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ABSTRACT
Title of Dissertation: TIG3: A multifunctional regulator of cell proliferation and survival
Tiffany M. Scharadin, Doctor of Philosophy, 2012
Dissertation Directed by: Richard L. Eckert, Ph.D., John F.B. Weaver Distinguished
Professor and Chair of Biochemistry and Molecular Biology Department

The epidermis is a multi-layered organ which functions as a protective barrier
from the environment. Keratinocytes form the epidermis in a tightly regulated process of
terminal differentiation. Dysregulation of this process leads to hyperproliferative disease.
TIG3 is a tumor suppressor in the H-rev107 family, which was identified as having
elevated expression following treatment with the psoriasis drug, tazarotene. Levels of
TIG3 are decreased in diseases associated with hyperproliferation like psoriasis and skin
cancer. Restoration of TIG3 expression in these diseases results in a reduction of cell
proliferation rate and normalization of the disease phenotype. In normal epidermis, TIG3
is expressed in the suprabasal epidermal layers and is associated with cessation of cell
proliferation and activation of type I transglutaminase. Here we characterize the impact
of restoring TIG3 expression in skin cancer cell lines and in normal keratinocytes. We
observe that in skin cancer cells, TIG3 halts cell cycle progression at the G1/S phase and
induces apoptosis. This is associated with the novel finding that TIG3 associates at the
centrosome, which is also observed in normal keratinocytes. TIG3 distribution to the
centrosome is essential for its function and it acts by altering the function of the
centrosome. We observe a dramatic reorganization of the microtubule network and a

reduction in centrosome separation and cell division. We have also identified the region
of TIG3 (amino acids 102 - 125) responsible for TIG3 centrosome localization. This
region contains the highly conserved NC and LRYG motifs and we show that mutation of
these conserved elements prevent distribution to the centrosome. Tazarotene has been
successfully used clinically to treat psoriasis and nonmelanoma skin cancers, indicating
the potential role for TIG3 as a mediator of drug action. These studies support this
concept by identifying the mechanisms of TIG3 action.
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CHAPTER 1: INTRODUCTION1

A. THE EPIDERMIS AND TERMINAL DIFFERENTIATION
The epidermis is a multi-layered organ designed to protect the human body from
its environment. It lies immediately above the dermis and is composed mainly of
keratinocytes divided into four functional layers: the basal, spinous, granular, and
cornified layers (Fig. 1.1) (Eckert et al., 1997). Formation of these layers is controlled by
regulators in a specialized form of cell death that occurs in the skin, known as terminal
differentiation. The innermost layer, the basal layer, contains the undifferentiated, skin
stem cell population. Basal cells undergo regulated cell division to give rise to the
differentiated cells of the upper (suprabasal) layers (Pincelli et al., 2010). Following the
basal layer is the spinous layer, which is recognized by its network of desmosomes
between cells. In the next layer, the granular layer, cells are characterized by intracellular
membrane-bound granules, which contain materials for forming the outermost epidermal
layer. Cells in the spinous and granular (intermediate) layers are viable but are not able to
proliferate. In this region, cells start to lose expression of proliferation markers, such as
keratin 5 and keratin 14, and begin to express differentiation markers, such as type I
transglutaminase, involucrin, loricrin, filaggrin, keratin 1, and keratin 10 (Eckert et al.,
1997). Cells in the cornified (outermost) layer lack nuclei and organelles, are not viable,
and comprise the skin surface. These fully-differentiated cells are called corneocytes. The
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major characteristic of the corneocyte is the cornified envelope. Several envelope
precursor proteins have been identified, including: involucrin, cystatin-α, loricrin, elafin,
small proline-rich proteins (SPRs), filaggrin, and keratin (Eckert et al., 1997). The
precursor proteins are covalently-crosslinked to form the cornified envelope by the
enzyme type I transglutaminase (TG1). This enzyme is bound to the inner plasma
membrane surface and catalyzes the formation of ε-(γ-glutamyl)lysine bonds
(Chakravarty et al., 1989; Chakravarty et al., 1990; Folk et al., 1973). Corneocytes also
contain bundles of disulfide-stabilized keratin intermediate filaments (Eckert, 1989).
The process of terminal differentiation is tightly regulated by multiple signaling
pathways. The insulin-like growth factor I (IGF-I), epidermal growth factor (EGF),
transforming growth factor α (TGF-α), and keratinocyte growth factor (KGF) signaling
pathways are observed to enhance keratinocyte proliferation (Eckert et al., 1997). In
contrast, the TGF-β and interferon γ (IFN-γ) pathways, as well as an increased calcium
concentration, reduce keratinocyte proliferation and boost differentiation (Eckert et al.,
1997). Activated pathways typically control the level of proliferation or differentiation
regulators transcriptionally, through the binding of specific transcription factors to the
appropriate gene promoter (Eckert et al., 1997).
One of the most heavily studied signaling pathways in the human epidermis is the
protein kinase C (PKC) signaling cascade. Five of the eleven known PKC isozymes are
present in normal keratinocytes, however PKCδ appears to be the key isozyme
responsible for keratinocyte differentiation (Dlugosz et al., 1992; Efimova et al., 2002).
Extracellular stimuli, such as high calcium concentration and phorbol esters, are able to
activate PKC through activation of phospholipase C (PLC) (Nishizuka, 1992). Active
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PLC produces inositol triphosphate and 1,2-diacylglycerol (DAG) by hydrolyzing
membrane-bound phosphotidylinositol, activating PKC. Inhibitors of the PKC pathway
prevent keratinocyte differentiation, indicating that this signaling cascade plays an
essential role in this cell death process (Bollag et al., 1993; Dlugosz et al., 1994).
Specifically, activated PKC is associated with decreased levels of the proliferation
markers, keratin 1 and keratin 10, and enhanced levels of the differentiation markers,
loricrin, filaggrin, and TG1 (Dlugosz et al., 1992). More recent studies have identified the
pathway between PKC activation and enhanced terminal differentiation. In keratinocytes,
active PKCs, especially the PKCδ isoform, activate a MAPK cascade through
phosphorylation of specific serines and threonines. This pathway includes the MAP
kinases: MEKK1, MEK3/MEK6, and p38δ (Adhikary et al., 2010; Eckert et al., 2004;
Efimova et al., 2002). Activation of the PKCδ MAPK pathway correlates with an
increased level and promoter binding of transcription factors essential for transcription of
differentiation regulators, including activator protein 1 (AP1), specificity protein 1 (Sp1),
and CCAAT/enhancer binding protein (C/EBP) as well as enhanced levels of
differentiation markers (Adhikary et al., 2010; Eckert et al., 2004; Efimova et al., 2002).
PKCδ is proposed to simultaneously decrease activity of the ERK1 pathway and decrease
cell proliferation (Chew et al., 2011). Though not the only pathway regulating terminal
differentiation, activation of the PKC signaling cascade is essential in control of terminal
differentiation and a loss of this regulation leads to epidermal diseases and cancer (Eckert
et al., 1997).

3

Figure 1.1: The human epidermis
The human epidermis is segmented into four layers. Undifferentiated, skin stem cells are
located in the basal layer where they proliferate to replenish cells lost in the
differentiated, upper layers. Cells move from this layer into the upper layers in a tightly
regulated process known as terminal differentiation. This process begins in the
intermediate layers: the spinous and granular layers. The spinous layer is characterized by
the presence of desmosomal connections between the cells. The granular layer is
identified by the presence of membrane-bound granules. In the uppermost, cornified
layer, the keratinocytes are no longer viable, lack a nucleus, and are covalently
crosslinked to form a tight barrier from the environment.
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B. ABNORMAL KERATINOCYTE DIFFERENTIATION
1. Hyperproliferative diseases
Hyperproliferative diseases are defined as conditions which have an enhanced rate
of cell growth. Psoriasis is a well-studied hyperproliferative disease of the epidermis that
affects approximately 2% of the US population (Menter et al., 2008). Psoriasis is
characterized by itchy or painful patches of thickened, reddened, silvery, scaly skin.
These patches are commonly located on the elbows, knees, scalp, back, face, hands, and
feet, but can develop anywhere (Menter et al., 2008). This condition is typically nonfatal
but can persist for extended periods of time, with the severity of symptoms fluctuating
(Green, 2011; Griffiths et al., 2007; Smith et al., 2009). Psoriasis is believed to be caused
by an overactive immune system, causing T cells to attack healthy cells, increase
inflammation, and release chemokines and cytokines causing basal keratinocytes to
proliferate (Griffiths et al., 2007; Krueger et al., 2005; Menter et al., 2008). The enhanced
proliferation rate of cells in the basal layer leads to an elevated number of cells in the
suprabasal layers of the epidermis (Eckert, 1989; Griffiths et al., 2007). Subsequently,
cells in these upper skin layers are not able to complete the terminal differentiation
pathway, as evidenced by decreased expression of differentiation markers compared to
normal skin (Griffiths et al., 2007; Weiss et al., 1984). This is likely due to a reduction in
the time it takes psoriatic cells to move from the basal layer to the cornified layer.
Keratinocytes typically take 28 days to traverse from the basal layer to the cornified
layer, but psoriatic cells make this journey in about four days. Moreover, cells in the
uppermost layer do not slough off quickly enough to compensate and a large buildup of
cells forms in this area.
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Several factors may intensify the frequency and severity of psoriasis, including a
family history, infections, skin injuries, stress, cold weather, smoking, alcohol,
medications, and obesity (Griffiths et al., 2007; Menter et al., 2008). The three main
treatment types for psoriasis are topical creams and ointments, light therapy, and systemic
medications. The majority of patients affected with psoriasis are treated with one of
several types of topical treatments for mild to moderate psoriasis, including topical
corticoids, vitamin D analogues, anthralin, topical retinoids, calcineurin inhibitors,
salicylic acid, coal tar, and moisturizers (Green, 2011; Menter et al., 2009a). These
treatments have different mechanisms of action but most work by reducing cell
proliferation. Light therapy, also known as phototherapy, can be used to treat psoriasis
because brief amounts of natural or artificial UV light can kill active immune cells,
reducing cell proliferation and inflammation (Bulat et al., 2011; Lapolla et al., 2011;
Menter et al., 2010). More severe psoriasis cases can be treated with oral or injected
medications, such as retinoids, methotrexate, cyclosporine, hydroxyurea,
immunomodulator drugs, or thioguanine (Green, 2011; Menter et al., 2009b). However,
these systemic treatments may cause more severe side effects and are used sparingly. A
combination of therapies may also be used.
2. Cancer
Cancer is another hyperproliferative disorder. Skin cancer is the most common
form of cancer diagnosed in the United States and the most common type of cancer in
fair-skinned populations worldwide (Narayanan et al., 2010; National Cancer Institute,
2010). Skin cancers are separated into three major types: basal cell carcinoma (BCC),
squamous cell carcinoma (SCC), and melanoma. The first two types arise from cells
6

within the epidermis, while melanoma forms from melanocytes. More than two million
people worldwide are treated for nonmelanoma (SCC and BCC) skin cancers each year,
most of which are basal cell carcinomas (Narayanan et al., 2010; National Cancer
Institute, 2010). These cancers are diverse in their origin, carcinogenesis, and prognoses,
but are all likely to be caused by exposure to ultraviolet light. While these cancers are
typically found on sun-exposed areas of skin, they can also develop in the mouth and
eyes. Risk factors for skin cancer can include pale skin, levels of UV light exposure,
family history, multiple or abnormal moles, and age. Protection from UV radiation (e.g.
clothing, sunscreen, and avoiding the sun at its highest intensity) is highly suggested for
skin cancer prevention (Narayanan et al., 2010). Treatment usually involves removal of
the primary tumor through excision or Mohs surgery. Radiation and chemotherapy are
also treatment options for more severe tumors.
a. Basal cell carcinoma
Basal cell carcinomas are the most common type of skin cancer, accounting for
greater than 80% of annual skin cancer diagnoses in the United States (Narayanan et al.,
2010; National Cancer Institute, 2010). BCCs are observed as proliferating basal cells
with cords and islands invading into the dermis and do not form from precancerous
lesions (Hussein, 2005). BCCs are usually slow growing, asymptomatic, and tend not to
metastasize (Narayanan et al., 2010). Treatment of BCCs has a high cure rate of 95% but
also carries a high 45% occurrence rate for second primary BCCs (Marghoob et al., 1993;
Silverman et al., 1991a; Silverman et al., 1991b).
BCCs frequently contain mutations in one (or more) of three tumor suppressor
genes: patched (PTC), smoothened (SMO), or p53 (Hussein, 2005). Mutations in PTC
7

generate increased protein levels of the gene but with a decrease in protein function,
while mutations in SMO are typically gain-of-function mutations (Aszterbaum et al.,
1998; Johnson et al., 1996; Lam et al., 1999). PTC mutations can be inherited and are
found in basal cell nevus syndrome (BCNS), or Gorlin syndrome, which causes an
increased susceptibility to BCC development. More than half of all BCCs contain an
ultraviolet (UV) light-induced mutation in p53 which inactivates it (Ashton et al., 2001).
b. Squamous cell carcinoma
Keratinocytes in squamous cell carcinoma lesions do not undergo the cell death
pathway of terminal differentiation as in normal epidermis. As such, these cells display
abnormal keratin organization in the form of keratin pearls, hyperchromatic nuclei or
multinucleated, and undergo atypical mitosis. Similarly, squamous cell carcinoma cells
grown in culture are defective in keratin, involucrin, and transglutaminase expression,
and they are not able to form cornified envelopes (Eckert, 1989). SCCs often form in
areas of damaged skin or skin which has chronic inflammation and form precancerous
lesions (Hussein, 2005). Metastasis rates are low for SCCs, around 3 – 6% with a fiveyear remission rate greater than 90% (Immerman et al., 1983).
Carcinogenesis of squamous cell carcinoma typically begins with ultraviolet (UV)
light damage. The tumor suppressor gene, p53, is a frequent target of DNA damage in
this cancer type with more than 90% of SCCs having cytosine to thymine or CC to TT
transitions in this gene (Brash et al., 1991; Hussein, 2005; Nataraj et al., 1995; Ziegler et
al., 1994). These mutations usually inactivate the p53 gene.
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c. Melanoma
Melanoma is the least common type of skin cancer (less than 5% of malignant
diagnoses), but accounts for more than 70% of skin cancer-related deaths (Bandarchi et
al., 2010; Howlader et al., 2012; Narayanan et al., 2010; von Thaler et al., 2010). In
addition, melanoma incidence is increasing, particularly in populations with lighter skin
tones (Howlader et al., 2012). Melanoma lesions are characterized by asymmetry,
irregular borders, uneven surfaces, color variegation, and/or changes in size, and can
develop de novo or from pre-existing nevi (Hussein, 2005; Wilkerson, 2011). Melanoma
is divided into four types: superficial spreading, nodular, lentigo maligna, and acral
lentiginous. Melanoma formation can be hereditary or sporadic, with hereditary
melanoma occurring in 5 to 12% of all patients (Bandarchi et al., 2010). Mutations in
melanomas are complex, but may focus around the p16 and p14 genes encoded by the
CDKN2A locus with fewer p53 mutations than other skin cancer types (Bandarchi et al.,
2010; Hussein, 2005; Nelson et al., 2009). Melanoma is curable when discovered in the
early stages. However, metastatic melanoma is frequently resistant to traditional therapies
and has a high mortality rate with an average survival time of less than one year
(Bandarchi et al., 2010; Howlader et al., 2012; Nelson et al., 2009).
d. Role of ultraviolet (UV) light in skin cancer development
Ultraviolet (UV) light is separated into three spectra: UVA (320 - 400 nm), UVB
(280 – 320 nm), and UVC (200 - 280 nm) (Hussein, 2005; Narayanan et al., 2010; von
Thaler et al., 2010). UVB is the main spectrum responsible for UV-induced skin cancers,
as UVA is not strongly absorbed by biomolecules and UVC is absorbed by earth’s
atmosphere (Hussein, 2005; Narayanan et al., 2010; von Thaler et al., 2010). Absorption
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of UV radiation occurs in biomolecules, including melanin, DNA, amino acids, caroten,
and urocanic acids, though damage to DNA is the most critical (Hussein, 2005). The
multi-layered skin structure provides for absorption of UVB radiation by amino acids in
the upper layer skin cells before it can reach the DNA of proliferating skin cells in the
basal layer (Hussein, 2005). The presence of melanin also provides protection to the
proliferating cells by absorbing UV and visible radiation, converting it to heat, and
dispersing it (Hussein, 2005).
Exposure to UVB causes signature types of damage to DNA, called cyclobutanepyrimidine dimers (CPDs) and pyrimidine-pyridone (6-4) photoproducts (6-4PPs)
(Hussein, 2005; von Thaler et al., 2010). Incorrect repair of this adduct can create
cytosine to thymine or CC to TT mutations. Mutations relevant to skin cancer typically
occur in tumor suppressor genes or in proto-oncogenes. Tumor suppressor genes, such as
p53, are responsible for maintaining the homeostasis between cell proliferation and death,
and are impacted by loss-of-function mutations. Proto-oncogenes, such as the ras family,
are pro-survival genes, and are typically enhanced in level or activity by gain-of-function
mutations.
UV-induced mutations are frequently observed in skin cancers like squamous and
basal cell carcinomas (von Thaler et al., 2010). Lifetime UV exposure appears to be
important for SCC development, while intense, intermittent UV exposure (particularly in
early childhood) poses a higher risk for BCC and melanoma development (Narayanan et
al., 2010; von Thaler et al., 2010). The role of UV radiation in melanomagenesis is
controversial. However, evidence suggests that UV plays a role in all three types of skin
cancer, as rates of skin carcinogenesis increase proportionately with latitude-dependent
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level of ambient solar UV and length of time spent in areas of high ambient solar UV
(Armstrong et al., 2001). Moreover, skin cancer incidence is inversely proportional to
skin tone and ability to tan, and the majority of cancers occur in sun-exposed areas of the
body (Armstrong et al., 2001; Hussein, 2005; Narayanan et al., 2010; von Thaler et al.,
2010). Humans are exposed to UV light on a regular basis, indicating that understanding
the role of UV in carcinogenesis is key to providing prevention of skin cancers.
C. TAZAROTENE-INDUCED GENE 3
Tazarotene-induced gene 3 (TIG3) is a 164 amino acid protein that was originally
identified as increased in expression in keratinocytes treated with the anti-psoriasis
topical retinoid drug, tazarotene (DiSepio et al., 1998). TIG3 is also known as retinoid
induced gene 1 (RIG1) and retinoic acid receptor responder 3 (RARRES3) (Huang et al.,
2000; Jiang et al., 2005b; Ou et al., 2008; Tsai et al., 2006). TIG3 belongs to the Hrev107 family of class II tumor suppressors, a family of proteins that share sequence and
structure conservation (DiSepio et al., 1998). The TIG3 structure includes a 134 amino
acid N-terminal hydrophilic region, which contains regions of sequence conservation
shared with other H-rev107 family members, the lecithin retinol acyltransferase (LRAT)
family, and the NlpC/P60 super family (Anantharaman et al., 2003; Hajnal et al., 1994;
Husmann et al., 1998; Jahng et al., 2003) (Fig. 1.2). These include the N-terminal
homology domain, NCEHFV, and LRYG motifs (Deucher et al., 2000). The protein also
encodes a 30 amino acid C-terminal tail. This hydrophobic tail serves as a membrane
anchoring domain (Deucher et al., 2000).

