTTACATAATCTGAAGGATC

Forward

395-418

TTGGAAGATTCTTGTAAGGGTT

Reverse

493-472

DCN

CTGACACAACTCTGCTAGAC

Forward

242-261

(Decorin)

GACAAGAATCAATGCGTGAAG

Reverse

339-319

(Tenascin-C)

75

Contractility and myofibroblast associated proteins
NM_001613 α –SMA
(α-Smooth

97

Muscle Actin)
NM_005964 NMMIIB (NonMuscle Myosin

98

IIB)
Small leucine-rich proteoglycans
BT019800

97

174

GeneBank

Gene

Primer sequence

Orientation

Location

Amplicon
(bp)

NM_002023 FMOD
(Fibromodulin)

CACAATGAGATCCAGGAAG

Forward

761-779

TCCGAAGGTGGTTATAACTC

Reverse

845-826

CAACGAAATCTATGACAAGTTCAAGC

Forward

1218-1245

CTTCTCGGAGCTCTGATGTG

Reverse

1294-1275

ACACCAATTACTGCTTCCGCAA

Forward

1161-1182

GCCTAGATCCTGTCGGAAGTC

Reverse

1242-1220

CAAAGTCCCACTCATCAGAGA

Forward

1930-1950

TCACAGCTATCTTGAATCTTCAG

Reverse

2043-2020

AGTGTGTGCCCACTGAGGA

Forward

1316-1334

85

TGF- signaling related genes
NM_000660 TGF-β1

76

AG

NM_003239 TGF-β3

NM_005966 NAB1
(NGFI-A Binding

81

114

Protein-1)
Growth factors and cytokines
NM_001171 VEGF-A

97
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GeneBank

Gene

Primer sequence

Orientation

Location

Amplicon
(bp)

630

(Vascular

GTGCTGTAGGAAGCTCATCTC

Reverse

1413-1393

TACAGATGCCCATGCCGA

Forward

174-191

CTGAAGGGCACAGTTTGGAG

Reverse

266-247

AGCAGTCTGCCTTTCGTTGTA

Forward

393-412

GATTGGGAAAGACTTGTCATAGCAG

Reverse

466-442

NM_001097 Cx45

AGCTGGGTCCAACAAAAGC

Forward

1151-1169

519

ACCATAAACTATGAGAAGCACAGATT

Reverse

1258-1233

NM_001792 Cadherin-2

TGAGGAGTCAGTGAAGGAG

Forward

843-861

CTTCTGCCTTTGTAGGTGG

Reverse

933-915

CTTTGTCAAGCTCATTTCCTGGTA

Forward

1020-1043

Endothelial
Growth Factor-A)
NM_199168 CXCL12/SDF-1α

93

Cell-cell junction proteins
NM_000165 Cx43

73

108

91

Human reference genes
NM_002046 GAPDH

70
176

GeneBank

Gene

Primer sequence

Orientation

Location

Amplicon
(bp)

(Glyceraldehydes

GGCCATGAGGTCCACCA

Reverse

1089-1073

HPRT1

TGTTGGATTTGAAATTCCAGACAAG

Forward

619-643

(Hypoxanthine

CTTTTCCAGTTTCACTAATGACACAA

Reverse

727-700

GTGGCACAGCTAGTTCCGT

Forward

371-389

CTTCACGAAGATCTGCATTGTCA

Reverse

444-467

TGTCTTTCAGCAAGGACTGGTCTTTC

Forward

281-306

ATGGTTCACACGGCAGGCATA

Reverse

351-372

TTCGGAGAGTTCTGGGATTG

Forward

542-562

-3-phosphate ddehydrogenase)
M31642

107

phosphoribosyltra
nsferase I)
NM_021009 UBC
(Ubiquitin C)
NM_004048 B2M (Beta-2microglobulin)
NM_001172 TBP
085

96

92

94

(TATAA-box
binding protein)
177

GeneBank

Gene

Primer sequence

Orientation

Location

Amplicon
(bp)

Pig reference genes
XM_001925 UBC

TGCCGCTATACAATGCAG

Forward

161-178

271

(Ubiquitin C)

GACATTCTCAATGGTGTCA

Reverse

250-232

AF452448

B2M (Beta-2-

TGTCTTTCAGCAAGGACTGGTCTTTC

Forward

3935-3960

microglobulin)

TGCTTCACGCGGCAGCTATAC

Reverse

4025-4005

90

90

178

Table 4-4: Regulation of the Expression of Wound Healing-Associated Genes by Cx43 GJ and
HC Blocking Peptides in Gingival and Skin Fibroblasts.
Genes not regulated by

