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ABSTRACT
UNDERSTANDING THE IMPACT OF CTGF PROMOTER AND EXON VARIANTS ON
WOUNDING AND DISEASE ASSOCIATED RISKS
By
Lorna L. Smith
Plymouth State University, December, 2021
In the United States, cardiovascular disease is the leading cause of death.
After a heart attack, cardiac tissue becomes damaged, and the subsequent repair
often results in fibrosis and poor heart function. Connective Tissue Growth Factor
(CTGF) is a gene involved in healthy wound healing, and increased CTGF expression
has been shown to impact fibrosis. Previous research in the Doherty lab has found
associations between CTGF exon variants and cardiovascular disease (CVD)-related
phenotypes and comorbidities. Additionally, the promoter region of CTGF was
investigated for genetic variants due to its impact on gene expression. Cheek cells
were collected from volunteers in the PSU population and DNA was extracted,
sequenced, and analyzed for genetic variants in both the promoter and exons of
CTGF. Volunteers also completed a survey about CVD-related phenotypes in their
family history. An inflammatory wound healing model was utilized in order to
determine the impact of specific exon variants on CTGF expression. One exon variant,
G1355T, significantly impacted CTGF expression, and was previously associated to a
decreased family history of CVD. Through targeted sequencing, we identified two
previously published CTGF promoter variants. One variant, G-745/-945C, had been
formerly found to increase CTGF expression and increase the likelihood for
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developing systemic sclerosis (SSc). Going forward, understanding possible genetic
predispositions and the role of CTGF will help to identify those most at risk of
developing fibrosis prior to a heart attack/disease onset.
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CHAPTER 1
INTRODUCTION
Fibrosis
It has been estimated that 45% of all deaths in the developed world can be
attributed to fibrosis (Wynn, 2004), which is the thickening and scarring of tissue
following damage. Fibrosis can affect all major organs in the body, including the
heart, liver, lungs, kidneys, intestines and skin (Wynn, 2008). Examples of injury that
can result in fibrosis include autoimmune disease, diabetes, hypertension, ischemia
and mechanical damage (Gurtner et al., 2008). Fibrosis occurs during the healing
process when excess extracellular matrix (ECM) proteins are secreted. The incidence
of fibrotic disease is low, but the presence of the fibrotic tissue response is often
seen in many chronic inflammatory diseases such as: asthma, chronic obstructive
pulmonary disease (COPD) and atherosclerosis (Thannickal et al., 2014). Fibrosis
contributes heavily to disease outcomes and morbidity, even when it’s not a hallmark
symptom. Examples include vascular remodeling in atherosclerosis, airway
remodeling in COPD and asthma, as well as myocardial remodeling in heart failure
(Wynn, 2004). As such, research into the mechanisms and underlying pathways of
fibrosis is becoming both an important and necessary topic of study.
Tissue Maintenance
Tissue maintenance and turnover occurs constantly throughout the body
independent of injury. The ECM is a necessary component to both tissue repair and
maintenance because all solid tissues contain ECM. Not only does it have several
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necessary functions in the context of regeneration and wound healing, it also
provides the tissue shape, support, and structure. Specifically, it provides the
structural scaffold that cells adhere to. ECM also interacts with the surrounding cells,
resulting in the presence of multiple proteins and growth factors (Kusindarta &
Wihadmadyatami, 2018). One protein that is secreted into ECM is Connective Tissue
Growth Factor (CTGF), a member of the CCN family of genes. CTGF is consistently
expressed at low levels in healthy tissue throughout the body as part of tissue
maintenance, which ultimately impacts cell proliferation, migration, differentiation
and survival (Brigstock, 1999). When CTGF is overexpressed and excessive ECM is
deposited, it results in eventual fibrosis.
The CCN Family
The CCN family is made up of several genes, including Connective Tissue
Growth Factor (CTGF/CCN2). All members of the family are involved in numerous
biological functions, including but not limited to, involvement in wound healing
(Rittié et al., 2011), ECM maintenance (Chen et al., 2014) and fibrosis (Sun et al.,
2021). The acronym CCN is derived from the first 3 genes in the family: Cystine-Rich
61 (CYR61/CCN1), Connective Tissue Growth Factor (CTGF/CCN2) and
Nephroblastoma overexpressed (NOV/CCN3). Three additional members of the CCN
family include WNT inducible signaling pathway (WISP1-3) also known as CCN4-6
respectively (Lau & Lam, 1999). Going forward, each gene will be referred to by the
common name. For example, CTGF/CCN2 will simply be referred to as CTGF. The CCN
family is considered a matricellular protein family, meaning that even though
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members do not play a primary structural role, they are involved in cell function and
interact with other cell surface receptors. The term matricellular was created to
describe proteins that are secreted into the ECM, but do not have a primary
structural role (Bornstein, 2009). Characteristics of matricellular proteins include: 1.)
high levels of expression during development and in response to injury, 2.) binding to
many cell-surface receptors, components of the ECM, growth factors, cytokines and
proteases, 3.) induction of de-adhesion or counter-adhesion in contrast to the
adhesivity of most matrix proteins (Murphy-Ullrich, 2001) and 4.) a grossly normal or
subtle phenotype that is observed in mice with a targeted disruption (knockout) of
matricellular protein genes (Bornstein, 2009).
Structure of CCN Family Members
All members of the CCN family share the same gene structure including four
conserved regions. Starting from the N-terminal which contains a secretion peptide,
the first region is an insulin-like growth factor binding protein (IGFBP) followed by a
von Willebrand factor type C repeat (vWc). A non-conserved hinge region is found
next followed by the thrombospondin type 1 repeat (TSP1), and lastly there is a
cysteine knot motif (CT) making up the C-terminal (Jun & Lau, 2011). The CCN family
is made up of cystine rich (>10% of residues) proteins. The cystine content includes
38 residues, 17 of which are conserved and spread across the four exons, creating
necessary disulfide bonds. Exceptions include WISP2 which is missing a cysteine knot
motif and WISP3 which is missing four cysteine residues in its vWc region. The
sequence between the vWc and TSP1 is non-conserved which often leads to cleavage
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(Jun & Lau, 2011) via proteases such as matrix metalloproteases (MMPs), elastase
and plasmin. Proteases are also capable of cleaving the linkers between individual
regions, resulting in four individual fragments (Hashimoto et al., 2002). The
fragments have been shown to have increased or decreased functional properties,
depending on the domains they contain (Brigstock et al., 1997). A full investigation
into the fragment properties is necessary to determine their functionality, but has
not been completed to date.
The IGFBP is the first domain of the CCN family gene structure. Insulin growth
factors (IGFs) are indirectly involved in numerous cellular functions including: cell
cycle progression, proliferation and death as well as roles in the immune response
(Jones & Clemmons, 1995). IGF function has been shown to play a role in several
cancers, including aggressive inflammatory breast cancers (Lønning & Helle, 2004).
The second domain, known as the von Willebrand factor type C (vWc), is
found in >500 ECM proteins and is one of the most common domains found in the
genome (Zhang & An, 2007). It is made up of a stretch of ~70 amino acids, and
contains ten cysteine residues (Bork, 1993). The most common function of the vWc
domain includes regulation of bone morphogenic proteins (BMPs) and transforming
growth factor beta (TGFβ) (Abreu et al., 2002). This interaction is responsible for
many of the CCN family functions, including TGFβ mediated adhesion and tissue
remodeling (Perbal & Takigawa, 2005), and angiogenesis (Lau & Lam, 1999), along
with others.
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The third domain is the thrombospondin type 1 (TSP1), which is made up of
~55 amino acids. The TSP1 protein is found 187 times throughout the human
genome, as well as in other eukaryotic organisms (Tucker, 2004). The majority of
proteins that contain a TSP are ECM proteins. This domain appears to have four main
functions: 1.) cell attachment sites in signaling and adhesion, 2.) regulation of
angiogenesis, 3.) protein binding sites for growth factors and other ECM proteins and
4.) glycosaminoglycan binding sites (Chen et al., 2000). The TSP plays a major role in
the adhesion and modulation of ECM proteins (Planque & Perbal, 2003) via
interactions with the lipoprotein-related receptor (De Winter et al., 2008). The TSP
has also been shown to be a angiogenic regulator (Folkman, 1996), and involved in
the angiogenic properties of the CCN family proteins. Interestingly, the TSP has been
shown to have an anti-angiogenic effect in several CCN family proteins, with only a
fragment of the TSP domain needed to inhibit proliferation and migration of human
umbilical vein endothelial cells (HUVECs) (Tong & Brigstock, 2006). This effect can be
countered by the addition of MMPs, which target and cleave the intronic spacer
regions between the CCN domains (Inoki et al., 2002). Another important protein
that the TSP interacts with is TGFβ (Adams & Tucker, 2000), which is central to many
of the biological roles that the CCN family members play. Integrin binding, specifically
integrin α6β1, is another function of the TSP and determines many of its biological
effects (Tong & Brigstock, 2006). The first two members of the CCN family, CYR-61
and CTGF, are involved in the adhesion of both fibroblasts and vascular smooth
muscle cells through interactions between the TSP and integrins and heparin
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sulphated proteoglycans (HSPs) (Adams & Tucker, 2000). Integrin interaction is
believed to be necessary for the biological activity of the CCN family, showcasing the
importance of the TSP1 domain (Lau & Lam, 1999). It is probable that the TSP works
in tandem with the other domains conserved in the CCN proteins (Brigstock, 1999).
All six members of the CCN family contain a groove in the TSP which extends across
the face of the molecule. Basic residues line the groove, and the space within is large
enough to accommodate two heparin molecules. The residues found along the sides
of the groove interact with the negatively charged sulfur groups found on sulphated
heparin molecules, resulting in strong electrostatic bonds. This suggests that the TSP
is capable of binding heparin or sulphated proteoglycans in order to modulate cell
adhesion and ECM composition in the same way as other proteins containing a TSP
do (Tan et al., 2002).
The final domain that makes up the CCN family gene structure is the CT
domain, named after the cysteine knot found in it (Bork, 1993). WISP2 is the only
member of the gene family that is missing a CT domain. Cysteine knots are found in
many other proteins, including the TGFβ family of growth factors. Members of this
family include TGFβ, BMPs and vascular endothelial growth factor (VEGF) (Bork,
1993). The biological function of these small growth factors is tied directly to the
ability of the CT domain to interact with heparin and HSPGs (Lyon et al., 1997). This
interaction is of particular interest because both heparin and HSPGs are involved in
the cell adhesion process and ultimately control the formation and composition of
the ECM. Fragments of porcine CTGF that contain the ~10 kDa CT domain not only
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bind to heparin but are biologically active (Brigstock et al., 1997) and can influence
cell adhesion (Ball et al., 2003). The CT also contains several different binding sites
that integrins interact with (Gao & Brigstock, 2006). The range of ligands and binding
partners involved in the CT domain is vast. While each CCN family members CT
domain is similar, the electrostatic surfaces of each is different. Additionally the
variety of amino acids found in the CT sequence can result in the formation of
additional binding locations, making the CT an attractive location for transcription
factors to bind.
Several known binding sites have been identified within the CCN proteins,
named V2, T1, P2, P5, H1 and H2. V2 is located in the vWc domain of CYR-61, CTGF
and NOV, and is involved in angiogenesis related functions. Examples of this include
vascular endothelial cell adhesion and proliferation (Chen et al., 2004). P2 and P5 are
located in the C-terminal region of CTGF and are involved in regulating myofibroblast
adhesion (Gao & Brigstock, 2004). The remaining three binding sites are similar in
function with T1 being located in the TSP domain of CYR61, CTGF and NOV, whereas
H1 and H2 are found in the CT domain of CYR61 and CTGF. All three binding sites are
involved in pro-angiogenic signaling of vascular endothelial cells (Chen et al., 2001),
and fibroblast adhesion and survival (Todorovic et al., 2005). H1 and H2 binding
produce sustained effects whereas T1 binding produces temporary activity (Leu et al.,
2004).
Connective Tissue Growth Factor
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CTGF is the best studied member of the CCN family, with its biological
functions including; differentiation (Li et al., 2019), ECM stimulation, including
maintenance and turnover (Nishida et al., 2007), cell proliferation and adhesion
(Chien et al., 2006), and normal and pathological wound healing and fibrotic
disorders (Alfaro et al., 2013; Lipson et al., 2012). Originally named “fibroblastinducible secreted protein” or fisp-12, CTGF was first found in 1988 in NIH/3T3
mouse fibroblast cells (Almendral et al., 1988). The human ortholog of CTGF was
discovered in 1991 in cultured HUVECs (Bork, 1993). It was shown to code for a 349
amino acid protein that was 91% homologous to fisp-12. Both CTGF and fisp-12
contain several regulatory elements in the 5’ region upstream from the transcription
start site (TSS), including a TGFβ binding site. Additionally, there is an 80% sequence
identity in the 300 nucleotides upstream from the mRNA cap binding element
(Bradham, 1991). CTGF has been found in numerous species including pig (Harding et
al., 1998), cow (Boes et al., 1999) and rat (Yamashiro et al., 2001). In the mammals
that have been sequenced so far, CTGF is more than 90% conserved. When
compared to other mammals, reduced homology is mainly found in the first 43
residues, where the identity is only 60-65% (Bradham, 1991).
Role of CTGF in Development
CTGF is necessary for proper development and is highly expressed in the
blood vessels, heart and cartilage of mice from E9.5 (also known as embryonic day
9.5 or E9.5) through birth (Ivkovic, 2003). By E13.5, the majority of tissues contained
CTGF protein (Doherty et al., 2010). Mice who lacked the CTGF gene, also known as
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knockout (KO) mice, died shortly after birth due to a lack of ossification in the rib
cage, eventual respiratory failure, resulting in subsequent death. While the mice had
no visible vascular defects, they often had other physical limitations such as skull
defects and deformed limbs (Ivkovic, 2003). Mice born with one functioning copy of
CTGF, and as little as 29% of wild type expression, were both viable and fertile
(Doherty et al., 2010; Ivkovic, 2003). Alternately, embryonic lethality occurred in mice
who had an average of 9-fold increase in CTGF expression. Surviving mice displayed
craniofacial and skeletal defects (Doherty et al., 2010). Therefore, a baseline level of
CTGF is necessary for development and viability of the organism.
CTGF is expressed throughout the human body and is well studied in
fibroblasts (Igarashi et al., 1993), chondrocytes (Nishida et al., 1998) and epithelial
cells (Pawar et al., 1995). Because CTGF is a soluble protein, it has been found in
multiple fluid types in the body, including blood plasma, where it is eliminated
through globular filtration in the kidney. The liver is also involved in elimination and
removes CTGF through uptake into hepatocytes. Full length CTGF is removed through
a RAP sensitive pathway involving low-density lipoprotein receptor-related protein 1
(LRP1) on hepatocytes, resulting in faster removal than glomerular filtration. This
pathway is also used for removal of C-terminal fragments of CTGF (Gerritsen et al.,
2010). N-terminal fragments CTGF are not capable of binding to LRP1 and often
accumulate in the in the blood plasma. N-terminal CTGF can also be found in the
urine, due to failed reabsorption through tubular epithelial cells. The presence of Nterminal fragments in the blood is an early marker of compromised renal function
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(Gerritsen et al., 2010, 2012). Clearly, CTGF is involved in multiple organ systems
throughout the human body, as well as biological functions, making it a valuable
subject for study.
Transforming Growth Factor β
Transforming Growth Factor Beta (TGFβ) is a member of the TGFβ super
family, whose members include bone morphogenetic proteins (BMPs), growth
differentiation factors (GDFs) and glial-derived neurotropic factors (GDNFs) (Luo,
2017). In mammals, the TGFβ core family is made up of three isoforms (TGFβ-1, β-2
and β-3), with TGFβ-1 being the most common isoform (Derynck et al., 1985). TGFβ is
expressed throughout the body and its receptors (known as TGFβRI and TGFβRII) are
found on the surface of most cells (Heldin & Moustakas, 2016). TGFβ is of particular
interest because it is a cytokine that is known to induce CTGF expression in
fibroblasts (Igarashi et al., 1993). The term cytokine describes small secreted proteins
which impact the communication and interactions occurring between/within cells.
They are often involved in cascades, where one cytokine will stimulate the target
cells, which in turn produces additional cytokines, creating a feedback loop (Zhang &
An, 2007). In the wound healing response, TGFβ plays a pro-inflammatory role, and
the pro-fibrotic effects of TGFβ-1 have been shown to be CTGF-dependent
(Grotendorst, 1997). In the case of CTGF, TGFβ-1 binds to the N-terminal Von
Willebrand Type C (vWc) domain, resulting in gene expression and an increase of
TGFβ-1 activity (Luft, 2008). CTGF also contains a TGFβ binding site in the promoter (162 to -128) which when removed, treatment with TGFβ-1 failed to induce
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transcription, showing that the nucleotides in that region are necessary for proper
induction of CTGF gene expression (Grotendorst et al., 1996).
Wound Healing Phases
Wound healing is a necessary mechanism for survival and occurs in four
overlapping phases: hemostasis, inflammation, proliferation and remodeling. Optimal
wound healing results in the following events: 1. rapid hemostasis, 2. appropriate
inflammation, 3. mesenchymal cell differentiation, proliferation and migration into
the wound area, 4. suitable angiogenesis, 5. prompt re-epithelialization (regrowth of
epithelial tissue over the wound surface) and 6. proper synthesis, cross linking,
alignment, allowing collagen to provide necessary strength and structure to the
healing tissue (Gosain & DiPietro, 2004; Mathieu, 2006). Hemostasis begins
immediately following injury or damage, with vasoconstriction slowing blood flow
while platelets simultaneously undergo activation and begin aggregating, resulting in
their adhesion in the wound. After activation, platelets begin the process of releasing
multiple compounds, including growth factors and cyclic AMP, which is involved in
cell migration. The release of adhesive glycoproteins, such as fibrinogen and
fibronectin, results in the collection of platelets. As the platelets continue to
aggregate, a fibrin clot is deposited at the site of injury, and clotting factors are
released. This fibrin clot provides structure for the platelets to adhere to resulting in
the formation of a platelet clot. Multiple growth factors are simultaneously released
including: platelet derived growth factor (PDGF), insulin-like growth factor-1 (IGF-1)
and TGF-β (Schultz et al., 2011).
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The second stage of healing, inflammation, happens within the first 24 hours
post injury. Inflammation can last for up to two weeks in normal wounds and longer
for chronic ones (Schultz et al., 2011). Neutrophils are the first immune cells to
respond to injury and prevent infection by removing foreign material including dead
tissue and destroying any bacteria that may be in the wound area. They also release
proteases such as elastase and collagenase, as well as remove any remaining matrix
that was damaged by the injury and assist cell migration into the ECM. Neutrophils
are destroyed via apoptosis generally two days post injury and are replaced by
monocytes, which differentiate into macrophages (Schultz et al., 2011). Macrophages
promote the transition from the inflammatory phase of healing to the proliferative
phase through a phenotypic transition, which stimulates tissue regeneration through
the secretion of growth factors and cytokines, including TGFβ (Meszaros et al., 2000).
Many of these growth factors activate fibroblasts inducing them to produce and
deposit new tissue matrix, while others induce angiogenesis, or the formation of new
blood vessels (Schultz et al., 2011).
In the proliferation phase, angiogenesis continues while fibroblasts migrate
into the wound area. Fibroblasts are the main cells involved in this stage of healing
and the fibrils, or small fibers, in the ECM determine the direction the fibroblasts
move. Migration occurs along fibrils, as opposed to across them, determining the
direction that wound repair occurs in (Schultz et al., 2011). As fibroblasts move along
the matrix of the wound, they secrete several MMPs, whose main purpose is to both
degrade and remove the ECM matrix (Nagase et al., 2006). The fibrin matrix is
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replaced with collagen fibers and fibronectin to restore both the structure and