11

Figure 1.2: Structure of TIG3
TIG3 is composed of 164 amino acids. It is divided into an N-terminal hydrophilic
domain (amino acids 1 – 134, purple) and a C-terminal hydrophobic domain (amino acids
134 – 164, green). Motifs conserved with the H-rev107 family (orange) are located along
the entire length of TIG3. Two notable motifs include the NCEHFV and LRYG domains.
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D. TIG3 AS A REGULATOR OF KERATINOCYTE TERMINAL
DIFFERENTIATION
TIG3 is expressed in keratinocyte monolayer cultures at very low levels
(Sturniolo et al., 2005). However, within the epidermis, TIG3 is expressed in the
suprabasal layer, which suggests that it has a role in terminal differentiation (Duvic et al.,
2000). Indeed, expression of TIG3 in normal keratinocytes is found to cause a change
that morphologically resembles the corneocytes, the terminally differentiated cells that
comprise the cornified layer (Sturniolo et al., 2003). Further analysis of the mechanism of
TIG3 action in keratinocytes indicates that TIG3 interacts with and activates type I
transglutaminase (TG1) at the cell membrane (Sturniolo et al., 2003; Sturniolo et al.,
2005). Removal of the C-terminal tail of TIG3 prevents its interaction with TG1,
indicating that localization of TIG3 to the cell membrane is necessary for TIG3 to
activate TG1 (Sturniolo et al., 2003). Truncation of the N-terminus of TIG3 reveals that
the TG1 crosslinking domain lies between amino acids 124 and 164 of TIG3 (Jans et al.,
2008). While TIG3 markedly increases the activity of TG1, it is not able to increase the
cellular level of TG1 (Sturniolo et al., 2005). TG1 is the key enzyme responsible for
formation of the covalent bonds between proteins in cells in the cornified layer (Phillips
et al., 1990; Phillips et al., 1993). The addition of a TG1 substrate competitive inhibitor,
monodansylcadaverine, blocks TG1 activation and reduces the impact of TIG3 on cells
(Sturniolo et al., 2005). This finding suggests that TIG3 serves as a substrate for TG1 and
that TG1 is an important mediator of TIG3 action. Thus, TIG3 is described as a necessary
regulator of terminal differentiation. The fact that hyperproliferative skin diseases, where
differentiation is incomplete, have reduced levels of TIG3, supports the hypothesis that
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TIG3 is necessary for normal terminal differentiation (Deucher et al., 2000; DiSepio et
al., 1998; Duvic et al., 2000; Duvic et al., 2003; Eckert et al., 1997; Jans et al., 2008).
Figure 1.3 shows a schematic representation of the interaction of TIG3 with TG1 and its
involvement in terminal differentiation.
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Figure 1.3: Mechanism of TIG3 action in keratinocytes
In differentiating keratinocytes, TIG3 moves to and binds the plasma membrane using its
C-terminal membrane-anchoring domain. At the plasma membrane, TIG3 binds to type I
transglutaminase (TG1), increasing its activity. Increased TG1 activity leads to increased
protein:protein covalent crosslinking and formation of the cornified envelope. Cornified
envelope formation is the final step in the terminal differentiation pathway, reducing cell
survival.
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E. TIG3 AS A REGULATOR OF CELL SURVIVAL
TIG3 is a class II tumor suppressor (DiSepio et al., 1998), meaning that loss of
native TIG3 is associated with skin cancer and hyperproliferative disease and that reexpression of TIG3 restores growth control. This suggests that loss of TIG3 expression
may be required for cancer progression. TIG3 levels can be restored in cancer cell lines
by treatment with tazarotene and other retinoids (DiSepio et al., 1998; Higuchi et al.,
2003; Huang et al., 2000; Jiang et al., 2005b). Furthermore, squamous and basal cell
carcinoma patients, treated with topical tazarotene, display increased TIG3 expression
which is associated with reduced tumor size (Duvic et al., 2003; Talpur et al., 2009). This
finding is similar to the reduced proliferation observed when TIG3 is expressed in normal
keratinocytes and immortalized keratinocytes (HaCaT cells) (Deucher et al., 2000; Eckert
et al., 2009; Jans et al., 2008; Sturniolo et al., 2003; Sturniolo et al., 2005). The
suggestion that TIG3 suppresses growth is supported by studies in cervical, prostate, head
and neck, lung, and gastric cancer cell lines where restoration of TIG3 expression
suppresses cell proliferation (Deucher et al., 2000; DiSepio et al., 1998; Higuchi et al.,
2003; Huang et al., 2000; Huang et al., 2002; Kawakami et al., 2006). Moreover, TIG3
also regulates cell survival in other systems. It was recently detected in tau formations in
neuropathies where TIG3 expression is associated with increased neuronal cell death
(Wilhelmus et al., 2012). Two proposed mechanisms for regulation of TIG3 expression
are promoter methylation and activation of expression in response to MAPK signaling
(Kwong et al., 2005; Lotz et al., 2005), although regulation has not been specifically
studied in keratinocytes or skin cancer cells.
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F. TIG3 FUNCTIONAL DOMAINS
TIG3 is composed of 164 amino acids and it shares significant homology with
other members of the H-rev107 tumor suppressor family (DiSepio et al., 1998). Several
conserved elements have been identified in this family, including the N-terminal
homology domain, NCEHFV domain, and LRYG domain. The overall structure of TIG3
is divided into an N-terminal hydrophilic region (amino acids 1-134) and a C-terminal
hydrophobic region (amino acids 134-164) (Deucher et al., 2000). Additionally, the Nterminal region shares homology with the lecithin retinal acyl transferase (LRAT) family
and NlpC/P60 super family (Anantharaman et al., 2003; Hajnal et al., 1994; Husmann et
al., 1998; Jahng et al., 2003). While the functions of these domains are not well
understood, some progress has been made.
The C-terminal hydrophobic region of TIG3 is highly hydrophobic and predicted
to be a membrane anchoring domain, suggesting that this region is responsible for
membrane localization of TIG3 (Deucher et al., 2000; DiSepio et al., 1998). Results from
a TIG3 mutant, TIG31-134, which lacks the hydrophobic tail, supports this suggestion.
This mutant distributes in the cytoplasm in keratinocytes (Deucher et al., 2000; Jans et
al., 2008; Sturniolo et al., 2003). Based on the known subcellular location of TIG3 at the
cell membrane and at a perinuclear location, TIG31-134 is predicted to be functionally
inactive. Indeed, normal keratinocytes expressing TIG31-134 continue to proliferate.
Moreover, TIG31-134 does not interact with or activate TG1 (Deucher et al., 2000; Jans et
al., 2008; Sturniolo et al., 2003). The TIG3 domain responsible for interaction with TG1
is located at the C-terminus of the N-terminal hydrophilic region, within amino acids 124
and 164 (Jans et al., 2008). TG1 is a plasma membrane-localized protein that is anchored
to the interior of the membrane (Chakravarty et al., 1989; Chakravarty et al., 1990;
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Phillips et al., 1993). The TIG31-134 mutant is predicted to retain the ability to interact
with TG1, but never finds it due to its inability to traffic to the membrane (Jans et al.,
2008). These findings imply an essential role for the TIG3 C-terminal hydrophobic
domain.
The N-terminus of TIG3 has calcium-independent phospholipase A2 activity (Han
et al., 2010; Uyama et al., 2009a; Uyama et al., 2009b). However, there is little evidence
to suggest that this activity is required for the tumor suppressor action of TIG3.
An interesting finding that points to the complex function of TIG3 in
keratinocytes is that progressive deletion of segments of the N-terminal region converts
TIG3 from a pro-differentiation regulator to a pro-apoptotic protein. The more of the Nterminus that is removed, the stronger the ability of the resulting mutant to drive
apoptosis (Jans et al., 2008). N-terminus truncation experiments reveal that the region
spanning amino acids 85 - 164 is required for TIG3-dependent apoptosis in HtTA human
cervical cancer cells (Tsai et al., 2007; Tsai et al., 2009). Removal of the N- or Cterminal regions of TIG3 results in loss of activity in HtTa cells, as does deletion of
amino acids 40-136 (Tsai et al., 2009). Taken together, these findings suggest that
regions required for activity are distributed across the entire protein (Jans et al., 2008;
Tsai et al., 2009). As an alternate approach to study TIG3 function, peptides encoding the
highly conserved NC and LRYG motifs were delivered to cells. These peptides reduce
survival in normal human fibroblasts, HtTA cells, and human melanoma cells, suggesting
that this region is sufficient for TIG3 pro-apoptotic activity (Simmons et al., 2006; Tsai et
al., 2009). Mutation of these peptides at amino acids N112, C113, L120, or R121 results
in loss of activity (Simmons et al., 2006; Tsai et al., 2009). It is possible that the TIG3 N-
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terminal domain encodes the activity domain and the C-terminal domain functions to
determine subcellular location (Deucher et al., 2000; Han et al., 2010; Jans et al., 2008;
Sturniolo et al., 2003; Sturniolo et al., 2005). If this is the case, TIG3 mutants lacking the
C-terminus would be inactive because they are inappropriately localized within the cell.
Still this does not fully explain the findings from the peptide delivery experiments
(Simmons et al., 2006; Tsai et al., 2009), or the fact that truncating the amino terminus
can increase apoptotic activity (Jans et al., 2008; Tsai et al., 2007; Tsai et al., 2009).
The protein conformation of TIG3 may be important and TIG3 can distribute to
two locations - membranes or a perinuclear location and this depends upon the
conformation of the protein. The conformation would depend upon the cellular
environment and interaction with other proteins. Conformation is also likely to be
important for exposing domains that drive function. This explanation is consistent with
all of the previously reported findings (Scharadin et al., 2012b; Simmons et al., 2006;
Tsai et al., 2009).
G. TIG3 SHARES COMMON FUNCTIONS WITH OTHER H-REV107 FAMILY
MEMBERS
The H-rev107 family includes H-rev107, TIG3, H-REV107-1, H-REV107-2, AC1, and HRASL2 (DiSepio et al., 1998; Shyu et al., 2005). They are generally reduced in
expression in cancer cells (Husmann et al., 1998; Nazarenko et al., 2006; Roder et al.,
2002b; Sers et al., 1997; Sers et al., 2002). H-rev107 and HRASL2 have been studied in
some detail and are similar in structure to TIG3. Restoration of H-rev107 or HRASL2 in
kidney, colon, or cervical cancer cells in culture or in xenograft cultures reduces cell
proliferation and attenuates tumor formation (Sers et al., 1997; Shyu et al., 2008). Like
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TIG3, removing the C-terminal hydrophobic domain reduces the ability of H-rev107 and
HRASL2 to reduce cell survival (Sers et al., 1997; Shyu et al., 2008). H-rev107 is
normally expressed in differentiated cells of the digestive and respiratory tracts,
suggesting a role in driving differentiation (Sers et al., 1997). Like TIG3, HRASL2 is
distributed to a perinuclear location (Roder et al., 2002b). H-rev107 also exhibits
calcium-independent phospholipase A1/2 activity, but unlike TIG3, this activity requires
both the N-terminal proline-rich and C-terminal hydrophobic domains (Uyama et al.,
2009b).
Overall, findings with other family members mirror results with TIG3 (Sturniolo
et al., 2003; Sturniolo et al., 2005) and suggest conservation of function within the Hrev107 family. This is not unexpected, as TIG3 is 52% identical to human H-rev107 and
57% identical to rat H-rev107 (DiSepio et al., 1998). These results suggest that these
proteins are important suppressors of cell proliferation that may also act to enhance cell
differentiation. They also all possess phospholipase activity, although, at least for TIG3,
it appears unlikely that this activity is necessary for these other functions (Scharadin et
al., unpublished). Like TIG3, these proteins also enhance apoptosis in specific cell types.
For example, in ovarian cancer cells, H-rev107 binds to the protein phosphatase 2
regulatory subunit, PR65α, leading to inhibition of protein phosphatase 2 and increased
caspase-dependent apoptosis (Nazarenko et al., 2007).
At present, limited information is available regarding the mechanisms that
regulate expression of these proteins, except that increased promoter methylation is
associated with reduced H-rev107 expression in lymphoma cells (Roder et al., 2002b)
and GC-rich sequences that bind Sp1 factors may be required for increased expression
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(Roder et al., 2002a; Roder et al., 2002c). Expression is increased in contact inhibited
cells and by treatment with histone deacetylase inhibitors, and lymphoma cells may
require Sp1/Sp3 binding sites in the proximal H-rev107 gene promoter (Roder et al.,
2002a; Roder et al., 2002c).
Finally, the structure of the N-terminal region of H-rev107 is known (Ren et al.,
2010a; Ren et al., 2010b). Because the H-rev107 and TIG3 sequences are similar, it is
likely that some structural features are shared by these proteins. H-rev107 contains six βsheets and three α-helixes. Residues C113, H23, and H35 form a catalytic triad that is
required for phospholipase activity (Ren et al., 2010a; Ren et al., 2010b). Another highly
conserved amino acid, R18, positioned near the catalytic triad, may serve to stabilize
phospholipid substrates (Ren et al., 2010a; Ren et al., 2010b).
H. SUMMARY AND GOALS OF THE STUDY
The skin is a multi-layered organ with a tightly regulated cell death pathway,
called terminal differentiation. An imbalance in this regulation can lead to
hyperproliferative diseases, such as psoriasis and cancer. One regulator of keratinocyte
proliferation and terminal differentiation is tazarotene-induced gene 3, TIG3. In normal
epidermis, TIG3 is expressed in the differentiated, suprabasal epidermis (Duvic et al.,
2000) where it acts to increase transglutaminase activity to enhance keratinocyte terminal
differentiation (Jans et al., 2008; Sturniolo et al., 2003; Sturniolo et al., 2005). TIG3
expression is reduced in hyperproliferative diseases, such as psoriasis and skin cancer,
and this is associated with loss of normal growth regulation (Duvic et al., 1997; Duvic et
al., 2000; Duvic et al., 2003; Talpur et al., 2009). Restoration of TIG3 expression is
associated with return of normal growth control and loss of disease phenotypes.
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While TIG3 is known to induce terminal differentiation in normal keratinocytes
by binding and activating type I transglutaminase (Sturniolo et al., 2003; Sturniolo et al.,
2005), the mechanism of TIG3 action is not well understood in normal and cancerous
skin cells. As a type II tumor suppressor, restoration of TIG3 expression in cancer cells is
expected to normalize their cell proliferation rate. Indeed, this is what is observed in
several types of cancer cells but the underlying mechanism is not well understood. We
begin our study by characterizing the impact of TIG3 level in a skin squamous cell
carcinoma cell line, SCC-13. This cell line is ideal for comparison with the expression of
TIG3 in normal human keratinocytes.
Another way to study the mechanism of TIG3 action is to determine the
subcellular distribution of TIG3. TIG3 is reported to distribute to the cell membrane but
also localizes to an unidentified, perinuclear region. The focus of our second study is to
determine the site at which TIG3 is localizing within the cell. Additionally, we aim to
identify its function in this area.
Lastly, we plan to identify the functional domains of TIG3. Because the Cterminus is hydrophobic, it is currently believed to be a membrane-anchoring region and
thus controls the subcellular distribution of TIG3. In our third study, we present evidence
that a secondary motif in the N-terminus of TIG3 is necessary for the distribution of
TIG3 and observe the importance of conserved elements within this region.
Hyperproliferative disorders of the skin are a common phenomenon. Treatment of
both psoriasis and skin malignancies is costly due to the lifetime condition and increasing
incidence of cases, respectively. Tazarotene is a topical treatment which can be used
effectively to treat both of these conditions. Expression of tazarotene-induced gene 3
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(TIG3) is enhanced in cells and tissues treated with tazarotene or similar retinoids. These
findings support the study of TIG3 as a target for therapeutic treatments and further
studies on the mechanism of TIG3 action in normal and disease states.
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CHAPTER 2: TIG3 TUMOR SUPPRESSOR-DEPENDENT
ORGANELLE REDISTRIBUTION AND APOPTOSIS IN SKIN
CANCER CELLS2

A. ABSTRACT
TIG3 is a tumor suppressor protein that limits keratinocyte survival during normal
differentiation. It is also important in cancer, as TIG3 level is reduced in tumors and in
skin cancer cell lines, suggesting that loss of expression may be required for cancer cell
survival. An important goal is identifying how TIG3 limits cell survival. In the present
study, we show that TIG3 expression in epidermal squamous cell carcinoma SCC-13
cells reduces cell proliferation and promotes morphological and biochemical apoptosis.
To identify the mechanism that drives these changes, we demonstrate that TIG3 localizes
near the centrosome and that pericentrosomal accumulation of TIG3 alters microtubule
and microfilament organization and organelle distribution. Organelle accumulation at the
centrosome is a hallmark of apoptosis and we demonstrate that TIG3 promotes
pericentrosomal organelle accumulation. These changes are associated with reduced
cyclin D1, cyclin E, and cyclin A, and increased p21 level. In addition, Bax level is
increased and Bcl-XL level is reduced, and cleavage of procaspase 3, procaspase 9 and
PARP is enhanced. We propose that pericentrosomal localization of TIG3 is a key event
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that results in microtubule and microfilament redistribution and pericentrosomal
organelle clustering and that leads to cancer cell apoptosis.
B. INTRODUCTION
TIG3 (Tazarotene-induced gene 3), which is also called retinoic acid receptor
responder 3 (RARRES3) and retinoid-inducible gene 1 (RIG1) (Huang et al., 2000; Jiang
et al., 2005b; Ou et al., 2008; Tsai et al., 2006; Tsai et al., 2007), is a one hundred sixtyfour amino acid protein (DiSepio et al., 1998). TIG3 was originally identified as
increased following treatment of cultured epidermal keratinocytes or psoriatic epidermis
with the synthetic retinoid, Tazarotene (DiSepio et al., 1998). It is expressed at low levels
in hyperproliferative epidermis (e.g., squamous cell carcinoma and psoriasis) and
expression is restored by retinoid treatment (Duvic et al., 1997; Duvic et al., 2000; Duvic
et al., 2003). In retinoid-treated psoriatic epidermis, increased TIG3 expression is
associated with restoration of normal differentiation (DiSepio et al., 1998; Sturniolo et
al., 2003). The association of increased TIG3 expression with normal epidermal
phenotype suggests that TIG3 may act as a pro-differentiation regulator. To examine the
mechanism of action, we studied TIG3 function in normal human keratinocytes (Jans et
al., 2008; Sturniolo et al., 2003; Sturniolo et al., 2005). These studies show that TIG3 is
present at vanishingly low levels in keratinocytes in monolayer culture, but is increased
in differentiated raft cultures (Jans et al., 2008). Vector-mediated expression of TIG3 in
keratinocytes results in reduced proliferation and increased cornified envelope formation,
suggesting that TIG3 regulates keratinocyte differentiation (Jans et al., 2008; Sturniolo et
al., 2003; Sturniolo et al., 2005). Ongoing studies show that TIG3 operates via several
mechanisms, but a prominent mechanism of action is regulation of transglutaminase
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activity (Sturniolo et al., 2003; Sturniolo et al., 2005). Type I transglutaminase (TG1) is a
key enzyme in keratinocytes and other surface epithelia that is expressed in suprabasal
differentiated cells (Candi et al., 1999; Chakravarty et al., 1989; Kim et al., 1995; Rice et
al., 1977; Rice et al., 1988; Rice et al., 1990; Steinert et al., 1999; Ta et al., 1990).
Transglutaminase catalyzes formation of ε-(γ-glutamyl)lysine protein-protein crosslinks
to assemble the cornified envelope, an essential component of the epidermal barrier
(Eckert et al., 2005; Ogawa et al., 1976). Our studies suggest that TIG3 colocalizes with
TG1 leading to increased transglutaminase activity (Sturniolo et al., 2003; Sturniolo et
al., 2005). Additional studies show that TIG3 reduces keratinocyte proliferation, but does
not cause apoptosis (Sturniolo et al., 2003; Sturniolo et al., 2005). TIG3 consists of an
amino terminal hydrophilic segment and a C-terminal membrane anchoring domain
(Deucher et al., 2000; DiSepio et al., 1998). Mutagenesis studies indicate that mutants
lacking the C-terminal membrane-anchoring domain are not active (Deucher et al., 2000;
Sturniolo et al., 2003; Sturniolo et al., 2005). In contrast, N-terminal truncation converts
TIG3 into a protein that causes apoptosis in keratinocytes (Jans et al., 2008).
TIG3 is expressed at reduced levels in skin tumors (Duvic et al., 2003). Thus, a
major goal of the present study is to characterize the impact of TIG3 expression in skin
cancer cells. We show that restoring TIG3 expression reduces survival of epidermal
squamous cell carcinoma cells via a mechanism that involves pericentrosomal TIG3
localization leading to altered microtubule organization and organelle distribution. This is
associated with changes in the level of cell cycle and apoptosis regulators.
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C. MATERIALS AND METHODS
1.

Cell Culture and adenovirus infection
SCC-13 cells were obtained from American Type Culture Collection (Rockville,

MD) and were maintained in high glucose DMEM (Gibco, 11960-044) supplemented
with 2 mM L-glutamine, 1 mM sodium pyruvate, 100 U/ml penicillin, 100 µg/ml
streptomycin and 5% fetal bovine serum (Sigma, St. Louis, MO). Adenoviruses were
produced as previously described (Sturniolo et al., 2003). tAd5- TIG3(1–164), is a
tetracycline-inducible virus that encodes the full length TIG3 protein and a tetracyclineresponsive enhancer element (Sturniolo et al., 2003; Sturniolo et al., 2005). The Ad5-TA
virus encodes the tetracycline transactivator (TA). tAd5-EV is an empty virus used as a
control. For infection, cells were washed with PBS, incubated with 10 MOI of TIG3encoding or empty virus in the presence of 5 MOI of Ad5-TA in DMEM containing 6 µg
polybrene/ml (Sigma, H9268). After 5 h, the medium was replaced with virus-free
medium and incubation was continued for an additional 24 – 72 h prior to preparation of
cells and extracts for immunohistology and immunoblot.
2.

