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Abstract 

Title of Dissertation: Transglutaminase 2 as an Essential Survival Factor in Cutaneous 
Squamous Cell Carcinoma 

Matthew L. Fisher, Doctor of Philosophy, 2017 

Dissertation Directed by: Richard L. Eckert, Chair, Biochemistry and Molecular Biology 

Non-melanoma skin cancer is the most common cancer in human populations. Cutaneous 

squamous cell carcinoma (cSCC) is extremely frequent and is the most common cancer 

capable of metastasis. cSCC is primarily linked to exposure to ultraviolet (UV) radiation. 

Immunosuppressed patients are two-hundred times more likely to get aggressive and 

metastatic SCC.  Moreover, environmental irritants and increased exposure to UV 

irradiation with indoor tanning have led to increased skin cancer incidence. Thus, skin 

cancer is an important health concern. It is thought that a small fraction of tumor stem cells 

possess the ability to initiate and sustain tumor growth. These cells, referred to as cancer 

stem cells (CSC) possess traits of normal stem cells and are slow-cycling, capable of self-

renewal through asymmetrical division, and are able to give rise to all the cell types in the 

tumor population. Bulk tumor cells represent the majority of the tumor mass, but in contrast 

to cancer stem cells, are dispensable for tumor propagation.  Thus, therapeutic targeting of 

cancer stem cell survival mechanisms is an important cancer therapy strategy.  Herein we 

provide evidence that transglutaminase type 2 (TG2) is a key controller of epidermal cancer 

stem cells (ECS cell) survival and an important therapeutic target.  TG2 is a multifunctional 

member of the transglutaminase family of proteins.  In the closed conformation, which 

exists in cells, TG2 functions as a GTP binding/G protein-related signaling protein. A rise 

in intracellular calcium concentration shifts TG2 to an open conformation that functions in 

cell and matrix remodeling. TG2 has been shown to be elevated in a number of metastatic 



 
 

cancers, but its role in disease progression and survival is not well characterized. We show 

that TG2 is constitutively expressed in ECS cells where it facilitates migration, invasion, 

spheroid formation and survival of ECS cells. Mechanistic studies, using TG2 mutants, 

revealed that the GTP-binding activity is required for maintenance of ECS cell growth and 

survival. Furthermore, signaling analysis showed that TG2 is involved in regulating several 

key pathways involved in stemness and metastasis, including EMT and Hippo signaling. 

These studies suggest TG2 is an important therapeutic target for invasive and metastatic 

cSCC. 
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Chapter 1 
Introduction 

The Epidermis 

The skin protects against insults, infection and dehydration, as well as enabling 

thermoregulation and sensory perception (1). Various cells residing in the skin carry out 

these unique functions. These cells generate a number of structures important to 

homeostasis including the epidermis, hair follicles, and sebaceous/sweat glands (1). The 

skin must renew itself continually to maintain the epidermal barrier and repair damage. 

Maintenance of this barrier requires a balance between keratinocyte cell proliferation and 

differentiation. The constant turnover of keratinocytes involved in maintaining the barrier 

requires multiple reservoirs of stem cells (2).     

Adult stem cells reside in a niche that provides a unique microenvironment for maintenance 

and function of the stem cells. The skin is a complex organ harboring several distinct 

populations of stem cells and a rich array of cell types and niches (3).  The outermost layer 

of skin is the epidermis, a stratified structure that is maintained by stem cells located at the 

most basal layer and acts as a protective barrier (4). The stem cells in the basal layer not 

only replenish the basal layer, but also give rise to the spinous and granular layers of the 

epidermis (2). The spinous layer is characterized by cells containing a large number of 

desmosomal connections. The desmosomes contribute strength (2).The granular layers of 

the epidermis contain nonproliferative but transcriptionally active cells (5, 6). These cells 

contain granule-enclosed proteins and lipids. Some of these granules contain cornified 

envelope precursors that are ultimately deposited onto the inner surface of the developing 

cornified envelope (1). Cells in the granular layer eventually terminally differentiate and 
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die, forming the stratum corneum, which creates the skin surface (3). The stratum corneum 

is comprised of terminally differentiated keratinocytes called corneocytes. Corneocytes 

consist primarily of a network of disulfide bond-stabilized keratin filament bundles 

surrounded by an envelope of covalently cross-linked protein and their associated lipids (1, 

3). Below the layers of the epidermis is the dermis, enriched with fibroblasts that produce 

collagen and elastic fibers of extracellular matrix (ECM) that provide elasticity (2, 4).  

ECM proteins deposited by basal keratinocytes in the epidermis, and by underlying dermal 

fibroblasts, form the basement membrane separating epidermis from dermis (7). The 

basement membrane, which demarcates the epidermis and dermis, is essential to 

maintaining the proliferative balance of the epidermis. The mechano-physical properties 

of the basement membrane alone can impact the proliferative properties of basal cells, 

however the basement membrane is also rich with an array of ECM growth factors that 

provide a complex mixture of stimuli for basal cells (8, 9). Among them is laminin 5, which 

promotes anchorage, signaling and migration by interacting with and ligating integrins on 

basal layer keratinocytes (8, 9).  

Integrins are transmembrane heterodimers that consist of non-covalently bound α and β 

glycoprotein subunits (11). The predominate function of integrins is as receptors for 

extracellular matrix proteins and some cell surface counter receptors on other cells, but 

they are also capable of recognizing soluble plasma proteins (12). Integrins are expressed 

in virtually all cells in mammals, and most cells of adult mammals constitutively express a 

number of different integrins (13). A total of 18 α and 8 β subunits have been identified, 

and these subunits are capable of combining to form 24 distinct integrin heterodimers (11). 
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Each heterodimer is composed of a single α and a single β subunit and both subunits 

participate in ligand binding and recognition (12).  

α3β1 and α6β4 are the predominate integrins found in keratinocytes that bind the ligand 

laminin-5, the major ECM component of the basement membrane (14). Deletion of α6 or 

β4 integrin, or their ECM ligand laminin-5, leads to epidermolysis bullosa, a skin condition 

that results in severe blistering of the skin (15). α6β4 integrin signals through RAC1, as 

well as FAK and Src pathways in basal cells, to mediate basal cell adhesion to the basement 

membrane (16).  