function of the damaged tissue. Fibroblasts also synthesize and deposit the necessary
requirements for granulation tissue, which matures during the final stage of wound
healing. Simultaneously, TGFβ inhibits breakdown of the ECM via proteases and
tissue inhibitor of metalloproteinases (TIMPs), both of which are involved in ECM
degradation (Schultz et al., 2011).
It has been suggested that the wound healing process is part of a feedback
loop. Once the wound has closed and new tissue has started to develop, cytokines
involved in ECM synthesis are repressed and fibroblasts are programmed to
apoptose, resulting in a normal scar. When this feedback loop is disrupted, such as
myofibroblasts failing to terminate, fibrosis occurs (Streuli et al., 1993). CTGF is
believed to be a mediator in the wound healing process, due to the presence of
several key transcription factor binding sites in the promoter region of the gene.
While cytokines are able stimulate ECM synthesis, MMPs do the opposite.
MMPs are expressed at basal levels in normal tissue, but become activated and
expressed when tissue is damaged. There are multiple activators of MMPs, including
TGFβ, epidermal growth factor (EGF), and vascular endothelial growth factor (VEGF)
(Yan & Boyd, 2007). MMPs play a necessary role in all stages of wound healing. They
allow cell migration and tissue remodeling to occur through regulation and
modification of the wound matrix (Caley et al., 2015). Tissue inhibitors of matrix
metalloproteinases (TIMPs) are inhibitors of MMPs. TIMP-1, which inhibits numerous
MMPs, has been found in fibroblasts in close proximity to blood vessels (Vaalamo et
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al., 1996). Both MMPs and TIMPS are involved in cardiac remodeling and
dysregulation has been shown to result in chronic heart failure (Fedak et al., 2005).
CTGF has been shown to induce TIMPs, resulting in increased fibrosis due to a lack of
ECM breakdown (Wang et al., 2010).
TGFβ regulates fibroblast activity and is secreted by platelets and
macrophages and also increases transcription of collagen and fibronectin, as well as
other matrix proteins, resulting in an increase of ECM (Schultz et al., 2011). The
majority of fibroblasts differentiate into myofibroblasts, which are responsible for
wound contraction and ECM protein production. Because of this, myofibroblasts are
believed to be major contributors to the development of fibrosis, and their presence
is associated with increased tendency to scar during healing (Gurtner et al., 2008).
The last and final stage of wound healing is remodeling, which can last from
months to years. Healthy remodeling results in myofibroblast death, and the removal
of unorganized ECM that was previously laid down is replaced with an organized
matrix. Following this reorganization, the tissue becomes more functional (Gurtner et
al., 2008). The difference between normal wound healing and the dysfunction
healing seen in fibrotic diseases is the persistence of tissue remodeling and chronic
fibroblast activation (McAnulty, 2007). Continued tissue remodeling can be seen as a
prolonged wound healing response (Wynn & Ramalingam, 2012). It is also during this
stage that scarring occurs via granulation tissue deposited by fibroblasts during the
proliferative phase. Collagen deposited by myofibroblasts is disorganized, with a
pattern of parallel bundles of fibers in the wound area, instead of the reticular
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pattern found in the original tissue (Beanes et al., 2002). Type III collagen that was
initially deposited in the wound is replaced with Type I, which is the most common
collagen found in the skin. The tensile strength of the skin at this point is 25% of
normal healthy tissue. Over the course of several months, tensile strength increases
to a maximum 80% of normal tissue, due to a reorganization of the collagen fibers via
lysyl oxidase, an enzyme secreted by fibroblasts into the ECM (Schultz et al., 2011).
Fibrotic disease may be driven by the activation of tissue repair responses as
well as impaired termination. Myofibroblasts undergo epigenetic modifications, due
to the constant presence of profibrotic factors. This solidifies their activated
phenotype and removes the need for external stimulation, resulting in a feed
forward activation loop (Watson et al., 2014). This feed forward loop results in
continuous remodeling and eventual fibrotic disease. If the myofibroblasts do not
apoptose and remain in the wound area longer than necessary, the ECM remains
disorganized, resulting in dense and dysfunctional tissue. Continuous deposition of
ECM proteins into damaged tissue also results in stiffness of the affected tissue
(Santos & Lagares, 2018). Additionally, there is a lack of nutrients and oxygen
provided to the cells, resulting in increased cell injury and myofibroblast activation
(Lokmic et al., 2012). This deprivation leads to a decrease in the tensile strength of
the tissue as well as a lack of recellularization, ultimately leading to poor function
(Wynn, 2008). While this process can occur in any tissue, fibrosis in the vital organs,
such as the heart, can lead to organ failure and death. All of these factors impact the
ways in which organisms scar and recover from injury.
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Regeneration
There are multiple forms of healing that can occur following injury.
Regeneration is the regrowth or replacement of lost tissue whereas scar-free healing
occurs when the body replaces the lost tissue with connective tissue resulting in little
to no visible impairment. Fibrotic, or scar-inducing healing, occurs when there is a
buildup of fibrotic connective tissue, resulting in an externally visible scar or internal
dysfunction. Scar-free healing mainly occurs in invertebrates, which have developed
the capability to regenerate. In contrast, vertebrates have lost the ability to
regenerate, and must rely on scar-inducing methods for healing.
In mammals, regenerative capabilities are severally limited. As mammals
progress through embryonic development, regenerative capabilities are progressively
lost. Retained regeneration abilities are restricted to the early developmental stages
and are significantly reduced following childhood. Due to a lack of regenerative
qualities later in life, most vertebrates are forced to rely on non-regenerative healing
mechanisms to sustain life.
In mice, from day E1 to E17.5 post-fertilization, the ability to repair the heart
in a scar free manner is lost due to the development of the innate and adaptive
immune system. On average, the gestational period for mice is 21 days. Scarring can
occur in the skin by E18.5-19, or 85-90% of the way through gestation (Colwell et al.,
2006). Humans are also capable of scar-free healing while in utero. The epidermis
and dermis are capable of returning to their original scar-free state following
injury/damage. The potential for scarring in humans begins in the third trimester,
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about 60% of the way through gestation. By week 24 of gestation there is a clear
transition from scar-free healing to healing with the potential to scar in the skin
(Lorenz et al., 1995; Larson et al., 2014).
Regeneration in Primates and Humans
In adults, human tissue has limited regenerative capability with injury often
resulting in scarring and dysfunctional tissue. The skin is an organ that is heavily
involved in wound healing and scarring. When damage occurs to the epidermis, a
cascade of events occur which results in the closure of any wound and begins the
healing process. Tissue renewal and breakdown is a normal function and occurs even
without the presence of a wound. In contrast to regeneration, compensatory growth
occurs when mature cells in the remaining portion of the organ enter cell division in
order to increase the mass of the organ. As an exception the liver is often viewed as a
regenerating organ, but the proliferation of mature cells to replace any removed
tissue is actually compensatory growth. Proliferation ceases once the organ reaches
the necessary size. This process does not require stem cells or progenitor cells, which
are necessary for regeneration (Taub, 2004).
The human body’s response to wounding depends on numerous factors,
including the type of tissue damaged. In humans, there are three types of tissue:
continuously dividing tissue, quiescent tissue, and nondividing tissue. Each responds
differently to injury. Continuously dividing tissue proliferates to replace dead or
damaged cells using stem cell niche reservoirs. This results in extended proliferation
and replication. Examples include epithelial tissue types like skin, gastrointestinal
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epithelium and salivary glands. The majority of the body is made up of quiescent
tissue. Cells in quiescent tissue are normally found in a non-dividing state but are
capable of entering the cell cycle in response to stimuli such as injury. Examples of
these cell types include fibroblasts, smooth muscle cells, and some endothelial cells.
Certain cell types in the liver are also quiescent because though the cells are not
continuously dividing, they remain capable until needed (Cheung & Rando, 2013).
Lastly, there is nondividing tissue which contains cells that have permanently
left the cell cycle and reside in G0. Damage in non-dividing tissues generally results in
scarring of the tissue and some degree of permanent impairment of tissue function
because cells are unable to divide in response to injury. Examples of nondividing
tissue include skeletal and cardiac muscle (Krafts, 2010). Damage in the heart almost
always results in the development of a scar and tissue impairment. Because the heart
is a necessary organ for sustaining life, any regenerative potential that could reduce
tissue scarring and increase the chances of survival is important to investigate.
The current aims of this research are twofold.
1. Detect genetic variants in the promoter region of CTGF. We hypothesize that
additional variants will be found through targeted Sanger resequencing.
2. Test specific CTGF variants in both a wound healing and inflammatory tissue
culture models using qPCR/gene expression methods. We hypothesize that
specific genetic variants associated with family history of cardiovascular
disease and related comorbidities will alter both cell behavior and gene
expression in a tissue culture model.
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By investigating CTGF in the Plymouth State University population, we are
able to determine the presence of specific variants. While several variants have been
studied in terms of disease prevalence, they have not been investigated in terms of
family history of cardiovascular disease phenotypes. Previous research in the Doherty
Lab has identified exon variants of particular interest that likely impact CTGF
expression. By utilizing a tissue culture model, we can identify the probable impacts
of CTGF variants on the wound healing process. Potential future applications of this
research including identifying those most at risk for scarring post injury, and the
possible development of innovative anti-fibrotic therapies.
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Chapter 2
Identification of Genetic Variants in the Promoter Region of CTGF and DiseaseAssociated Risks
Abstract
Connective Tissue Growth Factor (CTGF) is a gene involved in healthy wound
healing and increased CTGF expression has been shown to increase fibrosis and cause
scarring. The promoter region of CTGF is of particular interest because the promoter
controls gene expression. Cheek cells were collected from volunteers in the PSU
population. DNA was extracted, sequenced and analyzed for genetic variants.
Volunteers also completed a survey about cardiovascular disease (CVD) related
family history. Through targeted sequencing, we have identified two previously
published variants in the promoter region of CTGF. Understanding possible genetic
predispositions to scarring and the role of CTGF, will help to identify those most at
risk of scarring after a heart attack.
Introduction
In the United States alone, it is estimated that 45% of death can be attributed
to a form of fibrosis. All major organs are susceptible to fibrosis including; the skin,
lungs, kidney, heart and liver (Wynn, 2004). Individual severity of scarring and
propensity to fibrotic organ damage varies even after similar tissue damage and
tends to run in families, indicating a genetic component. The fibrotic process can
damage organs due to scarring and loss of function. This happens when tissue is
compromised and dysfunctional healing occurs. The genetics involved in fibrosis and
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scarring are complex and while some components are understood, the specifics
impacting the risk of developing fibrotic tissue, particularly in the realm of CVD, are
largely unknown.
Connective Tissue Growth Factor (CTGF)
Connective Tissue Growth Factor (CTGF) is a gene involved in normal wound
healing and plays a central role in fibrosis in several tissues (Leask, 2013). A member
of the CCN family, CTGF is a matricellular protein. The term matricellular was created
to emphasize the impact that the extracellular environment has on gene regulation
and synthesis. The function of most matricellular proteins is contextual, and depends
on the different cells, structural proteins and cytokines they come in contact with
(Bornstein, 2009). Consistent with many other matricellular proteins, CTGF appears
to function in a highly context-dependent role in different environmental
circumstances. CTGF has also been shown to be a necessary requirement for the
development of fibrosis in vivo (Liu et al., 2011). There are numerous stimuli that
induce CTGF expression, including growth factors, cytokines, hormones, mitogens
and mechanical stress (Kubota & Takigawa, 2015).
Transforming Growth Factor β
Transforming Growth Factor β (TGFβ) is a multifunctional protein involved in
numerous processes including proliferation (Kaminska et al., 2005), wound healing
(Faler, 2006), synthesis of ECM components (Hocevar & Howe, 2000) and apoptosis
(Rojas et al., 2009) among others. The interaction between CTGF and TGFβ has been
studied extensively, and it has been shown that in order to induce lasting fibrosis,
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both are necessary. In mammals, the TGFβ core family is made up of three isoforms
(TGFβ-1, TGFβ-2, TGFβ-3) with additional members including bone morphogenetic
proteins (BMPs), growth differentiation factors (GDFs), and glial-derived
neurotrophic factors (GDNFs) (Luo, 2017). TGFβ-1 is known to interact with SMAD
proteins, a family of proteins which allow passage through the nuclear envelope, and
ultimately stimulate specific gene and DNA transcription (Chin et al., 2001). The
canonical TGFβ signaling pathway is as follows: TGFβ binds to the TGFβ receptor type
II, ultimately forming a receptor complex with the TGFβ receptor type I. The binding
of a TGFβ molecule attracts a second bound receptor complex. This in turn, allows for
the phosphorylation and activation of TGFβRI, which results in the phosphorylation
of SMAD2/3 (pSMAD) and eventual binding of SMAD4 (Massagué, 1998). Once the
pSMAD complex passes into the nucleus, it binds to a SMAD binding element (SBE), a
short conserved DNA sequence (CAGAC) located in the regulatory region, resulting in
expression of the bound gene (Jonk et al., 1998).
Genetic Variants (SNPs)
Genetic variants, also known as single nucleotide polymorphisms (SNPs), are
base pair changes in the DNA sequence. Going forward, the term variants will be
used to describe SNPs, since that is becoming common in the vernacular. Variants are
the most common form of genetic diversity, and are often the raw material used in
genetic studies. They occur every ~1000 nucleotides, resulting in the average human
having 4-5 million variants throughout their genome. To date, over 88 million
variants have been found in the human genome (The 1000 Genomes Project
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Consortium et al., 2015). A variant can be categorized as synonymous or nonsynonymous. Synonymous, or silent mutations, occur when the base change does not
affect the final amino acid produced. Non-synonymous means that the base
substitution results in an amino acid change, which can affect the overall form or
function of the final protein. On average, 50% of variants occur in the non-coding
regions of the gene, of which 25% lead to a non-synonymous change, and the
remaining 25% result in a synonymous change (Halushka et al., 1999).
Variants can also act as biomarkers, helping scientists to locate specific genes
and to track the inheritance and the risk of developing diseases in families. While
most variants have little to no impact on health, such as ones that determine hair
color, many have previously been associated to disease. Known variants in genes that
impact fibrosis include MUC5B gene, specifically in pulmonary fibrosis (Allen et al.,
2017), and the DMD gene which impacts the skeletal fibrosis found in Duchenne’s
muscular dystrophy (Young et al., 2020). When variants occur in regulatory regions or
portions of the gene that are expressed, they can directly impact the expression level
of the gene (Shastry, 2009).
Previous Research in the Lab
Since the exons are the portions of the gene that become translated and
ultimately expressed, they have been the focus of previous and ongoing research in
the Doherty Lab. In the PSU population, 17 variants have been detected in the CTGF
exons to date. Previous lab work has found associations between specific genetic
variants in the coding region of CTGF and high blood pressure, as well as decreased
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family history of CVD (Kim Jesseman, unpublished). Variants in the coding regions of
genes often result in a change in the phenotypic, or visible, attributes of the gene.
Only recently has there been more research into the presence of variants in the
promoter region. King and Wilson were the first to note differences between closely
related species, even when they shared nearly identical sets of proteins. Therefore, it
is not only the genes being expressed that result in variation between individuals, but
the ways in which they are regulated.
The promoter is of particular interest because variants in this region are
hypothesized to be the most impactful in terms of gene expression, and therefore
are capable of altering expression and ultimately scarring. The prediction is that
correlations will be found between family history of CVD and/or comorbidities and
the presence of genetic variants in the CTGF promoter. Therefore, the goals of this
research are to 1.) identify variants in the promoter region of CTGF and 2.) determine
if any are correlated to a family history of CVD related phenotypes or other
comorbidities.
Promoter
Located at the 5’ end of the gene, the promoter is often described as the
on/off switch for gene expression. Regulatory regions occur here and are located
before of the transcription (+1) start site. Despite not being expressed, the promoter
is a necessary component of the gene due to its ability to direct both transcription
and translation and the transcription factor (TFs) sites located within. There are two
portions of the promoter: the core promoter sequence and a proximal promoter
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sequence. The core promoter sequence is a short sequence that contains the
transcription (+1) start site (TSS), a RNA polymerase binding site, the TATA box and
an additional 50 base pairs on either side. The TSS initiates transcription by binding to
RNA Polymerase II, which transcribes the gene into mRNA, followed by translation
into protein. The proximal promoter sequence is where TFs bind resulting in
increased affinity for the RNA Polymerase II to bind to the core promoter sequence
(Haberle & Stark, 2018). Different TFs can activate or inhibit transcription, depending
on the interactions occurring within the nucleus (Armstrong et al., 2007).
Promoter Elements
The promoter contains short specific stretches of DNA to which repressors,
activators, and other TFs are able to bind, resulting in the appropriate expression of
the gene (Antequera, 2003). (See Figure 2.1). Several binding sites in the CTGF gene
have been previously characterized with removal/disruption of a binding site
resulting in increased/decreased expression, or no gene expression occurring at all. A
lack of gene expression is problematic, especially during development. The response
element in the promoter region (-162 to -128) must be accessible in order for TGFβ
to induce CTGF expression in fibroblasts. When removed, treatment with TGFβ-1
failed to induce transcription, showing that the nucleotides in that region are
necessary for proper induction of CTGF gene expression (Grotendorst et al., 1996).
Multiple TF binding sites throughout promoter lends credence to the hypothesis that
CTGF is part of a larger feedback loop, and is involved in more biological processes
than originally thought.
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Sp1/Sp3 Transcription Factor
One specific TF, located in the promoter region of CTGF, is Sp1/Sp3. Sp1 and
Sp3 are two members of the specificity proteins (Sp)/Kruppel-like factor (KLF) family.
Members of this family are capable of recognizing G-rich promoter elements,
including the GC and GT Box (Zhang et al., 2003). TFs are often found in GC-rich
regions because of the additional energy needed to break the third bond, making
them less susceptible to random mutations and adaptations. Cytosine phosphate
guanine (CpG) islands are stretches of DNA that have a higher rate of GC bonds as
compared to the rest of the rest of the genome, and display lower rates of
methylation. In both humans and mice, the promoter region is often GC-rich, as 60%
of promoters occur with CpG islands (Antequera, 2003).
Sp1 and Sp3 have both been found in the majority of investigated mammalian
cell types (Suske et al., 2005). Sp1 and Sp3 have been shown to regulate many
different processes including metabolic pathways, cell cycle and growth control and
apoptosis (Meinders et al., 2015). Sp1 is necessary for proper development with
removal resulting in mouse embryos that are developmentally delayed and do not
survive beyond E10.5 (Marin et al., 1997). Removal of Sp3 results in mouse embryos