Immunological methods
For immunoblot, extracts were prepared in cell lysis buffer (20 mM Tris-HCl, pH

7.5, containing 150 mM NaCl, 1 mM ethyleneglycol-bis(aminoethylether)-tetraacetic
acid, 1 mM EDTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM
glycerophosphate, 1 mM sodium vanadate, 1 µg/ml leupeptin (Cell Signaling, 9803,
Danvers, MA) and 1 mM phenylmethylsulfonyl fluoride. Protein concentration was
determined using the Bradford Bio-Rad protein assay (Bio-Rad, 500-0006). Equal
amounts of protein were electrophoresed on Ready Gels (Bio-Rad, Hercules, CA) and
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transferred to nitrocellulose membranes for detection of proteins using the appropriate
antibodies. For immunofluorescence, cells maintained on coverslips, were infected with
adenoviruses and after 24 – 72 h fixed in 4% paraformaldehyde, permeabilized with
methanol, and incubated with rabbit anti-TIG3 (1:100) and selected organelle marker
antibodies followed by Alexa Fluor 488-conjugated goat anti-rabbit IgG (1:1000) and
AlexaFluor 555-conjugated goat anti-mouse IgG (1:1000) secondary antibodies. Cells
were then incubated with Hoechst 33258 (1:2000), washed thoroughly and mounted on
slides using Fluoromount (Sigma, F4680). Confocal cell images were taken using an
Olympus IX81 spinning disk confocal microscope.
3.

Cell fractionation
SCC-13 cells were infected with 10 MOI of tAd5-EV or tAd5-TIG3 and after 24

h the cells were collected and total extract was prepared in cell lysis buffer. A portion of
the total extract was set aside for electrophoresis. The remaining extract was centrifuged
at 14,000 x g and the supernatant and pellet fraction were collected. The pellet fraction
was washed once with phosphate-buffered saline and resuspended in gel loading buffer.
Total, soluble, and pellet fractions were characterized by electrophoresis.
4.

Antibodies and Reagents
Polyclonal rabbit anti-TIG3 was previously described (Deucher et al., 2000;

Robinson et al., 1996). BrdU (B2531) and β-actin (A1978) antibodies were purchased
from Sigma. Caspase 3 (9665), Caspase 9 (9502), and cleaved PARP (9541) antibodies
were from Cell Signaling. Bcl-XL (610211), EEA1 (610456), rab11 (610656), LAMP1
(611042), GM130 (610822), calnexin (610524), and cyclin D1 (554180) antibodies were
purchased from BD Transduction Laboratories (San Jose, CA). Bax (sc-493), p21 (sc28

6246), cdk4 (sc-601), cdk6 (sc-7181), cyclin E (sc-481), cdk2 (sc-163), cyclin A (sc239), cyclin B1 (sc-245), and cdk1 (sc-54) antibodies were from Santa Cruz
Biotechnology (Santa Cruz, CA). β-tubulin (ab11311), clathrin heavy chain (ab21679),
pericentrin (ab28144) and mannose-6-phosphate receptor (ab2733) antibodies were from
Abcam (Cambridge, MA). Alexa Fluor 488-conjugated goat anti-rabbit (A-11034), Alexa
Fluor 555-conjugated goat anti-mouse (A-21424), and Hoechst 33258 (H3569) were
from Invitrogen (Carlsbad, CA). Rabbit HRP-conjugated IgG (NA934) and mouse HRPconjugated IgG (NXA931) were from GE Healthcare (Piscataway, NJ).
5.

BrdU incorporation and flow cytometry
To monitor BrdU incorporation, SCC-13 cells on coverslips were infected with

appropriate adenovirus and after 24 h incubated with 10 µM BrdU (BD Pharmingen,
550891) for 2 h at 37° C. Cells were then fixed in 4% paraformaldehyde for 30 min at
room temperature and washed with PBS containing 1% Triton X-100. The slides were
then incubated in 1 N HCl on ice for 10 min, in 2 N HCl at 25° C for 10 min and 37° C
for 20 min. Cells were then incubated with 0.1 M borate buffer for 12 min at 25° C and
washed with PBS containing 1% Triton X-100. The cells were blocked in PBS containing
1% Triton X-100, 1 M glycine, and 5% goat serum for 1 h. Sections were incubated with
anti-BrdU antibody for 16 h at 4° C. For flow cytometry, SCC-13 cells were infected
with tAd5-EV or tAd5-TIG3 and after 24 h floating and attached cells were fixed in
methanol, incubated with 20 µg/ml RNase for 30 min at 37° C followed by 50 µg/ml
propidium iodide for 1 h prior, and the cells were collected for flow cytometric analysis.
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6.

Real Time-PCR
SCC-13 cells were infected with tAd5-EV or tAd5-TIG3 and at 24–48 h harvested

for isolation of mRNA using the illustra RNAspin Mini Isolation Kit (GE Healthcare, 250500-71). cDNA was synthesized from isolated RNA using SuperScript III Reverse
Transcriptase (Invitrogen, 18080-044) following the manufacturer’s protocol. RT-PCR
was performed using LightCycler 480 SYBR Green I Master (Roche, 04707516001).
RT–PCR primer sequences include: TIG3 (5’-CAGTATTGTGAGCAGGAACTGTGA,
5’-TTGGCCTTTTCCACCTGTTTAC), human cyclophilin (5’CATCTGCACTGCCAAGACTGA, 5’-TTCATGCCTTCTTTCACTTTGC), and human
p21 (5’-AAGACCATGTGGACCTGTCACTGT, 5’AGGGCTTCCTCTTGGAGAAGATCA).
D. RESULTS
1.

TIG3 expression decreases cell number
We began by examining the impact of TIG3 on SCC-13 cell survival. TIG3 was

delivered by adenovirus infection. Fig. 2.1A shows that empty vector-infected cells
increase in number over 72 h, but that cell number is significantly reduced at 48 and 72 h
in TIG3-expressing cells. Fig. 2.1B shows that TIG3 level is maximal in the infected cells
by 24 and 48 h post-infection and is reduced by 72 h. In addition to the TIG3 monomer,
we observe accumulation of high molecular weight forms which are thought to be
covalently-crosslinked TIG3 (Jans et al., 2008; Sturniolo et al., 2003; Sturniolo et al.,
2005). As previously reported, TIG3 is expressed at low levels in most transformed cells
(Sturniolo et al., 2003; Sturniolo et al., 2005) and therefore is not detected at time zero.
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Figure 2.1: TIG3 decreases cell survival.
Subconfluent cultures of SCC-13 cells, growing in 3.8 cm2 wells, were infected with 10
MOI tAd5-EV or tAd5-TIG3. At 0, 24, 48, and 72 h post-infection, cells were counted
and lysates prepared. (A) TIG3 expression decreases cell number. Values are mean +
SEM, n = 3. Those comparisons marked by an asterisk are significantly different as
determined by Student’s t-test (p <0.001). (B) TIG3 is detected by immunoblot in tAd5TIG3-infected SCC-13 cells. The monomer is visible at 18 kDa and the bracket indicates
higher molecular weight crosslinked TIG3 (Sturniolo et al., 2003; Sturniolo et al., 2005).
Molecular weights are indicated to the left of the blot in kDa.
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2.

TIG3 decreases cell proliferation by inhibiting cell cycle progression
We next monitored cell cycle progression. We began by assessing the percentage

of cells in S-phase using BrdU labeling. SCC-13 cells were infected with TIG3expressing virus and after 24 h labeled with BrdU for 2 h before detection of BrdU and
TIG3. As shown in Fig. 2.2A, 54 + 2.8% (mean + SEM) of EV-infected cells were
positive for BrdU as compared to 23 + 4% of TIG3-expressing cells. As shown in Fig.
2.2B, the most prominent cell cycle changes are a reduction in G1 and increase in subG1
events. To investigate the mechanism responsible for these changes, we measured the
level of key cell cycle regulatory proteins. Fig. 2.2C shows that cyclin-dependent kinase
(cdk1, cdk2, cdk6, cdk4) levels are not altered by TIG3, but cyclin D1 and cyclin E levels
are decreased and p21 level is increased. These changes are consistent with reduced
progression through the G1 phase and the G1/S transition. Fig. 2.2D shows that p21
mRNA level increases in parallel with the increase in p21 protein.
3.

TIG3 induces apoptosis
The presence of subG1 DNA content can be associated with cell apoptosis. We

therefore assessed the impact of TIG3 on apoptosis. As shown in Fig. 2.3A, TIG3
expression activates cleavage of procaspase 9 and procaspase 3 and generates cleaved
PARP. In addition, the pro-apoptotic regulator, Bax, is increased and the pro-survival
regulator, Bcl-XL, is reduced. Increased apoptosis can also be observed in situ. Fig. 2.3B
shows that very few cleaved PARP-positive cells are observed in control cultures (1 +
1%, mean + SD), but that the number is markedly increased in TIG3-positive (23 + 8%)
cultures. These findings, together with the increase in subG1 DNA content (Fig. 2.2B),
suggest that TIG3 induces apoptotic cell death.
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Figure 2.2: TIG3 reduces cell cycle progression.
(A) SCC-13 cells grown on coverslips were infected with 10 MOI of EV or TIG3encoding virus and after 24 h treated with 10 µM BrdU for 2 h and then fixed and stained
with anti-BrdU (red) and anti-TIG3 (green). BrdU incorporation is a marker of the
synthesis phase of the cell cycle. The number of BrdU-positive cells as a percentage of
total cell number was determined for twenty fields, with at least one hundred cells
counted per group, and is presented beneath each panel. The values are mean + SEM (n =
3) and the values are significantly different as determined by Student’s t-test (p <0.001).
Bars = 10 µm. (B) SCC-13 cells were collected for flow cytometry at 24 h post-infection
with EV or TIG3-encoding virus. Cells were stained with 50 µg/ml propidium iodide
prior to analysis. TIG3 reduces events in G1 and increases subG1 events. (C) At 24 h
post-infection, cells were harvested and extracts prepared for detection of cell cycle
regulatory proteins. Molecular weights are indicated to the left of the blot in kDa. (D)
Cells were treated as above and then harvested for detection of p21 encoding mRNA by
real time-PCR. A similar result was observed in each of three experiments.
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Figure 2.3: TIG3 induces apoptosis.
(A) SCC-13 cells were infected with 10 MOI of EV or TIG3-encoding virus and after 24
h lysates were prepared for detection of apoptosis markers. The bracket indicates high
molecular weight crosslinked TIG3 (Sturniolo et al., 2003; Sturniolo et al., 2005).
Molecular weights are indicated to the left of the blot in kDa. (B) At 24 h post-infection
SCC-13 cells were fixed and stained with anti-cleaved PARP (red). TIG3 increases
cleaved PARP staining. The percentage of cleaved PARP -positive cells was determined
for twenty fields, with at least one hundred cells counted per treatment group, and is
presented in each panel (mean + SD). The arrows indicate cleaved PARP-positive cells.
Similar results were observed in each of three experiments.
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4.

TIG3 localizes at a pericentrosomal location and causes organelle redistribution
To gain insight into the TIG3 mechanism of action we monitored TIG3

subcellular location in tAd5-TIG3 virus-infected cells. As shown in Fig. 2.4A, TIG3
(green) accumulates along the cell periphery near the plasma membrane (arrowheads)
and in a perinuclear location (arrows), and the nuclei in TIG3-expressing cells are
reduced in size. To further assess the TIG3 location, cells were stained to detect
pericentrin, a centrosome marker. The images in Fig. 2.4B reveal TIG3 staining
juxtaposed with pericentrin staining (white arrow) adjacent to the nucleus (n). TIG3
(green) localizes in the general vicinity of pericentrin (red), suggesting accumulation in
the vicinity of the centrosome.
The centrosome is a control point for a wide range of cell functions. It functions
as the microtubule organizing center (MTOC) which is the site of microtubule assembly
(Doxsey et al., 2005; Thompson et al., 2004). In addition, it replicates during cell division
and the daughter centrosomes serve to organize the mitotic spindles that guide
chromosome separation (Doxsey et al., 2005; Lim et al., 2009). Importantly, the MTOC
serves as a control point for movement of molecular motor-carried cargo, including
organelles, along the microtubules (Soldati et al., 2006). Moreover, centrosome
dysfunction is associated with cell apoptosis (Cheong et al., 2010). We therefore
examined whether pericentrosomal TIG3 accumulation alters microtubule distribution.
As shown in Fig. 2.5A, the microtubules in TIG3-negative cells are spread throughout the
cell in a typical lattice-type network that radiates out from the centrosome (white arrow).
In contrast, in TIG3-expressing cells (black arrow indicates pericentrosomal TIG3), the
microtubules localize as a band (red arrows) at the cell periphery and do not radiate out
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from the centrosome, suggesting that TIG3 impacts microtubule location and anchorage.
This is best observed in Fig. 2.5A (lower panel) which shows only the β-tubulin staining.
Microtubules in the TIG3-positive cell (left) lack centrosome-based clustering, while the
TIG3-negative cell (right) has centrosome anchored microtubules (white arrow). To
assess the impact of TIG3 on the microtubule network, the number of cells displaying
microtubules radiating from the centrosome was counted. As shown in the plot, the
percentage of cells displaying centrosome directed networks is markedly reduced in
TIG3-expressing cells.
The redistribution of tubulin to the cell membrane in TIG3-positive cells suggests
that it may be insoluble. To assess this, we prepared total cell extract from TIG3-negative
and positive cells and prepared soluble and particular (pellet) fractions. We then assayed
for β-tubulin in each fraction by immunoblot. As shown in Fig. 2.5A, the membranelocalized β-tubulin does not appear in the pellet fraction, suggesting that although it is
localized at the cell periphery at or near the membrane, it remains soluble.
The tubulin and actin networks interact extensively and so we monitored the
impact of TIG3 on actin filament distribution (Fig. 2.5B). In TIG3-negative cells (EV), βactin (red) distributes throughout the cytoplasm. In contrast, in TIG3-positive cells (green
stain) a distinct actin filament ring forms at the nuclear periphery (red arrow). This is
shown in both a merged image and β-actin staining alone (Fig. 2.5B). The number of
cells displaying a nuclear actin ring was counted. The plot shows that the percentage of
cells displaying a nuclear actin ring is markedly increased in TIG3-expressing cells.
Because organelle movement and anchoring depend upon the tubulin and actin
networks (Thyberg et al., 1999), we anticipated that TIG3 may influence organelle
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distribution. To assess the impact of TIG3 on organelle location, cells were stained to
detect GM130 (cis-Golgi), mannose-6-phosphate receptor (M6PR, trans-Golgi and late
endosome) (Brown et al., 1984), rab11 (recycling endosomes), calnexin (endoplasmic
reticulum), and clathrin heavy chain (CHC, intracellular transport vesicles). Fig. 2.6A
shows that GM130 (red) localizes at a perinuclear location in TIG3-negative and positive
cells; however, it appears more compacted in TIG3-positive (green stain) cells. M6PR,
rab11 and calnexin also appear compacted at the pericentrosomal location in TIG3positive cells (white arrows). This is readily visualized for calnexin, by comparing the
distribution shown in the red single-color image (insert) with that observed in EVinfected cells (Fig. 2.6A), as an intense pericentrosomal concentration of calnexin is
observed in TIG3-positive cells. In addition, clathrin heavy chain is a particularly
dramatic example, in that staining appears distributed throughout the cytoplasm in EVinfected cells, but essentially all of the CHC accumulates in the vicinity of the
centrosome in TIG3-positive cells. Thus it appears that TIG3 alters intracellular organelle
distribution in a manner that concentrates and compresses many organelles in the vicinity
of the centrosome. This compaction was quantified by measuring the two-dimensional
area covered by individual organelles in square microns using ImageJ Software (Fig.
2.6B). This analysis reveals a substantial and statistically significant reduction in area for
GM130, M6PR and rab11. Calnexin and CHC distribution was not analyzed in this
manner, since the condensation was obvious. We also examined the impact of TIG3 on
organelle protein level. Fig. 2.7 shows that TIG3 expression causes a modest reduction in
the level of some organelle proteins, including calnexin, rab11, GM130 and EEA1;
however, the level of other marker proteins is not altered.
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Figure 2.4: TIG3 localizes in the vicinity of pericentrin.
(A) SCC-13 cells were infected with 10 MOI tAd5-EV or tAd5-TIG3 and at 24 h post
infection were fixed and stained with anti-TIG3 (green). Arrows indicate pericentrosomal
and arrowheads indicate membrane localization. No TIG3 is detected in empty vectorinfected cells. (B) Cells, infected as above, were fixed and stained with TIG3 (green) and
pericentrin (red). The arrows indicate pericentrin staining of the centrosome and n
indicates the nuclei. Bars = 10 µm.
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Figure 2.5: TIG3 alters microtubule distribution.

(A) SCC-13 cells were infected with 10 MOI tAd5-EV or tAd5-TIG3 and at 24 h postinfection cells were fixed and stained with anti-TIG3 (green stain) and anti-β-tubulin (red
stain). TIG3 accumulates at the expected perinuclear location (black arrow). β-tubulin
accumulates in an atypical ring at the cell periphery (red arrows). The normal β-tubulin
network in the TIG3-negative cell is indicated by a white arrow pointing to the
centrosome. Nuclei were Hoechst stained (blue). The bottom panel is identical to the top,
except that only the β-tubulin (red) signal is indicated. Bars = 10 µm. The graph shows
the number of tAd-EV and tAd5-TIG3-infected cells with centrosome-originated
microtubule arrays. Cells were counted in twenty independent microscope fields and a
minimum of one-hundred cells were counted per treatment group. The values are mean +
SEM. Paired Student’s t-test analysis reveals that the means are significantly different (p
<0.001). To assess the impact of TIG3 on tubulin solubility, cells were infected with
tAd5-EV or tAd5-TIG3 and after 24 h total extract, soluble and pellet fractions were
prepared and electrophoresed followed by immunostaining to detect β-tubulin and βactin. The presence of the majority of β-actin in the soluble fraction indicates that the
fractionation was successful. (B) TIG3 expression causes actin filament collapse around
the nucleus. SCC-13 cells were infected with adenovirus as above and after 24 h stained
with anti-β-actin (red stain) and anti-TIG3 (green stain). Nuclei were Hoechst stained
(blue). For the TIG3-positive cells, the left panel shows the TIG3 and β-actin signals (red
and green), while the right panel shows only the β-actin (red) channel. The black arrow
indicates TIG3 accumulation at the centrosome and the red arrow indicates the β-actin
microfilament nuclear ring. Bars = 10 µm. The plot shows the number of tAd-EV and
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tAd5-TIG3-infected cells displaying actin microfilament rings surrounding the nucleus.
Cells were counted in twenty independent microscope fields and a minimum of onehundred cells were counted per treatment group. The values are mean + SEM. Paired
Student’s t-test analysis reveals that the means are significantly different (p<0.001).