Role of p63 in epidermal homeostasis 

The extrinsic signals received by the microenvironment and ECM that are translated 

through integrins and various other transmembrane receptors are coupled with intrinsic 

properties of the basal keratinocytes to properly regulate self-renew, differentiation and 

wound healing (17, 18, 19). One transcription factor that is known to play a key role in 

regulating the self-renewal and long-term proliferative capacity of epidermal stem cells is 

p63, a member of the p53 family of protooncogenes (20).  

p63 is expressed from two different promoters that generate two classes of proteins. The 

TAp63 form contains an N-terminal transactivation (TA) domain, whereas the N-terminal 

truncated (ΔNp63) isoform lacks this domain (21). Both TAp63 and ΔNp63 can be 

alternatively spliced at the 3′ terminus to produce α-, β-, γ-, and δ-isoforms (22). All p63 

isoforms contain a DNA-binding domain and an oligomerization domain (23). 

Additionally, the α-isoforms contain a sterile alpha motif (SAM, a protein–protein 

interaction domain) (24). Because ΔNp63 isoforms lack the N-terminal TA domain, it was 
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originally believed that they are dominant-negative transcriptional repressors (25). 

However, it has since been shown that ΔNp63 isoforms have transcriptional activity 

because of additional transactivation domains, one located between the oligomerization 

domain and the SAM domain, and another at the first 26 amino acids that are specific to 

the ΔNp63 isoforms (26).  

In the skin, ΔNp63α is preferentially expressed in basal epidermal keratinocytes, and once 

cells become suprabasal, ΔNp63α is down-regulated (27). Mice lacking p63 are severely 

impaired in their ability to generate the epidermis, displaying very thin skin. It is still 

unclear however, whether the thin epidermis in p63 knockout mice is caused by a defect in 

stem cell renewal, an absence of lineage commitment, or a block in epidermal 

differentiation (23, 28, 29).  

Evidence for a role for ΔNp63α in stem cell self-renewal came from clonal analyses on 

cultured epidermal cells, which showed that when p63 mRNA is knocked down, the cells 

form smaller colonies with reduced proliferation rates (30). Experiments on human 

epidermal raft cultures suggest that ΔNp63α functions in basal cells partially through an 

ability to inhibit p53, thus promoting cell survival and longevity (31). The effects of 

ΔNp63α on differentiation were shown to be p53 independent however. Consistent with 

this notion, the ΔNp63α knockdown resulted in increased expression of terminal 

differentiation and apoptosis markers (32).  

Hippo signaling in the epidermis   

The Hippo signaling pathway, initially identified in Drosophila, regulates cellular 

proliferation, organ size, and survival (33). The major target of the core Hippo kinase 
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cascade is the transcription coactivator Yorkie (yki) (34). Vertebrates have two homologs 

of yki, yes-associated protein (YAP) and transcriptional coactivator with PDZ-binding 

motif (TAZ) which are highly homologous (35).  

In humans, the central components of the canonical Hippo pathway are the mammalian 

sterile20-like kinases serine/threonine kinases 1/2 (MST1/2), the large tumor suppressor 

serine/threonine protein kinases1/2 (LATS1/2), as well as associated adaptor proteins 

Salvador homologue 1 (SAV1) and Mps One Binder kinase activator proteins (MOBs) 

(36). MST1/2 serves as an upstream kinase associated with SAV1 and phosphorylates 

LATS1/2 and MOB1 (37). MOB1 functions to enhance LATS1/2 activity (38). Activated 

LATS1/2 then phosphorylates YAP and TAZ, resulting in inactivation by sequestration in 

the cytoplasm where they interact with 14-3-3 proteins or undergo proteasome mediated 

degradation (33). Thus, YAP and TAZ can be inhibited by changing localization or level 

(34).  

YAP and TAZ play important roles in skin homeostasis (39, 40, 41, 42). YAP is expressed 

at high levels in the bulge region of the hair follicle, and in the basal layer interfollicular 

epidermis, the two main stem cell compartments of the skin )39, 42). Overexpression of 

activated YAP in the basal layer of the skin causes epidermal thickening and increased 

keratinocyte proliferation with defective stratification and reduced terminal differentiation 

(40, 42). Additionally, overexpression of YAP can specifically expand the epidermal stem 

cell compartment, which was demonstrated using clonogenic assays (42). Furthermore, 

when YAP is deleted from the basal layer of the embryonic epidermis, mice display 
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reduced stratification caused by reduced keratinocyte proliferation and reduced stem cell 

self-renewal leading to skin loss or thinning (41, 42).   

In addition to overexpression of YAP, knockdown of an upstream negative regulator of 

YAP, Salvador, results in the hyperplasia of the epidermal tissue, along with 

hyperproliferation of basal keratinocytes, appearance of suprabasal proliferating cells, and 

delayed terminal differentiation (42). Also, mice lacking α-catenin, a core component of 

adherin junctions, display phenotypes consistent with YAP activation (40, 41). 

Keratinocytes deleted of α-catenin display enhanced proliferation as well as enhanced YAP 

nuclear accumulation and activity, suggesting a role for α-catenin in regulating YAP 

localization in the skin (41).     

Cutaneous Squamous Cell Carcinoma  

Non-melanoma skin cancers (NMSC) are the most commonly diagnosed group of cancers 

globally (43). Cutaneous squamous cell carcinoma (cSCC) is the second most common 

NMSC, attributing to 15–25% of all cutaneous malignancies (44). cSCC is also the most 

common cancer capable of metastasis (45). The incidence of cSCC is increasing globally, 

especially among Caucasian populations with as high as a 300% increase in the incidence 

of primary cSCC reported over the last three decades (43). The risk of developing cSCC is 

dependent on life-time accumulation of ultraviolet radiation (UVR) (46). Therefore the 

growing aging population has been implicated in the rising incidence of cSCC globally. 

Moreover, environmental irritants and increased exposure to UV irradiation with indoor 

tanning have led to increased skin cancer incidence (47). While the majority of cSCC can 

be treated effectively with simple surgical excision, an aggressive subgroup metastasizes 
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and can be fatal (48). Disease specific survival diminishes markedly once local or 

metastatic spread has occurred. Thus, skin cancer is an important health concern. 

 

The rate of cSCC metastasis ranges from 1–10% (43). This variability may be attributed to 

the different anatomical location of the primary lesion, population type and the length of 

follow-up, which all contribute to the rate of metastasis (46). Metastatic cSCC is most 

prevalent among elderly males with fair complexions (44). cSCC will typically metastasize 

within 12–24 months following treatment of the primary lesion, with approximately 96% 

of metastatic events occurring within five years (44). However, late presentation more than 

five years following treatment of the primary lesion has also been reported (47). 