Genes regulated by

Genes regulated by

Genes regulated by

Gap27 and TAT-Gap19

Gap27 only

TAT-Gap19 only

both Gap27- and TATGap19

GFBLs

SFBLs

GFBLs

MMP-14

MMP-14

TIMP-4

TIMP-2

TIMP-2

Coll III

-SMA

SFBLs

GFBLs

SFBLs

TIMP-3

TIMP-3

MMP-1

MMP-1

Coll I

Coll I

MMP-3

MMP-3

-SMA

NMMIIB

NMMIIB

MMP-10

MMP-10

Cx45

Cx45

CXCL12

CXCL12

VEGF-A

VEGF-A

EDA-FN

TIMP-1

NAB1

EDA-FN

TIMP-1

EDB-FN

TIMP-4

DCN

TN-C

DCN

Coll III

FMOD

TGF-1

FMOD

TN-C

TGF-3

TGF-1

Cx43

TGF-3

Cadherin-2

EDB-FN

GFBLs

SFBLs

NAB1
Cx43
Cadherin-2

The table summarizes data from Figure 4-4. Genes are indicated based on whether their expression was
significantly (p<0.05; two-tailed Student’s t-test) changed only by Gap27, only by TAT-Gap19, by both
Gap27 and TAT-Gap19, or genes that were not regulated by Gap27 and TAT-Gap19 relative to
corresponding controls. For the experiment, day-7 3D cultures from three parallel GFBL and SFBL
strains were treated with Gap27 (150 μM), TAT-Gap19 (400 μM) or corresponding control peptides for
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24 h. Results are from qPCR analysis of mRNA amount relative to control peptide-treated samples. Genes
regulated by different mechanisms in GFBLs and SFBLs are bolded. Coll I: Collagen type I; Coll III:
Collagen type III; EDA-FN: Extra Domain A-Fibronectin; EDB-FN: Extra Domain B-Fibronectin; TN-C:
Tenascin-C; α-SMA: α-Smooth Muscle Actin; NMMIIB: Non-Muscle Myosin IIB, DCN: Decorin;
FMOD: Fibromodulin; NAB1: NGFI-A Binding Protein-1; VEGF-A: Vascular Endothelial Growth
Factor-A.
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Table 4-5: Regulation of the Expression of Wound Healing-Associated Genes by Cx43 GJ and
HC Blocking Peptides in Gingival Fibroblasts in two- and three-Dimensional Cell Culture
Models.
Genes not regulated by

Genes regulated by

Genes regulated by

Genes regulated by both

Gap27 and TAT-Gap19

Gap27 only

TAT-Gap19 only

Gap27- and TAT-Gap19

2D

3D

2D

3D

2D

3D

2D

3D

TIMP-2

TIMP-2

TIMP-4

TIMP-4

TIMP-3

MMP-1

MMP-1

EDA-FN

EDA-FN

TIMP-1

Coll III

Coll I

MMP-3

MMP-3

EDB-FN

EDB-FN

TIMP-3

NMMIIB MMP-10

MMP-10

Cx45

Cx45

FMOD

NAB1

TGF-1

TGF-1

MMP-14

Cadherin-2

CXCL12

TGF-3

TGF-3

α-SMA

TN-C

TN-C

DCN

VEGF-A

VEGF-A

FMOD

Cx43

Cx43

MMP-14

TIMP-1

Coll I

Cadherin-2

Coll III
α-SMA
NMMIIB
DCN
NAB1
CXCL12
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Table compares the gene expression changes between day-7 3D (from present study) and traditional day-3
2D [Tarzemany et al., 2017] GFBL cultures treated with Gap27 (150 μM), TAT-Gap19 (400 μM) or
corresponding control peptides for 24 h. Genes are indicated based on whether their expression was
significantly (p<0.05; two-tailed Student’s t-test) changed only by Gap27, only by TAT-Gap19, by both
Gap27 and TAT-Gap19, or genes that were not regulated by Gap27 and TAT-Gap19 relative to
corresponding controls. Results are from qPCR analysis of mRNA amount relative to control peptidetreated samples. Genes regulated by different mechanisms in 2D and 3D cultures are bolded. Results from
3D cultures (this study) represent three parallel GFBL strains (GFBL-DC, GFBL-IE, and GFBL-DW).
Results from 2D cultures [Tarzemany et al., 2017] represent GFBL-DC from a minimum of three
repeated experiments. Coll I: Collagen type I; Coll III: Collagen type III; EDA-FN: Extra Domain AFibronectin; EDB-FN: Extra Domain B-Fibronectin; TN-C: Tenascin-C; α-SMA: α-Smooth Muscle
Actin; NMMIIB: Non-Muscle Myosin IIB, DCN: Decorin; FMOD: Fibromodulin; NAB1: NGFI-A
Binding Protein-1; VEGF-A: Vascular Endothelial Growth Factor-A.
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4.6