42

43

Figure 2.6: Pericentrosomal organelle accumulation in TIG3-positive cells.
(A) SCC-13 cells were infected by 10 MOI tAd5-EV or tAd5-TIG3 and after 24 h fixed
and stained to detect TIG3 (green) and various organelle markers (red). The markers
include GM130 (cis-Golgi), M6PR (mannose-6-phosphate receptor, trans-Golgi and late
endosome), rab11 (recycling endosome), calnexin (ER), and CHC (clathrin heavy chain,
intracellular transport vesicle). White arrows indicate pericentrosomal localization of
TIG3. Nuclei are stained blue. For GM130, M6PR, and rab11, all panels are red/green/
blue merged images. The EV and TIG3 pictures of calnexin staining are red/green/blue
merged images. The inserts in the TIG3/calnexin picture are single-color images. For the
CHC stain, only the red (CHC) image is shown. Bars = 10 µm. (B) TIG3 impact on
subcellular organelle distribution. To measure organelle spread, the microscope was
focused on the z-plane displaying the maximal organelle spread and the area covered by
the organelle was monitored using ImageJ Software and presented as organelle area in
µm2. The values are mean + SEM (n = 30 fields) including measurement of a minimum
of thirty cells per treatment group. Paired Student’s t-test analysis identifies the means as
significantly different (p <0.001).
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Figure 2.7: TIG3 impact on organelle marker protein level.
SCC-13 cells were infected by 10 MOI tAd5-EV or tAd5-TIG3 and after 24 h cell lysates
were prepared for immunoblot detection of the indicated proteins. TIG3 expression
reduces the level of rab11, GM130 and EEA1, but does not alter LAMP1 level.
Molecular weights are indicated to the left of the blot in kDa.
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E. DISCUSSION
TIG3 (Tazarotene-induced gene 3) was originally identified as increased
following treatment of cultured epidermal keratinocytes or psoriatic epidermis with the
synthetic retinoid, Tazarotene (DiSepio et al., 1998), and was later identified in gastric
cancer cells and called RIG1 (Huang et al., 2000). Subsequent studies reveal TIG3
mRNA in a range of tissues and cells in culture (Huang et al., 2000; Ou et al., 2008; Shyu
et al., 2005; Uyama et al., 2009a; Uyama et al., 2009b). TIG3 level is increased by
retinoid treatment (Higuchi et al., 2003; Jiang et al., 2005b) and in some cell types TIG3
gene expression is suppressed by MAPK signaling (Lotz et al., 2005).
TIG3 is a member of the NlpC/P60 superfamily of proteins (Anantharaman et al.,
2003). The N-terminal domain (aa1–134) encodes regions that are conserved among
members of the lecithin:retinol acyltransferase (LRAT) and H-rev tumor suppressor
families (Hajnal et al., 1994; Husmann et al., 1998; Jahng et al., 2003). Functional
analysis of the TIG3 structure indicates that the C-terminal hydrophobic domain (aa135–
164) functions as a membrane anchor (Deucher et al., 2000; DiSepio et al., 1998) and that
the N-terminal region encodes calcium-independent phospholipase A1/2 activity (Han et
al., 2010; Uyama et al., 2009a; Uyama et al., 2009b). Moreover, phospholipase A1/2
activity does not require the C-terminal hydrophobic domain (Han et al., 2010). TIG3 has
been shown to reduce cell survival in a number of cell types (DiSepio et al., 1998;
Higuchi et al., 2003; Huang et al., 2002; Sturniolo et al., 2003; Sturniolo et al., 2005; Tsai
et al., 2009), but the mechanism responsible for the suppression is not well understood. In
some cell types, TIG3 may act via regulation of MAPK and PI3K/Akt signaling (Huang
et al., 2002; Ou et al., 2008; Tsai et al., 2006).
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1. TIG3 in epidermis
TIG3 is expressed in the suprabasal differentiated layers of keratinocyte raft
cultures (Jans et al., 2008) and in suprabasal epidermis (Duvic et al., 2000; Duvic et al.,
2003), and TIG3 expression is reduced in hyperproliferative skin disease and in skin
cancer cells (DiSepio et al., 1998; Duvic et al., 1997; Duvic et al., 2000; Duvic et al.,
2003). Retinoid treatment increases TIG3 level and this is associated with reduced cell
proliferation (DiSepio et al., 1998; Duvic et al., 1997; Duvic et al., 2000; Duvic et al.,
2003). TIG3 is not expressed in normal keratinocytes maintained in monolayer culture
and vector-mediated TIG3 expression is associated with reduced cell number (Duvic et
al., 2000; Jans et al., 2008; Sturniolo et al., 2003; Sturniolo et al., 2005). Mechanistic
studies in keratinocytes show that the C-terminal membrane anchoring domain is
required for activity (Deucher et al., 2000; Sturniolo et al., 2003; Sturniolo et al., 2005),
and that expression of TIG3 in normal human cultured keratinocytes activates selected
differentiation-related events (Jans et al., 2008; Sturniolo et al., 2003; Sturniolo et al.,
2005). In particular, TIG3 interacts with type I transglutaminase (TG1) to increase TG1
catalytic activity (Sturniolo et al., 2003; Sturniolo et al., 2005). TG1 is a key enzyme in
differentiating keratinocytes that catalyzes formation of protein-protein crosslinks leading
to assembly of the cornified envelope, an important component of the skin permeability
barrier (Pillai et al., 1990). Full-length TIG3 protein stimulates differentiation-associated
transglutaminase activity in keratinocytes. In contrast, amino-terminal truncated forms
cause apoptosis and the level of apoptosis is more pronounced as the N-terminus is
shortened (Jans et al., 2008). Other studies point to unique effects of various TIG3
subdomains (Han et al., 2010; Simmons et al., 2006; Tsai et al., 2009). The suprabasal
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pattern of TIG3 expression in epidermis is consistent with a role of TIG3 as a controller
of keratinocyte differentiation-related events.
2. TIG3 expression in skin cancer cells reduces proliferation and increases apoptosis
Previous studies indicate that TIG3 mRNA is present at reduced levels in skin
cancer and in skin cancer cell lines (Duvic et al., 2000). However, little is known
regarding whether TIG3 regulates skin cancer cell survival and tumor progression. We
show that expression of TIG3 causes a marked reduction in SCC-13 cell number that is
associated with reduced G1 and S phase events and increased sub-G1 DNA content.
These cell cycle changes are associated with TIG3-dependent changes in cell cycle
regulatory protein level. TIG3 expression reduces cyclin D1 and cyclin E levels and
increases the level of the p21 cyclin-dependent kinase inhibitor. These findings are
consistent with a reduction in cell progression through the G1/S transition. In addition,
we demonstrate that TIG3 increases SCC-13 cell apoptosis as evidenced by increased
production of activated caspase 9 and 3 and increased cleaved PARP. Moreover,
immunostaining studies reveal cleaved PARP accumulates in TIG3-positive cells. These
results are particularly interesting as TIG3 does not cause apoptosis in normal human
keratinocytes. Instead, TIG3 causes the cells to undergo differentiation (Jans et al., 2008;
Sturniolo et al., 2003; Sturniolo et al., 2005). In contrast, mutant forms of TIG3 cause
apoptosis in normal human keratinocytes (Jans et al., 2008). The fact that TIG3 causes
apoptosis in cancer cells suggests a different mechanism of action in normal versus
transformed cells. In addition, some of these changes are associated with changes in
target gene mRNA level. For example, the TIG3-dependent increase in p21 protein is
associated with a parallel increase in p21 encoding mRNA, indicating that TIG3 regulates
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p21 gene transcription or RNA stability. We do not presently know whether this action is
direct or indirect.
3. TIG3 expression is associated with pericentrosomal organelle clustering
An important question is where TIG3 is localized in the cell. An interesting
previous study in HeLa cervical cancer cells suggests that TIG3 localizes in the cis- and
trans-Golgi and that this localization is required to stimulate apoptosis (Tsai et al., 2007).
As shown in Fig. 2.6A, antibody co-staining of SCC-13 cells suggests that TIG3 localizes
in the cis- and trans-Golgi (GM130, M6PR), the late endosome (M6PR), the recycling
endosome (rab11), the endoplasmic reticulum (calnexin) and the intracellular transport
vesicles (CHC). However, we believe that is it unlikely that TIG3 is principally localized
in these structures for several reasons. First, TIG3 only appears to localize with the
organelle only in the immediate vicinity of the centrosome and not more peripherally.
Second, we show that TIG3 alters microtubule and microfilament distribution and this is
associated with pericentrosomal organelle accumulation. Third, in another report we are
studying the distribution of TIG3 in normal human keratinocytes and these studies
strongly suggest a pericentrosomal TIG3 location (not shown). Based on these findings,
we argue that the major effect of TIG3 is at the centrosome and that the appearance of
colocalization of TIG3 with organelle markers is an artifact due to pericentrosomal
organelle clustering.
Organelle relocation is a well-known phenomenon that occurs during apoptosis
(Aslan et al., 2009). It is thought to enhance organelle membrane mixing to facilitate
spread of pro-apoptotic effectors (Aslan et al., 2009; Degli Esposti, 2008; Degli Esposti
et al., 2009; Kim, 2005; Matarrese et al., 2008; Ouasti et al., 2007). However, how these
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organelles and organelle fragments come together during apoptosis is not well
understood, but is thought to involve the centrosome and microtubules. The centrosome
serves as a microtubule organizing center (MTOC) in interphase cells and as an organizer
of the mitotic apparatus in mitotic cells. As a microtubule nucleation center, centrosome
function is required for intracellular organelle trafficking (Doxsey et al., 2005; Schliwa et
al., 2003). Organelles move along microtubules associated with specific motor proteins
(Schliwa et al., 2003; Soldati et al., 2006). Previous reports implicate microtubule motors
in bringing organelle and organelle fragments to the microtubule organizing center
(centrosome) during apoptosis (Aslan et al., 2009; Sesso et al., 1999). These include the
Golgi apparatus, endosomes, endoplasmic reticulum, mitochondria and other organelles
(Aslan et al., 2009; Leist et al., 2001; Matarrese et al., 2008; Nozawa et al., 2009). The
best characterized example is redistribution of mitochondria to the Golgi-proximal
microtubule organizing center in cells exposed to TNFα, oxidative stress or viral
infection (Aslan et al., 2009). Several reports suggest that this process activates MAPK
signaling to phosphorylate kinesin light chain to halt mitochondria anterograde dispersal
leading to accumulation of these organelles near the centrosome (Aslan et al., 2009).
These previous reports describe pericentrosomal organelle clustering in response
to treatment with growth factors, oxidative stress or other stimuli (Aslan et al., 2009). Our
present studies are unique in that the organelle clustering is triggered by expression of a
tumor suppressor protein. Moreover, the fact that TIG3 accumulates near the centrosome
suggests that it may have a direct role in regulation of organelle movement during
apoptosis. Our studies reveal that TIG3 presence alters the normal subcellular location of
microtubules and microfilaments, which may be one mechanism whereby it alters
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organelle location. Future studies will need to address whether TIG3 also alters
microtubule motor-dependent transport of organelles. Our working hypothesis is that
TIG3 may alter both microtubule distribution and microtubule-based motor function to
cause pericentrosomal organelle clustering. Based on our analysis, TIG3 promotes
accumulation of organelles at the centrosome including endoplasmic reticulum, Golgi
apparatus, recycling endosomes, late endosome, and transport vesicles. However, not all
organelles are transported to the centrosome. For example, lysosomes, as measured by
detection of LAMP1, distribute in arrays along microtubules and, in TIG3-positive cells,
this pattern is intensified (not shown). Thus, additional studies will be necessary to
understand the role of TIG3 in regulating microtubule function and organelle transport.
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CHAPTER 3: TIG3 INTERACTION AT THE CENTROSOME
ALTERS MICROTUBULE DISTRIBUTION AND CENTROSOME
FUNCTION3

A. ABSTRACT
TIG3 is an important pro-differentiation regulator that is expressed in the
suprabasal epidermis. We have shown that TIG3 activates select keratinocyte
differentiation-associated processes leading to cornified envelope formation. However,
TIG3 also suppresses cell proliferation by an unknown mechanism. Our present studies
suggest that growth cessation may be mediated via the impact of TIG3 on the centrosome
and on microtubules. The centrosome regulates microtubule function in interphase cells
and microtubule spindle formation in mitotic cells. We show that TIG3 co-localizes with
γ-tubulin and pericentrin at the centrosome. TIG3 localization at the centrosome alters
microtubule nucleation and reduces anterograde microtubule growth, increases
acetylation and detyrosination of α-tubulin, increases insoluble tubulin and drives
formation of a peripheral microtubule ring adjacent the plasma membrane. In addition,
TIG3 suppresses centrosome separation, but not duplication, and reduces cell
proliferation. We propose that TIG3 may regulate formation of the peripheral
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microtubule ring observed in keratinocytes in differentiated epidermis and also play a
role in proliferation cessation in these cells.
B. INTRODUCTION
The TIG3 tumor suppressor protein was originally discovered as a growth
suppressor in human keratinocytes (DiSepio et al., 1998). Also called RIG1 and HRev107-2 (Huang et al., 2000; Jiang et al., 2005b; Ou et al., 2008; Tsai et al., 2006; Tsai
et al., 2007), TIG3 displays homology to the human, mouse and rat forms of H-rev107
and is a member of the H-rev family of class II tumor suppressors and the NlpC/P60
superfamily (Deucher et al., 2000; DiSepio et al., 1998). These proteins include an Nterminal hydrophilic domain and a C-terminal membrane-anchoring domain (Deucher et
al., 2000; DiSepio et al., 1998). The N-terminal domain encodes NCEHFV and LRYG
sequence motifs that are conserved among family members (Anantharaman et al., 2003).
Consistent with a role in reducing cell survival, TIG3 level is reduced in
hyperproliferative keratinocytes present in psoriatic lesions and in skin tumor cells
(Duvic et al., 1997; Duvic et al., 2000; Duvic et al., 2003). Treating psoriatic lesions with
vitamin A-related ligands increases TIG3 level which is associated with disease
normalization (Duvic et al., 1997; Duvic et al., 2000; Duvic et al., 2003).
Absence of TIG3 expression in monolayer keratinocytes is thought to be
necessary for maintenance of proliferative potential (Sturniolo et al., 2003; Sturniolo et
al., 2005), and TIG3 expression in monolayer cultures causes cell death (Sturniolo et al.,
2003; Sturniolo et al., 2005). TIG3 is present at high levels in differentiated human
keratinocytes in suprabasal epidermis and in raft cultures (Jans et al., 2008). TIG3dependent death is associated with activation of selected differentiation-associated
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processes. For example, TIG3 distributes to the plasma membrane where it interacts with
type I transglutaminase, an interaction that leads to increased transglutaminase activity
and cornified envelope formation (Sturniolo et al., 2003; Sturniolo et al., 2005).
Mutagenesis studies indicate that TIG3 mutants lacking the C-terminal membraneanchoring domain are not active (Deucher et al., 2000; Sturniolo et al., 2003; Sturniolo et
al., 2005). In contrast, N-terminal truncation converts TIG3 into a protein that causes
keratinocyte apoptosis (Jans et al., 2008). TIG3 also suppresses keratinocyte proliferation
(Sturniolo et al., 2003; Sturniolo et al., 2005); however, very little is known about the
mechanism of suppression.
The centrosome is an important organelle located adjacent the nucleus that serves
to nucleate microtubule arrays which organize cytoplasmic organelles and primary cilia
in interphase cells, and form the mitotic spindles during mitosis (Doxsey et al., 2005). It
includes two perpendicularly-oriented barrel-shaped centrioles surrounded by
pericentriolar material (PCM) (Doxsey et al., 2005; Kreitzer et al., 1999). Centrosome
function is absolutely required for cell survival and cell division. Our studies suggest that
TIG3 association with the centrosome alters microtubule distribution, increases
microtubule stability, reduces microtubule anterograde elongation and suppresses
daughter centrosome separation. We propose that TIG3 interaction at the centrosome is a
key event in TIG3-dependent cessation of cell proliferation.
C. MATERIALS AND METHODS
1. Cell Culture and Reagents
Primary cultures of human foreskin keratinocytes were cultured in 0.09 mM
calcium-containing keratinocyte serum-free medium (KSFM) (Sturniolo et al., 2005).
54