 

Both tumor thickness and depth of invasion have been shown to be the most important 

prognostic factors for cSCC metastasis (49). Prospective analysis of patients has shown 

that lesions less than 2 mm thick have a metastatic rate less than 1%, while lesions 2–6 mm 

thick have a metastatic rate of 4.5%, and lesions greater than 6 mm thick metastasize in 

roughly 15% of cases (50). A similar correlation with the depth of invasion has also been 

observed. cSCC invading the subcutaneous fat and deeper structures such as the muscle, 

cartilage, or bone have metastatic rates up to 12.5% (51, 52). 

Immunosuppression, particularly following organ transplantation has been well 

documented as a risk factor for the development of highly aggressive cSCC with as high 

as a 65-fold increase in the incidence of cSCC amongst organ transplant patients (53). 

There is a proportional relationship between the degree of immunosuppression and the 

incidence of cSCC in renal transplant patients being treated with cyclosporin (53). In 
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addition to increased incidence of cSCC in immunosuppressed patients, these tumors 

exhibit a strong propensity to recur and metastasize, frequently exhibiting aggressive 

behaviour irrespective of size (43). Metastatic rates as high as 12.9% have been reported 

in immunosuppressed patients (53).  

cSCC can also arise within chronic scarring, coined Majorlins ulcers (43). These cSCC 

cases represent less than 1% of all cSCC. However, they are associated with metastatic 

rates of 20–40% (43). The presence of recurrent lesions is also strongly associated with 

increased risk of metastasis. These lesions tend to be more aggressive and have been 

associated with decreased survival (43).  

Oncogenic transformation in the skin 

Ultraviolet radiation is the main driver of oncogenic transformation in Keratinocytes (54). 

Ultraviolet radiation (UVR) is divided into ultraviolet C (UVC; 200 – 280 nm), ultraviolet 

B (UVB; 280 – 320 nm) and ultraviolet A (UVA; 320 – 400 nm) (55). Although UVR 

represents only a fraction of the solar radiation, it is responsible for the majority of its 

carcinogenic activity (54). UV photons can affect the DNA integrity, cell and tissue 

homeostasis, and induce mutations or affect expression of a plethora of genes including 

oncogenes and tumor suppressor genes (54, 55). UVR, depending on the dose and 

wavelength can also modify expression and activity of growth factors, cytokines and their 

receptors (48, 56, 57, 58). It also has local and systemic suppressive effects on the immune 

system (48). The UVC spectrum is highly mutagenic but does not reach the earth’s surface 

because it is absorbed by the stratospheric ozone layer (43, 48). UVC however, is generated 

by artificial light sources such as arc welding lamps, germicidal lamps or lasers causing 
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irritation and damage to skin and eyes, yet there is little known about UVC-induced damage 

in humans since exposure is limited (43, 54). Furthermore, UVC penetration of deeper 

layers of the skin is limited (46, 47). On the other hand UVA and UVB wavelengths 

represent 95% and 5% of the UV spectrum reaching the earth’s surface, respectively, with 

UVA penetrating the atmospheric and stratospheric ozone, while UVB radiation is 

predominantly absorbed by these layers (43, 48).  

Although UVB is about 20-fold less abundant than UVA, its energy is more efficiently 

absorbed by cellular molecules and is able to induce damages within cells and tissues at 

significantly lower doses than UVA (43, 46, 47). On the cellular level UVB can cause 

damage to DNA in direct action, since nucleic acids are among the primary chromophores 

for this electromagnetic energy, with maximum DNA and RNA absorption at roughly 260 

nm (59). The net results of the interaction of UVB with DNA are pyrimidine (6–4) 

pyrimidine photoproducts (6–4PP) and cyclobutane pyrimidine dimers (CPD) between 

adjacent pyrimidine sites (at TT, TC CT and CC sequences, with predominance of 

photoproducts at T containing sites), comprising 25% and 75% of adducts, respectively 

(60). Both types of photoproducts are bulky adducts affecting the spatial structure of DNA 

(60). CPDs are more significant in UV-induced carcinogenesis than 6–4 PPs, since in 

human cells 6–4 PPs adducts can be repaired with high efficiency, while CPDs are removed 

slowly (61). Some experimental data showed that CPDs are still present in cells recovering 

from UV-induced cell cycle arrest and are responsible for at least 80% of mutations 

induced by UVB in mammalian cells (61, 62). If CPDs and 6–4 PPs are not repaired, they 

can lead to mutations in many genes. The most abundant mutations after UVB are C to T 

and CC to TT transitions at bipyrimidine sites or pryrimidine runs, or UVB fingerprint 
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mutations (63). The tandem CC to TT transition is the most specific mutation caused by 

UVR and is rarely found in internal organs not exposed to UVR (63).  

In cSCC, UVB may cause genomic instability in keratinocytes by inactivating p53, a 

protein encoded by the TP53 gene that is essential to maintaining genomic stability by 

repairing damaged DNA, inducing cell cycle arrest and eventually leading to apoptosis if 

the damage is too great to be repaired (42, 44, 49). The most prominent and the best studied 

aberration in skin cancers is the mutation of the p53 tumor suppressor gene (49). Roughly 

half of all cSCC demonstrate mutations in p53 (42). This frequency rises to 90% in cSCC 

with xeroderma pigmentosum, a recessive disorder associated with a defect in nucleotide 

excision repair (44).  Most importantly, many p53 mutations are C to T transitions with a 

high frequency of CC to TT double base changes, thus being indicative of UV-radiation-

induced mutations (49). Further evidence supporting the role of UVB in p53 mutations of 

cSCC can be seen when comparing cSCC p53 mutations to those of epithelial cells not 

exposed to UVB. For example, in colon cancer the second p53 allele is often lost during 

tumor progression, whereas in cSCC both the alleles can be mutated, with each allele 

carrying a different and UV-type specific mutation (64, 65). In addition, the mutations do 

not appear to be at random but show a pattern of hot spots different from that of internal 

malignancies (65).  