Figures

Figure 4-1: Localization of Cx43 GJs and HCs in human gingiva and skin in vivo.
Representative images of human gingival (A-F) and dermal (G-J) tissue sections double immunostained
with an antibody recognizing all forms of the Cx43 molecule (Cx43; A-C, G and H) or only HCassociated Cx43 (Cx43(E2); D-F, I and J) and vimentin (green; a mesenchymal cell marker) in human

183

gingival (A, B, D and E) and dermal (G and I) epithelium, and gingival (C and F) and dermal (H and J)
connective tissue. In the gingival epithelium, Cx43 immunostaining localized most abundantly at the cellcell contacts as plaque-like structures typical to GJs in the basal and spinous layers (A and B). Staining
with the Cx43 HC-specific Cx43(E2) antibody, however, showed localization of Cx43 only at the basal
and lower spinous layers (D), with no immunoreactivity at the upper layers of the epithelium (E). In the
gingival connective tissue, Cx43 (C) and Cx43(E2) (F) staining was also present as plaque-like staining
that mostly localized in the long cellular processes reaching out from the vimentin-positive cells (arrows).
In the dermal epithelium (G and I), Cx43 immunostaining (G) localized at the cell-cell contacts with
strong immunoreactivity at the upper epithelial layers. Weak staining was noted with Cx43(E2) antibody
only at the superficial layers (I). In the dermal connective tissue, Cx43 immunostaining localized
abundantly in the long cellular processes (H), similar to the gingival connective tissue (C). Cx43(E2)
staining, however, was almost absent from the skin fibroblast processes (J) being only occasionally
detected (insert in J). Inserts in (C), (F), (H), and (J) show higher magnification images of Cx43
localization in the long cellular processes. Representative immunostaining images from a minimum of
three parallel sections from three individual donors are shown. Nuclear staining (blue) was performed
using DAPI.
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Figure 4-2: Cx43 expression and localization in cultured gingival and skin fibroblasts.
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(A) Results show qPCR analysis of relative mRNA amount of major Cxs in gingival (GFBLs; GFBLDW, GFBL-HN, GFBL-OL, GFBL-IE, and GFBL-DC) and skin (SFBLs; SFBL-2-C, SFBL-406, SFBL302, SFBL-4-1, and SFBL-1-2) fibroblast cultures at day-3 post-seeding. Cx43 was the major Cx
expressed in both GFBLs and SFBLs. (B) qPCR analysis of relative Cx43 mRNA amount in GFBLs and
SFBLs, 3-, 7-, and 14-days post-seeding. Results represent mean ± SEM from a minimum of three
repeated experiments (* p<0.05, ** p<0.01; pairwise comparisons were done using two-tailed Student’s ttest). Results in A and B represent mRNA amount relative to GFBL-DC. Range of the Ct-values obtained
from qPCR is indicated below each gene name. (C and D) Western blotting analysis (C) and quantitation
(D) of Cx43 in GFBLs and SFBLs day-7 (D7) 3D cultures. SFBLs showed significantly higher
abundance of Cx43 compared to GFBLs. Sample loading was normalized for β-Tubulin levels. (E)
Representative images from GFBL-DC and SFBL-1-2 day-7 3D cultures double-immunostained for total
Cx43 (red) and ZO-1 (green; indicator of cell-cell contacts) (a-f), or HC-associated Cx43 (Cx43(E2); red)
and ZO-1 (g-l). (a-f) Cx43 staining was abundantly present in both GFBLs and SFBLs throughout the cell
body. In addition, Cx43 staining colocalized with ZO-1 staining at cell-cell contact areas (arrowheads in a
and d), likely representing GJ plaques. (g-l) GFBLs and SFBLs also showed numerous Cx43(E2)-positive
plaques that did not colocalize with ZO-1 (arrows in g and j) at the cell-cell contacts, likely representing
Cx43 HCs. Nuclear staining (blue) was performed using DAPI. Representative immunostaining images
from three parallel samples from two repeated experiments are shown. (F) Quantitation of mean number
of total and HC-associated Cx43 plaques per cell over time in culture in GFBL-DC and SFBL-1-2. For
quantitation, five standard fields from each coverslip were randomly selected. Cx43-positive plaques were
counted in minimum of 100 cells per field. Results are relative to the number of Cx43(E2)-positive
plaques in SFBL-1-2.
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Figure 4-3: Gingival and skin fibroblasts have functional Cx43 GJs and HCs.
(A) Assessment of Cx43 GJ function. Confluent day-3 cultures of GFBL-DC (A; a-f) and SFBL-1-2 (A;
g-l) were scrape-loaded in DMEM with Lucifer Yellow (green) in the presence of Gap27 control peptide