Rabbit polyclonal anti-TIG3 has been described (Deucher et al., 2000). Mouse
monoclonal anti-γ-tubulin antibody (sc-17788), rabbit polyclonal anti-β-tubulin (sc9104), rabbit polyclonal anti-cyclin E (sc-481), rabbit polyclonal anti-CDK2 (sc-163),
mouse monoclonal anti-cyclin A (sc-239), mouse monoclonal anti-cyclin B1 (sc245),
mouse monoclonal anti-CDK1 (sc-54), and rabbit polyclonal anti-CDK4 (sc-601) were
from Santa Cruz (Santa Cruz, CA). Mouse monoclonal anti-β-actin (A5441), mouse
monoclonal anti-BrdU (B8424), and mouse monoclonal anti-acetyl-α-tubulin (T7451)
were obtained from Sigma (St. Louis, MO). Rabbit polyclonal anti-phospho-histone H3
(06-570) and rabbit polyclonal anti-detyrosinated α-tubulin (Glu-tubulin) (AB3201) were
obtained from Millipore (Billerica, MA). Mouse monoclonal anti-β-tubulin (ab11311),
mouse monoclonal anti-M6PR (ab2733), and mouse monoclonal anti-pericentrin
(ab28144) were from Abcam (Cambridge, MA). Rabbit polyclonal (2144) anti-α-tubulin
and mouse monoclonal anti-p21 (2947S) were from Cell Signaling Technology (Danvers,
MA). Alexa 488-conjugated goat anti-rabbit IgG (A11008), goat anti-mouse IgG
(A11029), Alexa 555-conjugated goat anti-rabbit IgG (A21429), goat anti-mouse IgG
(A21424), and Hoechst 33258 (H3569) were from Invitrogen (Carlsbad, CA).
Peroxidase-conjugated donkey anti-rabbit IgG (NA934) and peroxidase-conjugated sheep
anti-mouse IgG (NA931) were purchased from GE Healthcare (Piscataway, NJ).
Nocodazole (486928) was purchased from Calbiochem (Gibbstown, NJ). Mouse
monoclonal anti-GM130 (610822), mouse monoclonal anti-calnexin (610524), mouse
monoclonal anti-cyclin D1 (554180), and bromodeoxyuridine (BrdU, 550891) were
purchased from BD Biosciences (Rockville, MD). Plasmid pEB1-GFP (17234) was
purchased from Addgene (Cambridge, MA).
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2. TIG3 adenovirus
tAd5-EV, tAd5-TIG3(1-164) and tAd5-TIG3(1-134) adenoviruses have been
described (Jans et al., 2008; Sturniolo et al., 2003; Sturniolo et al., 2005). tAd5
adenovirus encodes the tetracycline operator element linked to the cytomegalovirus
promoter. This promoter is active in the presence of a transactivator (TA) protein, which
is provided by co-infection with an Ad5-TA adenovirus (Jans et al., 2008; Sturniolo et al.,
2005). tAd5-EV is an empty adenovirus and tAd5-TIG3 encodes the full-length 164
amino acid TIG3 protein (Jans et al., 2008; Sturniolo et al., 2005). TIG3(1-134) encodes
an inactive mutant that lacks the C-terminal membrane-anchoring domain (Jans et al.,
2008; Sturniolo et al., 2005). For experiments, keratinocyte cultures were incubated with
10 MOI of tAd5-EV, tAd5-TIG3 or tAd5-TIG3(1-134) in the presence of 5 MOI of Ad5TA in KSFM containing 6 μg/ml polybrene (Sigma H9268). Cells were fixed and stained
for immunofluorescence or extracts were prepared for immunoblot analysis at 24 or 48 h
post-infection. Manders’ overlap coefficient was used to measure overlap of TIG3
staining with other organelle marker proteins using the JACoP plugin for ImageJ (Bolte
et al., 2006).
3. Immunofluorescence
Keratinocytes, growing on coverslips, were infected with adenovirus and after 24
or 48 h washed, fixed with 4% paraformaldehyde in phosphate-buffered saline (PBS) for
30 min, and methanol permeabilized for 10 min at -20° C. The coverslips were then
incubated for 1 h with appropriate primary and secondary antibodies. After washing, the
cells were affixed to slides using Mowiol 4-88 (Calbiochem, Gibbstown, NJ), and
fluorescence was visualized using an Olympus IX81 spinning-disc confocal microscope.
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4. Subcellular Fractionation
Keratinocytes were infected with 10 MOI of tAd5-EV or tAd5-TIG3(1-164).
After 24 or 48 h the cells were collected in phosphate buffered saline (PBS) and
centrifuged at 500 x g for 5 min. The cell pellet was dissolved in lysis buffer (Cell
Signaling Technology, 9803) supplemented with protease inhibitor cocktail (Calbiochem,
539131) and centrifuged at 20,000 x g for 20 min. The pellet was washed twice with PBS
and then resuspended and boiled in 4% SDS. An equal number of cell equivalents of
supernatant (soluble) and pellet (insoluble) fraction were electrophoresed on denaturing
and reducing 4-15% polyacrylamide gels for immunoblot.
5. BrdU Incorporation
Keratinocytes, on coverslips, were infected with 10 MOI of tAd5-EV or tAd5TIG3. At 24 h the cells were incubated with 10 μM of BrdU for 4 h. The cells were fixed
with 4% paraformaldehyde for 30 min at 4° C, washed in PBS containing 1% Triton X100, incubated in 1 N HCl for 10 min on ice, in 2 N HCl for 10 min at room temperature
and 20 min at 37° C. Coverslips were incubated in 0.1 M borate buffer for 12 min at 25°
C, washed with PBS and stained with anti-BrdU or anti-TIG3.
6. Microtubule nucleation assay
EB1 is a microtubule plus end binding protein that exchanges continuously and
labels the plus-end of microtubules (Piehl et al., 2003; Piehl et al., 2004). Normal
keratinocytes, growing in glass-bottom dishes, were transfected with 1 μg of plasmid
encoding EB1-EGFP fusion protein (EB1-GFP) (Piehl et al., 2003; Piehl et al., 2004) in
the presence of 2 μg of pcDNA3 or pcDNA3-TIG3(1-164) (Jans et al., 2008; Sturniolo et
al., 2003; Sturniolo et al., 2005). After 18 h EB1-GFP was detected using an Olympus
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FluoView FV1000 laser confocal microscope and a 60X objective with 3 second intervals
between image capture.
D. RESULTS
1. TIG3 localizes at the centrosome
As shown in Fig. 3.1A, TIG3 distributes at three major locations in cells: the
plasma membrane, punctate intracellular foci, and at a perinuclear location. The
perinuclear location is identified by arrows in Fig. 3.1A. We previously showed that the
hydrophobic C-terminus of TIG3 is required for appropriate TIG3 subcellular localization
(Deucher et al., 2000). Indeed, Fig. 3.1A shows that a mutant that lacks the C-terminus,
TIG3(1-134), displays a diffuse cytoplasmic distribution and does not display perinuclear
accumulation. We have not studied this mutant further in the present studies, because it is
inactivate and has no ability to modulate cell function (Jans et al., 2008; Sturniolo et al.,
2003; Sturniolo et al., 2005). Because TIG3 suppresses cell proliferation, we are
particularly interested in the intense staining observed adjacent the nucleus (Fig. 3.1A,
arrows). This location suggests TIG3 interaction with the centrosome. To test this
possibility, we stained cells to detect TIG3, the centriole protein, γ-tubulin, and a
centrosome marker, pericentrin. Fig. 3.1B shows that TIG3 staining surrounds γ-tubulin
and pericentrin (arrows) (Nigg et al., 2009). Quantitative cell counts revealed TIG3
centrosomal localization in 93 + 2% of TIG3-expressing cells. Additionally, cells were
stained with the Golgi markers, GM130 and mannose-6-phosphate receptor (M6PR), and
calnexin, an endoplasmic reticulum marker. GM130, M6PR, and calnexin stained
structures in the vicinity of the centrosome and some of this staining co-localized with
TIG3 staining. The Manders’ overlap coefficient was calculated to determine the extent
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of TIG3 localization with these organelle markers (Fig. 3.1C). TIG3 displays high
localization with the centrosome markers and low localization with the nucleus. In
addition, some TIG3 localizes with M6PR, GM130 and calnexin. Thus, TIG3 colocalizes
mostly with the centrosome but some also localizes with the Golgi and ER.
2. TIG3 alters microtubule distribution and stability
As part of the search for a centrosome-specific role for TIG3, we examined the
TIG3 impact on microtubules. The centrosome is a key controller of microtubule function
during mitosis and in interphase cells (Doxsey et al., 2005). We therefore assessed if
TIG3 localization at the centrosome perturbs microtubule distribution. Fig. 3.2 compares
the microtubule network in empty (EV) and TIG3 vector-infected cells. Empty vectorinfected cells display a typical microtubule network which includes a perinuclear halo
organized at the centrosome that sweeps around the nucleus and out to the cell periphery
(Fig. 3.2, left). In contrast, in TIG3-expressing cells, the microtubules distribute as a
broad band at the cell periphery linked to the centrosome by thin microtubule threads
(Fig. 3.2, right).
These findings indicate that TIG3 influences microtubule distribution, and
suggests it may also influence other microtubule properties. We used four approaches to
assess the impact of TIG3 on microtubule stability. First, we examined the effect of
nocodazole on microtubule integrity. Microtubules in TIG3-negative (EV) cells are
distributed throughout the cell (Fig. 3.3A). Nocodazole treatment produces diffuse highintensity staining which is typical of dissociated microtubules, and, as expected,
withdrawal of nocodazole results in formation of asters (sites of microtubule reassembly)
at the centrosome (arrows) (Fig. 3.3A). In contrast, in TIG3-expressing cells,
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microtubules concentrate at the centrosome and in a thick band at the cell periphery with
thin microtubule projections linking these locations (Fig. 3.3B). These microtubules
display a different response to nocodazole. Nocodazole treatment eliminates the
peripheral tubulin band in most cells, but the centrosome-localized asters (arrows)
survive nocodazole treatment (Fig. 3.3B, right panel). The merged images show TIG3
(arrows) accumulation at the centrosome (Fig. 3.3B, left panel). To provide quantitative
information, we infected cells with tAd5-EV or tAd5-TIG3 and after 24 h counted the
number of cells displaying a peripheral tubulin ring, tubulin at the centrosome, or tubulin
at both locations. In untreated cells, centrosome-localized microtubules are visible in 19.8
+ 3.1% of cells and no cells have a peripheral microtubule ring (Fig. 3.3C). This value is
probably an underestimate, as the asters may be obscured in cells with robust microtubule
staining. In contrast, 43.8 + 4.7% of TIG3-positive cells have centrosome-anchored
tubulin filaments and a microtubule peripheral ring is present in 45.9 + 5.5% of TIG3positive cells. The majority of these cells (39.4 + 4.6%) are microtubule-positive at both
locations. Few microtubule asters and no rings are detected in nocodazole-challenged EV
cells, but 49.8 + 9.5% of TIG3 cells retain a microtubule aster (Fig. 3.3C). During
recovery from nocodazole, asters are present in 47.0 + 3.4% of EV cells and 35.5 + 5.4%
of TIG3 cells. In addition, the microtubule ring reforms in 31.2 + 2.2% of TIG3 cells. An
interesting finding is that approximately 50% of all TIG3 cells lose immunologically
detectable microtubules (Fig. 3.3B/C, Loss). To assess the reason, we prepared extracts
for immunoblot detection of β-tubulin. These studies reveal no change in β-tubulin level,
indicating that the actual level of β-tubulin per cell is not reduced (Fig. 3.3D). These
findings suggest that microtubule status is very different in EV and TIG3 cells.
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As a second method to assess microtubule status, we measured the amount of αtubulin in the non-soluble (pellet) fraction. Previous studies indicate that
polymerized/stabilized α-tubulin distributes in the 15,000 x g pellet fraction (Onishi et al.,
2007). At 24 h after tAd5-EV or tAd5-TIG3 infection, keratinocytes were harvested, total
extract and pellet fraction were prepared, and α-tubulin level was monitored in each
fraction. These experiments show a substantial increase in the level of α-tubulin present
in the pellet fraction in TIG3-positive cells (Fig. 3.4A). As a third method, we measured
the effect of TIG3 on α-tubulin acetylation and detyrosination. α-tubulin detyrosination,
to form glu-α-tubulin, is associated with increased microtubule stability, as is α-tubulin
acetylation (Bulinski et al., 1991; Kreitzer et al., 1999; Maruta et al., 1986; Thyberg et
al., 1999). Fig. 3.4B shows that TIG3 expression leads to increased levels of acetylated αtubulin and glu-α-tubulin. To determine whether the acetyl-α-tubulin is localized to a
particular region of the microtubule network, we stained EV and TIG3 cells with antiacetyl-α-tubulin. Fig. 3.4C shows that acetyl-α-tubulin is distributed throughout the cell
in EV cells. In TIG3-positive cells it is distributed in a ring at the cell periphery and at the
centrosome. Anti-β-tubulin staining is included to confirm microtubule distribution (Fig.
3.4C). Monitoring acetyl-α-tubulin distribution in individual cells (Fig. 3.4D) reveals that
acetyl-α-tubulin distributes at the cell periphery and centrosome in TIG3-positive cells.
Thus, the level of acetylated-α-tubulin is increased in TIG3-positive cells and is present
in the tubulin network at both the centrosome and peripheral ring and glu-α-tubulin level
is also increased. These studies suggest that microtubules are stabilized in TIG3expressing cells.
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As a fourth approach, we determined whether TIG3 affects microtubule growth
using the microtubule plus-end binding protein EB1-GFP to monitor anterograde
microtubule extension (Dixit et al., 2009; Piehl et al., 2003; Piehl et al., 2004). EB1-GFP
specifically binds to the growing plus-end of microtubules and can be used to trace
movement of the leading tip of the microtubule as it grows towards the cell periphery
(Dixit et al., 2009; Piehl et al., 2004). Keratinocytes were transfected with pEB1-GFP in
the presence of pcDNA3 or pcDNA3-TIG3. At 18 h post-transfection, the cells were
monitored for EB1-GFP distribution by fluorescence confocal microscopy. EV cells
display robust plus-end microtubule growth (Fig. 3.5, EV). TIG3-expressing cells, in
contrast, display substantial EB1-GFP accumulation in the vicinity of the centrosome
(arrows) with reduced plus-end growth towards the cell periphery. These results suggest
that TIG3 reduces anterograde microtubule extension and that extension of many
microtubules is halted before extension is complete. In addition, EB1-GFP appears to
label multiple foci in the vicinity of the centrosome, suggesting that the structure of the
centrosome nucleation site(s) may have changed.
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Figure 3.1: TIG3 distributes to a pericentrosomal location.
(A) Normal human foreskin keratinocytes were infected with 10 MOI of tAd5-TIG3(1164) or tAd5-TIG3(1-134) in the presence of 5 MOI Ad5-TA and after 24 h the cells
were fixed and stained with anti-TIG3. The arrows indicate TIG3 perinuclear
accumulation. Cell counting reveals TIG3 co-localization with γ-tubulin and pericentrin
in 93 + 2% of TIG3-positive cells (mean + SD for twenty-five cells counted in five fields
on each of four separate experiments). TIG3(1-134) does not display a perinuclear
distribution. The bars = 10 μm. (B) TIG3 colocalizes with γ-tubulin and pericentrin. Cells
were infected as above and at 24 h post-infection cells were stained with anti-TIG3 (red)
and anti-γ-tubulin, anti-pericentrin, anti-GM130, anti-calnexin, or anti-mannose-6phosphate receptor (M6PR, green) and nuclei were visualized with Hoechst 33258.
Arrows identify TIG3 at the centrosome (red). The bars = 10 μm. (C) TIG3 localizes at
the centrosome. Localization of TIG3 with various organelles was calculated using the
Manders’ overlap coefficient (0 indicates no co-localization, 1 indicates 100% colocalization) using confocal imaging. There is a strong tendency for TIG3 to localize at
the centrosome, as detected by co-localization with γ-tubulin and pericentrin, but TIG3
also localizes, to a lesser extent, with the ER (calnexin) and Golgi (GM130 and M6PR).
M6PR overlap is statistically less than centrosome overlap and statistically more than
GM130 and calnexin overlap (* indicates p < 0.007) as determined by Student’s t-test.
TIG3 does not localize with the nucleus. Figure 3.1A credit: Dr. Hiabing Jiang.
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Figure 3.2: Impact of TIG3 on microtubule distribution.
Keratinocytes were infected with empty or TIG3-encoding virus and after 24 h fixed and
stained with anti-β-tubulin (green) and anti-TIG3 (red). The presence of TIG3 results in
accumulation of β-tubulin in a band at the cell periphery (green). The arrow indicates
TIG3 accumulation at the centrosome. Figure credit: Dr. Haibing Jiang.
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Figure 3.3: TIG3 expression alters microtubule nocodazole sensitivity.
Keratinocytes were infected with empty (EV) (A) or TIG3-encoding adenovirus (B).
After 24 h dishes of cells were treated with vehicle (untreated), treated with 10 nM
nocodazole for 2 h (nocodazole), or treated with nocodazole for 2 h followed by 1 h
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recovery in nocodazole-free medium (recovery). The cells were then fixed and stained
with anti-β-tubulin (green), anti-TIG3 (red) or both and then stained with Hoechst 33258.
The images were acquired with a confocal microscope. The bars = 10 μm and the arrows
identify the centrosome. (C) The number of cells displaying a peripheral microtubule ring
(Ring), a visible MTOC (i.e., centrosome), a peripheral ring and a visible MTOC (Both),
and absence of visible microtubules (Loss) were counted. Twenty-five cells were counted
in five fields on each of four coverslips and the values are given as mean percent of total
+ SD, n = 4. ND indicates not detected. (D) Keratinocytes were infected with the
indicated virus and after 24 h treated as above with nocodazole and extracts were
prepared for immunoblot detection of β-tubulin and β-actin.
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Figure 3.4: Increased tubulin modification in TIG3-positive cells.
(A) TIG3 promotes accumulation of insoluble α-tubulin. Keratinocytes were infected
with EV or TIG3-encoding virus and at 24 h post infection total and pellet fractions were
collected and characterized for α-tubulin content by immunoblot with anti-α-tubulin. βactin distribution was assessed as an internal control. These studies show that TIG3
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increases accumulation of insoluble α-tubulin. (B) Glu-α-tubulin and acetyl-α-tubulin
levels increase in TIG3-positive cells. Cells were treated with EV or TIG3 virus for 24 h
and extracts were prepared for immunoblot detection of the indicated epitopes. (C)
Acetyl-α-tubulin is present in the peripheral microtubule ring in TIG3-positive cells.
Cells were treated with EV or TIG3 virus for 24 h and fixed and stained to detect acetylα-tubulin (red) and β-tubulin (green). Colocalization of acetyl-α-tubulin and β-tubulin is
indicated by orange and yellow. The bars = 10 μm. (D) At 24 h post-infection with tAd5EV or tAd5-TIG3 cells were fixed and acetyl-α-tubulin distribution was assessed by
staining with anti-acetyl-α-tubulin and counting the number of cells displaying a
peripheral microtubule ring (Ring), a visible MTOC (i.e., centrosome), a peripheral ring
and a visible MTOC (Both), and absence of visible microtubules (Loss). Twenty-five
cells were counted in five fields on each of four coverslips and the values are given as
mean percent of total + SD. ND indicates not detected.
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Figure 3.5: TIG3 reduces anterograde microtubule growth.
Normal keratinocytes, growing in glass-bottom dishes, were transfected with 1 μg of
EB1-GFP encoding plasmid in the presence of 2 μg of pcDNA3 (empty vector, EV) or
pcDNA3-TIG3. After 18 h EB1-GFP fluorescence was detected using an Olympus
FluoView FV1000 laser confocal microscope. The arrows indicate pericentrosomal
distribution of EB1-GFP labeled microtubules in two representative TIG3-positive cells.
The bars = 10 μm. Figure credit: Dr. Haibing Jiang and Dr. Stuart Martin.
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3. Impact of TIG3 on centrosome function
The centriole and centrosome play a key role at all stages of the cell cycle (Lim et
al., 2009; Loncarek et al., 2008; Sekine-Suzuki et al., 2008). Centrosomes replicate
simultaneously with nuclear DNA during S phase (Doxsey et al., 2005) and during
prophase of mitosis, and the daughter centrosomes separate and move to opposite poles
of the mitotic cell (Doxsey et al., 2005; Lim et al., 2009; Loncarek et al., 2008). Because
of the role of centrosomes and microtubules in this process, an obvious expectation is that
TIG3 may impede these processes. Indeed, our studies suggest that TIG3 interferes with
centrosome separation. Keratinocytes were infected with TIG3-expressing virus and after
24 h were stained with anti-TIG3 and anti-γ-tubulin. Fig. 3.6A shows that centrosomes
separate (rectangle) in TIG3-negative cells. In contrast, daughter centrosomes appear
closely-spaced and not separated in TIG3-positive cells (arrows). In fact, centrosome
separation is rarely observed in TIG3-positive cells. Cell counting of centrosome status in
EV and TIG3 cells reveals centrosome separation in 16 + 2% of TIG3-negative cells, but
in less than 1% of TIG3-expressing cells (Fig. 3.6A).
TIG3 could either delay or prevent centrosome separation. To distinguish between
these possibilities, we monitored the impact of TIG3 on centrosome separation as a
function of time. In EV-infected cells, separated daughter centrosomes are observed at
time points where cells are undergoing division, including 16, 24, and 48 h (Fig. 3.6B).
The number of cells displaying separated centrosomes ranges from 23.8 + 4% to 10.3 +
5% in EV-infected cells. The number is slightly lower in 72 h cells, as these cells are
nearly confluent. In contrast, the number of cells with separated centrosome is markedly
reduced in TIG3-expressing cells (Fig. 3.6C). These findings suggest that TIG3 is not
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delaying centrosome separation, but is preventing it. We also measured whether TIG3
impacts centrosome duplication by counting the number of EV and TIG3-expressing cells
that contain duplicated centrosomes. Fig. 3.7A shows that centrosome duplication is not
significantly altered in TIG3-expressing cells. Fig. 3.7B shows a TIG3-positive cell
displaying centrosome localization of TIG3 (left panel) and an expanded higher
magnification image shows the duplicated centrosomes (right panel).
We next assessed the role of microtubules in regulating centrosome separation.
Our goal was to assess whether TIG3 suppresses centrosome separation via an impact on
microtubules. To study this, we monitored the impact of the microtubule disruptor,
nocodazole, on centrosome separation in control (EV) and TIG3-expressing cells. In EVinfected cells, nocodazole treatment decreased the number of cells displaying separated
centrosomes from 20 + 7% to 14 + 8%, a number that returned to 27 + 6% following
nocodazole removal (Fig. 3.8, recovery). These findings indicate that an intact
microtubule network is necessary for efficient centrosome separation and that
microtubule status influences centrosome function. In contrast, centrosome separation
was observed in less than 2% of TIG3-expressing cells and this was not further reduced
by nocodazole treatment.
Suppressing centrosome separation is expected to impede cell cycle progression.
To assess this, keratinocytes were infected with tAd5-TIG3 or tAd5-EV and after 24 h
incubated for 4 h with BrdU. BrdU is incorporated into DNA specifically during new
DNA synthesis in S phase. Parallel cultures were stained to detect phosphorylated histone
H3, an M phase marker. Increased H3 phosphorylation is observed in mitosis (Goto et al.,
1999; Tapia et al., 2006). Fig. 3.9A shows the reduction in the number of BrdU-positive
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nuclei (green) from 14 + 1% in TIG3-negative cells to 1.1 + 0.3% of TIG3-positive cells.
Similarly, TIG3-expressing cells display parallel reduction in the mitosis marker,
phosphorylated histone H3 (Fig. 3.9A). This suggests that TIG3 reduces both S and M
phase cell cycle progression. To determine if these changes are due to a change in level
of cell cycle control proteins, we monitored for changes in level by immunoblot. No
change in cell cycle regulatory protein level is observed in TIG3-expressing cells (Fig.
3.9B), suggesting that the reduced cell proliferation is not due to change in cell cycle
regulator expression.