These mutations in the p53 gene are believed to be a very early if not initial event in skin 

carcinogenesis (48, 49, 64). As a guardian of the genome, p53 is stabilized upon stress by 

phosphorylation and alters the expression of different sets of downstream target genes 

including those that cause cell cycle arrest (49). Thus, the resulting damage can be repaired 
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by preventing gross chromosomal changes including amplifications and deletions (48). In 

the p53 mutant cells, cell cycle arrest is abolished (65). This allows, as a first step of 

genome destabilization, non-lethal chromosomal damage to be passed on to daughter cells 

(65). Furthermore, mutations in the p53 gene, but not amplified HDM2, which inhibits the 

tumor suppressive properties of p53 by controlling p53 degradation, correlated with high 

levels of genomic instability (48, 49). Therefore, there is likely a qualitative difference for 

direct mutational versus indirect HDM2-dependent inactivation in destabilizing the 

genome. On the other hand, there is also evidence that p53 mutations as well as MDM2 

overexpression, induced aneuploidy through centrosome amplification. Centrosome 

duplication, which has to occur with each cell cycle, is thought to be controlled by the 

phosphorylation status of the retinoblastoma protein (Rb), release of the E2F transcription 

factor and subsequent transcriptional activation of the cyclin-dependent kinase 2 late in G1 

(65). From this it was proposed that the frequent abrogation of the Rb pathway may not 

only facilitate progression towards DNA replication but may also deregulate the 

centrosome duplication cycle, generating abnormal chromosome segregation and 

aneuploidy (65).   

UVA is generally considered to be less carcinogenic than UVB (43). Because of the optical 

properties of skin and deeper penetration of long-wave radiation, these photons 

nevertheless have a significant impact on photoaging (43, 66). UVA is an important factor 

involved in photocarcinogenesis acting through different mechanisms than UVB. In human 

samples of cSCC, UVA-fingerprint mutations are generally found in the basal layer of 

epidermis whereas UVB-fingerprint mutations were found in suprabasal keratinocytes, in 

the stratum granulosum (67). These findings are consistent with the depth of penetration of 
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UVA and UVB into the skin. High-energy UVB photons are strongly attenuated by stratum 

corneum and in the deeper layers of epidermis UV is absorbed by melanin, DNA, 

aminoacids, keratin, urocanic acid and other chromophores (43). In skin of Caucasian 

people, 20 – 30 % of photons at the range of 290 –320 nm reach the keratinocytes, about 

10 % penetrate the epidermis reaching the upper layers of the dermis (66). Only 1 % of UV 

radiation below 300 nm can enter the dermis (66). On the contrary most UVA photons 

reach the dermis {68}. Low energy UVA radiation is weakly absorbed by DNA, but can 

be absorbed by other cellular chromophores, and induces mainly oxidative changes in the 

cells (43). Photons in the UVA range contribute to generating of reactive oxygen species 

(ROS), by exciting chromophores, leading indirectly to DNA damage (67, 68). The main 

target of ROS within DNA is guanine, and guanine lesions such as 8-oxo-7,8-

dihydroguanine (8-oxoGua) are considered the most prevalent UVA-induced damage (67, 

68).  

UV and DNA repair systems 

There are several mechanisms the body employs to protect itself from UVR. The stratum 

corneum, the outermost layer of the skin, composed of dead and peeling cells, and melanin 

pigment attenuate penetration of UV into the skin (3, 4, 43). Antioxidative enzymes 

detoxify and metabolize reactive oxygen species (45). UVR also induces melanin synthesis 

and relocalization within the epidermis, which plays an important role in reducing UVR 

damage (48). DNA repair systems protect cells from UV-induced lesions. Oxidative 

damages of DNA induced by UV radiation can be repaired by the base excision repair 

(BER) system (66). The most important DNA damage repair system involved in excision 

of damages caused by UVR, including CPDs and 6–4 PP, however, is nucleotide excision 
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repair (NER) (65, 66). This system can act in two subpathways: transcription-coupled 

repair (TCR), which operates on transcribed strand of active genes, and is a rapid process, 

and slower global genome repair (GG-NER), which removes lesions within the entire 

genome (65). The crucial role of NER in preventing cells from UVR induced damage is 

seen in patients with xeroderma pigmentosum (XP); these patients have more than a 1000-

fold increase in the incidents of skin cancers in comparison to general population (65). 

Patients affected by this syndrome develop skin cancers mostly in sun-exposed areas, due 

to the lack of NER (65).  

Cancer as a hierarchical structure  

The hierarchical tissue organization of cellular replacement by stem cells was first 

described in 1965 by Gilbert and Lajtha in the haematopoietic system (69). However, the 

importance of cell-proliferative hierarchies was also described in other tissues, including 

skin (2, 8, 9, 10). In normal adult tissues, stem cells are responsible for regenerating and 

maintaining the tissue, and for ensuring a balanced cellular turnover (2). In order for stem 

cells to regenerate and maintain tissue, they must be undifferentiated, yet be capable of 

giving rise to one or more cell lineages of the tissue; they must have clonogenic capacity; 

and they must be capable of self-renewal, but undergo asymmetrical cell division to 

generate one new daughter stem cell and one additional cell that differentiates down a 

particular lineage (2, 8, 9). 

It is evident that for cancers to grow progressively, they must have substantial self-renewal 

capacity (70). However, early on it was unclear whether this property was a feature of all 

cancer cells or, if like other tissues, cancers displayed a hierarchical architecture in which 
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only a subpopulation of cells has self-renewal capacity. The first evidence in favor of this 

possibility came from early studies of leukemia that showed only a small number of 

CD34+/CD38− cancer cells have clonogenic potential in vivo or in vitro, could recapitulate 

the original patient tumor phenotype following passage in immune compromised mice, and 

are responsible for the maintenance of progressive malignant growth (69, 72).  

Growing evidence suggests that tumors contain a small subpopulation of cells, called 

cancer stem cells (CSC), which exhibit self-renewal capacity, proliferate infrequently, and 

are responsible for tumor maintenance and metastasis (69, 70, 73, 74). Moreover, these 

cells may be responsible for tumor relapse and resistance to therapy (75). Some studies 

show that injection of just a few cells into immune-compromised mice results in tumor 

formation (69, 70, 74). It is also recognized that these cells can be selected and grown as 

cell aggregates, called spheroids, in serum-free medium under non-attached conditions. 