(150 μM) (A; a, b, g, and h), Cx43 mimetic peptide Gap27 (150 μM) (A; c and i), TAT-Gap19 control
peptide (400 μM) (A; d, e, j, and k), or TAT-Gap19 (400 μM) (A; f and l), and dye transfer via GJs was
followed for 5 min. Gap27 treatment (A; c and i) markedly reduced dye transfer as compared to
corresponding control samples (A; a, b, g, and h), while TAT-Gap19 (A; f and l) and corresponding
control treatment (A; d, e, j, and k) had no effect. (B) Assessment of Cx43 HC function. Confluent day-3
cultures of GFBL-DC (B; a-f) and SFBL-1-2 (B; g-l) were incubated in DMEM (containing 1.8 mM Ca+2)
(B; a and g) or low Ca+2-containing medium (EMEM supplemented with 180 nM Ca+2) (B; d and j) in the
presence of Cx HC-permeable Propidium Iodide (PI; 2.5 mM, red) for 20 min. Incubation of both GFBLs
and SFBLs in EMEM resulted in avid dye uptake (B; d and j), which was blocked when cells were
maintained in DMEM (B; a and g). (B; b, c, e, f, h, i, k, and l) Cells were incubated in EMEM and treated
with Gap27 control peptide (B; b and h) or Gap27 (150 μM) (B; e and k), TAT-Gap19 control peptide (B;
c and i) or TAT-Gap19 (400 μM) (B; f and l). Gap27 (B; e and k) and TAT-Gap19 treatments (B; f and l)
markedly blocked Cx43 HC-mediated dye uptake as compared to corresponding control samples (B; b, c,
h, I, respectively). Results show representative images from a minimum of two repeated experiments. For
the experiments, cells were pretreated with the inhibitors or controls for 1 h before the experiments.
Nuclear staining (blue) was performed using DAPI. Magnification bars in A = 30 μm (a, d, g and j) and
50 μm (b, c, e, f, h, i, k and l); in B = 50 μm.
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Figure 4-4: Gap27 and TAT-Gap19 effect on gene expression response in human gingival and
skin fibroblast cultures.
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Day-7 3D cultures of GFBLs (A; GFBL-DC, GFBL-IE, and GFBL-DW) and SFBLs (B; SFBL-1-2,
SFBL-4-1, and SFBL-302) were serum-starved for 24 h and then treated with Gap27 or control peptide
(150 μM), and TAT-Gap19 or control peptide (400 μM) for 24 h, and the expression of a set of genes
involved in wound healing was analyzed by qPCR. Results represent mean ± SEM of amount of mRNA
relative to control peptide-treated cells. Statistical testing was performed using two-tailed Student’s t-test
by comparison between Gap27- or TAT-Gap19-induced gene expression changes ($ p<0.05, $$ p<0.01),
or relative to the corresponding control peptide-treated samples, respectively (* p<0.05, ** p<0.01, ***
p<0.001). Horizontal line (= 1) indicates relative amount of mRNA for the control peptide-treated
samples. EDA-FN: Extra Domain A-Fibronectin; EDB-FN: Extra Domain B-Fibronectin; TN-C:
Tenascin-C; α-SMA: α-Smooth Muscle Actin; NMMIIB: Non-Muscle Myosin IIB; DCN: Decorin;
FMOD: Fibromodulin; NAB1: NGFI-A Binding Protein-1; VEGF-A: Vascular Endothelial Growth
Factor-A.
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Figure 4-5: The expression of a set of genes in human gingival and skin fibroblasts treated with
increasing concentrations of Gap27 or TAT-Gap19 relative to control samples.
Day-7 3D cultures of GFBLs (GFBL-DC) (A and C) and SFBLs (SFBL-1-2) (B and D) were serumstarved for 24 h and then treated with (A and B) increasing concentrations of Gap27 (50, 150, and 300
μM) or control peptide (50, 150, and 300 μM), or (C and D) increasing concentrations of TAT-Gap19
(400 and 600 μM) or control peptide (400 and 600 μM) for 24 h, and expression of a set of genes
involved in wound healing was analyzed by qPCR. Results represent mean ± SEM of mRNA amount
relative to control peptide-treated cells from three parallel samples from one experiment. VEGF-A:
Vascular Endothelial Growth Factor-A.
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Figure 4-6: Gene expression response to Gap27 or TAT-Gap19 treatment in human gingival and
skin fibroblast cultures.
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Day-7 3D cultures of GFBLs (GFBL-DC, GFBL-IE, and GFBL-DW) and SFBLs (SFBL-1-2, SFBL-4-1,
and SFBL-302) were treated with (A) Gap27 or control peptide (150 μM), or (B) TAT-Gap19 or control
peptide (400 μM) for 24 h, and the expression of a set of genes involved in wound healing was analyzed
by qPCR. Results represent mean ± SEM of amount of mRNA relative to control peptide-treated cells (=
1). Statistical testing was performed between GFBLs and SFBLs for each peptide treatment (* p<0.05, **
p<0.01; two-tailed Student’s t-test). Horizontal line (= 1) indicates relative amount of mRNA for the