that die shortly after birth due to complications including hematopoiesis (Bouwman
et al., 2000; Van Loo et al., 2003). When both Sp1 and Sp3 are removed, erythroid
development is impaired and embryos are not viable. This suggests that in order to
have normal embryonic development a minimum baseline of Sp1/Sp3 activity is
necessary. It also suggests that both Sp1 and Sp3 are involved in regulating
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downstream target genes involved in development (Krüger et al., 2007). Sp1 has also
been shown to impact CTGF expression in scleroderma fibroblasts (Holmes et al.,
2003).
Scleroderma/Systemic Sclerosis
The term scleroderma is used to describe two separate diseases, the first
being circumscribed scleroderma/morphea, which is limited to the skin. The second,
systemic scleroderma or systemic sclerosis, is a multiorgan fibrotic disease. The term
scleroderma is often used to describe the latter condition as well due to the fact that
the skin is affected in 90% of systemic sclerosis patients (Sticherling, 2019). Multiple
studies have shown a link between the fibrosis observed in systemic sclerosis and
overexpression of TGFβ and CTGF (Jimenez et al., 2010; Ayers et al., 2018). Going
forward, the focus of this section will be on systemic sclerosis as a multi-organ
fibrotic disease and its link to CTGF.
Multi-organ Impacts of Systemic Sclerosis
Systemic sclerosis (SSc) is a connective tissue disorder with a heterogenous
spectrum of clinical manifestations that occurs throughout the body (LeRoy et al.,
1988). In the United States alone, an estimated 75,000-100,000 individuals have SSc
(Fan et al., 2020). SSc is an autoimmune disease which is characterized by fibrosis of
the skin and internal organs with three distinct symptoms: 1.) inflammation and
autoimmunity, 2.) small vessel vasculopathy, progressive interstitial and perivascular
fibrosis and 3.) vascular fibrosis of the skin, lungs and multiple other organs
(Abraham & Varga, 2005). The majority of mortality and morbidity related to SSc is
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due to excessive organ damage caused by fibrosis (Varga & Abraham, 2007). Vascular
damage often results in fibrosis because large gaps appear between the cells and the
integrity of the endothelial lining within organs is lost. This damage allows immune
cells to begin infiltrating the area, resulting in extended inflammation and eventual
fibrosis (Pannu & Trojanowska, 2004).
SSc is classified into two sub-groupings depending on the extent of skin
involvement: limited or diffuse. Limited systemic sclerosis (lsSSc) is classified as
fibrosis of the skin affecting the face and distal portion of the limbs specifically below
the knees and elbows (Sobolewski et al., 2019). Patients with lsSSc experience less
skin involvement with slower onset and progression. The most common symptoms of
lsSSc are vascular, with fibrosis of the skin and organs being slow to manifest.
Unfortunately, symptoms often remain unnoticed until internal complications arise
(Mayes et al., 2003). Diffuse systemic sclerosis (dsSSc) affects the trunk and more
proximal portions of the limbs (Sobolewski et al., 2019). It is characterized by rapid
fibrosis of the skin, lungs and other internal organs (Jimenez & Derk, 2004). dsSSc has
the highest risk of fatality of the connective tissue disorders with 55% survival at ten
years (Mayes et al., 2003). Within three years of diagnosis, one in three dsSSc
patients will either die or develop major heart, lung or kidney complications (Shand
et al., 2007). The average life expectancy of SSc patients is estimated to be 16-34
years less than healthy controls.
Common symptoms of SSc include Raynaud’s phenomenon (RP), skin
hardening (sclerodactyly) and oesophageal complications. RP is the most common
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symptom and presents in 90% of cases (Minier et al., 2014). Additional skin
symptoms include ulcers and lesions, with digital ulcers occurring in half of cases
(Barsotti et al., 2016). GI symptoms are common in SSc patients and are often the
first to manifest due to excessive collagen deposition in the GI tract. Symptoms often
include heartburn and acid reflux (Barsotti et al., 2016). Other non-specific symptoms
include fatigue and musculoskeletal pains (Hinchcliff & Varga, 2008)
Clinical manifestations of SSc include; pulmonary artery hypertension (PAH)
and pulmonary fibrosis (PF), also known as interstitial lung disease (Asano, 2010).
PAH occurs in 12% of patients, and is a leading cause of death with the survival rate
at only 50% within three years of diagnosis (Chaisson & Hassoun, 2013). PF occurs in
as many as 80% of cases, and is clinically significant in 33% of cases (Denton et al.,
2016). PF causes restrictive lung disease and can result in symptoms such as cough,
or exertional dyspnea (Varga et al., 2005).
The main outcome of SSc is the deposition of excess ECM into tissues and
organs throughout the body (Sobolewski et al., 2019). The root cause fibrosis in SSc is
hypothesized to be the transition of quiescent fibroblasts into activated
myofibroblasts (Asano, 2010). Myofibroblasts are defined as cells that display a
hybrid phenotype between fibroblasts and smooth muscle cells (Gabbiani, 1992).
After activation, myofibroblasts express smooth muscle actin which results in the
production of collagens and other ECM proteins (Asano, 2010). Induced expression of
CTGF via TGFβ requires several components, including available SMAD3 and a
functional SBE in the promoter region acting in conjunction with a TEF binding
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element. SMAD proteins are involved in both the regulation of the TGFβ signaling
pathway and TGFβ-induced expression of CTGF (Tsai & Ogawa, 2019). In SSc
fibroblasts, CTGF expression is independent of both the SMAD response elements
(Holmes et al., 2001) as well as a TGFβ response element (Leask et al., 2003). SMAD7
expression is higher in scleroderma fibroblasts than normal ones, but the inhibitory
effect of SMAD7 on TGFβ-1 signaling is impaired in scleroderma fibroblasts (Asano et
al., 2004). Interestingly, the presence of an Sp1 TF binding element in the CTGF
promoter is required for expression. Sp1 is known to regulate a variety of matrix
genes (Verrecchia et al., 2001), suggesting that the increase in overall matrix genes in
SSc lesions may be due to an increase in the binding activity of Sp1.
Genetics of Systemic Sclerosis
While the etiology of SSc is unknown, studies have shown that development
of SSc does has a genetic bias. The Choctaw Native American population has the
highest rate of SSc with 0.066% of their population being affected (Arnett et al.,
1996). Individuals with affected family members have an increased susceptibility to
developing the disease with the highest risk factor for developing SSc is having a
sibling with the disease (15-19 fold increase) or other first degree relative (13-15 fold
increase). In families affected by SSc, the relative risk for developing the disease is
1.6% compared to 0.026% for the general population (Arnett et al., 2001). Biological
sex also impacts the likelihood of developing SSc, with women being
disproportionally affected at a rate of 3:1 (Sticherling, 2019). It has been suggested
that SSc development may be triggered by an anti-maternal graft versus host
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response that is produced by the presence of an immunocompromised fetus. This
hypothesis is supported by the increase in disease diagnosis in women within their
post pregnancy years (Artlett et al., 2002). It is likely that the genetics of SSc involve
numerous genes and external factors, which individually may not cause the disease
but synergistically can result in the development of SSc.
Investigation into the promoter region of CTGF may shed light on the impact
of variants in specific regulatory regions. Previous research has looked at the disease
impact of variants, but to date, little research has been completed regarding the
association of variants to family history of CVD phenotypes and comorbidities. By
exploring this association, those most at risk for developing fibrosis and CVD
phenotypes post injury can be identified, and possible preventative measures can be
utilized.
Methods
Sample Collection
Written informed consent was obtained for all individuals and all research
was approved by the Plymouth State University Institutional Review Board. Members
of the PSU population were invited to volunteer cheek samples. At the time of
sample collection, personal and family history of the following conditions was
gathered: obesity (determined by a body mass index of >30), diabetes (both Type I
and II), cardiovascular disease, hypertension, and heart attack (pre and post 65) in
grandparents, parents and siblings. Categories listed in the racial/ethnic portion of
the survey include: Caucasian (European, Hispanic of European descent, or non-
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European/Russian), Asian or Asian/American, East Asian or Pacific Islander, Native
American (minimum 1/16), African or African/American, Middle-Eastern and Hispanic
American (South American, Central American or Mexican). If an individual chose two
or more categories, they were classified as “Other”. In this situation, often the
individual chose Caucasian and an additional category.
Discovery of CTGF Variants
After cheek cells were collected from individuals, the cells were lysed, then
degraded using Proteinase K (Thermo Fisher), and precipitated with a protein
precipitation solution (Qiagen). DNA was precipitated again with isopropanol,
followed by washing with 70% ethanol and resuspended in molecular grade water
(Fisher). The CTGF promoter region was amplified in two separate portions, named
P1 and P2. P1 is a GC-rich portion of the promoter making standard amplification
methods difficult. P1 samples were therefore amplified using Phusion high-fidelity
polymerase (Thermo Fisher) along with HF (high fidelity) Buffer, 2.5 mM MgCl2 (in
addition to the MgCl2 already in the HF Buffer) and 5% DMSO. 1.3M Betaine and
50uM 7’deaza-dGTP (Sigma-Aldrich) were added to the reaction. P2 was amplified
using DreamTaq polymerase (Thermo Fisher), standard reagents and 5% DMSO.
Gel electrophoresis was used to confirm the size of the amplicon with PCR
samples run on a 1.5% agarose gel. Samples that were successfully amplified were
purified using QIAquick PCR purification kit (Qiagen) and sent for Sanger sequencing
at the Molecular Biology Shared Resources at Dartmouth Hitchcock College.
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Returned amplicons were compared to the published CTGF sequence
(GRCh38.p7) and both heterozygous and homozygous variants were identified using
PolyPhred (polyphred v6.18, phred v0.020425.c, phrap v1.090518, consed v29.0).
(See Figure 1.2). Variants were confirmed using visual analysis of the chromatograms
and determined to be common (frequency of >0.05), uncommon (frequency from
0.05-0.005) or rare (frequency of <0.005) (The 1000 Genomes Project Consortium et
al., 2015).
Family History Correlation
Using the family history surveys, family history scores were calculated for
obesity, cardiovascular disease, diabetes, high blood pressure and stroke as
previously described (Milne et al., 2008). A value of 1 was assigned for each incidence
of disease in the individual or first degree relative (parents, siblings, children) and a
value of 0.5 for each incidence of disease in second-degree relatives (grandparents).
Scores were determined for each factor individually, then a total CVD score was
calculated by summing all risk factors. Using a Kendall’s Tau-b test, correlations
between variants and family history were determined for each category and the sum
of all categories. A Bonferroni correction was used to correct for multiple testing.
Corrected p-value of less than 0.021 were considered statistically significant.
Kendall’s Tau Association
Using information surveyed at the time of collection, associations between
family history of CVD phenotypes and comorbidities were performed. Using an
association statistical assay, a numeric value between -1 and 1 was assigned, with -1
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showing an inverse relationship between family history of comorbidities and the
presence of a variant, 0 showing no relationship between variables and +1 showing a
positive relationship.
Results
Two Published CTGF Variants were found in the PSU Population
Polyphred analysis of the sequences revealed two CTGF promoter variants
(Table 2.1) in our sample population. Both of these variants are previously published,
and the frequency they were found at in our population is comparable to the
published frequency.
Variant Association to Risk Factors
Each single variant was tested for correlation with a family history of obesity,
CVD, diabetes, high blood pressure, heart attack, stroke and total CVD risk. Specific
risk factors were chosen due to their prevalence in the American population, as well
as their impact on cardiovascular disease outcomes. One variant, G-745/-945C,
showed negative correlation to all risk factor except obesity (See Table 2.2). While no
significant association to High Blood Pressure (p=0.098) and Total CVD Risk (p=0.071)
was found, risk factors with a p-value below 0.10 remain of interest. C-450G showed
positive correlation with all risk factors, except MI/CVA Post 65 (Table 2.2). A
suggestive association to MI/CVA Pre 65 (p=0.033) was found.
Discussion
In total, 340 sequences were completed and analyzed for variants in the
promoter region of CTGF. Of those sequences, 170 were used for statistical analysis.
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To date, two previously published variants were found in the promoter region of
CTGF (Table 2.1), confirming our methodologies.
In the PSU sample population, three individuals were heterozygous for the C450G variant, and no homozygous individuals were found. This resulted in a
frequency of 2.1%, which is less than the published frequency of 3.7%. A possible
reason for this discrepancy is the difficulty of sequencing the P1 region, which this
variant falls within. All three individuals with this variant listed their primary ethnicity
as Caucasian, with no secondary ethnicity chosen. A lack of homozygous individuals
suggests that the presence of one fully functioning CTGF allele is capable of
maintaining the necessary level of CTGF expression needed to uphold homeostasis in
the body.
C-450G has two risk factors approaching significance: MI/CVA Post 65 (tau
value=-0.108, p-value=0.180) and MI/CVA Pre 65 (tau value=0.172, p-value=0.033).
Interestingly, the strongest p-value (0.033) is for MI/CVA Pre 65. Individuals with C450G are less likely to have a family history of MI/CVA Post 65, yet C-450G appears to
have a positive correlation to MI/CVA Pre 65 (p=0.033). This may be due to the
difficulties in using self-reported data, as individuals in the university setting may not
have family medical history readily available.
For the G-745/-945C variant, there were 25 heterozygous individuals and 38
homozygous for the variant, resulting in a frequency of 51.5%. This is comparable to
the published frequency of 50.4%. The presence of homozygous individuals suggests
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that this variant does not fully eradicate the baseline of necessary CTGF expression in
the human body.
In our population, G-745/-945C, had negative tau values for all risk factors
except obesity. High blood pressure showed a tau value of -0.114 and a suggestive pvalue of 0.098, suggesting that individuals with G-745/-945C show lower rates of
family history of high blood pressure. Total CVD gave a tau value of -0.124 and a
suggestive p-value of 0.071, once again suggesting that individuals with this variant
have less cardiovascular disease in their family history. Because both p-values are not
statistically significant, any conclusions made must be verified in a larger sample set
and all associations will need to be re-verified following the accrual of additional
samples to the PSU sample population.
Candidate gene studies have brought to light numerous genes that confer a
susceptibility to SSc. Selection of candidate genes is based biological or
environmental reasons, or an association to other diseases (Mayes, 2012). One
candidate gene study was done by Fonseca et al., examined the association between
a polymorphism in the CTGF promoter located at position – (negative) 945, or 945
bases before the translation start site (rs6918698), and increased susceptibility of
SSc. The variant correlated to an increase in CTGF production due to the substitution
of a cytosine with a guanine at the specific loci. This resulted in a transcriptional
change that altered a binding site for both the Sp1/Sp3 TFs. Sp1 often acts as an
activator, while Sp3 is a repressor (Li et al., 2004). Using pulmonary fibroblasts
collected from patients, tissue culture experiments showed that the C allele, which
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preferentially binds the Sp3 repressor, reduced transcriptional activity of CTGF when
compared to the G allele, which preferentially binds the Sp1 activator. The C allele
also showed increased binding of nuclear proteins, with two distinct complexes being
formed, while there was little to no binding on the G allele. Using unlabeled
oligonucleotides, Fonseca et al was able to show that Sp3 is the preferred binding
factor for this specific loci, with weak binding of Sp1 also occurring. Cells with the
heterozygous G/G genotype showed 3x the CTGF transcription after stimulation with
thrombin. This suggests that having the G variant at -745/-945 promoter location
promotes fibrosis due to an overexpression of CTGF, ultimately resulting in an
increase in susceptibility of SSc.
G-745/-945C has been previously investigated as a possible biomarker for
systemic sclerosis, making it a variant of interest. Originally it was believed to be
located -945 bases from transcription (+1) start, as stated by Fonseca et al.
Unfortunately, upon further research, it was discovered that Fonseca et al began
counting from the translation start site, not the transcription start site, adding an
additional 200 bases of the UTR (untranslated region) to the promoter region. This
disparity was found after the promoter region was divided into two 750 base pair
regions for optimal Sanger sequencing and allowing for overhang. It was determined
that the variant is actually located at -745 bases from the transcription start, right on
the edge of the sequenced portion of P2. This discrepancy in counting from
transcription start versus translation start may also explain why several publications
were unable to independently determine the presence of the G-745/-945C variant.
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There have been multiple attempts to replicate the association found by Fonseca et
al. One study, with a similar study design, investigated this association in a Japanese
population which consisted of 395 patients with SSc, 115 with rheumatoid arthritis
(RA), and 269 healthy controls. All individuals were of Japanese descent. Their
findings concluded that there was an association between the G variant and
increased susceptibility to SSc in their sample population (Kawaguchi et al., 2009).
Several other studies have been unable to replicate these findings, including a
North American cohort, a European cohort and a Thai cohort (Dendooven et al.,
2011; Louthrenoo et al., 2011; Rueda et al., 2009). This inconsistency highlights the
need for a standardized counting protocol when submitting variants to dbSNP, or any
database.
While there is no cure for SSc, there have been several medications
developed that aim to lessen the symptoms and increase the quality of life for those
currently suffering from the disease. The majority of these medications are focused
on the skin disease that is commonly found in SSc patients, but since there are no
universally effective therapies, new treatments are constantly being developed.
Sequencing specific genes, such as CTGF, may shed light on new fibrotic treatments
that will increase the quality of life for those suffering from diseases such as SSc.
In summary, two previously published variants were identified after
successfully sequencing the promoter region of CTGF. One variant, G-745/-945C is
associated with an Sp1/Sp3 transcription factor binding site change. The binding of
the G allele resulted in 3x increased CTGF transcription, while the C allele resulted in
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decreased/normal CTGF transcription. The second variant, C-450G, has been
positively associated to increased family history of M/CVA Pre 65. More in-depth
research into these variants is necessary to determine the impact on CTGF
expression, specifically in an inflammatory and wounding model.
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Chapter 3
Investigation of CTGF Variants in an Inflammatory and Wound Healing Tissue Culture
Model
Abstract
In the United States, 735,000 individuals suffer from a myocardial infarction
(MI) annually, making it an important and necessary area of research. Connective
Tissue Growth Factor (CTGF) is a gene that is involved in healthy wound healing and
scarring, and is upregulated following injury, including myocardial infarction (MI).
Genetic variants in the CTGF gene have been shown to impact expression levels,
resulting in altered cell behavior and impacting the wound healing process. Using a
tissue culture model, CTGF variants were inserted into NIH/3T3 fibroblasts and then
1.) treated with TGFβ to induce expression, harvested at specific time points and
analyzed for CTGF expression or 2.) grown to confluence then scratched with a p100
pipette tip to model the wound healing process and then cell movement into the
wound area was measured. Understanding the impact of variants on healing post
injury would allow for those most at risk of developing fibrosis to be identified and
receive anti-fibrotic treatment immediately following injury in order to reduce
damage.
Introduction
Cardiovascular Disease Impacts
In the United States, one in every four deaths is attributed to heart disease
(CDC) resulting in the loss of 17.9 million lives worldwide, or 31% of all deaths
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annually (Murtha et al., 2017). Cardiovascular disease (CVD) is currently the leading