These growth conditions enrich the limited number of cancer stem cells present within the 

cell population (76, 77). Moreover, reduced spheroid formation in response to treatment 

with anti-cancer agents provides an assay to study the impact of therapeutic agents on these 

populations (76, 77). It has been reported that CSCs are resistant to conventional anti-

cancer agents that kill rapidly growing non-stem cancer cells, as the CSC population is 

slow cycling (69, 77). Since the cancer stem cells appear to give rise to other cells in the 

tumor, eliminating the stem cell population is required to halt tumor formation, metastasis 

and recurrence (69, 70, 71).  

Epidermal stem cells and oncogenic events  
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The skin provides an ideal model of an epithelial tissue with a defined hierarchical 

organization, in which epidermal stem cells generate several types of more-differentiated 

progeny cells (2, 8). Although different populations of stem cells have been defined in the 

skin, the bulge region of the hair follicle seems to contain the most important pool of self-

renewing cells involved in cSCC progression, as evidenced by work in mice (8, 9, 10). The 

process of skin carcinogenesis in the mouse involves a series of biological transitions 

through different stages, including hyperplasia, dysplasia, benign papilloma, 

keratoacanthoma and squamous cell carcinoma (8). This multistep process is induced by, 

or associated with the accumulation of specific genetic alterations in the target-cell 

population. Self-renewal is an essential characteristic of all cancers, as it is in normal tissue 

regeneration (2, 9). The epithelial cells of normal skin have a high turnover rate that is 

estimated to be around 7 days in mice and roughly 60 days in humans (1, 3). 

Immortalization of the cancer precursor cell is therefore a necessary prerequisite to allow 

the accumulation of the required oncogenic events in cSCC (1, 2, 3). 

 

The most primitive stem cells in the bulge region are protected from transformation 

because they are few in number, and therefore, have a low target size for carcinogens; they 

generally lie within a physically protected niche, and proliferate only sporadically (10, 78). 

When transformed, the primitive bulge stem cells have a high capacity for malignant 

progression, in contrast to the much more numerous, less protected and more proliferative 

cells within the interfollicular epidermal region (8, 10, 74, 78). It seems likely that there is 

a continuum of possible target cells that represent the range of tumour types and stages that 

are commonly seen in cSCC. Additional studies of classical chemical carcinogenesis have 
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also supported the concept that different target cells can give rise to tumors of different 

malignant potential (8, 9, 10). The two-stage skin carcinogenesis method involves initiation 

with a low dose of a mutagen such as 7,12-dimethylbenz[a]anthracene (DMBA) and 

subsequent exposure to the tumor promoter TPA (12-O tetradecanoyl phorbol-13-acetate) 

(45, 79). DMBA can form covalent adducts with the DNA of all epidermal target cells and 

results in initiation by mutation of Hras (45). Many papillomas develop in the skin of 

susceptible mice, of which, only 10% progress to malignancy (79). Studies of subsets of 

papillomas that form following DMBA-TPA treatment show that those at high risk of 

malignant progression have distinct features compared with those that are less likely to 

become carcinomas, however, the cell of origin of these different benign lesions has not 

been identified (2, 45, 79). Furthermore, Mice treated with initiating doses of DMBA 

without subsequent promotion by TPA do not develop tumors, either benign or malignant 

(45). When tumor promotion with TPA is delayed one year after the exposure to DMBA, 

the papilloma response is approximately the same as if the treatment had been started one 

week after initiation with DMBA (9, 10, 45). This observation provides evidence that the 

target cells of DMBA treatment can exist within the epidermis without giving rise to visible 

lesions for long periods of time. This again implicates a stem-cell population as the main 

target of initiation, as only stem cells have the cell cycle and self-renewal properties that 

are required for survival under these extended conditions (2, 5, 8). This data implies that, 

following DMBA treatment, the stem cells with oncogenic mutations can repopulate local 

regions of the epidermis, giving rise to phenotypically normal keratinocytes with the same 

genetic lesions (8, 45). Otherwise, the number of papillomas would be expected to be 

substantially reduced if promoters were administered after one year rather than one week. 
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This led to the proposal that most malignant carcinomas arise from the hair-follicle region, 

whereas more-differentiated cells give rise to papillomas with a low risk of conversion to 

malignancy (2, 8, 9, 10). Therefore, it is likely that the malignant lesions arise most readily 

from cells that have an extended self-renewal capacity located in the bulge of the hair 

follicle, whereas the papillomas that have their origin in the interfollicular epidermis are at 

a lower risk of malignant conversion (2, 5, 6, 8, 45). 

 

A major part of the stem cell niche is comprised of the interactions between tumor cells 

with their extracellular matrix and the basement membrane zone (BMZ), which are 

important determinants of tumorigenesis and have been shown to play a role in cSCC 

progression and aggressiveness (2, 80). Laminin 332 is a basement membrane component 

involved in epithelial-mesenchymal cohesion in multiple tissues including the epidermis 

(81). Laminin 332 and one of its ligation partners, α6β4 integrin, have been shown to be 

required for tumorigenesis in cSCC (80, 82). It has been shown that tumor formation by 

human keratinocytes transformed through retrovirally mediated expression of HRAS and 

IκBα can be completely inhibited by using blocking antibodies to laminin 332 or β4 

integrin (83, 84). Collagen VII is a component of anchoring fibrils in the basement 

membrane, which anchor the basement membrane to the underlying dermis (81). In a 3D 

organotypic skin model of cSCC, depletion of collagen VII promoted migration, invasion, 

and epithelial-mesenchymal transition (81, 82, 83). This provides further evidence of the 

importance of the basement membrane and cellular interactions in tumorigenesis. 

Additional evidence of the importance of interactions of stem cells with the basement 

membrane in the stem cell niche was provided by studies of α6β4 integrin.  α6β4 integrin 
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is often high in cSCC and has been correlated with metastatic potential and poor prognosis 

(83, 85, 86). α6β4 integrin can also control organization of laminin-332 in the ECM, which 

is an important regulator of keratinocyte migration (81). As already mentioned, α6β4 

integrin in normal keratinocytes mediates stable adhesion through its association with the 

intermediate filaments in hemidesmosomes. In contrast, α6β4 integrin in invasive 

carcinoma cells is mobilized out of hemidesmosomes and instead associates with the actin 

cytoskeleton in filopodia and lamelipodia where it facilitates migration and invasion rather 

than stable adhesion (16, 84). This relocalization of α6β4 integrin not only relieves tumor 

cells of stable adhesion that would presumably suppress invasive growth, but it also frees 

α6β4 integrin to form new signaling complexes with growth factor receptors (87). 