74

75

Figure 3.6: Impact of TIG3 on centrosome separation.
(A) TIG3 inhibits centrosome separation. Normal human keratinocytes were infected
with tAd5-TIG3 at a level that infects a subset of cells. At 24 h post-infection cells were
stained with anti-TIG3 (red) and anti-γ-tubulin (green), and nuclei were visualized with
Hoechst 33258. Arrows identify the γ-tubulin at the centrosome (green). TIG3 is red
fluorescence. The rectangle indicates separated daughter centrosomes in a TIG3-negative
cell. The plot indicates the percent of control and TIG3-positive cells with separated
centrosomes (mean + SEM, fifty cells counted in ten fields in each of four experiments).
Differences are significant as determined by Student’s t-test, p < 0.005. Bars = 10 μm.
(B/C) Normal human keratinocytes were infected with tAd5-EV or tAd5-TIG3 at t = 0 h
and cultures were harvested at 16 h, 24 h, 48 h, and 72 h post-infection and fixed and
stained as in Fig. 3.6A. The arrows indicate centrosomes. The numbers indicate the
percentage of cells displaying separated daughter centrosomes. The values are mean +
SD, n = 50 cells counted in ten fields. Similar results were observed in four separate
experiments. The bars = 10 μm. Figure 3.6A credit: Dr. Haibing Jiang.
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Figure 3.7: TIG3 does not inhibit centrosome duplication.
(A) Centrosomes were counted in thirty EV or TIG3-expressing cells in ten independent
fields. A slight decrease in cells displaying duplicated centrosomes is observed in TIG3expressing cells, but the reduction was not statistically significant (p < 0.41) as
determined Student’s t-test. (B) Images showing centrosome duplication in a TIG3expressing cell. Keratinocytes were infected with TIG3-expressing virus and after 48 h
the cell was fixed and stained to detect TIG3 (red), γ-tubulin (green), and DNA (blue).
The yellow staining in the left panel (arrow) indicates centrosome-localized TIG3. The
arrows in the right panel show the closely-spaced duplicated centrosomes in the same cell
(only γ-tubulin staining is shown for clarity). The bars indicate 10 μm.
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Figure 3.8: An intact microtubule network is required for centrosome separation.
Keratinocytes were infected with tAd5-EV or tAd5-TIG3. After 24 h dishes of cells were
treated with vehicle (untreated), 10 nM nocodazole for 2 h (nocodazole), or nocodazole
for 2 h followed by 1 h recovery in nocodazole-free medium (recovery). The cells were
then fixed and stained with anti-γ-tubulin (green) and anti-TIG3 (red), and stained with
Hoechst 33258. The images were acquired with a confocal microscope. The bars = 10 μm
and the arrows identify the centrosome. The counts are the number of cells displaying
separated centrosomes and are presented as mean + SD derived from the count of thirty
cells in ten independent fields per treatment group.
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Figure 3.9: TIG3 suppresses cell division.
(A) TIG3 reduces BrdU incorporation. Normal human foreskin keratinocytes were
infected with empty or TIG3-encoding adenovirus and after 24 h incubated for 4 h with
BrdU. Cells were then fixed and stained with anti-TIG3 (red), anti-BrdU (green) and
Hoechst 33258. The plots indicate percent of BrdU -positive cells (mean + SEM, n = four
experiments with fifty cells counted in ten fields per experiment) and the percent of cells
staining strongly for phospho-H3 (mean + SEM with one-hundred cells counted in
twenty fields per experiment). Differences are significant as determined by Students ttest, p < 0.01. Bars = 10 μm. (B) Cell lysate was collected from keratinocytes at 24 h after
infection with tAd5-EV or tAd5-TIG3. Cell cycle regulatory protein level was
determined by immunoblot. Numbers indicate molecular weight (kDa). Cell cycle phase
is indicated (G1, S, G2/M). Figure 3.9A credit: Dr. Haibing Jiang.
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E. DISCUSSION
We previously reported that TIG3 reduces cell survival (Jans et al., 2008;
Scharadin et al., 2011; Sturniolo et al., 2003); however, little is known about the
mechanism of growth suppression. In the present study we show that TIG3 localizes at
the centrosome, as evidenced by co-localization with the centriole and centrosome
markers, γ-tubulin and pericentrin. The centrosome is a 1 - 2 μm diameter organelle,
located adjacent the nucleus that includes two perpendicularly-oriented barrel-shaped
centrioles surrounded by pericentriolar material (PCM). The TIG3 staining pattern
suggests that TIG3 interacts with the pericentriolar material (PCM). Moreover, the
interaction is relatively specific. Some TIG3 is present localized with the Golgi (GM130,
M6PR) and endoplasmic reticulum (calnexin), but the major site of TIG3 interaction is at
the centrosome. The centrosome is absolutely required for cell division and cell survival,
as it serves to nucleate polarized microtubule arrays which organize cytoplasmic
organelles and primary cilia in interphase cells, and also forms the mitotic spindles during
mitosis (Doxsey et al., 2005). The PCM includes hundreds of proteins, including many
large scaffold proteins that function as regulatory protein docking sites (Doxsey et al.,
2005), and the γ-tubulin ring complexes responsible for microtubule nucleation (Doxsey
et al., 2005; Kreitzer et al., 1999). The centrosome and the microtubule system are
intimately connected, and deficiencies in either microtubule or centrosome function can
reduce cell survival (Mazzorana et al., 2011; Rusan et al., 2009). Moreover, because the
centrosome and microtubules reciprocally influence the function of the other, we studied
the impact of TIG3 on both the centrosome and the microtubules.
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1. TIG3 alters microtubule distribution, covalent modification and nucleation
One feature we observe is a striking impact of TIG3 on microtubule nucleation.
EB1-GFP is a probe that labels the growing ends of microtubules and is a useful probe to
study nucleation (Piehl et al., 2003; Piehl et al., 2004). In TIG3-positive cells, EB1-GFP
intensely labels the microtubule organizing center (MTOC) which suggests that TIG3
does not inhibit microtubule nucleation. However differences are observed. First, there
appear to be multiple sites of nucleation, suggesting that the nucleation sites may be
rearranged, and, second, the nucleated microtubules do not appear to elongate much
beyond the region surrounding the centrosome. This suggests that although nucleation is
ongoing, the fate of the nucleated microtubules is different from microtubules in control
cells.
A second feature is that the microtubules display an unusual distribution in TIG3positive cells. In control cells the microtubules extend around the nucleus and project in a
continuous network to the cell periphery. In TIG3-expressing cells microtubules
accumulate as a ring at the cell periphery, leaving thin microtubule threads to connect this
structure to the centrosome. It has been shown that the microtubule network is reoriented
in suprabasal keratinocytes such that it distributes to the cell periphery (Lechler et al.,
2007) and it is at least possible that TIG3 drives this rearrangement, as it is expressed in
suprabasal epidermis (Jans et al., 2008; Sturniolo et al., 2003; Sturniolo et al., 2005).
Microtubule accumulation at the cell periphery could also be due to microtubule
nucleation at alternate sites (e.g., at the cell periphery). However, our EB1-GFP studies
suggest that the centrosome is maintained as the primary nucleation site in TIG3-positive
cells. Alternatively, the altered microtubule distribution could be due to differences in
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microtubule anchoring. A specific set of proteins are involved in anchoring the negative
end of microtubules to the centrosome. Ninein is a centrosome protein involved in this
process (Dammermann et al., 2002; Delgehyr et al., 2005; Mogensen et al., 2000) that has
been shown to redistribute to the plasma membrane in differentiated keratinocytes
(Lechler et al., 2007) and this redistribution results in formation of a cortical microtubule
ring in these cells which is reminiscent of the peripheral ring that we observe. It is also
possible that TIG3 may catalyze release of the microtubule minus end from the
centrosome leading to peripheral accumulation. Although defining a precise mechanism
will require further investigation, the present studies show that TIG3 alters the
microtubule distribution.
A third feature is the impact of TIG3 on microtubule response to nocodazole. In
control cells, microtubule asters completely dissociate following nocodazole treatment. In
contrast, centrosome-associated asters persist in nocodazole-treated TIG3-expressing
cells. The possibility that it is due to a high rate of nucleation is supported by the EB1GFP labeling studies showing a high rate of nucleation and by studies showing rapid
expansion of asters upon nocodazole removal. However, increased aster maintenance
could also be due to enhanced microtubule stability.
An additional interesting response to nocodazole is the preferential loss of the
peripheral tubulin ring, a structure specifically present in TIG3-positive cells. Nocodazole
treatment results in a complete loss of this structure. It is not clear why this ring structure
forms in TIG3-positive cells, since microtubule elongation appears to cease in the
vicinity of the centrosome. However, these rings reappear during recovery from
nocodazole, suggesting that ring formation is not a one-time response to TIG3. An
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additional feature is that microtubules are not visible by immunostaining in
approximately 50% of TIG3-positive cells. This is in spite of the fact that tubulin level is
not decreased as measured by immunoblot. The absence of signal is not likely due to
epitope masking, as the reduction is observed with each of three antibodies that detect
different tubulin epitopes (rabbit anti-β-tubulin, mouse anti-β-tubulin and mouse antiacetyl-α-tubulin).
We also examined whether TIG3 expression covalently modifies microtubules to
alter stability. Microtubule stability is regulated by posttranslational modification of αtubulin. One mechanism is by removal of the α-tubulin carboxyl-terminal tyrosine
(Kreitzer et al., 1999). This process is controlled by an unidentified tubulin
carboxypeptidase which removes tyrosine to expose glutamic acid. This modified product
is called glu-α-tubulin (Kreitzer et al., 1999). Tubulin tyrosine ligase is an enzyme that
catalyzes tyrosine replacement to regenerate tyrosinated α-tubulin. Tyrosinated α-tubulin
subunits turn over in 3 to 5 minutes; detyrosinated tubulin (glu-α-tubulin) turns over in 3
to 5 hours (Kreitzer et al., 1999). Thus, glu-α-tubulin enriched microtubules are highly
stable. Acetylation of α-tubulin is also associated with enhanced stability (Hammond et
al., 2008), as is accumulation of microtubules in the insoluble fraction in lysates. One
possibility is that microtubule accumulation at the cell periphery in TIG3-positive cells is
due to enhanced microtubule stability, perhaps associated with increased acetylation of αtubulin and increased glu-α-tubulin formation. We detected glu-α-tubulin and acetyl-αtubulin in control cells and increased levels in TIG3-positive cells. Acetyl-α-tubulin was
detected in TIG3-positive cells at the centrosome and in the peripheral tubulin ring.
Moreover, we observe increased levels of insoluble tubulin in TIG3-positive cells, which
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is also an indicator of increased microtubule stability. Thus, TIG3 appears to increase
microtubule stability. A key question is how the TIG3 impact on microtubules may
influence cell survival and centrosome function. In this respect, centrosome and
microtubule functions are linked together. It is known that the centrosome influences
microtubule function and it is also known that agents that influence microtubule turnover
or stability, such as paclitaxel, influence centrosome function (Lanzi et al., 2001;
Mazzorana et al., 2011). Thus, we propose that one way that TIG3 reduces cell survival
and halts proliferation is via its impact on microtubule distribution and stability, and that
this also impacts the centrosome.
2. TIG3 halts daughter centrosome separation
Centrosome localization of TIG3 could be expected to impact centrosome
separation. Indeed, centrosome separation is impeded in TIG3-positive cells and this is
associated with reduced cell proliferation as measured by reduced incorporation of BrdU
into DNA (an S-phase event), and reduced levels of phospho-H3 (an M-phase marker). In
control cultures, 15% of cells are BrdU-positive and 10% display high-level phospho-H3
staining. In contrast, in TIG3-expressing cultures these levels are suppressed to less than
1% suggesting an impact of TIG3 on cell cycle progression. This is not associated with
changes in expression of cell cycle control proteins associated with G1, S, or G2/M,
suggesting that it may uniformly impact all cell cycle phases.
Centrosomes are duplicated during the S-phase of the cell cycle in synchrony with
nuclear DNA replication (Doxsey et al., 2005; Hinchcliffe et al., 2001). During early
prophase the centrosomes separate and begin the process of migration to opposite poles
of the dividing cell (Doxsey et al., 2005; Hinchcliffe et al., 2001). Our studies suggest
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that TIG3 does not inhibit centrosome duplication, but rather inhibits centrosome
separation and thereby influences cell division. Indeed our findings show that the
daughter centrosomes are separated by more than 1.5 μm in 15.9% of control cells, a
number that is consistent with the number of cells in mitosis (10.2%). In contrast,
centrosome separation is observed in less than 1% of TIG3-positive cells, suggesting that
TIG3 inhibits centrosome separation and/or centrosome migration. Time course studies
reveal that TIG3 does not delay but actually halts separation. Proteins have been
identified that link the mother and daughter centrosomes during replication that are
cleaved to permit centrosome separation at the appropriate cell cycle stage (Bahe et al.,
2005). It is possible that TIG3 impedes the cleavage of these proteins and thereby inhibits
centrosome separation. TIG3 may also inhibit centrosome replication. However, the
number of cells containing duplicated centrosomes was not significantly reduced in
TIG3-expressing cells. Thus, TIG3 does not inhibit centrosome replication.
In summary, our studies show that the centrosome is a major site of TIG3
localization in normal human keratinocytes, and that this is associated with changes in
microtubule distribution, elongation and covalent modification, and that TIG3 association
at the centrosome suppresses centrosome separation (Fig. 3.10). In addition, we suggest
that the altered microtubule environment may feedback to further alter centrosome
function. Ultimately, we argue that these events lead to cessation of cell proliferation and
reduce cell survival.
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Figure 3.10: Schematic of TIG3 action.
TIG3 interacts with the centrosome and halts centrosome separation during cell division.
It also alters microtubule subcellular distribution, nucleation and stability. These changes
result in cessation of cell division. Centrosomes (yellow), nuclei (blue), TIG3 localization
(orange) and microtubules (green) are shown. The blue outline represents the plasma
membrane. The dashed arrows indicate that the centrosome and microtubules reciprocally
influence the function of the other.
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CHAPTER 4: CENTROSOME LOCALIZATION OF THE TIG3
TUMOR SUPPRESSOR REQUIRES AN N-TERMINAL
HYDROPHILIC REGION MOTIF4

A. ABSTRACT
TIG3 is a class II tumor suppressor protein that plays a key role in controlling cell
proliferation. TIG3 is also observed at reduced levels in epidermal squamous cell
carcinoma, and restoration of TIG3 expression in skin cancer cells reduces cell survival.
TIG3 suppresses cell proliferation and leads to cell death via a mechanism that involves
localization at the plasma membrane and at the centrosome. TIG3 interacts at the plasma
membrane to activate enzymes involved in keratinocyte terminal differentiation, and at
the centrosome to inhibit daughter centrosome separation during mitosis leading to
cessation of cell proliferation. TIG3 also drives apoptosis in cancer cells. An important
goal is identifying the motifs required for TIG3 localization at these intracellular sites,
and identifying TIG3 mutants that target the centrosome and plasma membrane as a
mechanism to understand the function of TIG3 at each location. TIG3 encodes an Nterminal hydrophilic region (amino acids 1-134) and a C-terminal membrane anchoring
domain (amino acids 135-164). We show that the C-terminal hydrophobic domain targets
intact TIG3 to the plasma membrane, but when isolated as an independent element
localizes at the mitochondria. We further demonstrate that a twenty-four amino acid
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segment (amino acids 102-125) of the N-terminal hydrophilic region targets the
centrosome. These studies provide important insights regarding the mechanism of action
of this novel keratinocyte cell survival regulator.
B. INTRODUCTION
The TIG3 (Tazarotene-induced gene 3) tumor suppressor protein was originally
discovered as a cell survival regulator in human keratinocytes (DiSepio et al., 1998). This
164 amino acid protein, also called retinoic acid receptor responder 3 (RARRES3) and
retinoid-inducible gene 1 (RIG1), displays significant homology to the H-rev107 family
of class II tumor suppressors (DiSepio et al., 1998; Huang et al., 2000; Jiang et al., 2005a;
Ou et al., 2008; Tsai et al., 2007). These proteins encode an N-terminal hydrophilic
region and a C-terminal membrane-anchoring domain (DiSepio et al., 1998). The Nterminal domain encodes several motifs which are conserved among the H-rev107 family
members, including the NCEHFV and LRYG regions (Deucher et al., 2000). TIG3
mRNA and protein levels are reduced in hyperproliferative epidermis, including psoriatic
lesions and skin tumors (Duvic et al., 1997; Duvic et al., 2000; Duvic et al., 2003).
Treating psoriatic lesions with retinoids increases TIG3 level and decreases cell
proliferation through activation of the normal differentiation process (DiSepio et al.,
1998; Sturniolo et al., 2003). TIG3 expression in cultured keratinocytes reduces cell
proliferation and increases cornified envelope formation, suggesting a role for TIG3 in
normal terminal differentiation (Jans et al., 2008; Sturniolo et al., 2003; Sturniolo et al.,
2005). Supporting this idea, TIG3 is expressed at low levels in keratinocyte monolayers
but at much higher levels in the suprabasal differentiated cells when keratinocytes are
grown as epidermal equivalents (Jans et al., 2008). TIG3 suppresses cell survival in
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normal and transformed keratinocytes via two distinct mechanisms. In normal
keratinocytes, TIG3 increases activity of type I transglutaminase (TG1) leading to an
increase in cornified envelope formation and terminal differentiation (Jans et al., 2008;
Sturniolo et al., 2003; Sturniolo et al., 2005). However, TIG3 does not cause apoptosis of
normal keratinocytes (Jans et al., 2008; Sturniolo et al., 2003; Sturniolo et al., 2005). In
contrast, in skin squamous cell carcinoma cells TIG3 causes caspase-associated cell death
(Scharadin et al., 2011).
A major goal is identifying the mechanisms that guide TIG3 intracellular action.
This requires identification of motifs that target TIG3 to specific subcellular
compartments. TIG3 consists of N-terminal hydrophilic and C-terminal hydrophobic
regions (Deucher et al., 2000; DiSepio et al., 1998). Our previous studies show that the
C-terminal hydrophobic region serves to anchor TIG3 to the cell membrane (Deucher et
al., 2000; Sturniolo et al., 2003; Sturniolo et al., 2005). TIG3 mutants that lack this
domain distribute in the cytoplasm and are not biologically active (Deucher et al., 2000;
Sturniolo et al., 2003; Sturniolo et al., 2005). We know much less about the N-terminal
hydrophilic region, except that N-terminal truncation converts TIG3 from a prodifferentiation to a pro-apoptotic protein in normal keratinocytes (Jans et al., 2008). We
recently identified the centrosome as a site of intracellular TIG3 localization (Scharadin
et al., 2011; Scharadin et al., 2012a), and showed that centrosome interaction of TIG3
inhibits daughter centrosome separation during mitosis and alters microtubule and
organelle distribution to facilitate apoptosis (Scharadin et al., 2011; Scharadin et al.,
2012a). Our findings support the argument that this is a key interaction. For this reason, it
is important to identify the TIG3 motif that targets TIG3 to the centrosome. In the present
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study we identify a centrosome-localizing motif in the N-terminal hydrophilic region that
includes three motifs that are highly conserved among TIG3-related tumor suppressors.
C. MATERIALS AND METHODS
1. Cell culture, cloning, adenovirus infection, and electroporation
SCC-13 cells were obtained from American Type Culture Collection (Rockville,
MD) and were maintained in high glucose DMEM (Gibco, 11960-044) supplemented
with 2 mM L-glutamine, 1 mM sodium pyruvate, 100 U/ml penicillin, 100 µg/ml
streptomycin and 5% fetal bovine serum (Sigma, St. Louis, MO). TIG3 constructs were
produced by amplifying the desired sequence using primers and then cloning into
pcDNA3 or pEGFP-N1 plasmids (Clontech, Mountain View, CA) using NEB Quick
Ligase. The sequence of each plasmid was confirmed by DNA sequencing. Adenoviruses
were produced as previously described (Sturniolo et al., 2003). tAd5-TIG31–164, is a
tetracycline-inducible virus that encodes the full-length TIG3 protein and a tetracyclineresponsive enhancer element (Sturniolo et al., 2005). The Ad5-TA virus encodes the
tetracycline transactivator (TA). The tAd5-TIG31–134 virus encodes TIG3 protein lacking
the C-terminal hydrophobic region, and tAd5-EV is an empty virus used as a control
(Sturniolo et al., 2003; Sturniolo et al., 2005). For infection, cells are washed with
phosphate-buffered saline, incubated with 10 MOI of TIG3-encoding or empty virus in
the presence of 5 MOI of Ad5-TA in Dulbecco’s Modified Eagle’s medium (DMEM)
containing 6 µg polybrene/ml (Sigma, H9268). After 5 h, the medium is replaced with
virus-free medium and incubation is continued for an additional 24 h prior to preparation
of cells and extracts for cell count, immunocytochemistry, and immunoblot. For delivery
of DNA by electroporation, cells were treated with 3 µg of plasmid using a Lonza
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Nucleofector II device and human keratinocyte nucleofector kit. Cells were incubated for
24 - 48 h post-electroporation prior to fixation and immunostaining.
2. Immunological methods
Extracts for immunoblot were prepared in 20 mM Tris- HCl, pH 7.5 lysis buffer
containing 150 mM NaCl, 1 mM EGTA, 1 mM EDTA, 1% Triton X-100, 2.5 mM
sodium pyrophosphate, 1 mM glycerophosphate, 1 mM sodium vanadate, 1 µg/ml
leupeptin (Cell Signaling, 9803, Danvers, MA) and 1 mM phenylmethylsulfonyl fluoride.
Equal amounts of protein were electrophoresed on Ready Gels (Bio-Rad, Hercules, CA)
and transferred to nitrocellulose membranes for immunoblot. For immunofluorescence,
cells maintained on coverslips, were infected with adenoviruses or electroporated with
plasmid. After 24 - 48 h, the cells were fixed in 4% paraformaldehyde, permeabilized
with methanol, and incubated with organelle marker-specific antibody followed by Alexa
Fluor 488-conjugated goat anti-rabbit IgG (1:1000) or Alexa Fluor 555-conjugated goat
anti-mouse IgG (1:1000) secondary antibody. Cells were then incubated with Hoechst
33258 (1:2000), washed thoroughly and mounted on slides using Fluoromount (Sigma,
4680). Confocal cell images were generated using an Olympus IX81 spinning disk
confocal microscope.
3. Antibodies and Reagents
Polyclonal rabbit anti-TIG3 production was as previously described (Jans et al.,
2008; Sturniolo et al., 2003; Sturniolo et al., 2005). β-actin (A1978) and FLAG-M2-Cy3
(A9594) antibodies were purchased from Sigma (St Louis, MO). Caspase 3 (9665),
Caspase 9 (9502), and cleaved PARP (9541) antibodies were from Cell Signaling
(Danvers, MA). GM130 (610822) and calnexin (610524) antibodies were purchased from
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BD Transduction Laboratories (San Jose, CA). Pericentrin (ab28144) antibody was from
Abcam (Cambridge, MA). GFP antibody (sc-8334) was purchased from Santa Cruz
Biotechnology (SantaCruz, Ca). Alexa Fluor 488-conjugated goat anti-rabbit (A-11034),
Alexa Fluor 555-conjugated goat anti-mouse (A-21424), Hoechst 33258 (H3569), and
MitoTracker Red CMXRos (M7512) were from Invitrogen (Carlsbad, CA). Rabbit HRPconjugated IgG (NA934) and mouse HRP-conjugated IgG (NXA931) were from GE
Healthcare (Piscataway, NJ). Cells were incubated with 200 nM MitoTracker Red
CMXRos for 30 min prior to fixation.
4. FLAG immunohistochemistry
To monitor FLAG-tagged TIG3 mutant expression, SCC-13 cells, grown on
coverslips, were washed twice with TBS then fixed in 3% paraformaldehyde + 0.5%
Triton X-100. The cells were washed in TBS four times, blocked in 10% goat serum, and
incubated with the Cy3-conjugated FLAG antibody for 1 h.
D. RESULTS
1. C-terminal hydrophobic domain
The TIG3 protein encodes a 134 amino acid N-terminal hydrophilic region and a
thirty amino acid C-terminal hydrophobic domain (Deucher et al., 2000; DiSepio et al.,
1998). The C-terminal hydrophobic domain is conserved among TIG3-related tumor
suppressors (DiSepio et al., 1998). To assess the function of this domain, adenoviruses
were constructed that encode full-length TIG3 and a mutant lacking the C-terminal 30
amino acids (Fig. 4.1A). TIG3 was then expressed in epidermis-derived SCC-13 skin
cancer cells. Consistent with an absence of endogenous TIG3 in cancer, these cells do not
express TIG3 (Scharadin et al., 2011; Scharadin et al., 2012a). Fig. 4.1B shows that full93