cause of death for both men and women. Specifically, coronary heart disease (CHD) is
the most common form of heart disease, causing an estimated 370,000 deaths in the
United States annually (CDC). Medical costs attributed to CVD are expected to reach
$749 billion by 2035 (Virani et al., 2020). The two main causes of end-stage heart
failure worldwide are ischemic heart disease and endomyocardial fibrosis
(Mozaffarian et al., 2016). While endomyocardial fibrosis is rare in North America, it
does account for up to 20% of cases of heart failure in endemic areas of Africa,
making it a global area of study (Bhatti et al., 2020). Other causes of fibrosis include
hypertension and diabetes mellitus, both of which are common in the American
population. The financial impact of CVD and fibrosis, paired with limited treatment
options, makes it an important and necessary area of research.
Fibrosis
Fibrosis is the scarring of tissue following injury or damage. Immediately after
injury, the body initiates a tissue repair response in an attempt to limit blood loss and
prevent infection. This effectively begins the wound healing process. Fibroblasts in
the surrounding tissues activate and begin secreting a variety of growth factors,
inflammatory mediators and extracellular matrix (ECM) components such as collagen
and fibronectin. The fibrotic response is believed to be a mechanism that evolved to
keep harmful bacteria and other microorganisms from entering the wound, allowing
for preservation of the damaged tissues structural integrity (Gurtner et al., 2008). The
causative agent of fibrosis is believed to be the inflammatory response due to the
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fact that both mice and humans are capable of scarless healing while in utero before
the inflammatory response develops (Larson et al., 2014). When this response is
interrupted, either by endogenous or exogenous forces, fibrosis commonly occurs.
Cardiac Fibrosis
In a normal wound healing, deposition of ECM is considered a protective
mechanism, and helps with wound closure and tissue regeneration. When ECM
deposition is excessive and continuous even after the initial wound has healed, it
often leads to fibrosis and impaired tissue function. An important example where this
happens frequently is the heart, specifically following a heart attack or MI since over
85% of CVD related deaths can be connected to MI or stroke (World Health
Organization). Post damage, cardiac fibrosis occurs due to pathological remodeling
and ECM deposition into the tissue along with abnormal cardiac fibroblast
proliferation (Kong et al., 2014). Remodeling ultimately impacts the composition and
quality of the matrix, which further impairs cardiac function (Jellis et al., 2010).
Cardiac fibrosis also impacts the electrical connections that are necessary for proper
heart function, causing arrhythmias, and possible death.
Following cardiac damage, healing can be categorized into two distinct
phases: initial and late. The initial phase occurs immediately after injury and consists
of the removal and replacement of necrotic tissue. The left ventricle increases in
volume in order to maintain normal cardiac output and stroke volume (Sutton &
Sharpe, 2000). The late phase involves hypertrophic myocyte elongation in the nonimpacted areas, an increase in ventricular wall mass, and enlargement of the
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chamber. Cardiac performance begins to decline once the ventricle begins to
elongate. This phase continues indefinitely and often results in heart failure and
eventual death (Konstam et al., 2011). Additionally, cardiac fibrosis increases
mechanical stiffness of the tissue affecting contraction and conduction, resulting in
diastolic and systolic dysfunction, and eventual heart failure. Cardiac muscle in adults
is made up of 85% fibrillar Type I collagen and 11% Type III collagen (Bashey, 1992).
Collagen fibers in the heart are necessary for the transmission of contractile forces,
with cardiac fibroblasts regulating both collagen synthesis and degradation, known
collectively as collagen turnover (Kong et al., 2014).
While there are several cell types that make up the heart, cardiomyocytes are
the most common. In a fetal heart, progenitor cells differentiate into cardiomyocytes
which begin to proliferate, resulting in an increase in cardiac mass. In contrast, the
adult heart has very little to no growth, and a turnover rate of less than 1% a year
(Galdos et al., 2017; Soonpaa & Field, 1997). In contract, the liver is capable of
compensatory growth and experiences a daily turnover rate of 0.2-0.6% (Decaris et
al., 2015). Cardiac muscle is not capable of regeneration so tissue remodels at the
cellular level. Necrotic cardiomyocytes are removed and replaced by fibrotic tissue to
maintain the structure and function of the heart.
Myofibroblasts
After injury or disease, cardiomyocyte death leads to the activation of cardiac
fibroblasts, which then differentiate into a pro-fibrotic cell called a myofibroblast
(Kong et al., 2014). The origin of cardiac fibroblasts is unknown, but it has been
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suggested that they originate from local interstitial fibroblasts or from bone marrow
precursor cells (Yano et al., 2005). Once activated, fibroblasts have increased
capability for proliferation and migration (Moore-Morris et al., 2014). In healthy
wound healing, myofibroblast activation is advantageous and protective.
Myofibroblasts can transdifferentiate from several types of cells including pericytes,
endothelial cells and adipocytes. Fibroblasts are the most common, hence the name
myofibroblast. Fibroblasts are spindle shaped mesenchymal cells found in the
connective tissue of most organs (Shinde & Frangogiannis, 2014). The main role of
fibroblasts is to produce ECM via the endoplasmic reticulum, which then provides
structural support for adjacent cells. The ECM is also involved in both cell signaling
and adhesion (Hynes, 2009). Fibroblasts can also be activated by cytokines, including
TGFβ, other growth factors and developmental pathways. Additionally, they can
secrete both cytokines and chemokines, as well as express receptors (Howell et al.,
2005). Myofibroblasts are considered the principal effector cells in fibrosis. They
interact with the tissue by producing collagen which leads to an increase in ECM
production and the ability of the fibrotic tissue to contract (Kis et al., 2011).
Myofibroblasts have features of both fibroblasts and smooth muscle cells.
They contain stress fibers and express alpha-smooth muscle actin (αSMA).
Myofibroblasts primarily express Type I and III collagen, but Type IV, V and VI
collagen are also involved (Zhang et al., 1994). Myofibroblasts also deposit Type III
collagen into the wound area following injury, giving the wound a plasticity that is
helpful for healing. Expression of both CTGF and TGFβ stimulate myofibroblast
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differentiation and increase expression of Type I collagen (Günther et al., 2010),
fibronectin (Frazier et al., 1996) and also suppresses matrix degradation (Yokoi et al.,
2008).
Myofibroblasts are essential for wound repair and provide homeostasis for
connective tissue. Following apoptosis, Type I collagen is deposited into the wound
area, providing the more rigid structure needed (Klingberg et al., 2013). When
myofibroblasts fail to apoptose, there is extended deposition of ECM (Jun & Lau,
2018) and accumulation of Type I collagen which is characteristic of cardiovascular
disease and eventual cardiac fibrosis (Querejeta et al., 2004).
Previous Research in the Lab
To date, there are 394 variants listed on dbSNP for the CTGF gene. Previous
research in the Doherty lab has focused on determining the presence of genetic
variants in our sample population and determining association to family history of
CVD phenotypes and comorbidities. A total of 17 genetic variants have been found in
the exon regions of CTGF in our sample population, with 11 being previously
published and six novel, showing that there is still a great amount of genetic variation
to be discovered in the CTGF gene. Two previous published variants, G560T and
G1355T, were found in our sample population at higher than expected frequencies.
Associations between the G1355T variant and a decreased family history of CVD were
previously found (Kim Jesseman, unpublished). Additionally, research into which
variants are most likely to result in a change to the form and/or function of the CTGF
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protein was completed. See section labeled CTGF Variants in the Methods section
below for more in-depth explanation behind the methodology of variant selection.
Single Nucleotide Polymorphisms (SNPs)
Genetics play an important role in fibrosis. Specific genetic variants, also
known as single nucleotide polymorphisms (SNPs), are the most common form of
genetic variation in the human genome. Variants occur when there is a base pair (bp)
change in the DNA sequence. Variants in the coding region of a gene may impact the
amino acid sequence, resulting in a change in the form or function of the protein
being transcribed (Collins et al., 1997).
Variants can also be used as biomarkers for disease diagnosis. Due to the low
cost associated with genotyping and the current statistical and bioinformatics tools
available, association studies are becoming more common. One important finding
from an association study is the relationship apolipoprotein E (apoE) variant 4 and
late onset of Alzheimer’s Disease (Frieden & Garai, 2013). Because wound healing is a
complicated and necessary mechanism for survival, it’s likely that there are many
other genes which impact fibrosis and the healing response. Variants in such genes,
including Connective Tissue Growth Factor, may impact both healing and increase or
decrease fibrosis and tendency to scar post injury.
Connective Tissue Growth Factor
Connective Tissue Growth Factor (CTGF) is a gene that is involved in normal
wound healing and is a member of the CCN family of genes. The acronym CCN stands
for the three founding members of the family; Cystine rich angiogenic inducer-61
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(Cyr-61), Connective Tissue Growth Factor (CTGF) and Nephroblastoma
overexpressed gene (Nov) (Perbal, 2001). Three additional members were added to
the family with the discovery of the WNT1 inducible signaling pathway proteins
(WISP 1-3), which are intermittently referred to in the literature as CCN4-6,
respectively. There is ongoing discussion about the proper naming of the CCN family
genes, with the original three being referred to as CCN1-3 in some of the literature,
and Cyr-61/CTGF/Nov in others. Going forward, the original name will be used i.e.
CCN2 will be referred to as CTGF and so forth. CTGF is involved in biological functions
ranging from cell proliferation (Bradham, 1991), differentiation (Lee et al., 2010),
adhesion (Kothapalli et al., 1997) as well as other pathological processes including
tumor development and tissue fibrosis (Barreto & Ray, 2016). CTGF mRNA has been
found in most tissues, including smooth muscles, spleen, kidney and lungs (Xu et al.,
2000). High levels of the CTGF protein have also been found in the cerebral cortex,
lymph nodes, gastrointestinal tract and skin (Uhlén et al., 2015). Due to its ubiquitous
appearance throughout the human body, it is clear that CTGF is an important
mediator of biological function.
Transforming Growth Factor Beta
Transforming growth factor beta (TGFβ) is a well-known cytokine that is
involved in tissue growth (Xu et al., 2018), regeneration (Li et al., 2017) and
remodeling (Bujak & Frangogiannis, 2007). In mammals, the TGFβ core family is made
up of three isoforms (TGFβ-1, β-2, and β-3). Other members of the core family
include bone morphogenetic proteins (BMPs), growth differentiation factors (GDFs),
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and glial-derived neurotrophic factors (GDNFs) (Luo, 2017). TGFβ-1 is a key member
of the TGFβ superfamily and is involved in wound healing (Penn et al.,2012),
carcinogenesis (Imamura et al., 2012) and the development of fibrosis (Biernacka et
al., 2011). Because of this overlap in function, CTGF and TGFβ are often studied in
conjunction with each other and fibrosis. Originally cloned from placental mRNA,
TGFβ-1 is the most commonly found isoform (Derynck et al., 1985) and has been
found in the cartilage and skin during murine development, indicating involvement in
the development of specific tissues and organs (Dickinson et al., 1990). When
discussing the specific action of TGFβ-1, the notation TGFβ-1 is used. When
discussing overarching themes or pathways, the notation TGFβ is used.
TGFβ-1 is continuously expressed throughout the body, with target receptors
(known as TGFβRI and TGFβRII) being found on the surface of most cells. A naturally
affiliated pro-peptide, also known as latency-associated pro-peptide, prevents the
binding of TGFβ to the receptor (Böttinger et al., 1996). TGFβ expression occurs when
there is an overabundance of activators, such as integrins, thrombospondin-1 (TSP1)
and plasmin proteases. This results in the inactivation of the pro-peptide (Crawford
et al., 1998; Lyons et al., 1990; Morris et al., 2003; Munger et al., 1999). During the
inflammatory process, levels of these activators increase (Lopez-Dee et al., 2011)
ultimately leading to TGFβ activation (Popov et al., 2008). The majority of TGFβ roles
regulate physiological processes such as wound healing, immune regulation and
angiogenesis (Blobe et al., 2000). While TGFβ interacts with numerous genes
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throughout the body, the interaction between TGFβ and CTGF is of particular
interest, due to the fact that both genes are involved in wound healing and fibrosis.
SMAD Proteins
The term SMAD comes from the Drosophila melanogaster protein “mothers
against decapentaplegic” (Mad) and the Caenorhabditis elegans protein “Sma”, both
of which are homologous to the human SMAD proteins. Both proteins mediate
downstream signaling of TGFβ in their respective organisms (Song et al., 2009). The
SMAD proteins are organized into three classes by function. The first class is the
receptor-related SMADs (R-SMADs) which includes SMAD1, SMAD2, SMAD3, SMAD5
and SMAD8. The second class is the common SMAD (co-SMAD): SMAD4. The last
class is the inhibitory SMADs (I-SMADs) which includes SMAD6 and SMAD7 (Song et
al., 2009). While most SMADS induce TGFβ-1 signaling, SMAD6 and SMAD7 repress it
(Blanco Calvo et al., 2009). Both SMAD6 and SMAD7 have conserved carboxylterminal MH2 domains which inhibits intracellular signaling cascades. Specifically,
SMAD7 is capable of inhibiting TGFβ signaling (Goto et al., 2007).
TGFβ and SMAD Proteins
The binding of TGFβ to TGFβRII (TGFβ response element II) results in gene
transcription via an intracellular signal transduction cascade (Massagué, 1990). Some
of the non-canonical signaling molecules activated by TGFβ include lipid kinases
(PI3K/FAK pathway) and protein kinases (MAPKs and p38). Kinase activity is induced
by binding to the serine/threonine receptor located on the cell surface (Daniels et al.,
2004). The canonical TGFβ pathway involves the phosphorylation of SMAD proteins,
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creating a heterocomplex (pSMAD) which allows for translocation in the cytoplasm.
There are two types of receptors that are located in the cell membrane: Type I and
Type II. Both of these receptors contain a cytoplasmic kinase domain which is
involved in both serine/threonine kinase activity and tyrosine kinase activity
(Valdimarsdottir et al., 2006). Type II receptors are constitutively active kinases which
are capable of phosphorylating both themselves and nearby Type I receptors,
effectively activating both receptors within the cytoplasmic domain (Massagué,
2012). This results in the creation of a receptor complex, made up of a single Type I
receptor and a single Type II receptor. Binding of a TGFβ molecule to a receptor
complex promotes movement towards a second bound and activated complex,
creating a receptor dimer. Ultimately there are two complexes, each containing a
Type I and Type II receptor which are phosphorylated and active. Once the Type I
receptor kinase is activated, it is able to phosphorylate two serine residues located at
the C-terminal end of the receptor-regulated SMADs (R-SMADs). When the R-SMADs
have been phosphorylated, they are capable of creating the necessary SMAD2 and
SMAD3 heterocomplex, (pSMAD), which then forms a heterotridimer with SMAD4
and is translocated into the nucleus. The SMAD complex heterotrimer is capable of
inducing and inhibiting TGFβ target genes at the transcriptional level. Because of this,
SMAD4 is considered a central mediator of TGFβ (Weinstein et al., 2000). Once this
complex has crossed into the nucleus, it binds specifically to the conserved (CAGAC)
SMAD-binding element (SBE) found in the promoter of Transforming Growth Factorinducible genes, resulting in expression of the target gene. Examples of TGF-inducible
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genes include Collagen Type I (COL1A1), alpha-smooth muscle actin (α-SMA) and
CTGF (Ranganathan et al., 2007). TGFβ inducible early gene (TIEG-1) is a transcription
factor that when overexpressed enhances the ability of TGFβ-1 to induce SMAD2
phosphorylation. In order to do this, TIEG-1 represses SMAD7 expression by binding
to the SMAD7 promoter, resulting in an increase of TGFβ/SMAD signaling (Johnsen et
al., 2002). Research has shown a relationship between SMAD7 and CTGF. Following
addition of CTGF to serum starved cells, SMAD7 levels were barely detectable after
30-60 minutes. Additionally, there was increased expression of TIEG-1 within 30
minutes of administration, and sustained throughout 48 hours. When CTGF and
TGFβ-1 were co-administered, there was an increase in both SMAD2 and SMAD3
expression. This suggests that while CTGF is capable of decreasing SMAD7, it also
increases levels of SMAD2 and SMAD3, and thus increases TGFβ-1 expression (Abdel
Wahab et al., 2005). Following TGFβ stimulation, the SMAD7-Smurf (an E3 ubiquitin
ligase) complex enters the plasma membrane of the cell from the cytoplasm, and
degrades the TGFβ receptors. This prevents continued phosphorylation of SMAD2/3
and creates a negative feedback loop, whereby upstream TGFβ activation results in
downstream inactivation of its receptors (Itoh et al., 2000). This negative feedback
loop is necessary because it allows TGFβ to regulate its own expression.
TGFβ-1 and CTGF
Both CTGF and TGFβ are necessary requirements for fibrosis and are known
to act in a synergistic manner in the induction of most fibrotic diseases (Wang et al.,
2011). Dual overexpression has been found in a plethora of fibrotic diseases
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including, but not limited to, chronic liver disease (including cirrhosis) (Abou-Shady et
al., 2000), systemic sclerosis (Igarashi et al., 1996) renal fibrosis (Ito et al., 1998) and
lung fibrosis (Bonniaud et al., 2004). TGFβ-1 binds to the N-terminal Von Willebrand
Type C domain of CTGF, resulting in CTGF expression and an increase of TGFβ-1
activity (Luft, 2008). CTGF also contains a TGFβ binding site in the promoter. When a
portion of the CTGF promoter (-162 to -128) was removed, treatment with TGFβ-1
failed to induce transcription, showing that the nucleotides in that region are
essential for proper induction of CTGF expression (Grotendorst et al., 1996).
CTGF and TGFβ expression levels have also been correlated with fibrotic
severity in both human biopsy samples and animal models (Ito et al., 1998; Leask &
Abraham, 2004; Lopes et al., 2004). Injections of both CTGF and TGFβ-1 are necessary
in order to produce a strong fibrotic response in mice. Newborn BALB/c mice were
injected with TGFβ-1 (800ng) and CTGF (400ng), both dissolved in PBS, into
subcutaneous neck tissue for seven consecutive days while control mice received
20ul of PBS. Mice that received both TGFβ-1 and CTGF showed fibrotic tissue
formation which persisted for 14 days, despite injections ceasing at day seven. Mice
that were injected with only CTGF or TGFβ exhibited formation of transient
granulated tissue at the injection site, showing that administration of a single
component is not sufficient to result in fibrotic tissue. There is no singular cause of
fibrosis, instead the interaction between genes and growth factors is what results in
fibrosis (Frazier et al., 1996; Mori et al., 1999). After activation with TGFβ-1, CTGF
transcript levels remained elevated for 24 hours (Igarashi et al., 1993) strengthening
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the claim that TGFβ-1 and CTGF work in tandem to stimulate ECM production,
proliferation of fibroblasts, wound healing and fibrosis. Because of this synergistic
interaction, both CTGF and TGFβ have been looked at as possible target genes for the
prevention of fibrosis. Interrupting TGFβ expression may result in more large scale
issues due to its involvement in essential biological and developmental functions,
thereby making CTGF a more attractive target for possible future preventative or
anti-fibrotic therapies.
Increased CTGF levels have been established in mice following MI (Ohnishi et
al., 1998), ischemic cardiomyopathy (Chen et al., 2000) and diabetic cardiomyopathy
(Way et al., 2002). Following a coronary ligation, CTGF mRNA and protein levels
remained elevated in the affected tissue at two, seven and 14 days post infarction.
CTGF expression was also visualized via in situ hybridization, showing involvement in
surviving cardiomyocytes and myofibroblasts. Additionally, immune-histochemistry
staining showed that CTGF was found on the perimeter of granulation tissue (Ohnishi
et al., 1998). Increased levels of CTGF resulted in an upregulation of several ECM
proteins, including fibronectin and several types of collagen (Chen et al., 2000). TGFβ
mRNA has been shown to increase before collagen expression, suggesting a role in
both cardiac fibrosis and remodeling (Youn et al., 1999). Increased CTGF expression
has also been found in rat cardiac tissue post MI with CTGF and TGFβ expression
showing a close correlation within the infarct area at weeks one and four (Lopes et
al., 2004). Both CTGF and TGFβ expression levels were elevated for as long as 16
weeks post MI, with expression found in the left ventricle and non-impacted septum