Signaling pathways through which α6β4 integrin regulates cell behavior are complex and 

have been shown to involve several effectors, including PI3K, RAC and Rho GTPases, and 

Shc/RAS-MAPK pathways (85, 86, 87). 

  
Transglutaminases 
 
Transglutaminases (TGs) are a family of proteins that catalyze the Ca2+-dependent 

posttranslational modification of proteins by forming covalent bonds between free amine 

groups such as protein or peptide bound lysines and  and γ-carboxamide groups of peptide-

bound glutamines (88). Transglutaminase family members have been isolated from 

invertebrates, fish, mammals, and plants (88). There are nine TG genes present in humans, 

eight of which are catalytically active, with erythrocyte membrane protein band 4.2 being 

the only inactive family member (89). Transglutaminases serve as scaffolds, maintain 

membrane integrity, regulate cell adhesion, and modulate signal transduction (89). The 

primary sequences of the TGs differ with the exception of an identical amino acid sequence 
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at the catalytic active site (89). In addition to the protein crosslinking and scaffolding 

functions, TGs catalyze posttranslational modification of proteins via deamidation and 

amine incorporation (88). An example of this is scene in Celiac’s disease, where TG2-

dependent deamidation of gliadin A, a wheat component, is implicated in pathogenesis. Of 

the nine TGs identified in humans, TG2 is the most widely distributed and most extensively 

studied (88). 

 
TG2 
 
TG2, also referred to as Tissue Transglutaminase, TGc or Gh, is widely distributed in 

tissues and cell types (88). TG2 is predominantly found in the cytoplasm, but is also present 

in the nucleus and plasma membrane (90). In addition to the transamidation reaction, TG2 

displays GTPase, ATPase, protein kinase, and protein disulfide isomerase (PDI) activity 

(91, 93, 93, 94, 95, 96). This multifunctionality of TG2 is dependent on the structural 

features of TG2. Structurally, TG2 is composed of four domains: an NH2-terminal β-

sandwich that contains integrin and fibronectin binding sites, a catalytic core domain 

containing the catalytic triad (Cysteine 277, Histidine 335, and Aspartic acid 358) for acyl 

transfer reaction, and two carboxyl-terminal β-barrels (76). 

 

The spatial arrangement of the four domains of TG2 is altered by interaction with various 

cofactors (Fig. 1.1) (97).  One such cofactor is GTP/GDP.  GTP/GDP bound TG2 results 

in a closed or compact conformation due to interaction between the catalytic domain and 

domains 3 and 4 (88). This closed conformation reduces accessibility and in turn activity 

of the Ca2+ dependent crosslinking site (88). In contrast, Ca2+ binding alters the 

conformation by moving domains 3 and 4 further apart, allowing TG2 to acquire an open 
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conformation that exposes the catalytic site for crosslinking activity (89). The open 

conformation is associated with the acyl transfer crosslinking reaction (89). Crosslinking 

activity requires Cys277, which attacks γ-glutamyl residues on acyl donor substrates, on 

proteins and peptides, to drive formation of a thioester intermediate (88). The resulting 

acylated enzyme can then react with an amine donor, such as an ε-lysyl side chain of 

another protein, which then associates with TG2 at a second substrate binding site (88). 

This results in the formation of an isopeptide bond (88).  
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Fig. 1.1 TG2 
structure and 
function. A: 
Schematic of TG2 
showing the β-
sandwich, catalytic 
core, β-barrel1, and 
β-barrel2 domains, 
and the biological 
functions associated 
with each domain. 
Nucleotide binding 
(GTP/GDP) is 
mainly to residues 
from the first and 
last strands (amino 
acids 476–482 and 
580–583) of β-
barrel 1, and two 
core domain 
residues (Lys-173 
and Phe-174) [147–
150]. B: Guanine 
nucleotide 
(GTP/GDP)-bound TG2 is folded/closed. This form of TG2 is involved in intracellular signal 
transduction, survival, proliferation, migration, invasion, tumor formation, drug resistance, and 
EMT. It is also enriched in cancer stem cells and functions as a cancer stem cell survival factor. 
Open TG2 does not bind GTP/GDP. Instead, the transamidation (crosslinking) site is accessible 
to substrate and open TG2 catalyzes crosslinking of intracellular proteins and is associated with 
cancer cell apoptosis. Oxidation of the open form of TG2 converts it to an inactive form. The 
GTP/GDP binding site is indicated by a red arrow. Only closed TG2 binds GTP/GDP 

In addition to the catalytic triad, two conserved tryptophan residues (W241 and W332), 

located at the opposite sides of the “catalytic tunnel”, are required for crosslinking activity, 

as these residues stabilize the enzyme-thiol intermediate that forms during catalysis (89). 

Another important residue, threonine residue (T360) at the entrance of the catalytic tunnel 

controls the entry of the acyl-acceptors for the second step of catalysis (89). An additional 

residue in the catalytic site involved in regulating TG2 conformation is the tyrosine residue 

at the position 516 (Y516) (97, 98). A hydrogen bond forms between C277 and Y516 in 

 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4752121/#R147
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4752121/#R150
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the closed conformation of TG2 which is believed to further stabilize the closed 

conformation and keep the enzyme inactive (97, 98).  

Regulation of TG2 expression 

The expression of TG2 is thought to be predominantly transcriptionally regulated (88). The 

human TG2 promoter is highly responsive to numerous activators. Sp1 binding sites are 

frequently found in promoters and the TG2 promoter has 4 Sp1 binding sites (88). The 

most well-known activators of TG2 are retinoids (89). Retinoid induced TG2 activation is 

mediated by a tripartite response element in the human TG2 promoter (99). The TG2 

promoter has a functional transforming growth factor β1 (TGF-β1) response element 

approximately 0.9 kb upstream of transcription start site (88). Additionally, there are 

response elements for a number of transcription factors involved in stress and inflammatory 

signaling. NF-κB and hypoxia inducible factor (HIF) response elements are both found in 

the promoter for TG2 (88, 100). Tumor necrosis factor α (TNF-α), which is highly 

upregulated under inflammatory stress, is another well characterized inducer of TG2 (101). 

Furthermore, inflammatory cytokines such as interleukin 1 β (IL1β) and interleukin 6 

(IL6), can also upregulate TG2 (102, 103).  