control peptide-treated samples in both GFBLs and SFBLs. EDA-FN: Extra Domain A-Fibronectin;
EDB-FN: Extra Domain B-Fibronectin; TN-C: Tenascin-C; α-SMA: α-Smooth Muscle Actin; NMMIIB:
Non-Muscle Myosin IIB; DCN: Decorin; FMOD: Fibromodulin; NAB1: NGFI-A Binding Protein-1;
VEGF-A: Vascular Endothelial Growth Factor-A.
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Chapter 5: Discussion and Conclusion
Human skin wound healing nearly always results in fibrotic scar formation, which is a
tremendous physical and psychological burden on public health. Despite the introduction of
various therapeutic interventions introduced, no clinically predictable and effective anti-scaring
treatment is currently available [Larjava et al., 2011; Lindley et al., 2016]. Studying biological
processes that underlie fibrotic conditions provides us with a better understanding of mechanisms
involved and, therefore, facilitates the development of more effective therapeutic modalities.
Animal models are useful tools for studying mechanisms of wound healing and scar
formation, however considering their limitations in resembling human wound healing, the results
from these studies may not always be applied to humans. Therefore, utilizing and studying
human scar-forming and scarless tissues provide an ideal model to investigate the underling
cellular and molecular mechanisms in this regard [Larjava et al., 2011; Leavitt et al., 2016;
Lindley et al., 2016; Wang et al., 2017]. Here, we used human gingival healing as our model to
study the scarless wound healing in human. Gingival wounds heal fast with negligible scar
formation compared to corresponding skin wounds [Wong et al., 2009; Chen et al., 2010; Glim
et al., 2013; Häkkinen et al., 2015]. We focused on the role of fibroblasts, in particular,
considering their significant potential in modulating different phases of wound healing,
specifically scar formation, owing to their key roles in the depositing and remodeling of ECM
molecules, e.g. collagen - the hallmark of scars [Häkkinen et al., 2012; Glim et al., 2013; Leavitt
et al., 2016]. Studies have suggested that the characteristics of fibroblasts, at least in part, may
contribute to the healing outcome in a given tissue. For instance, the anti-fibrotic and fetal skinlike phenotypes of gingival fibroblasts and their high turnover rate may determine the scarless
healing in gingiva [Lorimier et al., 1998; Glim et al., 2013; Mah et al., 2014 and 2017].
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Emerging evidence has shown the key wound healing regulatory role of Cx43, the most
abundant Cx, in various cell types and tissues including skin epithelium and connective tissue
cells [Ghatnekar et al., 2009 and 2015; Grek et al., 2015; Cogliati et al., 2016; Zhang and Cui,
2017]. However, very little is known about the expression and localization of Cx43 in skin
fibroblasts (SFBLs) in unwounded tissue and during wound healing in vivo. It is important to
note that the presence and possible functions of Cx43 has not been investigated in human
scarless gingival healing.
In agreement with previous studies, we have shown that Cx43 was the most expressed Cx
in cultured human gingival fibroblasts (GFBLs) and SFBLs. We have provided the first evidence
indicating the presence and localization of Cx43 in GFBLs in vivo and in human gingival
keratinocytes and fibroblasts during wound healing, a critical discovery. In unwounded gingival
tissue, using total Cx43 antibody that recognizes Cx43 GJs, HCs, and intracellular pool
[Sosinsky et al., 2007; Solan and Lampe, 2009], Cx43 localized into large plaque-like structures
in keratinocytes and fibroblasts, whose abundance was markedly reduced during the early stage
of wound healing. Downregulation of Cx43 in gingival keratinocytes was in agreement with
previous studies showing a marked early reduction of Cx43 in human skin wounds [Coutinho et
al., 2003; Zhang and Cui, 2017]. Findings from cultured SFBLs and keratinocytes have shown
that blocking Cx43 function or expression at the early stage of wound healing results in
increased proliferation and migration rate of these cells [Grek et al., 2014; Lorraine et al., 2015;
Gilmartin et al., 2016; Wong et al., 2016]. Therefore, it is possible that the early downregulation
of Cx43 in gingival wounds may contribute to the fast healing in gingiva through the increased
rate of keratinocytes and fibroblasts migration. It is important to point out that the exact
mechanisms by which the early downregulation of Cx43 is modulated in gingival healing,