73
tissue (Chen et al., 2001). The fetal mouse myocardium, fibroblasts and scar tissue
examined after MI contained both TGFβ and CTGF. CTGF was found in clusters
throughout the organ, mainly in the atria and blood vessels instead of being
expressed equally throughout the cardiac tissue (Youn et al., 1999).
CTGF and Cardiac Fibrosis
In humans, CTGF has been linked to increased cardiac fibrosis. The connection
between CTGF and fibroblast proliferation, myofibroblast differentiation and
increased ECM production is well known (Grotendorst et al., 2004). Post MI, the CTGF
expression increases alongside collagen (Ohnishi et al., 1998). CTGF has been found
in both cardiac fibroblasts and cardiomyocytes. In cardiac tissue collected from
patients experiencing heart failure, findings show a correlation between CTGF
protein levels and CTGF-stained tissue with the degree of myocardial fibrosis
(Koitabashi et al., 2008). Heart specific knockdown of CTGF in mouse models of
cardiac fibrosis did not impact the fibrosis progression (Fontes et al., 2015), showing
that while CTGF plays a role in fibrosis, there are other interactions occurring
simultaneously. Alternatively, overexpression of CTGF has been shown to increase
left ventricular function post MI in the myocardium of mice. It is likely that CTGF
plays a role in the inhibition of inflammatory processes as well as apoptosis. This
hypothesis is strengthened by findings showing that elevated levels of serum CTGF in
the heart correlate to improved function (Gravning et al., 2012), again suggesting
that CTGF may play a protective role in left ventricle remodeling post MI.
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Senescence, considered a prolonged cell cycle arrest where the cell no longer
divides, is also believed to impact fibrosis. Elevated levels of CTGF have been found in
senescent fibroblasts (Valentijn et al., 2018) which have been suggested to be
resistant to apoptosis. Because of this, senescent fibroblasts continue the
inflammatory and fibrotic process through secretion of growth factors, cytokines and
proteases, longer than necessary.
This research began with determining which CTGF variants found in the PSU
population were hypothesized to be impactful on expression. Two variants were
chosen and investigated using a tissue culture model, which allowed for
measurement of gene expression and physical impact on wound healing. One
variant, G1355T, was associated with a decreased family history of CVD. The second
variant, G560T, was chosen due to predictions that it would impact both CTGF gene
expression and eventual protein form and function. We hypothesized that variant
insertion into the CTGF gene would have a measurable impact on CTGF expression
levels as well as impact the wound healing process. Data collected in this research
may be used to determine those most at risk for scarring post injury, hopefully
resulting in anti-fibrotic treatment being dispensed before the development of
fibrosis.
Methods
Variant Selection
Previously published variants in the human CTGF gene were collected from
Ensembl.org (build 38, release 85). A variants impact on the protein form of CTGF
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was predicted using the following web-based programs: Mutation Assessor release 3
(Reva et al., 2011), PANTHER-PSEP v9.0 (Tang and Thomas, 2016), PROVEAN v1.1.3
(Choi et al., 2012), Align GVGD (Mathe et al., 2016), MutPred (Li et al., 2009),
PolyPhen2 HumDiv (Adzhubei et al., 2010), SNPs&GO (Calabrese et al., 2009;
Capriotti et al., 2012) and FATHMM (Shihab et al., 2013, 2014). The PROVEAN
program also provided SIFT (Kumar et al., 2009) scores which were used in the
analysis. Results from the nine programs were combined by assigning a score
between -2 and +2 from each program for each variant. A “neutral” score of -2 was
assigned when the variant was predicted to have little to no impact on the protein. A
“harmful” score of +2 was assigned when the variant was predicted to have
substantial impact on a protein. A “possibly damaging” score of +1 was assigned
when the variant was predicted to have an intermediate impact on the protein. The
total variant score were calculated by summing the score of all nine programs and
then dividing by the maximum possible score (18), creating a weighted majority vote
(WMV) as previously described (Frousios et al., 2013). Variants were then placed in
risk categories based on their potential to affect protein structure or function: “High
Risk” (WMV > 0.5), “Moderate Risk” (0 < WMV ≤ 0.5), “Low Risk” (-0.5 ≤ WMV ≤ 0)
and “Very Low Risk” (WMV < -0.5). Using this information, two variants were chosen
for further study: G560T and G1355T (See Table 3.1).
Cells and Maintenance
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NIH/3T3 (ATCC) cells were used in all experiments. Cells were maintained in
DMEM (Corning) with 10% FBS (ATCC) at 37°C and 5% CO₂. After thawing, cells were
allowed to rest and reach passage two before being used in any experiments.
Plasmid Construction
In order to create the Wild Type (WT) plasmid (Figure 3.1), the CTGF gene was
amplified from human male DNA (Promega) using Dream Taq polymerase and
primers found in Table 3.2. The consensus sequence retrieved from Ensembl included
several variants that were not found in the PSU population. Due to this, the CTGF
plasmid used in the following experiments is not technically the WT allele, but is a
modified version.
The CTGF amplicon (Figure 3.1) included all introns, UTRs, and an additional
374 bp upstream sequence and 678 bp downstream sequence, in order to capture
nearby regulatory sequences. The resulting amplicon was then double digested using
BamHI and Xbal. The resulting fragment of 6934 bp was cloned into an empty pUC19
vector at multiple cloning sites. Ligation and transformation of the plasmid into E. coli
cells was done with X-Gal (Thermo Fisher) and IPTG (Thermo Fisher), allowing for
visual confirmation (white colonies) of successful vector insertion. Colonies positive
for vector insertion were collected, grown overnight and then purified using a
MiniPrep Kit (Qiagen). Successful vector insertion was verified via gel electrophoresis
and Sanger sequencing through the Genomics and Molecular Biology Shared
Resources at Dartmouth College using primers found in Table 3.2. Ligation junctions
were also sequenced to confirm correct insertion.
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After verification of positive vector amplification, Q5 Site Directed
Mutagenesis (NEB) was used to insert a base change at a specific location within the
CTGF gene, resulting in insertion of the desired variant. Amplicons were sent for
sequencing at Dartmouth to verify correct insertion using primers for the exon where
the variant was located (Table 3.2).
Transfection
Once NIH/3T3 cells reached 80% confluence, Lipofectamine 2000 (Invitrogen)
and Opti-MEM reduced serum media (Gibco) were used to transfect 3T3 cells using a
1:1 ratio of Lipofectamine 2000 to plasmid DNA. Lipofectamine 2000 remained on
the cells for 4 hours, after which it was removed and replaced with Serum Free
Media (Sigma). Plasmid efficiency was checked using GFP and Hoescht 33342
(Invitrogen) and showed that 70-80% of cells completed successful transfection of
GFP, as measured using ImageJ v1.50i (Figure 3.2).
Treatment, Harvest and RNA Purification
NIH/3T3 cells were serum starved for 20 hours using DMEM (Corning) and a
serum substitute (Sigma) before being treated with 10 ng/ml of TGFβ-1 (Gibco). Cells
were harvested using Trypsin (HyClone) prior to treatment (0 hours) and posttreatment at hours 2, 4, 6, and 12. Cell counts were completed immediately following
harvest using a hemocytometer and equivalent numbers of cells were used in each
qPCR reaction. Monarch RNA Miniprep Kit (NEB) was used to lyse cells and purify
RNA. Following cleaning, RNA was kept at -80°C until needed.
Gene Expression
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RNA was reverse transcribed using an iScript cDNA Kit (Bio-Rad). Each qPCR
reaction used four ng of RNA with iTaq Universal SYBR Green Supermix (Bio Rad).
Specific primers used are found in Table 3.2. Samples were run in triplicate and data
was analyzed using the ddCT method. Briefly, as the qPCR cycles, the fluorescence
intensity from the probe (SYBR) increases with each cycle, before reaching a
threshold. Using these values, a comparative gene expression level was calculated
relative to untreated WT vector at time 0 hours.
Scratch Tests
NIH/3T3 cells were transfected as described above. Following transfection,
cells were plated in normal DMEM +10% FBS, and allowed to rest for 20 hours. Cells
were scratched using a p100 pipette tip in order to simulate a wound. Pictures were
taken at 0 hours (immediately post scratch) 12, 18 and 24 hours on a Motic inverted
light microscope with a Motic 3.0 camera and Motic Image Plus v2.0 software.
Wound closure was measured via ImageJ v1.50i and a wound closure rate was
calculated by measuring the wound relative to the original scratch width (Figure 3.5).
A computer program randomized and renamed the scratch photos, removing the
opportunity for bias. Three undergraduate students individually measured the wound
area for all pictures taken, and the average measurement was used for analysis
(Figure 3.6).
Statistical Analysis
Data was analyzed using CFX Maestro and JMP software. Both One way and
Two way ANOVAs were run to determine any significance between time and sample.
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Students t-tests were then run at each time point and compared variants to the WT
control using an Bonferroni adjusted p value (p < 0.00357) to determine significance.
Results
CTGF Variants found at higher frequency in PSU population than expected
Both variants chosen for further study were previously published in the
Exome Aggregation Consortium (ExAC) (Lek et al., 2016) and/or the Exome
Sequencing Project (ESP) (Fu et al., 2013). Neither variant (G560T or G1355T) chosen
for this study was detected by the 1000 Genomes Study, yet occurred at higher
frequencies in our sample population than previously reported by the ExAC and ESP
studies. Both variants were previously reported to have frequencies of less than
0.001, but occurred in our population with frequencies of 0.029 (G560T) and 0.143
(G1355T). Not only were both variants found in the PSU population as a higher rate
than the published literature, they both scored in the “High Risk” category. G560T
received a WMV score of 1, and G1355T received a WMV score of 0.78, suggesting
both variants are likely to impact protein form and function.
Increased CTGF expression observed post TGFβ treatment
Expression levels of CTGF in WT and both variants were compared relative to
the WT hour 0 control (Figure 3.5). At hours 0, 2, and 4, gene expression across
variants remained consistent. G1355T expression peaked at hour 6 (p<0.0001),
followed be a decrease at hour 12 (p<0.05). G560T showed a delay in peak CTGF
expression, peaking at hour 12 (p<0.01) showing the highest level of gene expression
of all variants. At hour 12, WT is expressing significantly less CTGF than G560T
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(p=0.034), and is approaching significance between G1355T and G560T (p=0.079).
WT shows a peak at hour 6, which is comparable to the literature (Fu et al., 2001),
followed by a decrease in expression. Post TGFβ treatment, the mean Cq for each
variant and WT was calculated and graphed (Figure 3.4).
CTGF Variants Impacted Wound Closure Rates
Cells transfected with variants showed a change in wound closure rates over
24 hours (Figure 3.6). Photos were taken at hours 0, 12, 18 and 24 post scratch.
Visually, cells containing the WT variant appeared to move at a slower rate than
G560T or G1355T. Post scratch, all transfected cells showed complete wound closure
over a 24 hour period (Figure 3.6). Cells containing the WT plasmid closed the
slowest, with cells containing the G560T variant closing faster. Cells containing the
G1355T variant closed the fastest, with significant difference found at hour 6
(p=0.002) compared to WT.
Discussion
TGFβ treatment impacts CTGF Expression
CTGF expression levels were measured at hour 0, 2, 4, 6, and 12 post
treatment with TGFβ (Figure 3.5). At hour 0, there is an significant increase in G560T
CTGF expression (p=0.007) compared to WT suggesting that the presence of G560T is
measurably impacting endogenous CTGF expression without the need for TGFβ
induction. At hour 2, WT and both variants showed similar levels of expression.
However, at hour 4, G1355T showed a significant increase in expression compared to
the WT (p=0.003). At hour 6, WT expression peaked, with G560T showing a
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significant decrease in CTGF expression (p=0.042) compared to WT. At hour 12,
G560T showed the most expression when compared to WT (p=0.034). The mean Cq
and time point was also graphed for each variant and WT (Figure 3.4). The lower the
Cq value, the faster the sample reached threshold, suggesting a higher level of CTGF
expression in the sample. At hours 4 and 6, there is a clear trend in expression, with
WT reaching threshold first, followed by G560T and then G1355T, suggesting that
cells containing the WT variant were expressing higher levels of CTGF than either
variant. This finding is supported by previous research that determined that WT CTGF
expression peaks 2-6 hours post treatment with TGFβ (Fu et al., 2001). At hour 12,
we would expect both WT and G1355T expression to continue decreasing, and G560T
to continue increasing. Interestingly, the data (Figure 3.4) does not show support this
hypothesis. This could be due to many possible issues, including difficulty harvesting
cells and pipetting error. Changes in the cell harvest protocol are necessary to ensure
adequate cell collection at later time points, including an incubation step with EDTA
to act as a chelating agent and promote remove of the cells from the plates.
Cells transfected with G560T showed an initial increase in CTGF expression,
followed by a dip downward and finished with an upward trend and peaking at hour
12. It’s conceivable that CTGF expression would have continued to increase with
additional time points. This is something that will need to be taken into account for
future experimental planning. In comparison to WT, G560T wound closure was
faster, but not significantly. G560T is located in the IGFBP, or insulin growth factor
binding protein, domain of CTGF. Known functions of this domain include cell cycle
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progression, proliferation and apoptosis (Jones and Clemmons., 1995). It seems
plausible that a variant located in this region would be capable of impacting cell
proliferation and expression of necessary ECM proteins, including CTGF. G560T is also
spatially located between two additional unstudied CTGF variants which are in
linkage disequilibrium (Kim Jesseman, unpublished). While this may not impact the
frequency of G560T in the sample population, it may impact the interactions
occurring in the cell, making in vitro studies necessary to determine any interactions
that may be occurring and impacting CTGF expression.
G1355T was chosen for further study for several different reasons, the first of
which is the frequency at which it appears in our PSU population at 14.3%. The
published frequency of this variant is less than 0.1%, making it more prevalent in our
population than expected. Additionally, previous work in the lab has focused on the
negative association found between G1355T and family history of CVD, suggesting a
possible cardioprotective role. Cells transfected with G1355T showed a peak in CTGF
expression at hour 6, then a decrease at hour 12. G1355T showed a decrease in
expression from hour 6 to 12, exhibiting similar expression levels as WT but with
roughly half the amount of CTGF expression. Overall, G1355T showed the lowest
level of CTGF expression when compared to G560T and WT. Unfortunately, no
statistical difference was found between WT and G1355T at hour 12. One possibility
for this is the exclusion of several samples from analysis due to a pipetting error.
However, at hour 12, the difference between G560T and G1355T expression levels is
approaching significance, with a p-value of 0.079. In terms of the inflammatory
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wounding model, cells containing the G1355T variant moved into the wound area
faster than either G560T and WT. This suggests that even though a decrease in CTGF
expression was observed, the G1355T variant possibly impacts wound healing in a
secondary mechanism, resulting in adequate healing. This hypothesis is supported by
the presence of individuals in the PSU population who are homozygous for this
variant.
Overall, G1355T showed the lowest level of CTGF expression when compared
to G560T and WT. Cells containing the G1355T variant moved into the wound area
faster than either G560T and WT. This suggests that even though there was a
decrease in CTGF expression, the G1355T variant impacts wound healing in some
manner, possibly via migration and proliferation. G1355T is located in CTGF’s
Thrombospondin type 1 (TSP) domain. Binding in this region is necessary for LDL
receptor related protein 1, which in the presence of TGFβ activates the ERK 1/2
pathway and promotes both ECM protein expression and fibroblast differentiation
(Gao and Brigstock, 2003). G1355T may affect the stability of the TSP domain,
impacting binding of LRP1, and ultimately decreasing the fibrotic signaling in
individuals with this variant. Another possibility is that G1355T may impact
cardiovascular risk by resulting in a change in the stability of the protein product,
possibly creating a truncated protein, which would likely be targeted for degradation
before secretion into the ECM. The reduction in functional CTGF protein available
may result in decreased fibrotic and atherogenic signaling, ultimately decreasing
fibrosis. This hypothesis is strengthened by the decrease in CTGF expression along
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with faster wound closure in cells containing the G1355T variant. Additional protein
assays would need to completed to confirm a decrease in CTGF protein.
In summary, two CTGF variants (G560T and G1355T) were found at higher
than expected frequencies in the PSU population. Both variants were hypothesized to
have a meaningful impact on CTGF expression. Cells transfected with WT and both
variants were 1.) treated with TGFβ to induce CTGF expression which was then
measured via qPCR, and 2.) scratched to measure cell movement in an inflammatory
and wound healing model. Preliminary data suggests that there is a shift in CTGF
expression in cells that contain variants, compared to the WT. In order to elucidate
the mechanism involved, more in-depth in vitro studies will need to be completed
along with larger and longer term studies in order to determine the effects of each
variant long term.