The TG2 promoter is not only important for induction, but it also plays a role in silencing 

of TG2 expression (88). CpG islands in the TG2 promoter can become hypermethylated, 

resulting in silencing of TG2 (104). Another mechanism for downregulating TG2 promoter 

activity involves histone deacetylases (HDACs). N-myc is capable of recruiting HDAC1 

to an Sp1 binding site on TG2 promoter (88, 105). Thus, the TG2 promoter is regulated by 

transactivation, transrepression and epigenetics; which may be an indication of the 
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importance of TG2 expression to the cell (88, 89). Overall, TG2 is generally upregulated 

under stress conditions and it can be categorized as a stress response protein (88, 89, 90, 

91). This upregulation in TG2 levels is likely part of a cellular protective response (97, 98, 

101, 102).  

Regulation of TG2 activity 
  
The crosslinking and GTP binding activities of TG2 are tightly regulated. Ca2+, guanine 

nucleotides, and redox potential all regulate TG2 crosslinking and GTP binding (88, 89, 

90). There are five known Ca2+ binding sites, some of which are hidden when TG2 binds 

GTP/GDP (88, 91). The catalytic crosslinking activity of TG2 is allosterically activated by 

Ca2+ and inhibited by GTP, GDP, and GMP (88, 91). One molecule of TG2 binds up to six 

Ca2+ molecules, with a dissociation constant of 90 µM (89). GTP and GDP bind TG2 with 

a dissociation constant of 1.6 µM (88). GTP-bound TG2 cannot crosslink proteins, and 

crosslinking activity is only observed at high Ca2+ concentrations (88, 89). TG2 inside 

living cells is primarily GTP/GDP-bound due to low calcium concentrations in the cell (88, 

89, 98). Therefore, it is believed that TG2 is predominantly present in a crosslinking-

inactive GTP bound form in cells (76, 88).  

 

Closed, crosslinking inactive/GTP binding active TG2 has been observed at a perinuclear 

location (90). In contrast, crosslinking-active TG2 is present at the cell membrane (88, 90). 

Despite low intracellular calcium levels, multiple crosslinking substrates of intracellular 

TG2 have been identified (98). This suggests that locally increased intracellular calcium or 

possibly unknown interacting proteins may induce the open conformation of TG2 and thus 

induce crosslinking activity (98).  
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The redox state of the environment adds an additional mechanism to TG2 regulation (107). 

Extracellular TG2 is crosslinking inactive despite low GTP levels and high calcium levels 

outside the cell (88). This is likely due to the redox state in the extracellular environment 

(107). TG2 forms intramolecular disulfide bonds which are necessary for crosslinking 

activity, and a switch between the reduced/crosslinking active and oxidized/crosslinking 

inactive states of TG2 has been described (89). This redox induced switch involves three 

key cysteine residues, including Cys370, Cys371, and Cys230, which have high redox 

potential (88, 89). In an oxidizing environment, an interstrand disulfide bond forms 

between Cys230 and Cys370, facilitating formation of a more stable Cys370-Cys371 

disulfide bond (107). This disulfide bond formation inactivates the crosslinking function 

of TG2, even in the presence of high Ca2+ (88, 89). Reduction of TG2 results in an open 

crosslinking active conformation (88). Therefore, the oxidative conditions in the 

extracellular environment inactivate the crosslinking function while activating GTP 

binding (76, 88). In summary, calcium, guanine nucleotides, and redox potential regulate 

mammalian TG2 activity in an open crosslink active/GTP binding inactive, or a closed, 

crosslink inactive/GTP binding active state, depending on local conditions (88, 89, 90, 97, 

98, 107).  

TG in skin 

A key part of the skin’s protective abilities comes from the cornified envelope (1, 2). TGs 

are essential to the formation of the cornified envelope (108). Proteins are crosslinked by 

TGs to form the rigid cornified cell envelope that gives the differentiated keratinocyte its 

protective properties (109). TGs crosslink cornified envelope precursors including 
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involucrin, loricrin, filaggrin, and small proline-rich proteins (109). Four TGs are 

expressed in human epidermis: TG1, TG2, TG3, and TG5 (108, 110). TG2 is detected in 

basal keratinocytes, although the precise role of TG2 in skin cells is not known (111). TG1 

and TG3 and TG5 are produced in the differentiated cells of the spinous and granular layers 

where they crosslink substrates to assemble the cornified envelope (108). In addition, TG1 

mediates covalent crosslinking of ceramides to involucrin, which contributes to 

maintenance of the epidermal permeability barrier (108). TG1 and TG5 mutations produce 

defects in the cornification process, and mutation of TG1 in either the catalytic cysteine, or 

surrounding region, is associated with lamellar ichthyosis (109). A loss-of-function 

mutation of TG5 is associated with acral peeling skin syndrome (112). In contrast, a role 

for TG2 in keratinocyte differentiation has yet to be demonstrated, and TG2-knockout mice 

do not have any obvious skin defects (88). Additionally, the role of TG3 in keratinocyte 

differentiation remains to be determined (88). 

 

TGs also play an important role in epithelial wound healing (88). Wound healing of surface 

epithelia involves the action of all TG family members present in the skin (108, 109). 

Factor XIIIa is involved in control of blood loss via clotting after injury (109). TG1, TG3, 

and TG5 are involved in stabilization of resident keratinocytes through crosslinking 

activity, and TG2 is involved in matrix repair and remodeling (108). During epithelial 

wound healing, TG2 mRNA and protein are detected in migrating epithelial cells and the 

activity co-localizes with high levels of extracellular matrix proteins (88). This suggests a 

key role in the maintenance of epithelial integrity and cell migration for TG2. In addition, 

TG2 influences fibroblast function both by regulating intracellular signaling pathways and 



26 
 

by regulating extracellular matrix remodeling (108, 109). TG2 is released into and interacts 

with the extracellular matrix (108, 109). Thus, TG2 appears to have multiple roles in wound 

healing through intracellular functions in surface epithelial cells and in the underlying 

fibroblasts, and to also have a role in stabilizing the extracellular matrix during wound 

healing (88, 108, 109, 112). 

 
TG2 in cancer stem cells 
 
Cancer stem cells are a highly dangerous subpopulation of cancer cells, as they readily 

metastasize and do not respond to traditional therapeutics (76). Recently, TG2 has been 

linked to the CSC phenotype in a number of malignancies (76, 113, 114, 115). A recent 

study indicates that TG2 is highly enriched in CD44-high glioma cancer stem cells and that 

these cells are resistant to therapy (115). Knockdown of TG2 reduces cell proliferation, 

and induces apoptosis. TG2 knockdown preferentially eliminates CD44-positive glioma 

cancer stem cells (115).  