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remained unclear in our study. Findings from other studies have shown that several cytokines
and growth factors such as TNF-α, IFN-γ, TGF-β, and IL-1β are abundantly released at the
inflammatory phase of healing [Glim et al., 2013; MacLeod and Mansbridge, 2016].
Interestingly, cytokines such as TNF-α and IL-1β negatively regulate Cx43 expression and
function in various cell types, while growth factors like TGF-β, which are also present at
granulation tissue formation and remodeling stages of healing, induce Cx43 expression, GJ
formation and GJIC [Chanson et al., 2005; Paw et al., 2017]. Consequently, one might speculate
that the marked downregulation of Cx43 is related to the increased levels of inflammatory
cytokines at the early inflammatory phase, whose level is decreased later during granulation
tissue formation and remodeling, and therefore the upregulatory effects of the growth factors
such as TGF- may partially induce the upregulation of Cx43 level during the later stages of
wound healing. Cx43 re-appearance at the matrix deposition and remodeling stages is of
particular interest. During this phase, fibroblasts differentiate into α-smooth muscle actin (αSMA)-rich myofibroblasts, which provide contractile force to reduce wound size [Häkkinen et
al., 2012]. Interestingly, Cx43 positively regulates α-SMA expression in cultured rat cardiac
fibroblasts [Asazuma-Nakamura et al., 2009], and Cx43 deficiency in mouse fibroblasts
associates with a reduced ability of the cells to contract the collagen gel [Ehrlich et al., 2000].
It also remained unclear whether Cx43-positive plaques in human GFBLs represent Cx43
GJs or HCs. This is an important issue to be addressed as GJs and HCs distinctly regulate
biological events in physiological and wound conditions. For instance, while HCs remain
primarily in a closed state under resting conditions, GJs are open and provide a direct
communication between connecting cells. Furthermore, HCs extensively regulate tissue
inflammatory responses through ATP auto- or paracrine signaling whereas GJs are mainly closed
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during inflammation [Iyyathurai et al., 2013; Wong et al., 2017]. Previous findings from atomic
force microscopy experiments have suggested the presence of HC plaques in cardiac cells in vivo
[Lal et al., 1995], but no information is available as to whether HC plaques also exist in other
tissue or cell types. Using Cx43(E2) antibody that binds to the E2 domain of Cx43 and
specifically detects surface Cx43 HCs [Siller-Jackson et al., 2008; Kar et al., 2013], we provided
the first evidence that Cx43 also assembles into HC plaque-like structures. We specifically
localized Cx43 HCs in human SFBLs and GFBLs in vitro and in vivo, and in skin and gingival
keratinocytes in vivo. Immunostaining results showed distinct distribution of Cx43 HCs and GJs
in skin and gingiva. Skin keratinocytes assembled Cx43 mainly into GJ plaques, whereas in
gingival keratinocytes Cx43 formed distinct GJ and HC plaques. In connective tissue, GFBLs
mainly possessed Cx43 HCs, while in SFBLs Cx43 plaques mostly represented GJs in vivo.
To determine the functional significance of the downregulation of Cx43 plaques in
GFBLs in gingival healing in vivo, and also to compare Cx43 expression and function in GFBLs
and SFBLs in more detail, we cultured human GFBLs and SFBLs using conventional 2D and in
vivo-like 3D cell culture models, and treated them with Cx43 function-blocking peptides. Then,
we studied and compared the regulation of key wound healing-associated gene expression by
Cx43 GJs and HCs in SFBLs and GFBLs. An important advantage of using the 3D cell culture
model over 2D is that this model better mimics the matrix deposition and remodeling stages of
wound healing as cells actively proliferate, and are imbedded in and interact with their own 3D
ECM over time [Iyer et al., 1999; Cukierman et al., 2001, Green and Yamada 2007; Pouyani et
al., 2012; Mah et al., 2014 and 2017; Walmsley et al., 2015].
We extensively used Gap27, a Cx43 mimetic peptide that binds to its E2 domain and
blocks Cx43 GJ and HC functions [Chaytor et al., 1997; Hawat et al., 2012; Wang et al., 2013],
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and TAT-Gap19, a Cx43 mimetic peptide that binds to its CL domain and specifically blocks
Cx43 HC functions without affecting GJs [Wang et al., 2013; Abudara et al., 2014] as our tools
to block Cx43 functions in GFBLs and SFBLs. It is important to note that Gap27 may also