85

References:
Abdel Wahab, N., Weston, B. S., & Mason, R. M. (2005). Modulation of the
TGFβ/Smad signaling pathway in mesangial cells by CTGF/CCN2. Experimental
Cell Research, 307(2), 305–314. https://doi.org/10.1016/j.yexcr.2005.03.022
Abou-Shady, M., Friess, H., Zimmermann, A., di Mola, F. F., Guo, X.-Z., Baer, H. U., &
Buchler, M. W. (2000). Connective tissue growth factor in human liver
cirrhosis. Liver International, 20(4), 296–304. https://doi.org/10.1034/j.16000676.2000.020004296.x
Adzhubei, I. A., Schmidt, S., Peshkin, L., Ramensky, V. E., Gerasimova, A., Bork, P.,
Kondrashov, A. S., & Sunyaev, S. R. (2010). A method and server for
predicting damaging missense mutations. Nature Methods, 7(4), 248–249.
https://doi.org/10.1038/nmeth0410-248
Barreto, S. C., & Ray, A. (2016). Biological characteristics of CCN proteins in tumor
development. 9.
Bashey, R. (1992). Growth properties and biochemical characterization of collagens
synthesized by adult rat heart fibroblasts in culture. Journal of Molecular and
Cellular Cardiology, 24(7), 691–700. https://doi.org/10.1016/00222828(92)93383-U
Bhatti, K., Bandlamudi, M., & Lopez-Mattei, J. (2020). Endomyocardial Fibrosis. In
StatPearls [Internet]. StatPearls Publishing.
https://www.ncbi.nlm.nih.gov/books/NBK513293/
Biernacka, A., Dobaczewski, M., & Frangogiannis, N. G. (2011). TGF-β signaling in
fibrosis. Growth Factors, 29(5), 196–202.
https://doi.org/10.3109/08977194.2011.595714
Blanco Calvo, M., Bolós Fernández, V., Medina Villaamil, V., Aparicio Gallego, G., Díaz
Prado, S., & Grande Pulido, E. (2009). Biology of BMP signalling and cancer.
Clinical and Translational Oncology, 11(3), 126–137.
https://doi.org/10.1007/S12094-009-0328-8
Blobe, G. C., Schiemann, W. P., & Lodish, H. F. (2000). Role of transforming growth
factor beta in human disease. The New England Journal of Medicine, 342(18),
1350–1358. https://doi.org/10.1056/NEJM200005043421807
Bonniaud, P., Martin, G., Margetts, P. J., Ask, K., Robertson, J., Gauldie, J., & Kolb, M.
(2004). Connective Tissue Growth Factor Is Crucial to Inducing a Profibrotic
Environment in “Fibrosis-Resistant” Balb/c Mouse Lungs. American Journal of

86
Respiratory Cell and Molecular Biology, 31(5), 510–516.
https://doi.org/10.1165/rcmb.2004-0158OC
Böttinger, E. P., Factor, V. M., Tsang, M. L., Weatherbee, J. A., Kopp, J. B., Qian, S. W.,
Wakefield, L. M., Roberts, A. B., Thorgeirsson, S. S., & Sporn, M. B. (1996). The
recombinant proregion of transforming growth factor beta1 (latencyassociated peptide) inhibits active transforming growth factor beta1 in
transgenic mice. Proceedings of the National Academy of Sciences of the
United States of America, 93(12), 5877–5882.
Bradham, D. M. (1991). Connective tissue growth factor: A cysteine-rich mitogen
secreted by human vascular endothelial cells is related to the SRC-induced
immediate early gene product CEF-10. The Journal of Cell Biology, 114(6),
1285–1294. https://doi.org/10.1083/jcb.114.6.1285
Bujak, M., & Frangogiannis, N. G. (2007). The role of TGF-β Signaling in Myocardial
Infarction and Cardiac Remodeling. Cardiovascular Research, 74(2), 184–195.
https://doi.org/10.1016/j.cardiores.2006.10.002
Calabrese R, Capriotti E, Fariselli P, Martelli PL, Casadio R. (2009). Functional
annotations improve the predictive score of human disease-related mutations
in proteins. Human Mutation. 30; 1237-1244.
Capriotti, E., Nehrt, N. L., Kann, M. G., & Bromberg, Y. (2012). Bioinformatics for
personal genome interpretation. Briefings in Bioinformatics, 13(4), 495–512.
https://doi.org/10.1093/bib/bbr070
Chen, C.-C., Chen, N., & Lau, L. F. (2001). The Angiogenic Factors Cyr61 and
Connective Tissue Growth Factor Induce Adhesive Signaling in Primary Human
Skin Fibroblasts *. Journal of Biological Chemistry, 276(13), 10443–10452.
https://doi.org/10.1074/jbc.M008087200
Chen, M. M., Lam, A., Abraham, J. A., Schreiner, G. F., & Joly, A. H. (2000). CTGF
Expression is Induced by TGF- β in Cardiac Fibroblasts and Cardiac Myocytes:
A Potential Role in Heart Fibrosis. Journal of Molecular and Cellular
Cardiology, 32(10), 1805–1819. https://doi.org/10.1006/jmcc.2000.1215
Choi, Y., Sims, G. E., Murphy, S., Miller, J. R., & Chan, A. P. (2012). Predicting the
functional effect of amino acid substitutions and indels. PloS One, 7(10),
e46688. https://doi.org/10.1371/journal.pone.0046688

87
Collins, F. S., Guyer, M. S., & Chakravarti, A. (1997). Variations on a Theme:
Cataloging Human DNA Sequence Variation. Science, 278(5343), 1580–1581.
https://doi.org/10.1126/science.278.5343.1580
Crawford, S. E., Stellmach, V., Murphy-Ullrich, J. E., Ribeiro, S. M. F., Lawler, J., Hynes,
R. O., Boivin, G. P., & Bouck, N. (1998). Thrombospondin-1 Is a Major
Activator of TGF-β1 In Vivo. Cell, 93(7), 1159–1170.
https://doi.org/10.1016/S0092-8674(00)81460-9
Daniels, C. E., Wilkes, M. C., Edens, M., Kottom, T. J., Murphy, S. J., Limper, A. H., &
Leof, E. B. (2004, November 1). Imatinib mesylate inhibits the profibrogenic
activity of TGF-β and prevents bleomycin-mediated lung fibrosis. American
Society for Clinical Investigation. https://doi.org/10.1172/JCI19603
Decaris, M. L., Emson, C. L., Li, K., Gatmaitan, M., Luo, F., Cattin, J., Nakamura, C.,
Holmes, W. E., Angel, T. E., Peters, M. G., Turner, S. M., & Hellerstein, M. K.
(2015). Turnover Rates of Hepatic Collagen and Circulating CollagenAssociated Proteins in Humans with Chronic Liver Disease. PLOS ONE, 10(4),
e0123311. https://doi.org/10.1371/journal.pone.0123311
Derynck, R., Jarrett, J. A., Chen, E. Y., Eaton, D. H., Bell, J. R., Assoian, R. K., Roberts, A.
B., Sporn, M. B., & Goeddel, D. V. (1985). Human transforming growth factorβ complementary DNA sequence and expression in normal and transformed
cells. Nature, 316(6030), 701–705. https://doi.org/10.1038/316701a0
Dickinson, M. E., Kobrin, M. S., Silan, C. M., Kingsley, D. M., Justice, M. J., Miller, D. A.,
Ceci, J. D., Lock, L. F., Lee, A., Buchberg, A. M., Siracusa, L. D., Lyons, K. M.,
Derynck, R., Hogan, B. L. M., Copeland, N. G., & Jenkins, N. A. (1990).
Chromosomal localization of seven members of the murine TGF-β superfamily
suggests close linkage to several morphogenetic mutant loci. Genomics, 6(3),
505–520. https://doi.org/10.1016/0888-7543(90)90480-I
Fontes, M. S. C., Kessler, E. L., van Stuijvenberg, L., Brans, M. A., Falke, L. L., Kok, B.,
Leask, A., van Rijen, H. V. M., Vos, M. A., Goldschmeding, R., & van Veen, T. A.
B. (2015). CTGF knockout does not affect cardiac hypertrophy and fibrosis
formation upon chronic pressure overload. Journal of Molecular and Cellular
Cardiology, 88, 82–90. https://doi.org/10.1016/j.yjmcc.2015.09.015
Frazier, K., Williams, S., Kothapalli, D., Klapper, H., & Grotendorst, G. R. (1996).
Stimulation of fibroblast cell growth, matrix production, and granulation
tissue formation by connective tissue growth factor. The Journal of
Investigative Dermatology, 107(3), 404–411. https://doi.org/10.1111/15231747.ep12363389

88
Frieden, C., & Garai, K. (2013). Concerning the structure of apoE. Protein Science,
22(12), 1820–1825. https://doi.org/10.1002/pro.2379
Fu, M., Zhang, J., Zhu, X., Myles, D. E., Willson, T. M., Liu, X., & Chen, Y. E. (2001).
Peroxisome Proliferator-activated Receptor γ Inhibits Transforming Growth
Factor β-induced Connective Tissue Growth Factor Expression in Human
Aortic Smooth Muscle Cells by Interfering with Smad3. Journal of Biological
Chemistry, 276(49), 45888–45894. https://doi.org/10.1074/jbc.M105490200
Fu, W., O’Connor, T. D., Jun, G., Kang, H. M., Abecasis, G., Leal, S. M., Gabriel, S.,
Altshuler, D., Shendure, J., Nickerson, D. A., Bamshad, M. J., GO, B., GO, S., &
Akey, J. M. (2013). Analysis of 6,515 exomes reveals a recent origin of most
human protein-coding variants. Nature, 493(7431), 216–220.
https://doi.org/10.1038/nature11690
Galdos, F. X., Guo, Y., Paige, S. L., VanDusen, N. J., Wu, S. M., & Pu, W. T. (2017).
Circulation Research Compendium – Cardiac Regeneration: Lessons from
Development. Circulation Research, 120(6), 941–959.
https://doi.org/10.1161/CIRCRESAHA.116.309040
Goto, K., Kamiya, Y., Imamura, T., Miyazono, K., & Miyazawa, K. (2007). Selective
Inhibitory Effects of Smad6 on Bone Morphogenetic Protein Type I Receptors
*. Journal of Biological Chemistry, 282(28), 20603–20611.
https://doi.org/10.1074/jbc.M702100200
Gravning, J., Ørn, S., Kaasbøll, O. J., Martinov, V. N., Manhenke, C., Dickstein, K.,
Edvardsen, T., Attramadal, H., & Ahmed, M. S. (2012). Myocardial Connective
Tissue Growth Factor (CCN2/CTGF) Attenuates Left Ventricular Remodeling
after Myocardial Infarction. PLoS ONE, 7(12), e52120.
https://doi.org/10.1371/journal.pone.0052120
Grotendorst, G. R., Okochi, H., & Hayashi, N. (1996). A novel transforming growth
factor beta response element controls the expression of the connective tissue
growth factor gene. Cell Growth & Differentiation, 7(4), 469.
Grotendorst, G. R., Rahmanie, H., & Duncan, M. R. (2004). Combinatorial signaling
pathways determine fibroblast proliferation and myofibroblast
differentiation. The FASEB Journal, 18(3), 469–479.
https://doi.org/10.1096/fj.03-0699com
Günther, U., Bateman, A. C., Beattie, R. M., Bauer, M., MacDonald, T. T., & Kaskas, B.
A. (2010). Connective tissue growth factor expression is increased in
collagenous colitis and coeliac disease. Histopathology, 57(3), 427–435.
https://doi.org/10.1111/j.1365-2559.2010.03652.x