length TIG3 (TIG31-164) distributes at the cell periphery and at the centrosome. In
contrast, TIG31-134 distributes diffusely throughout the cytoplasm. This change in
distribution corresponds with the loss of TIG3 biological activity. SCC-13 cells were
infected with EV, TIG31-164, or TIG31-134 encoding adenovirus and after 24 h cell number
was determined (black bars). Fig. 4.1C shows that cell number doubles in 24 h in EVinfected cultures, but that cell number does not increase in TIG31-164-expressing cells. In
contrast, expression of TIG31-134 does not reduce cell survival. To assay biological
endpoints, cell lysates were collected from cells to detect caspase activity. Fig. 4.1D
shows that full-length TIG3 virus induces caspase and PARP cleavage, but that this is not
observed in cells expressing TIG31-134. These findings suggest that the C-terminal
hydrophobic region of TIG3 is important for TIG3 subcellular distribution and function.
We next created GFP fusion proteins encoding the hydrophilic N-terminal region
and hydrophobic C-terminal region (Fig. 4.2A) and then examined the distribution in
SCC-13 cells. Fig. 4.2B shows that TIG31-134-EGFPN1 assumes a cytoplasmic
distribution similar to TIG31-134. Interestingly, TIG3134-164-EGFPN1 distributes to a
unique intracellular location. To identify this location, TIG3134-164-EGFPN1-expressing
cells were stained to detect the mitochondria (MitoTracker), the centrosome (pericentrin),
the Golgi (GM130) and the endoplasmic reticulum (calnexin). Fig. 4.2C shows that
TIG3134-164-EGFPN1 co-localizes with mitochondria (MitoTracker) as indicated by the
yellow signal in the merged image. These findings suggest that the TIG3 hydrophobic Cterminus does not mediate TIG3 centrosome localization. The mitochondria localization
of the mutant is important as will be discussed below.
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Figure 4.1: TIG3 C-terminal domain is required for appropriate intracellular
localization and function.
(A) TIG3 protein domain structure. Purple indicates the N-terminal hydrophilic region
and green the C-terminal hydrophobic region. Regions of the protein that are conserved
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in other H-rev107 family members are shown in orange. The N-terminal Homology
Domain, and the NCEHFV and LRYG motifs are shown (Deucher et al., 2000). (B)
Subcellular localization of full-length TIG31-164 and TIG1-134. SCC-13 cells were infected
with 10 MOI TIG31-164 or 50 MOI TIG31-134 adenovirus and after 24 h the cells were
fixed and stained with anti-TIG3 and appropriate secondary antibody (green). Arrows
indicate TIG3 at the centrosome. Bars = 10 μm. (C) Impact of full-length TIG31-164 and
TIG31-134 on cell survival. Cells were infected with 10 MOI of empty (EV) and TIG31-164
and TIG31-134 encoding adenoviruses and at 24 h post-infection the cells were harvested
for cell count. The open bar indicates cell number at the time of virus delivery (t = 0) and
the shaded bars indicated cell number at 24 h later. The values are mean + SEM. Single
asterisks indicate a significant increase in cell number (n = 3, p < 0.05) as compared to
the control, while the double asterisks indicate reduced cell number compared to the other
24 h data points (n = 3, p < 0.05) as determined using the Student’s t-test. (D) Impact of
TIG31-164 and TIG31-134 on SCC-13 cell apoptosis. SCC-13 cells were infected with the
indicated adenovirus and after 24 h the cells were harvested for assay of caspase and
PARP status. The arrows indicate TIG3 monomers and the bracket indicates high
molecular weight crosslinked TIG3 as previously described (Eckert et al., 2009; Jans et
al., 2008; Sturniolo et al., 2003; Sturniolo et al., 2005).
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Figure 4.2: Role of the C- and N-terminal domains in guiding subcellular
localization.
(A) Schematic of TIG3-EGFPN1 fusion proteins. The proteins are as described in Fig.
4.1A, and the blue rectangle designates EGFPN1. (B) Subcellular localization of TIG31134-EGFPN1

and TIG3134-164-EGFPN1 in SCC-13 cells. SCC-13 cells were electroporated

with 3 µg of the indicated plasmid and after 24 h EGFPN1 fluorescence was detected by
confocal microscopy. No signal was observed in nonelectroporated cells (not shown). (C)
TIG3134-164-EGFPN1 localizes at the mitochondria. Cells were electroporated with 3 µg
of TIG3134-164-EGFPN1 and after 24 h the cells were fixed and stained with antipericentrin (centrosome), GM130 (Golgi), or calnexin (ER), or incubated with
MitoTracker (mitochondria) (red). The images were then visualized by confocal
microscopy. The merged images are the composite of the green and red channels and
yellow indicates co-localization. Arrows indicate perinuclear TIG3 localization. Red,
green (EGFPN1) and merged channels are shown. Yellow staining indicated colocalization. Bars = 10 µm.
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2. N-terminal hydrophilic region
The above studies indicate that neither the N- or C-terminal regions mediate TIG3
localization to the centrosome. This suggests that the localizing domain may be masked.
We therefore generated a series of N-terminal hydrophilic domain-EGFPN1 fusion
mutants to identify the centrosome localization motif (Fig. 4.3A). The TIG329-134, TIG348134,

and TIG3110-134, mutants distribute in the cytoplasm (Fig. 4.3B), similar to the

distribution of TIG31-134 (Fig. 4.2B). However, like full-length TIG3, TIG375-134, TIG384134,

TIG393-134, TIG3102-134, and TIG3102-125 concentrate at a perinuclear location,

suggesting that a centrosome localization signal exists within TIG3 amino acids 102 to
125. Elimination of additional amino acids from the N-terminal (TIG3110-134) or Cterminal (TIG375-110, TIG3102-119) end results in loss of perinuclear localization (Fig.
4.3B).
To confirm centrosome localization, GFP fusion mutant-expressing cells were costained to detect pericentrin, a centrosome protein (red). Fig. 4.4A shows that each of the
TIG375-134, TIG384-134, TIG393-134, TIG3102-134, and TIG3102-125 fusion proteins localize
around the pericentrin signal. This is consistent with our previous observations for wildtype TIG3 (Scharadin et al., 2011; Scharadin et al., 2012a). Co-staining with antiGM130, a Golgi marker, revealed an absence of co-localization (not shown). Expression
level can influence protein distribution and so we monitored expression level. We
expressed each TIG3-EGFPN1 fusion protein in SCC-13 cells and cell lysates were
collected. Fig. 4.5 shows that the proteins are expressed and reveal no correlation
between expression level and centrosome localization (i.e., although expressed at
different levels, the 1-134, 29-134, 48-134, 110-134, 75-110 and 102-119 region mutants
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do not localize at the centrosome. Likewise, the 75-134, 84-134, 93-134 and 102-134
regions localize at the centrosome, even though 75-134 is expressed at a lower level.
These findings suggest that the localization is not due to an artifact related to expression
level.
The adjacent panel in Fig. 4.5 shows wild-type TIG3 expression in cells,
illustrating the fact that wild-type TIG3 is much smaller than the TIG3-EGFPN1 fusion
proteins due to the size (27 kDa) of EGFPN1. Because the EGFPN1 tag is large
compared to the size of the TIG3 deletion mutants, we were concerned that this could
influence the subcellular distribution. We therefore examined the distribution of selected
TIG3-FLAG fusion proteins (Fig. 4.6A). Analysis of the 75-134, 84-134, 93-134, and
102-134 fusion proteins in SCC-13 cells reveals a perinuclear distribution consistent with
that observed for the EGFPN1 fusion proteins (Fig. 4.6B/C). These findings indicate that
a specific TIG3 motif targets TIG3 to the centrosome.
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Figure 4.3: Presence of putative centrosome localization signal in the TIG3 Nterminal hydrophilic region.
(A) Schematic showing the TIG3 fusion proteins in which segments of the TIG3 Nterminal hydrophilic region are fused to EGFPN1 (blue). The TIG3 domains are as
described in Fig. 4.1A. (B) Subcellular distribution of fusion proteins. SCC-13 cells were
electroporated with 3 µg of each indicated plasmid and after 24 h the EGFPN1 signal was
detected by confocal microscopy (green). TIG375-134, TIG384-134, TIG393-134, TIG3102-134,
and TIG3102-125 localize at a discrete perinuclear location. Arrows indicate perinuclear
localization. Bars = 10 μm.
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Figure 4.4: TIG3-EGFPN1 fusion proteins localize at the centrosome.
SCC-13 cells were electroporated with 3 µg of plasmid encoding the indicated TIG3EGFPN1 fusion proteins and after 24 h the cells were fixed and stained with antipericentrin (centrosome marker, red). The confocal images reveal co-localization of TIG3
and pericentrin (merge, yellow). Arrows indicate centrosome-associated TIG3 signal.
Bars = 10 µm. All of the mutants co-localize with pericentrin.
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Figure 4.5: Expression level of TIG3-EGFPN1 fusion proteins.
SCC-13 cells were transfected with 3 µg of each construct and after 24 h the cells were
harvested and cell extract was prepared and incubated with anti-GFP and appropriate
secondary antibody (left panel). As a comparison SCC-13 cells were infected with 10
MOI of tAd5-TIG3 adenovirus and after 24 h extracts were prepared for electrophoresis
and detection with anti-TIG3 (right panel). An arrow indicates the TIG3 monomer and
the brackets indicate crosslinked forms of TIG3 (Eckert et al., 2009; Jans et al., 2008;
Sturniolo et al., 2003; Sturniolo et al., 2005).
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3. Conserved elements required for TIG3 centrosomal localization
These findings suggest that TIG3 amino acids 102 to 125 are sufficient for TIG3
localization at the centrosome. Within this region are three conserved elements including
the NCEHFV and LRYG motifs and a conserved tyrosine (DiSepio et al., 1998) (Fig.
4.7A). To determine the role of these motifs in TIG3 localization to the centrosome, we
tested the impact of specific mutations in each motif. Fig. 4.7A shows the authentic
sequence (top) and each mutated sequence. Expression studies reveal that many of these
mutants localize in the cytoplasm (Fig. 4.7B). While none of the mutants distribute at the
centrosome, one mutant, N112F/C113G, localizes at the mitochondria (Fig. 4.7C). Fig.
4.7D confirms that each mutant is expressed. These findings indicate that all of the
conserved motifs present between amino acids 102 and 125 are required for TIG3
localization at the centrosome.
E. DISCUSSION
1. TIG3 function
TIG3 (Tazarotene-induced gene 3) was first identified as a gene with increased
expression in human keratinocytes treated with the anti-psoriasis drug, tazarotene
(DiSepio et al., 1998). However, TIG3 mRNA was subsequently detected in gastric
cancer cells and in other tissues and cells (Huang et al., 2000; Ou et al., 2008; Shyu et al.,
2005; Uyama et al., 2009a; Uyama et al., 2009b). TIG3 belongs to the NlpC/P60
superfamily of proteins that share homology with lecithin:retinol acyltransferase (LRAT)
and the H-rev107 tumor suppressor family (Anantharaman et al., 2003; Hajnal et al.,
1994; Husmann et al., 1998; Jahng et al., 2003). The 164 amino acid TIG3 protein
encodes N-terminal hydrophilic and C-terminal hydrophobic regions that have distinct
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functions. The C-terminal domain (amino acids 135 - 164) acts as a membrane anchor
(Deucher et al., 2000; DiSepio et al., 1998). The N-terminal domain (amino acids 1 - 134)
encodes calcium-independent phospholipase A2 activity (Han et al., 2010; Uyama et al.,
2009a; Uyama et al., 2009b), although a role for this activity in mediating TIG3 tumor
suppressor activity does not appear likely. TIG3 expression is associated with reduced
cell survival (DiSepio et al., 1998; Higuchi et al., 2003; Huang et al., 2002; Ou et al.,
2008; Scharadin et al., 2011; Sturniolo et al., 2003; Sturniolo et al., 2005; Tsai et al.,
2006; Tsai et al., 2009).
TIG3 expression is limited to the suprabasal, differentiated layers of keratinocyte
epidermal raft cultures and normal epidermis (Duvic et al., 2000; Duvic et al., 2003; Jans
et al., 2008) and is reduced in hyperproliferative skin diseases such as psoriasis and skin
cancer. TIG3 level can be increased by treatment with retinoids (Duvic et al., 1997;
Duvic et al., 2000; Duvic et al., 2003), and this increase is associated with reduced cell
proliferation and tissue normalization (Duvic et al., 1997; Duvic et al., 2000; Duvic et al.,
2003). TIG3 is not expressed in keratinocytes in monolayer culture (Jans et al., 2008;
Scharadin et al., 2011; Sturniolo et al., 2003; Sturniolo et al., 2005) and forced expression
leads to reduced cell survival through activation of terminal differentiation-associated
events (Jans et al., 2008; Scharadin et al., 2011; Sturniolo et al., 2003; Sturniolo et al.,
2005). TIG3 expression is markedly reduced in skin cancer cell lines and restoration of
TIG3 expression in these cells suppresses cell proliferation and activates apoptosis
(Duvic et al., 2000; Scharadin et al., 2011). Thus, TIG3 is absent in cells that are actively
proliferating and non-differentiated, and restoration of TIG3 expression causes cell death.
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Figure 4.6: Subcellular distribution of TIG3-FLAG fusion proteins.
(A) Schematic of the fusion proteins in which the segments of the N-terminal
hydrophilic region are fused to FLAG epitope. The TIG3 domains are described in the
legend to Fig. 4.1A. (B) SCC-13 cells were electroporated with 3 µg of each TIG3-FLAG
fusion protein and after 24 h the cells were fixed and stained with Cy3-conjugated antiFLAG antibody (red). (C) SCC-13 cells were co-stained with the centrosome marker,
pericentrin (green), and Cy3-conjugated anti-FLAG (red). These fusion proteins localize
at the centrosome (arrows) and the FLAG and pericentrin epitopes co-localize for each
mutant. Bars = 10 µm.
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Figure 4.7: Detailed analysis of the centrosome localization motif.
(A) Substitution of highly-conserved amino acids in the centrosome-localization motif.
pTIG375-134-EGFPN1 encodes amino acids 75-134 of TIG3 fused to the N-terminus of
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EGFPN1. This plasmid was used as a substrate to generate plasmids encoding the
indicated mutated sequences. Conserved sequences are indicated in red and mutated
sequences are underlined in red. The distribution of TIG3102-125-EGFPN1 is shown in
Fig.4.3B. (B) SCC-13 cells were electroporated with 3 µg of each plasmid and after 24 h
the cells were fixed and imaged by confocal microscopy. One of the mutants,
N112F/C113G, localizes with punctate structures (arrow), while the others distribute
throughout the cytosol. Bars = 10 μm. (C) The N112F/C113G mutant distributes to the
mitochondria. SCC-13 cells, expressing the N112F/C113G mutant (green), were
incubated with MitoTracker dye to stain mitochondria (red) and imaged by confocal
microscopy. The arrows show localization of the N112F/C113G mutant and the yellow
color in the merged image indicates co-localization of this mutant with MitoTracker. Bars
= 10 µm. (D) Expression of the mutant proteins. Cells were transfected with 3 µg of each
plasmid and after 24 h lysates were prepared for immunoblot detection of each mutant
using anti-GFP antibody. Similar results were observed in each of three experiments.
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2. TIG3 subcellular distribution
TIG3 accumulates at the cell membrane and centrosome in SCC-13 cells and
normal keratinocytes. TIG3 distribution to the cell membrane permits interaction with
type I transglutaminase (TG1) (Jans et al., 2008; Sturniolo et al., 2003; Sturniolo et al.,
2005). TIG3 interaction increases TG1 expression and activity leading to cornified
envelope formation in normal cells (Sturniolo et al., 2003; Sturniolo et al., 2005) and
increases TG1 activity in skin cancer cell lines (Scharadin et al., unpublished). Our
previous studies indicate that the C-terminus of TIG3 is required for TIG3 distribution to
the cell membrane and activity in normal keratinocytes. Removing the C-terminus causes
TIG3 to distribute to the cytoplasm (Jans et al., 2008; Sturniolo et al., 2003; Sturniolo et
al., 2005). The C-terminal hydrophobic domain is also required for activity of the TIG3related protein, H-rev107 (Sers et al., 1997).
Perinuclear accumulation of TIG3 is also observed in normal and transformed
keratinocytes (Scharadin et al., 2011). We recently showed that TIG3 accumulates at the
centrosome in normal keratinocytes and SCC-13 cells (Scharadin et al., 2011; Scharadin
et al., 2012a). The centrosome is an essential controller of cell structure, mitosis, and
intracellular transport (Doxsey et al., 2005; Lim et al., 2009; Soldati et al., 2006). It
serves to structure microtubules in interphase cells and has a major role in constructing
the mitotic spindles during cell division (Doxsey et al., 2005; Schliwa et al., 2003).
Centrosome accumulation of TIG3 is associated with a redistribution of the microtubules,
increased microtubule stability, and altered microtubule growth and inhibition of
daughter centrosome separation during cell division (Scharadin et al., 2011; Scharadin et
al., 2012a).
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3. Identifying motifs that control TIG3 subcellular location
To understand TIG3 function, it is important to identify motifs that drive
organelle-specific intracellular accumulation. In the present manuscript, we address this
issue. We show that deletion of the C-terminal hydrophobic region results in the loss of
TIG3 function. This is consistent with our previous reports (Deucher et al., 2000; Eckert
et al., 2009; Jans et al., 2008; Sturniolo et al., 2003; Sturniolo et al., 2005) and the reports
of others (Akiyama et al., 1999; Scharadin et al., 2011; Sers et al., 1997), and suggests
that the N-terminal hydrophilic region cannot function by itself. However, we also show
that the isolated TIG3 hydrophobic region targets the mitochondria. This is an interesting
and important observation. TIG3 functions to drive differentiation of normal human
keratinocytes (Eckert et al., 2009; Jans et al., 2008; Sturniolo et al., 2003; Sturniolo et al.,
2005). However, N-terminal truncation mutants of TIG3 are pro-apoptotic in these cells
and that the extent of apoptosis is increased as the TIG3 N-terminus is shortened (Jans et
al., 2008). These results strongly suggest that a pro-apoptotic function of TIG3 resides in
the C-terminus. The present studies, showing that this region targets the mitochondria,
are consistent with this concept. This suggests that this region may target the
mitochondria to activate apoptosis. It may be that the apoptotic response, which is
observed in TIG3-expressing cancer cells, requires this motif. This is an interesting
observation, and additional studies will be necessary to understand how the TIG3
hydrophobic region causes apoptosis and the role of the mitochondria in this process.
The function of the TIG3 N-terminal hydrophilic region is not well understood. It
has been reported to encode phospholipase A2 activity (Han et al., 2010; Jahng et al.,
2003). However, it is not known if this activity is required for TIG3 function. In
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keratinocytes, the intact protein localizes at the plasma membrane (Eckert et al., 2009;
Jans et al., 2008; Sturniolo et al., 2003; Sturniolo et al., 2005) and the centrosome
(Scharadin et al., 2011; Scharadin et al., 2012a). In contrast, the N-terminal hydrophilic
region accumulates in the cytoplasm and has no biological activity, as measured by
ability to suppress cell proliferation or induce apoptosis. This suggests that the
phospholipase A2 activity of TIG3 may not be important in controlling keratinocyte
survival.
We know that intact TIG3 localizes at the centrosome (Scharadin et al., 2011;
Scharadin et al., 2012a); however, we also know that neither the N-terminal or C-terminal
regions move to the centrosome alone. The fact that the C-terminal region localizes at the
mitochondria suggests that the N-terminal region encodes the centrosome localizing
domain. To study this, we constructed a series of TIG3-GFP fusion proteins in which
various lengths of the N-terminal hydrophilic region was linked to EGFPN1. The Cterminal hydrophobic region was removed to prevent complicating the interpretation.
Truncation experiments ultimately identified a region of the protein spanning amino acids
102 to 125 that is a minimal region required for centrosome localization. The ability of
this segment to interact at the centrosome was confirmed using both EGFPN1 and
FLAG-fusion proteins. Regions of shared homology in TIG3 and related members of the
H-rev107 protein family are present within this region (Deucher et al., 2000). There is a
conserved motif at amino acids 101 and 102, of which Q102 is present in the centrosome
localization region (Fig. 4.7A). The highly conserved NCEHFV and LRYG motifs are
contained within this region (Fig. 4.7A) (Deucher et al., 2000). Additionally, two
conserved tyrosine residues (amino acids 106 and 122) are also present (Deucher et al.,