inhibit channels constructed from other Cxs including Cx32, Cx37, and Cx40 in various cell
types and tissues [Evans and Leybaert, 2007]. However, our findings from qPCR analysis
revealed negligible expression of these Cxs in the studied cells, suggesting that Gap27 likely
targeted Cx43 channels. TAT-Gap19, on the other hand, specifically blocks Cx43 HCs only and
not the other Cxs channels [Wang et al., 2013; Abudar et al., 2014]. The qPCR results showed
that Gap27 and TAT-Gap19 differentially regulated the expression of the analyzed wound
healing-related genes, suggesting that Cx43 has distinct GJ, HC, and channel-independent
functions to regulate various genes in GFBLs and SFBLs. In general, gene expression changes
by Gap27 and TAT-Gap19 in GFBLs in 2D model included a significant upregulation of several
MMPs and TGF-β signaling molecules, which modulate inflammation and tissue remodeling
[Penn et al., 2012; Dufour and Overall, 2013], Tenascin-C, which regulates cell migration and
suppresses fibrosis [Yates et al., 2017], and VEGF-A, which promotes angiogenesis [Liakouli et
al., 2011], while pro-fibrotic molecules including, Collagen type I, α-SMA, and NMMIIB, which
are associated with wound contraction and fibrosis [Penn et al., 2012], were significantly
downregulated in 2D-cultured GFBLs compared to control peptide-treated samples.
Interestingly, when 3D-cultured GFBLs were compared to the 2D model, the expression of eight
out of 25 studied genes was different. It has been shown that signals elicited by cell adhesion to
the extracellular matrix, mechanosensing, and auto- and paracrine cytokines/growth factors such
as TGF-β, which may be different between the 2D and 3D cultures, can regulate Cx GJIC and
HC functions [Thévenin et al., 2013; Mah et al., 2014; Wong et al., 2017]. In SFBLs, Gap27 and
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TAT-Gap19 treatments also significantly upregulated several MMPs and VEGF-A, and
downregulated profibrotic Collagen type I and NMMIIB, similar to GFBLs. However, 13 genes
were differentially regulated by the peptide treatments in 3D-cultured GFBLs and SFBLs,
suggesting that these genes are distinctly regulated by Cx43 HCs, GJs, or by Cx43 channelindependent functions in GFBLs and SFBLs. For instance, in SFBLs, the expression of
Fibromodulin and Decorin, which are involved in inflammation, ECM regulation, and collagen
fibrillogenesis [Iozzo and Schaefer, 2010; Frey et al., 2013; Mah et al., 2014] were significantly
downregulated by blocking Cx43 function while their expression was Cx43 independent in
GFBLs. On the other hand, the expression of TGF-β isoforms remained unchanged in peptidetreated samples in SFBLs while their expression was significantly upregulated in GFBLs.
In particular, gene expression changes were regulated by TAT-Gap19 treatment in 2Dcultured GFBLs by activation of the ERK1/2 signaling pathway and possibly through the
suppression of ATP, since inhibition of ATP activity by apyrase caused in general a similar gene
expression response and activation of the ERK1/2 pathway as the blocking of Cx43 HCs by the
peptides. It, however, remained unclear whether TAT-Gap19 directly blocked ATP release from
Cx43 HCs or whether other mechanisms were involved. For instance, activation of the ERK1/2
pathway by TAT-Gap19 may also be mediated via interfering with Cx43 cytoplasmic tail
interaction with intracellular signaling effectors including ERK1/2 [Zhou and Jiang, 2014]. TATGap19 binds to the intracellular L2 domain of the CL and sterically inhibits its interactions with
the cytoplasmic tail [Wang et al., 2013]. It also may induce conformational changes that perturb
interactions of the cytoplasmic domains with intracellular signaling molecules such as ERK1/2
and p38 [Nambara et al., 2007; Hervé et al., 2012; Wang et al., 2013; Abudara et al., 2014]. In
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SFBLs, the mechanisms by which Gap27 and TAT-Gap19 regulated gene expression remained
in need of further study.
In summary, in this thesis we showed that Cx43 was the most abundant Cx present in
cultured human SFBLs and GFBLs. Its abundance was significantly downregulated at the early
stage of fast and scarless gingival wound healing. Cx43 assembled into GJ and HC plaques in
skin and gingival epithelium and connective tissue fibroblasts, although its distribution into GJs
or HCs was markedly different in these two tissues. Blocking its function with Cx43 mimetic
peptides, Gap27 or TAT-Gap19 distinctly regulated expression of key wound healing-associated
genes.
5.1