89

Gurtner, G. C., Werner, S., Barrandon, Y., & Longaker, M. T. (2008). Wound repair and
regeneration. Nature, 453(7193), 314–321.
https://doi.org/10.1038/nature07039
Howe, K. L., Achuthan, P., Allen, J., Allen, J., Alvarez-Jarreta, J., Amode, M. R.,
Armean, I. M., Azov, A. G., Bennett, R., Bhai, J., Billis, K., Boddu, S., Charkhchi,
M., Cummins, C., Da Rin Fioretto, L., Davidson, C., Dodiya, K., El Houdaigui, B.,
Fatima, R., … Flicek, P. (2021). Ensembl 2021. Nucleic Acids Research, 49(D1),
D884–D891. https://doi.org/10.1093/nar/gkaa942
Howell, D. C. J., Johns, R. H., Lasky, J. A., Shan, B., Scotton, C. J., Laurent, G. J., &
Chambers, R. C. (2005). Absence of Proteinase-Activated Receptor-1 Signaling
Affords Protection from Bleomycin-Induced Lung Inflammation and Fibrosis.
The American Journal of Pathology, 166(5), 1353–1365.
Hynes, R. O. (2009). Extracellular matrix: Not just pretty fibrils. Science (New York,
N.Y.), 326(5957), 1216–1219. https://doi.org/10.1126/science.1176009
Igarashi, A., Nashiro, K., Kikuchi, K., Sato, S., Ihn, H., Fujimoto, M., Grotendorst, G. R.,
& Takehara, K. (1996). Connective Tissue Growth Factor Gene Expression in
Tissue Sections From Localized Scleroderma, Keloid, and Other Fibrotic Skin
Disorders. Journal of Investigative Dermatology, 106(4), 729–733.
https://doi.org/10.1111/1523-1747.ep12345771
Igarashi, A., Okochi, H., Bradham, D. M., & Grotendorst, G. R. (1993). Regulation of
connective tissue growth factor gene expression in human skin fibroblasts and
during wound repair. Molecular Biology of the Cell, 4(6), 637–645.
https://doi.org/10.1091/mbc.4.6.637
Imamura, T., Hikita, A., & Inoue, Y. (2012). The roles of TGF-β signaling in
carcinogenesis and breast cancer metastasis. Breast Cancer (Tokyo, Japan),
19(2), 118–124. https://doi.org/10.1007/s12282-011-0321-2
Ito, Y., Aten, J., Bende, R. J., Oemar, B. S., Rabelink, T. J., Weening, J. J., &
Goldschmeding, R. (1998). Expression of connective tissue growth factor in
human renal fibrosis. Kidney International, 53(4), 853–861.
https://doi.org/10.1111/j.1523-1755.1998.00820.x
Itoh, S., Itoh, F., Goumans, M. J., & Ten Dijke, P. (2000). Signaling of transforming
growth factor-beta family members through Smad proteins. European Journal
of Biochemistry, 267(24), 6954–6967. https://doi.org/10.1046/j.14321327.2000.01828.x

90
Jellis, C., Martin, J., Narula, J., & Marwick, T. H. (2010). Assessment of nonischemic
myocardial fibrosis. Journal of the American College of Cardiology, 56(2), 89–
97. https://doi.org/10.1016/j.jacc.2010.02.047
Johnsen, S. A., Subramaniam, M., Janknecht, R., & Spelsberg, T. C. (2002). TGFβ
inducible early gene enhances TGFβ/Smad-dependent transcriptional
responses. Oncogene, 21(37), 5783–5790.
https://doi.org/10.1038/sj.onc.1205681
Jun, J.-I., & Lau, L. F. (2018). Resolution of organ fibrosis. Journal of Clinical
Investigation, 128(1), 97–107. https://doi.org/10.1172/JCI93563
Kis, K., Liu, X., & Hagood, J. S. (2011). Myofibroblast differentiation and survival in
fibrotic disease. Expert Reviews in Molecular Medicine, 13, e27.
https://doi.org/10.1017/S1462399411001967
Klingberg, F., Hinz, B., & White, E. S. (2013). The myofibroblast matrix: Implications
for tissue repair and fibrosis. The Journal of Pathology, 229(2), 298–309.
https://doi.org/10.1002/path.4104
Koitabashi, N., Arai, M., Niwano, K., Watanabe, A., Endoh, M., Suguta, M., Yokoyama,
T., Tada, H., Toyama, T., Adachi, H., Naito, S., Oshima, S., Nishida, T., Kubota,
S., Takigawa, M., & Kurabayashi, M. (2008). Plasma connective tissue growth
factor is a novel potential biomarker of cardiac dysfunction in patients with
chronic heart failure. European Journal of Heart Failure, 10(4), 373–379.
https://doi.org/10.1016/j.ejheart.2008.02.011
Kong, P., Christia, P., & Frangogiannis, N. G. (2014). The pathogenesis of cardiac
fibrosis. Cellular and Molecular Life Sciences, 71(4), 549–574.
https://doi.org/10.1007/s00018-013-1349-6
Konstam, M. A., Kramer, D. G., Patel, A. R., Maron, M. S., & Udelson, J. E. (2011). Left
ventricular remodeling in heart failure: Current concepts in clinical
significance and assessment. JACC. Cardiovascular Imaging, 4(1), 98–108.
https://doi.org/10.1016/j.jcmg.2010.10.008
Kothapalli, D., Frazier, K. S., Welply, A., Segarini, P. R., & Grotendorst, G. R. (1997).
Transforming growth factor beta induces anchorage-independent growth of
NRK fibroblasts via a connective tissue growth factor-dependent signaling
pathway. Cell Growth & Differentiation: The Molecular Biology Journal of the
American Association for Cancer Research, 8(1), 61–68.

91
Kumar, P., Henikoff, S., & Ng, P. C. (2009). Predicting the effects of coding nonsynonymous variants on protein function using the SIFT algorithm. Nature
Protocols, 4(7), 1073–1081. https://doi.org/10.1038/nprot.2009.86
Larson, B. J., Longaker, M. T., & Lorenz, H. P. (2010). Scarless Fetal Wound Healing: A
Basic Science Review. Plastic and Reconstructive Surgery, 126(4), 1172–1180.
https://doi.org/10.1097/PRS.0b013e3181eae781
Leask, A., & Abraham, D. J. (2004). TGF-beta signaling and the fibrotic response.
FASEB Journal: Official Publication of the Federation of American Societies for
Experimental Biology, 18(7), 816–827. https://doi.org/10.1096/fj.03-1273rev
Lee, C. H., Shah, B., Moioli, E. K., & Mao, J. J. (2010). CTGF directs fibroblast
differentiation from human mesenchymal stem/stromal cells and defines
connective tissue healing in a rodent injury model. The Journal of Clinical
Investigation, 120(9), 3340–3349. https://doi.org/10.1172/JCI43230
Lek, M., Karczewski, K. J., Minikel, E. V., Samocha, K. E., Banks, E., Fennell, T.,
O’Donnell-Luria, A. H., Ware, J. S., Hill, A. J., Cummings, B. B., Tukiainen, T.,
Birnbaum, D. P., Kosmicki, J. A., Duncan, L. E., Estrada, K., Zhao, F., Zou, J.,
Pierce-Hoffman, E., Berghout, J., … MacArthur, D. G. (2016). Analysis of
protein-coding genetic variation in 60,706 humans. Nature, 536(7616), 285–
291. https://doi.org/10.1038/nature19057
Li, B., Krishnan, V. G., Mort, M. E., Xin, F., Kamati, K. K., Cooper, D. N., Mooney, S. D.,
& Radivojac, P. (2009). Automated inference of molecular mechanisms of
disease from amino acid substitutions. Bioinformatics (Oxford, England),
25(21), 2744–2750. https://doi.org/10.1093/bioinformatics/btp528
Li, S., Gu, X., & Yi, S. (2017). The Regulatory Effects of Transforming Growth Factor-β
on Nerve Regeneration. Cell Transplantation, 26(3), 381–394.
https://doi.org/10.3727/096368916X693824
Lopes, S. M. C. D. S., Feijen, A., Korving, J., Korchynskyi, O., Larsson, J., Karlsson, S.,
Dijke, P. T., Lyons, K. M., Goldschmeding, R., Doevendans, P., & Mummery, C.
L. (2004). Connective tissue growth factor expression and Smad signaling
during mouse heart development and myocardial infarction. Developmental
Dynamics, 231(3), 542–550. https://doi.org/10.1002/dvdy.20162
Lopez-Dee, Z., Pidcock, K., & Gutierrez, L. S. (2011). Thrombospondin-1: Multiple
paths to inflammation. Mediators of Inflammation, 2011, 296069.
https://doi.org/10.1155/2011/296069

92
Luft, F. C. (2008). CCN2, the connective tissue growth factor. Journal of Molecular
Medicine, 86(1), 1–3. https://doi.org/10.1007/s00109-007-0287-x
Luo, K. (2017). Signaling Cross Talk between TGF-β/Smad and Other Signaling
Pathways. Cold Spring Harbor Perspectives in Biology, 9(1), a022137.
https://doi.org/10.1101/cshperspect.a022137
Lyons, R. M., Gentry, L. E., Purchio, A. E., & Moses, H. L. (1990). Mechanism of
Activation of Latent Recombinant Transforming Growth Factor by Plasmin. 7.
Massagué, J. (1990). The transforming growth factor-beta family. Annual Review of
Cell Biology, 6, 597–641.
https://doi.org/10.1146/annurev.cb.06.110190.003121
Massagué, J. (2012). TGFβ signalling in context. Nature Reviews Molecular Cell
Biology, 13(10), 616–630. https://doi.org/10.1038/nrm3434
Moore-Morris, T., Guimarães-Camboa, N., Banerjee, I., Zambon, A. C., Kisseleva, T.,
Velayoudon, A., Stallcup, W. B., Gu, Y., Dalton, N. D., Cedenilla, M., GomezAmaro, R., Zhou, B., Brenner, D. A., Peterson, K. L., Chen, J., & Evans, S. M.
(2014). Resident fibroblast lineages mediate pressure overload–induced
cardiac fibrosis. The Journal of Clinical Investigation, 124(7), 2921–2934.
https://doi.org/10.1172/JCI74783
Mori, T., Kawara, S., Shinozaki, M., Hayashi, N., Kakinuma, T., Igarashi, A., Takigawa,
M., Nakanishi, T., & Takehara, K. (1999). Role and interaction of connective
tissue growth factor with transforming growth factor-β in persistent fibrosis:
A mouse fibrosis model. Journal of Cellular Physiology, 181(1), 153–159.
https://doi.org/10.1002/(SICI)1097-4652(199910)181:1<153::AIDJCP16>3.0.CO;2-K
Morris, D. G., Huang, X., Kaminski, N., Wang, Y., Shapiro, S. D., Dolganov, G., Glick, A.,
& Sheppard, D. (2003). Loss of integrin αvβ6-mediated TGF-β activation
causes Mmp12-dependent emphysema. Nature, 422(6928), 169–173.
https://doi.org/10.1038/nature01413
Mozaffarian, D., Benjamin, E. J., Go, A. S., Arnett, D. K., Blaha, M. J., Cushman, M.,
Das, S. R., de Ferranti, S., Després, J.-P., Fullerton, H. J., Howard, V. J.,
Huffman, M. D., Isasi, C. R., Jiménez, M. C., Judd, S. E., Kissela, B. M.,
Lichtman, J. H., Lisabeth, L. D., Liu, S., … Turner, M. B. (2016). Executive
Summary: Heart Disease and Stroke Statistics—2016 Update. Circulation,
133(4), 447–454. https://doi.org/10.1161/CIR.0000000000000366

93
Munger, J. S., Huang, X., Kawakatsu, H., Griffiths, M. J., Dalton, S. L., Wu, J., Pittet, J.
F., Kaminski, N., Garat, C., Matthay, M. A., Rifkin, D. B., & Sheppard, D. (1999).
The integrin alpha v beta 6 binds and activates latent TGF beta 1: A
mechanism for regulating pulmonary inflammation and fibrosis. Cell, 96(3),
319–328. https://doi.org/10.1016/s0092-8674(00)80545-0
Murtha, L. A., Schuliga, M. J., Mabotuwana, N. S., Hardy, S. A., Waters, D. W.,
Burgess, J. K., Knight, D. A., & Boyle, A. J. (2017). The Processes and
Mechanisms of Cardiac and Pulmonary Fibrosis. Frontiers in Physiology, 8.
https://doi.org/10.3389/fphys.2017.00777
Ohnishi, H., Oka, T., Kusachi, S., Nakanishi, T., Takeda, K., Nakahama, M., Doi, M.,
Murakami, T., Ninomiya, Y., Takigawa, M., & Tsuji, T. (1998). Increased
Expression of Connective Tissue Growth Factor in the Infarct Zone of
Experimentally Induced Myocardial Infarction in Rats. Journal of Molecular
and Cellular Cardiology, 30(11), 2411–2422.
https://doi.org/10.1006/jmcc.1998.0799
Perbal, B. (2001). NOV (nephroblastoma overexpressed) and the CCN family of genes:
Structural and functional issues. Molecular Pathology, 54(2), 57–79.
https://doi.org/10.1136/mp.54.2.57
Popov, Y., Patsenker, E., Stickel, F., Zaks, J., Bhaskar, K. R., Niedobitek, G., Kolb, A.,
Friess, H., & Schuppan, D. (2008). Integrin αvβ6 is a marker of the progression
of biliary and portal liver fibrosis and a novel target for antifibrotic therapies.
Journal of Hepatology, 48(3), 453–464.
https://doi.org/10.1016/j.jhep.2007.11.021
Querejeta, R., López, B., González, A., Sánchez, E., Larman, M., Martínez Ubago, J. L.,
& Díez, J. (2004). Increased Collagen Type I Synthesis in Patients With Heart
Failure of Hypertensive Origin. Circulation, 110(10), 1263–1268.
https://doi.org/10.1161/01.CIR.0000140973.60992.9A
Ranganathan, P., Agrawal, A., Bhushan, R., Chavalmane, A. K., Kalathur, R. K. R.,
Takahashi, T., & Kondaiah, P. (2007). Expression profiling of genes regulated
by TGF-beta: Differential regulation in normal and tumour cells. BMC
Genomics, 8, 98. https://doi.org/10.1186/1471-2164-8-98
Reva, B., Antipin, Y., & Sander, C. (2011). Predicting the functional impact of protein
mutations: Application to cancer genomics. Nucleic Acids Research, 39(17),
e118. https://doi.org/10.1093/nar/gkr407
Shihab, H. A., Gough, J., Cooper, D. N., Stenson, P. D., Barker, G. L. A., Edwards, K. J.,
Day, I. N. M., & Gaunt, T. R. (2013). Predicting the functional, molecular, and

94
phenotypic consequences of amino acid substitutions using hidden Markov
models. Human Mutation, 34(1), 57–65. https://doi.org/10.1002/humu.22225
Shihab, H. A., Gough, J., Mort, M., Cooper, D. N., Day, I. N. M., & Gaunt, T. R. (2014).
Ranking non-synonymous single nucleotide polymorphisms based on disease
concepts. Human Genomics, 8, 11. https://doi.org/10.1186/1479-7364-8-11
Shinde, A. V., & Frangogiannis, N. G. (2014). Fibroblasts in myocardial infarction: A
role in inflammation and repair. Journal of Molecular and Cellular Cardiology,
70, 74–82. https://doi.org/10.1016/j.yjmcc.2013.11.015
Song, B., Estrada, K. D., & Lyons, K. M. (2009). Smad Signaling in Skeletal
Development and Regeneration. Cytokine & Growth Factor Reviews, 20(5–6),
379–388. https://doi.org/10.1016/j.cytogfr.2009.10.010
Soonpaa, M. H., & Field, L. J. (1997). Assessment of cardiomyocyte DNA synthesis in
normal and injured adult mouse hearts. American Journal of Physiology-Heart
and Circulatory Physiology, 272(1), H220–H226.
https://doi.org/10.1152/ajpheart.1997.272.1.H220
Sutton, M., & Sharpe, N. (2000). Left ventricular remodeling after myocardial
infarction: Pathophysiology and therapy. Circulation.
https://doi.org/10.1161/01.CIR.101.25.2981
Tang, H., & Thomas, P. D. (2016). PANTHER-PSEP: Predicting disease-causing genetic
variants using position-specific evolutionary preservation. Bioinformatics
(Oxford, England), 32(14), 2230–2232.
https://doi.org/10.1093/bioinformatics/btw222
Uhlén, M., Fagerberg, L., Hallström, B. M., Lindskog, C., Oksvold, P., Mardinoglu, A.,
Sivertsson, Å., Kampf, C., Sjöstedt, E., Asplund, A., Olsson, I., Edlund, K.,
Lundberg, E., Navani, S., Szigyarto, C. A.-K., Odeberg, J., Djureinovic, D.,
Takanen, J. O., Hober, S., … Pontén, F. (2015). Tissue-based map of the human
proteome. Science, 347(6220). https://doi.org/10.1126/science.1260419
Valdimarsdottir, G., Goumans, M.-J., Itoh, F., Itoh, S., Heldin, C.-H., & Dijke, P. ten.
(2006). Smad7 and protein phosphatase 1α are critical determinants in the
duration of TGF-β/ALK1 signaling in endothelial cells. BMC Cell Biology, 7(1),
16. https://doi.org/10.1186/1471-2121-7-16
Valentijn, F. A., Falke, L. L., Nguyen, T. Q., & Goldschmeding, R. (2018). Cellular
senescence in the aging and diseased kidney. Journal of Cell Communication
and Signaling, 12(1), 69–82. https://doi.org/10.1007/s12079-017-0434-2