114

2000). Point mutations of amino acids within this region suggest that each of these
conserved elements is required for TIG3 targeting to the centrosome.
4. Mechanism of TIG3 intracellular targeting
The 3D structure of the N-terminal hydrophilic region of H-rev107 has been
determined (DiSepio et al., 1998; Ren et al., 2010a; Ren et al., 2010b) and TIG3 is
expected to share a similar structure. Assuming similar structures, the TIG3 centrosome
localization motif would correspond to the β6 sheet and α3 helix of H-rev107 (Ren et al.,
2010a; Ren et al., 2010b). A key question is whether this structure can help explain the
mechanisms that control TIG3 subcellular distribution. We know that full-length TIG3
targets the plasma membrane and the centrosome (Scharadin et al., 2011; Scharadin et al.,
2012a). We also know that the hydrophobic C-terminal region is necessary for interaction
at membranes (Deucher et al., 2000; Eckert et al., 2009; Jans et al., 2008; Sturniolo et al.,
2003; Sturniolo et al., 2005) and that this region can target the mitochondria (Fig. 4.7).
This suggests that the centrosome targeting motif is not located in the C-terminus. We
therefore explored the N-terminus. Our previous studies show that the isolated N-terminal
hydrophilic region localizes in the cytoplasm (Deucher et al., 2000; Sturniolo et al.,
2003). However, by monitoring location of N-terminal mutants we identified a minimal
region (amino acids 102-125) that targets the centrosome. We show that this sequence is
necessary and sufficient to target the centrosome. Taken together, these results suggest
that this motif may be masked and not always available for targeting. In this context, it is
possible that the C-terminal hydrophobic region has a role.
The TIG3 segment between amino acids 102 and 125 forms β-sheet and α-helix
segments at the C-terminal end of the N-terminal hydrophilic region. The C-terminal
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hydrophobic domain is attached to the end of this segment. We suggest that the TIG3
subcellular distribution depends upon protein conformational status and (possibly) on
interaction with other proteins. With respect to intra-protein regulation, the TIG3 Cterminal hydrophobic domain may cover the β6-sheet/α3-helix region to reduce
interaction with the centrosome. When this domain is moved away, it may expose the β6sheet/α3-helix region to permit centrosome localization. This may also depend upon
interaction with other, presently unknown, TIG3 proteins.
In summary, these findings suggest that TIG3 accesses various cellular locations
using a variety of targeting motifs, including a C-terminal hydrophobic region that targets
membranes and the mitochondria, and a centrosome localizing motif located in the Nterminal hydrophilic domain. The ultimate impact of TIG3 interaction at these targets is
suppression of proliferation and/or induction of apoptosis.
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CHAPTER 5: CONCLUSIONS AND FUTURE DIRECTIONS5

A. CONCLUSIONS
1. TIG3 as a regulator of cell survival
TIG3 is observed at reduced levels in skin cancers and hyperproliferative
diseases, and restoration of this expression leads to a reduction in cell proliferation
(DiSepio et al., 1998). These findings indicate that loss of TIG3 could be an early,
required event in skin carcinogenesis. Endogenous TIG3 levels can be increased by
treating cells with tazarotene or other retinoids (DiSepio et al., 1998; Higuchi et al., 2003;
Huang et al., 2000; Jiang et al., 2005b). This is also observed clinically in squamous cell
carcinoma and basal carcinoma patients. Treatment of the hyperproliferative area of skin
with topical tazarotene increased levels of TIG3 along with reducing tumor size (Duvic et
al., 2003; Talpur et al., 2009).
To study the role of TIG3 in driving changes in keratinocyte function in disease,
we studied the impact of TIG3 on SCC-13 epidermal squamous cell carcinoma cells.
Expression of TIG3 in these cells decreases cell proliferation (Scharadin et al., 2011).
These results are similar to the reduction in cell proliferation we previously observed in
normal keratinocytes which expressed TIG3 (Eckert et al., 2009; Jans et al., 2008;
Sturniolo et al., 2003; Sturniolo et al., 2005). The role of TIG3 as a regulator of cell
growth does not appear to be limited to normal and cancerous skin cells. Restoration of

5

CITATION: Adapted from Scharadin T.M., Lin C-Y., and Eckert R.L. Journal of

Medical Sciences 2012. and Scharadin T.M., Eckert R.L. JID 2012.
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TIG3 expression in cancer cells from cervical, prostate, head and neck, lung, and gastric
cancer also resulted in a reduction of cell growth and survival (Deucher et al., 2000;
DiSepio et al., 1998; Higuchi et al., 2003; Huang et al., 2000; Huang et al., 2002;
Kawakami et al., 2006). In contrast, aberrant expression of TIG3 may cause diseases
associated with enhanced cell death. TIG3 was recently discovered in tau formations
related to neuropathies and higher levels of neuronal cell death (Wilhelmus et al., 2012).
In SCC-13 cells, TIG3 activates apoptosis. TIG3-dependent cell death is
evidenced by increased caspase activity, including the presence of cleaved caspase 3,
caspase 9, and PARP (Scharadin et al., 2011). Moreover, cell cycle analysis reveals that
TIG3-expressing cells display a significant increase in the number of sub-G1 cell cycle
events (Scharadin et al., 2011). TIG3 also causes a decrease in cell proliferation, which is
reflected in changes in cell cycle regulatory protein expression. This includes a reduction
in G1 and G1/S phase regulators, including cyclin D and E, and cdk4 and cdk6
(Scharadin et al., 2011). Moreover, we observe increased mRNA and protein encoding
the cyclin dependent kinase inhibitor, p21Cip1a, supporting the hypothesis that TIG3
blocks cell cycle progression at the G1 to S phase transition (Scharadin et al., 2011).
Similar results were obtained in multiple cell lines, including the immortalized
keratinocyte cell line (HaCaT) and another squamous cell carcinoma cell line (A431),
indicating TIG3 is a potent regulator of cell survival (Scharadin et al., unpublished).
In normal keratinocytes, TIG3 induces a skin-specific form of cell death, known
as terminal differentiation (Sturniolo et al., 2003). In skin cells, TIG3 is distributed to the
centrosome (discussed below) and the cell membrane. The localization of TIG3 to the
cell membrane is essential for it to interact with a key enzyme in the terminal
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differentiation pathway, type I transglutaminase (TG1). TG1 is responsible for the
formation of covalent bonds in the cornified layer of the epidermis. TIG3 protein which
does not contain the C-terminal membrane anchoring domain is not able to localize at the
membrane and does not bind to TG1 (Sturniolo et al., 2003). At the membrane, TIG3
activates TG1 and acts as a substrate for TG1 (Sturniolo et al., 2003; Sturniolo et al.,
2005). The increase in TG1 activity is associated with an increase in the formation of
cornified envelopes in TIG3-expressing keratinocytes and hence, terminal differentiation
(Sturniolo et al., 2003). These studies in monolayer cell culture are consistent with what
would be expected based on skin tissue samples and organotypic models. In these
cultures, TIG3 is not expressed in the basal, undifferentiated layers but is observed in the
suprabasal, differentiated layers (Duvic et al., 2000; Jans et al., 2008). These findings
strongly support the hypothesis that TIG3 is an essential regulator of terminal
differentiation and loss of its regulation can lead to hyperproliferative diseases. Figure 5.1
depicts the role of TIG3 in terminal differentiation.
Thus, TIG3 efficiently decreases cell survival in both normal keratinocytes and
epidermis-derived cancer cells. In normal keratinocytes, the TIG3-dependent reduction in
survival is associated with increased terminal differentiation but not activation of
apoptosis (Jans et al., 2008; Sturniolo et al., 2003; Sturniolo et al., 2005), while in skin
cancer cells TIG3 causes cell apoptosis (Scharadin et al., 2011).
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Figure 5.1: Role of TIG3 in keratinocytes
TIG3 (red) distributes to the centrosome and cell membrane in keratinocytes. TIG3
interaction at the centrosome alters its function. The centrosome, or microtubule
organizing center, is responsible for arranging the microtubules for intracellular transport
and for centrosome separation during cell division. The presence of TIG3 causes a
rearrangement of the microtubules (green) to the cell membrane, which is accompanied
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with an increase in microtubule stability and decrease in microtubule nucleation. TIG3
also halts centrosome separation. At the cell membrane, TIG3 interacts with and activates
type I transglutaminase (TG1) which leads to formation of the cornified envelope and
completion of the keratinocyte terminal differentiation pathway. At both of these
distributions, expression of TIG3 decreases cell survival.
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2. The centrosome is an important site of TIG3 action
Identifying the subcellular distribution of TIG3 is an important step in clarifying
its mechanism of action. When expressed in SCC-13 cells, TIG3 distributes to two
locations. As mentioned above, TIG3 distributes to the cell membrane, where it interacts
with and activates TG1 (Jans et al., 2008; Sturniolo et al., 2003; Sturniolo et al., 2005).
But TIG3 also localizes at a perinuclear location. It is the perinuclear role of TIG3 that is
the focus of our most recent TIG3 work.
We began by expressing TIG3 in normal and cancer skin cell lines, fixing them,
and labeling them with anti-TIG3 antibody. We also co-stained with antibodies specific
for various organelle-specific marker proteins. These included pericentrin and γ-tubulin,
which are centrosome markers. Localization with other markers was also assessed
including GM130 (cis-Golgi apparatus), mannose-6-phosphate receptor (M6PR, transGolgi and late endosome), rab11 (recycling endosome), EEA1 (early endosome), clathrin
heavy chain (CHC, intracellular transport vesicle), lamp1 (lysosome), calnexin
(endoplasmic reticulum), and Mitotracker Red (mitochondria). These experiments reveal
that in over 90% of cells TIG3 co-localizes with pericentrin and γ-tubulin (Scharadin et
al., 2011). This novel finding provides strong evidence that the perinuclear location of
TIG3 is at the centrosome. TIG3 is also present at a perinuclear location in cervical
cancer cells, but in this case the authors suggested a partial co-localization with the
endoplasmic reticulum, and cis- and trans-Golgi (Tsai et al., 2007).
The centrosome, also known as the microtubule organizing center (MTOC), is a
multifunctional organelle located adjacent to the nucleus (Doxsey et al., 2005; Lim et al.,
2009; Tsai et al., 2007). During interphase, the centrosome organizes the cellular
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microtubule array, which facilitates intracellular protein, vesicle, and organelle transport.
In cells undergoing mitosis, the centrosome arranges the mitotic spindle to enable cell
division. Though only 1-2 µm in diameter, the centrosome is composed of hundreds of
proteins. Moreover, many regulatory proteins bind to the centrosome (Doxsey et al.,
2005). The centrosome organizes microtubules by nucleating them to form microtubule
polymers containing α- and β-tubulin heterodimers (Doxsey et al., 2005). Microtubule
motors, such as kinesins and dyneins, bind to cargo and move along the microtubules
away from (anterograde) and toward (retrograde) the centrosome. Thus, a major role of
the centrosome is cell cycle stage-specific control of the microtubule array.
We propose that TIG3 acts to alter centrosome function and that this leads to a
change in microtubule function. Expressing TIG3 in normal keratinocytes or skin cancer
cells results in a marked microtubule rearrangement (Scharadin et al., 2011). In cells
which do not express TIG3, β-tubulin is observed in an organized network branching
from the centrosome throughout the cell. In contrast, in TIG3-expressing cells, β-tubulin
is observed as a thick band at the cell periphery with a few thin strands connecting to the
centrosome. This rearrangement may be related to the reorganization of the microtubule
network observed in the different layers of mouse epidermis. In the basal cells, the
microtubule network is arranged similar to what is observed in control monolayer cell
cultures. In suprabasal cells, the microtubules are arranged near the cell-cell junctions,
like the peripheral tubulin ring we observe in TIG3-expressing cells (Lechler et al., 2007;
Scharadin et al., 2011; Scharadin et al., 2012a). Thus, the TIG3-induced microtubule
rearrangement is likely part of the process of keratinocyte terminal differentiation and
TIG3 may be required for endogenous microtubule arrangement.
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The TIG3-induced microtubule rearrangement is associated with microtubule
stabilization as evidenced by increased levels of insoluble α-tubulin (Scharadin et al.,
2011). Microtubule stabilization is also associated with specific post-translational
modification of the α-tubulin subunits of the microtubule network. Three α-tubulin
modifications are known that stabilize microtubules (Hammond et al., 2008; Ikegami et
al., 2010; Quinones et al., 2011). These include acetylation and carboxypeptidasemediated detyrosination of the carboxyl-terminal tyrosine of α-tubulin to expose a Cterminal glutamic acid residue to form glu-α-tubulin (Ikegami et al., 2010). These
modifications can be reversed (Ikegami et al., 2010). However, the terminal glutamic acid
residue in glu-α-tubulin can also be deglutamylated to form a permanently stabilized
form of α-tubulin called ∆2-α-tubulin, which is a permanent modification. These
modifications increase α-tubulin turnover time from about 5 min to about 5 h (Gundersen
et al., 1987). The level of acetylated α-tubulin and glu-α-tubulin are increased in TIG3expressing cells (Scharadin et al., 2012a). TIG3 and acetylated α-tubulin colocalize at the
tubulin peripheral band that forms in TIG3-expressing cells (Scharadin et al., 2012a).
Treatment of TIG3-expressing cells with the microtubule disruptor, nocodazole, results in
disruption of the peripheral microtubule band, but some of the centrosome-connected
microtubules remain intact (Scharadin et al., 2012a). The microtubule network is able to
reform when nocodazole is removed and the unusual intracellular distribution remains.
These findings indicate that TIG3 localization at the centrosome increases microtubule
stability and alters microtubule organization/distribution.
A fluorescently-labeled protein which binds only to the plus-end of growing
microtubules, called EB1 (Dixit et al., 2009; Jaworski et al., 2008; Piehl et al., 2004), was
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employed to track the direction and rate of microtubule growth in live cells with and
without the presence of TIG3. In control cells, the EB1-label demonstrates robust growth
of microtubules from the centrosome to the cell periphery. In contrast, in TIG3expressing cells the EB1-label demonstrates termination of microtubule extension in the
vicinity of the centrosome with reduced growth to the cell periphery. This finding
suggests that TIG3 localization at the centrosome alters the dynamics of the microtubule
network as well as its organization and stability (Scharadin et al., 2012a).
TIG3 also appears to impact centrosome separation. The centrosome plays an
important role during mitosis (Doxsey et al., 2005). A key event is centrosome
duplication during S-phase of the cell cycle. Subsequently, in early prophase, the
daughter centrosomes split and form asters that nucleate microtubules. The asters
separate to opposite poles to form the mitotic spindle in prophase, which interacts with
the chromosomes during the remainder of mitosis. Our studies suggest that TIG3
interaction at the centrosome alters this process. Daughter centrosomes in TIG3expressing keratinocytes do not split and undergo separation. In control cultures 16% of
cells display separated centrosomes, a level consistent with the number of G2/M cells in
the cultures. In contrast, the number of cells displaying separated centrosomes is reduced
to 1% in TIG3-expressing cells (Scharadin et al., 2012a). Furthermore, TIG3 reduces the
number of cells displaying bromodeoxyuridine uptake, an S-phase marker, and histone
H3 phosphorylation which marks mitosis, from 14% in control cells to 1% in TIG3positive cells (Scharadin et al., 2012a). These findings indicate that TIG3 influences
centrosome-related functions that are important for cell cycle progression. Needless to
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say, inhibition of centrosome separation will result in cessation of cell division. Figure
5.1 depicts the role of TIG3 at the centrosome to halt cell proliferation.
Recent studies have focused on identifying domains that drive TIG3 to the
centrosome. We constructed a series of mutants in which various segments of the Nterminal region are fused to EGFP (enhanced green fluorescent protein) as part of an
effort to identify motifs required for targeting TIG3 to the centrosome. These studies
identify the region spanning amino acids 102 to 125 as able to mobilize EGFP to the
centrosome. The presence of centrosome localization sequence at amino acids 102-125 is
particularly interesting, as this region of TIG3 contains amino acid sequences that are
highly conserved in other members of the H-rev107 tumor suppressor family (Deucher et
al., 2000), suggesting that other family members may also localize at the centrosome.
B. FUTURE DIRECTIONS
While these studies have enhanced the knowledge of TIG3 action, several
questions remain unanswered. One area that is currently of interest is the study of
endogenous TIG3. Due to low expression levels in monolayer cell culture and
hyperproliferative disease states, we and other labs use a TIG3 over-expression model.
However, the study of endogenous TIG3 is optimal for determining its function in normal
epidermis. An organotypic skin model, known as a raft culture, is ideal for studying the
role of endogenous TIG3. In this model, a large number of keratinocytes are seeded onto
a cell culture insert. After 24 hours, the media above the cells is removed so the cells are
grown at the air-liquid interface. The cells are subsequently fed outside the insert with
media containing a higher level of calcium to induce keratinocyte differentiation. The
cells are typically allowed to grow for three additional days, until the keratinocytes form
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into layers similar to the epidermis (Poumay et al., 2004). These cultures can be used to
observe biochemical changes, such as mRNA, protein, and immunoprecipitation.
Additionally, these cultures can be fixed and sectioned to be stained similar to an
epidermal tissue section.
We plan to use this raft model to observe the distribution and subcellular
localization of endogenous TIG3. We will also monitor the mRNA and protein
expression levels of differentiation markers in these rafts compared to monolayer
cultures. Based on the staining of TIG3 in normal epidermal sections, we predict that
TIG3 is mainly localized to the suprabasal cells and that it should have enhanced
expression in raft cultures compared to undifferentiated, monolayer cultures. A second
goal is to determine the effects of TIG3 knockdown in this model. To study this, we have
generated five different TIG3 shRNA lentiviruses and a scramble shRNA lentivirus.
Keratinocytes will be infected with the appropriate lentivirus to knockdown TIG3
expression prior to formation of the raft culture. These cultures will be used to determine
if keratinocytes are able to begin or complete the process of terminal differentiation
without the presence of TIG3. Given the previous lab data, we predict that loss of TIG3
expression will prevent the formation of a differentiated, multi-layered raft culture,
indicating that regulation by TIG3 is required during terminal differentiation.
Another area of interest is the role of the phospholipase A2 activity of TIG3.
TIG3, and other members of the H-rev107 and LRAT families, were recently described
as having calcium-independent phospholipase A2 activity (Han et al., 2010; Uyama et al.,
2009a; Uyama et al., 2009b). The N-terminus of these proteins is responsible for the
enzymatic activity and does not require the C-terminus of TIG3. Two highly conserved
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elements within this region are predicted to be necessary for the phospholipase A2
activity. These include histidine 23 and cysteine 113 of TIG3. The role of phospholipid
metabolism in the control of cell survival by TIG3 has not been examined.
Based on our previous studies, we predict that TIG3 is able to regulate cell
survival in a phospholipase-independent manner. Namely, truncations of the N-terminus
of TIG3, which remove these elements, are capable of inducing apoptosis in normal
keratinocytes (Jans et al., 2008). We have devised two ways to determine if the tumor
suppressor role of TIG3 is dependent or independent of its phospholipase activity. In one
method we will incubate normal and cancerous skin cells with a phospholipase A2
inhibitor, such as bromoenol lactone or methyl arachidonyl fluorophosphonate, prior to
infection with TIG3 adenovirus. In a second method, we will create TIG3 adenoviruses
containing point mutations at one or both of the essential conserved elements required for
phospholipase A2 activity, H23 and C113. Normal and cancerous skin cells will be
infected with adenoviruses containing the point mutations. After 24 – 48 hours, the cells
will be monitored for hallmarks of TIG3 activity, such as increased TG1 activity and
cornified envelope formation in normal keratinocytes or apoptosis activation in skin
cancer cell lines. Overall changes in cell number will be monitored by cell counting.
Additionally, we wish to study the tumor suppressor role of TIG3 in an in vivo,
xenograft setting. The restoration of TIG3 levels in monolayer culture is sufficient to
reduce cell survival in hyperproliferative cell lines. However, the ability of TIG3 to
reduce cell survival in a tumor or other growth is equally important. In order to study this
role, we plan to generate a stable skin cancer cell line which is able to increase TIG3
expression in a tetracycline-dependent manner. These cells will be injected into nude
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mice. The role of TIG3 as a tumor suppressor will be studied in two experiments. In one
experiment, the mice will be given the tetracycline-analog, doxycycline, or control,
immediately following injection of the inducible-cancer cells to monitor the ability of
TIG3 to prevent tumor formation. We predict that control-treated mice will form tumors
but doxycycline-treated mice will be unable to form tumors or will form tumors smaller
in size than the control. In a second experiment, we will allow the mice to form tumors
after injection of the inducible-cancer cells. Once tumors of an appropriate size have
formed, the mice will be fed doxycycline or a control to determine if TIG3 is able to
decrease the size of a formed tumor. We predict that tumors in the control-treated mice
will continue to proliferate but tumors in doxycyline-treated mice will reduce in size or
completely disappear. The presence and size of tumors will be monitored on a weekly
basis. At the end of the period of study, the tumors will be removed and stained to
determine levels of TIG3 and apoptosis.
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