Study Limitations and Future Directions
Limitations of the current study and the possible solutions to circumventing these

limitations are discussed below:
1.

We characterized the Cx43-positive plaques and their regulation during human
gingival healing. Although it remained unclear whether these plaques represent GJs
or HCs. Having established the significant role of Cx43 HCs in regulating wound
healing-associated genes in cultured GFBLs, assessing the possible presence and
modulation of Cx43 HCs during human gingival healing is recommended. Analyzing
wound samples from red Duroc pigs may be considered as an alternative approach.

2.

We were able to show that Cx43 distinctly assembled into Cx43 GJs and HCs in
human skin in vivo, and that these plaques distinctly regulated expression of key
wound healing-associated genes in cultured human SFBLs. The regulation of Cx43
HCs and GJs during skin healing, however, was not studied in this project. Utilizing
human skin wounds or corresponding red Duroc pig samples, alternatively, to study
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the possible regulation of Cx43 HCs and GJs during the skin healing process is
recommended.
3.

We did not assess the expression and abundance of Cx43 in human dermal scars.
Human scar tissue samples can be utilized for immunostaining with total Cx43 and
Cx43(E2) antibodies to characterize the localization of total Cx43-positive plaques
and Cx43 HCs, respectively, in these tissue samples.

4.

Using a 3D cell culture model, we showed that Cx43 function-blocking peptides
significantly regulated key wound healing genes at the mRNA level. Further
investigation of the regulation of these molecules at the protein level, e.g. by Western
blotting, is recommended.

5.

Using a 2D cell culture model, we showed that gene expression response and
activation of the ERK1/2 signaling pathway by TAT-Gap19 in GFBLs was, in
general, similar in response as to the inhibition of ATP activity by apyrase. The direct
inhibitory effect of TAT-Gap19 on ATP release from GFBL Cx43 HCs may be
further studied using a high-sensitive ATP measuring assay.

6.

Cx43 blocking peptide-induced ERK1/2 activation was the major studied signaling
pathway in the regulation of gene expression in 2D-cultured GFBLs. However, the
exact mechanism by which Cx43 or its blockage regulate the activation of ERK1/2
pathway needs to be studied. Also, the possible involvement of the ERK1/2 or other
Cx43-mediated signaling pathways in regulation of wound healing-related gene
expression in SFBLs needs to be further investigated.

7.

Using 3D cell culture model, we showed that the abundance of Cx43 HCs in SFBLs
was significantly increased over time (from day-3 to day-14 post-seeding). The
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abundance of Cx43 HCs in GFBLs, however, did not change over time. To find out
the functional significance of the upregulation of Cx43 HCs in SFBLs compared to
GFBLs, analysis of Cx43 blocking peptides-induced gene expression at day-3 and
day-14 post-seeding by qPCR is recommended.
8.

To assess the efficacy of Cx43 blocking peptides in dermal healing and scar
reduction, especially TAT-Gap19, which specifically blocks the Cx43 HCs without
blocking its GJ functions, may be applied into full-thickness red Duroc pig skin
wounds. Timing of the peptide application to the wounds needs to be determined
based on the findings from the regulation of Cx43 HCs and GJs during skin healing.
Clinical and histological assessment of scar formation may be performed by taking
standardized digital images and analyzing biopsy samples for gene expression
(qPCR) or localization/abundance of Cx43 HCs and GJs (immunostaining),
respectively, taken at different healing time points (up to 60 days). Transdermal
delivery of the peptides in a sustained release formulation is recommended.

9.

A previous study has shown that Gap27 treatment dose-dependently downregulated
Cx43 protein level up to 6 h in NIH 3T3 cells [Glass et al., 2015]. Our findings,
however, showed that Gap27 treatment increased Cx43 mRNA and protein levels in
24 h. Therefore, it is possible that short- or long-term effects of Gap27 on Cx43 levels
in human GFBLs and DFBLs may be different and needs to be further investigated.
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