95
Virani, S. S., Alonso, A., Benjamin, E. J., Bittencourt, M. S., Callaway, C. W., Carson, A.
P., Chamberlain, A. M., Chang, A. R., Cheng, S., Delling, F. N., Djousse, L.,
Elkind, M. S. V., Ferguson, J. F., Fornage, M., Khan, S. S., Kissela, B. M.,
Knutson, K. L., Kwan, T. W., Lackland, D. T., … On behalf of the American Heart
Association Council on Epidemiology and Prevention Statistics Committee and
Stroke Statistics Subcommittee. (2020). Heart Disease and Stroke Statistics—
2020 Update: A Report From the American Heart Association. Circulation,
141(9). https://doi.org/10.1161/CIR.0000000000000757
Wang, Q., Usinger, W., Nichols, B., Gray, J., Xu, L., Seeley, T. W., Brenner, M., Guo, G.,
Zhang, W., Oliver, N., Lin, A., & Yeowell, D. (2011). Cooperative interaction of
CTGF and TGF-β in animal models of fibrotic disease. Tissue Repair, 11.
Way, K. J., Isshiki, K., Suzuma, K., Yokota, T., Zvagelsky, D., Schoen, F. J., Sandusky, G.
E., Pechous, P. A., Vlahos, C. J., Wakasaki, H., & King, G. L. (2002). Expression
of Connective Tissue Growth Factor Is Increased in Injured Myocardium
Associated With Protein Kinase C 2 Activation and Diabetes. Diabetes, 51(9),
2709–2718. https://doi.org/10.2337/diabetes.51.9.2709
Weinstein, M., Yang, X., & Deng, C.-X. (2000). Functions of mammalian Smad genes as
revealed by targeted gene disruption in mice. Cytokine & Growth Factor
Reviews, 11(1–2), 49–58. https://doi.org/10.1016/S1359-6101(99)00028-3
Xu, J., Smock, S. L., Safadi, F. F., Rosenzweig, A. B., Odgren, P. R., Marks, S. C., Owen,
T. A., & Popoff, S. N. (2000). Cloning the full-length cDNA for rat connective
tissue growth factor: Implications for skeletal development. Journal of Cellular
Biochemistry, 77(1), 103–115. https://doi.org/10.1002/(SICI)10974644(20000401)77:1<103::AID-JCB11>3.0.CO;2-G
Xu, X., Zheng, L., Yuan, Q., Zhen, G., Crane, J. L., Zhou, X., & Cao, X. (2018).
Transforming growth factor-β in stem cells and tissue homeostasis. Bone
Research, 6(1), 1–31. https://doi.org/10.1038/s41413-017-0005-4
Yano, T., Miura, T., Ikeda, Y., Matsuda, E., Saito, K., Miki, T., Kobayashi, H., Nishino, Y.,
Ohtani, S., & Shimamoto, K. (2005). Intracardiac fibroblasts, but not bone
marrow derived cells, are the origin of myofibroblasts in myocardial infarct
repair. Cardiovascular Pathology, 14(5), 241–246.
https://doi.org/10.1016/j.carpath.2005.05.004
Yokoi, H., Mukoyama, M., Mori, K., Kasahara, M., Suganami, T., Sawai, K., Yoshioka,
T., Saito, Y., Ogawa, Y., Kuwabara, T., Sugawara, A., & Nakao, K. (2008).
Overexpression of connective tissue growth factor in podocytes worsens
diabetic nephropathy in mice. Kidney International, 73(4), 446–455.
https://doi.org/10.1038/sj.ki.5002722

96

Youn, T.-J., Kim, H.-S., & Oh, B.-H. (1999). Ventricular remodeling and transforming
growth factor-beta 1 mRNA expression after nontransmural myocardial
infarction in rats: Effects of angiotensin converting enzyme inhibition and
angiotensin II type 1 receptor blockade. Basic Research in Cardiology, 94(4),
246–253. https://doi.org/10.1007/s003950050149
Zhang, K., Rekhter, M. D., Gordon, D., & Phan, S. H. (1994). Myofibroblasts and Their
Role in Lung Collagen Gene Expression during Pulmonary Fibrosis. 145(1), 12.

97

CHAPTER 4
DISCUSSION AND CONCLUSIONS
The term fibrosis is used to describe the thickening and scarring of tissue after
damage or disease. It can occur in any tissue or organ in the human body, and is
presently a major contributing factor to both morbidity and mortality globally and in
the United States. Wound healing is a multifactorial process, with specific conditions,
numerous genes and proteins involved. An increase in risk of systemic sclerosis
development within certain ethnic groups and affected families is an example of the
genetic variability and severity of fibrosis within a population. One gene involved in
both wound healing and fibrosis is Connective Tissue Growth Factor (CTGF). Genetic
variants located in the promoter region of CTGF have been investigated and
correlated to increased risk of systemic sclerosis development (Fonseca et al., 2007).
To date, the association of promoter variants to family history of cardiovascular
disease (CVD) phenotypes or comorbidities has not been investigated. In addition to
the promoter, current and previous research in the Doherty lab has focused on
associations between CVD-phenotypes and comorbidities and variants in the coding
region of CTGF. By utilizing a tissue culture inflammatory model, we are able to
measure the impact of variants on CTGF expression in a tangible way.
To study the association of CTGF promoter variants to CVD-phenotypes and
comorbidities, cheek cells and family history surveys were collected from individuals
in the Plymouth State University population. One limitation of using self-reported
family history surveys is the majority of volunteers are college students and may not
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know their complete family medical history. Our sample population was ~75
individuals, making it comparable to other similar studies. The 1000 Genome Project,
one of the largest and most well-known genome sequencing projects, genotyped
only about ~100 people from each ethnic group (The 1000 Genomes Project
Consortium et al., 2015). Due to this small sample size, it is unlikely that the entirety
of human genetic diversity was collected in this single study. Another limitation of
our sample population is a lack of ethnic diversity. The PSU population is ethnically
homogenous with most individuals claiming European descent. Any associations or
findings will need to be verified in a larger, more diverse population set.
Despite the limitations, we were able to identify two previously published
promoter variants within our population. DNA was extracted, amplified via PCR,
purified and sent for sequencing. Results from the survey and targeted resequencing
of the CTGF promoter were used to determine whether presence of variant(s) was
associated to a family history of CVD-related phenotypes or comorbidities.
Due to the size of the promoter region (1500 bp), it was divided into two 750
bp amplicons named P1 and P2 for optimal Sanger sequencing. The P1 portion of the
CTGF promoter contains a high proportion of G-C bonds, making it a difficult region
to amplify and sequence (Fernandez-Rachubinski et al., 1990), resulting in the need
for additional sequencing reagents. Because of this, it is likely that there were
additional novel variants located in the promoter region that were not identified by
this research.
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One variant, G-745/-945C, has been associated to increased CTGF expression
and increased susceptibility to systemic sclerosis development (Fonseca et al., 2007).
The second variant, C-450G, has not been associated to any disease outcomes to
date. Interestingly, C-450G was only found in heterozygosity, with three individuals
having the variant. This suggests that while the affected allele may impact CTGF
expression, the presence of one WT CTGF copy is enough to compensate for any
deleterious impact that may be occurring.
It was discovered during this research that the location of the G-745/-945C
variant is up for question. While the original paper stated the location as -945 bases
before the transcription start (+1) site, after sequencing and aligning the original
primers the authors used, we determined the actual location of this variant is -745
bases before +1. There have been multiple attempts to replicate the association
found by Fonseca et al. One study, with a similar study design, concluded that there
was an association between the G variant and increased susceptibility to SSc in their
sample population (Kawaguchi et al., 2009).
However, several other studies have been unable to replicate these findings,
including a North American cohort, a European cohort and a Thai cohort (Dendooven
et al., 2011; Louthrenoo et al., 2011; Rueda et al., 2009). This inconsistency between
studies highlights the need for a standardized counting protocol when submitting
variants to dbSNP, or any database.
While Sanger sequencing has long been considered the gold-standard for
sequencing, Next Generation Sequencing (NGS) is a newer more cost effective
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sequencing method that is capable of collecting immense amounts of data. Although
it may be tempting to utilize NGS to collect data and conduct studies, it is not
necessarily the better sequencing option. For specific genes that may be associated
with disease, particularly candidate gene studies, targeted resequencing methods
such as those implemented by our study are an effective way of expanding our
understanding of genetic diversity.
Exon Variants impact CTGF expression after treatment with TGFβ
Exon variants previously identified in our sample population include 6 novel
and 11 previously published. Two of these variants, G560T and G1355T, were chosen
for further study. Neither variant was found by the 1000 Genomes Study, but was
found in the Exome Aggregation Consortium (ExAc) (Lek et al., 2016) and/or Exome
Sequencing Project (ESP) (Fu et al., 2013). This is likely due to the fact that exome
sequencing projects focus specifically in case-control studies, and frequencies
observed often do not represent the gene frequencies of population as a whole.
Most variants found in our sample population were uncommon, with frequencies
between 0.005 and 0.05. The exceptions to this include G1355T which occurred in
our sample population at a frequency of 0.143 and two rare variants that each
occurred at a frequency of 0.002. While the published frequency of G560T is <0.001,
within our sample population we found it at 0.029. The considerable difference in the
observed and published frequency is one of the reasons for looking more in-depth at
G560T. After running multiple bio-informatics programs (methodology described in
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further detail in the methods section of Chapter 3), G560T was determined to be
deleterious and likely impactful on the CTGF protein form or function.
Previous research in our lab found that G1355T was negatively associated to
Total CVD risk. Statistically, this association no longer falls below our corrected pvalue for significance. G1355T causes an amino acid change from a cysteine to
phenylalanine in the TSP domain of CTGF. We hypothesize that this variant may have
cardioprotective properties, due to either a destabilization of the CTGF protein, or a
disruption in the binding of LRP-1 to its receptor, resulting in a decrease in TGFβinduced fibroblast differentiation and ECM protein expression (Yang et al., 2004). It is
important to note that 25 people were homozygous for the G1355T variant in our
sample population. Therefore, this variant does not completely irradicate CTGF
expression, as complete removal of CTGF results in developmental issues and
embryonic lethality (Doherty et al., 2010; Ivkovic, 2003). Instead, it seems likely that
G1355T impacts a subset of CTGF functions or reduces protein folding efficiency.
CTGF gene expression was lower in cells containing the G1355T variant than WT,
strengthening our hypothesis that G1355T has an impact on CTGF expression,
possibly via the LRP1 receptor outlined above. Scratch test data collected for this
variant shows increased movement into the wound area. Future work in our lab will
include in vitro testing to determine what effects either variant has on fibroblast
proliferation, differentiation and expression of ECM proteins.
CTGF and COVID-19
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The relationship between fibrosis and CTGF is an important one, especially
during the current COVID-19 global pandemic. Beginning in December 2019, a novel
coronavirus, known as coronavirus disease 2019 (COVID-19) or severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), spread worldwide and devastated
both the medical community and the global population as a whole. At the time of
writing (December 2021), there have been over 252 million cases of COVID-19,
resulting in over 5 million deaths. As we continue to progress through the pandemic,
long term symptoms of COVID-19 are emerging and becoming an important area of
study. The most common symptoms reported include fever, dry cough, shortness of
breath, fatigue and nausea/vomiting (Levi et al., 2020; Mao et al., 2020). Persistence
of at least one or more symptoms has been reported in 70-80% of patients who have
recovered from COVID-19, even after they no longer test positive for the disease.
These symptoms are referred to as “Long Haul COVID-19” or “Long Term COVID-19”.
This designation is given to individuals who have survived COVID-19 but did not fully
recover after a period of 2-3 weeks (Correia et al., 2020; Hui et al., 2005). Using the
COVID-19 Symptom Study, a cohort of over four million affected individuals from the
US, UK and Sweden, 10% of people continue to experience symptoms beyond three
weeks and upwards of several months (Menni et al., 2020). One study, completed by
Taboada et al., showed that only 16% of patients were free of persistent symptoms
at six months of follow up. It is clear that individuals who have been infected with
COVID-19 continue to experience symptoms long past the initial infection. Other
complications of COVID-19 include impaired function of the heart, brain, lungs as well
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as other organ systems (Mao et al., 2020; Middeldorp et al., 2020). A study by Hall et
al, looked at 200 patients and showed that 40% had some form of cardiorespiratory
impairment. While COVID-19 can be found throughout the human body, the lungs
are of particular interest because the respiratory system is substantially impacted by
the virus. In mild to critical patients structural changes in the lungs and with
abnormal function, has been reported to persist for up to six months post
hospitalization (Heiss et al., 2021; Shah et al., 2021; van den Borst et al., 2020).
Additionally, it has been reported that the lung symptoms and dysfunctions observed
in patients are correlated to the severity of the COVID-19 cases (Chun et al., 2021;
Latronico et al., 2020; Truffaut et al., 2021). One study, completed by Han et al,
looked at 114 severe COVID-19 patients and reported that 35% of patients showed
lung fibrotic-like changes in patients up to six months post infection. Going forward,
pulmonary damage caused by COVID-19 will be an important area of study.
Pulmonary fibrosis (PF) is characterized as excessive extracellular matrix
(ECM) deposition resulting in a loss of parenchymal structure and eventual loss of
pulmonary function, with Idiopathic Pulmonary Fibrosis (IPF) being the most severe
form. While a direct relationship between COVID-19 and PF has not been established,
evidence from previous SARS outbreaks shows a clear connection between
coronavirus infection, persistent impairment of lung form and/or function and
abnormal radiological findings consistent with PF (Das et al., 2017; Hui et al., 2005;
Tse et al., 2004). Since CTGF inhibition has been shown to decrease fibrosis in mice
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(Sakai et al., 2017), CTGF has been looked at as a possible target gene for the
treatment of PF and IPF
Clinical Trials of CTGF Inhibition
While there is no current cure for fibrosis, there is currently a phase 2 trial
being conducted by FibroGen which is showing promise at slowing the progression of
idiopathic pulmonary fibrosis (IPF). Two previous drugs were approved in 2014 by the
FDA for treatment of IPF: Pirefenidone and Nintedanib. While both medications
slowed decline compared to placebo, they also resulted in gastrointestinal and other
tolerability issues, making them less than ideal for long term use. Pamrevlumab
(referred to as FG-3019 here after) is a recombinant human monoclonal antibody
against CTGF. Studies have shown a connection between CTGF and IPF, with CTGF
expression in lung tissue of patients with IPF being found at rate four times higher
than in patients without IPF (Richeldi et al., 2020). The increase in CTGF was
correlated to a change in forced vital capacity (FVC) which is a common indicator of
lung health and measures the amount of air an individual can expel after taking a
breath (Rolf et al., 1999). After 48 weeks of treatment, patients receiving FG-3019
showed significant increase in percentage of predicted FVC as compared to the
placebo group (p=0.014) (Richeldi et al., 2020). Following this research, FG-3019
continues to be tested as a treatment for IPF in an ongoing phase three trial.
Anti-fibrotic therapies available to treat fibrosis in the general population are
lacking, and there is no effective way to determine a patients likelihood of developing
fibrosis prior to onset. CTGF levels in the blood plasma has been suggested as a
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marker of fibrosis, but the presence of measurable CTGF in the blood is indicative of
the development of current fibrosis (Dendooven et al., 2011). Analyzing specific
genes, such as CTGF, and looking at the genetic predisposition of scarring in an
individual may be a feasible and accurate method of identifying those most at risk for
developing fibrosis post injury.
Research completed during this thesis confirmed the presence of two variants
in the promoter region of CTGF in the Plymouth State University population, and
looked for association of specific variants to family history of CVD-phenotypes and
comorbidities. While previous research has looked at the disease impact of these
variants, the association to family history of CVD-phenotypes has not been
investigated. After analyzing the coding region of the CTGF gene in the PSU
population, several novel and previously published variants were identified. Using a
tissue culture inflammatory wound model, CTGF variants were 1.) plated and
scratched to mimic wounding and 2.) CTGF expression was measured and analyzed.
Future applications of this research include genomic sequencing to identify those
most at risk for fibrosis post injury, and possible development of anti-fibrotic
treatments.
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Figure 2.1: Diagram of previously found and verified promoter elements in the CTGF
gene. Not to scale.
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Figure 2.2: PolyPhred alignment of the P2 portion of the CTGF promoter. Red box
denotes the location of the G-745/-945C genetic variant.
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Table 2.1: Promoter variants identified in our sample population. Location of variants
is reported relative to the published CTGF sequence on the minus strand., the
Reference SNP ID#, and the name of the CTGF variant. Published frequency data was
collected from the 1000 Genomes Project, specifically the CEU, a population in Utah
of primarily western and northern European descent. This is followed by the
frequency of the variant in the NH sample population and the sample size in
chromosomes.
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Table 2.2: Association of G-745/-945C and C-450G variants to cardiovascular related
phenotypes in the sample population. Table shows the trait that was being tested for
association, tau values and p-values
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Figure 3.1: Diagram of CTGF plasmid, with labels denoting restriction enzymes used,
and the location of specific CTGF variants

116
Figure 3.2: Image showing successful transfection of NIH/3T3 cells using GFP (to
visualize) and CTGF.
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Table 3.1: Variants found in the exon regions of CTGF with the nucleotide change
location on the minus strand, SNP ID (if applicable), the amino acid change that
occurs, weighted majority vote (WMV) (ranges from -1 to 1) and conservation score
(ranges from 1-9). Variants in red were chosen for further study.

Nucleotide
Change
(- strand)
G485A
G560T
C562G
T596C
G1061A
T1309C
G1355T

SNP ID

Amino Acid
Change

WMV

Cons.
Score

New
rs773759696
rs7451102
New
rs147441296
rs777353866
rs376817540

C57Y
C82F
H83D
V94A
V174M
C213R
C228F

0.56
1
-0.83
0
-1
1
0.78

8
8
1
2
1
8
8
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Table 3.2: Primers used for amplification and sequencing in all experiments. Primers
with an * were also used for Sanger sequencing.
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Figure 3.3: Line graph showing CTGF expression at hours 0, 2, 4, 6 and 12 hours post
treatment with TGFβ and relative to WT hour 0. Asterix denotes significance. At hour
0 when comparing G560T expression to WT (**=0.007), G1355T to WT at hour 4
(*P=0.003) and G560T to WT at hour 6 (***=0.042). No significant comparisons were
found at hour 12, likely due to overlapping error bars
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Figure 3.4: Bar graph showing the average mean Cq value to reach threshold at each
time point for each variant.
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Figure 3.5: Scratch test photos for WT (control), G1355T and G560T at hours 0, 12, 18
and 24. Red lines denote scratch area. Hours post scratch are located above the
photos. Variants used for transfection are located to the left of the photos.
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Figure 3.6: Line graph showing quantified wound closure of WT (control) and variants
over a 24h period. Percent wound closure is on the y axis, with hours post treatment
on the x axis.