 

Breast cancer stem cells are a highly tumorigenic subpopulation of breast cancer cells that 

are characterized by a CD44+/CD24− phenotype and also expression of EMT markers and 

absence of claudin (76, 113). These cells are CD44+/CD24− and display enhanced 

spheroid formation (76, 113). TG2 knockdown reduces spheroid formation and breast 

cancer stem cell survival (76, 88, 116).  

 

TG2 expression has also been linked to the cancer stem cell phenotype in ovarian cancer 

(117). Survival of the CD44+/CD117+ ovarian cancer stem cells, which also display 

elevated EMT marker expression, is dependent upon TG2 expression (118, 119). TGFβ 
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signaling, via SMAD and TGFβ-activated kinase 1 activates NFκB to simulate TG2 

expression and these cells also aggregate to form spheroids that manifest stem cell 

properties (119, 120, 121). TG2 knockdown reduces the number of CD44+/CD117+ cells, 

demonstrating that TG2 is required for ovarian cancer stem cell survival (76, 119). 

Scope of work 

Human epidermis contains multiple stem cells populations (2, 8). The major populations 

responsible for keratinocyte renewal include CD200+/K15+/K19+ stem cells of the hair 

bulge, and the integrin α6+/CD71- interfollicular stem cells (2). CD133 also has been 

shown to identify human skin cancer stem cells (74). We’ve previously identified a 

population of epidermal squamous cell carcinoma cells with enhanced potential for tumor 

formation, invasion, and migration (74). These epidermal cancer stem (ECS) cells have 

elevated expression of bulge stem cell markers (CD100, K15 and K19) as well as 

interfollicular stem cells markers integrin α6 and CD71 (74, 76). In addition, these cells 

express elevated levels of embryonic stem cell markers, including Sox2 and Oct4, as well 

as polycomb group proteins (74, 76, 122).  

Of particular interest however, was the expression of TG2 in ECS cells, which was highly 

elevated compared to the non-stem cancer cells. The role of TG2 in the epidermis, and 

cutaneous squamous cell carcinoma is unknown. Therefore, we set out to determine what 

role TG2 was playing in ECS cells. Does TG2 crosslink Fibronectin and laminin to stiffen 

the ECM, a trait associated with enhanced stemness and aggressiveness? Is TG2 involved 

in ECS cell associated EMT? What signaling pathways regulate or are regulated by TG2? 

To address these various questions, we utilized competitive substrate binding assays, GTP 
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binding assays, mutational analysis, Co-immunoprecipitations, Gel Mobility Shift Assays, 

knockdown and overexpression studies as well as migration, invasion and spheroid 

formation assays. We discovered novel signaling pathways regulated by unexpected 

functions of TG2 that open up new doors to targeting epithelial cancer stem cells.  

Experimental Procedures 

Immunoblot 

Cells were washed twice with cold PBS, lysed in 200 µl Laemmli buffer and placed on ice 

for five minutes. Adherent cells were then scraped off the dish with a plastic cell scraper, 

and transferred into a pre-cooled microcentrifuge tube. Cells were then sonicated and 

centrifuged in a microcentrifuge at 4C for ten minutes at 12,000 RPM. The supernatant 

was then aspirated and the protein concentration determined via Bradford Asssay. 

Equivalent amounts of protein were electrophoresed on denaturing and reducing 10% 

polyacrylamide gels and transferred to nitrocellulose membrane. The membrane was 

blocked by 5% nonfat dry milk for 1 h and incubated with primary antibody (diluted 

1:1000) in 5% nonfat dry milk overnight. Blots were rinsed and then incubated with 

secondary antibody (diluted 1:5000) for 2 h. Secondary antibody binding was visualized 

using ECL Prime chemiluminescence detection technology (Amersham). 

TG2-shRNA lentivirus production 

TG2-shRNA encoding lentivirus was produced using 293T packaging cells maintained in 

Dulbecco’s modified Eagle’s medium containing 1 mM L-glutamine, 1 mM sodium 

pyruvate and 10% fetal calf serum. Cells were plated in 100 mm dishes at 50% confluence 

24 h prior to transfection. The media was removed, and the cells washed with Hank’s 
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Balanced Salt Solution and transferred to serum-free growth medium consisting of 

Dulbecco’s modified Eagle’s medium containing 1 mM L-glutamine, 1 mM sodium 

pyruvate 24 h before prior to transfection with 1 μg of pCMV-VSVG, 0.5 μg pCMV-dr8.91 

and 0.5 μg TG2-shRNA encoding plasmid. pCMV-VSVG (8454) and pCMV-dr8.91 were 

purchased from Addgene and kindly provided by Dr. CY Lin. The lentivirus plasmids, 

pLKO.1-NT-Puro-shRNA (Control) (SHC016) and pLKO.1-Puro-hTGM2-shRNA 

(TRCN-0000272760) were purchased from Sigma-Aldrich (St. Louis, MO). At 3 h post-

transfection, fresh medium containing 10% FCS was added. After an additional 72 h the 

conditioned-medium was collected, centrifuged for 15 min at 1,500 RPM, filtered through 

a 22 μm filter and pipetted into aliquots for storage at −80 C.  

Stable TG2 knockdown cell lines 

SCC-13 cells (1 × 105) were plated in 24 well cluster plates and allowed to attach overnight, 

followed by incubation with 1 ml of pLKO.1-Puro-hTGM2-shRNA lentivirus in serum-

free growth media containing 8 μg/ml polybrene at 37 C for 5 h. The media was then 

supplemented with 5% fetal calf serum followed by selection for two weeks with 0.50 

μg/ml puromycin. The resulting cells were infected a second time with the same virus and 

reselected with puromycin to produce the SCC13-TG2-shRNA2 cell line. TG2 knockdown 

was confirmed by anti-TG2 immunoblot. A control cell line, SCC13-Control-shRNA, was 

produced by double infection with pLKO.1-Puro-NT-shRNA lentivirus, which encodes 

control-shRNA, using an identical protocol. 
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Electroporation of nucleic acids 

Cells were maintained in monolayer culture in growth medium. Near-confluent cultures 

were harvested the day prior to electroporation and plated in 60 mm dishes in growth 

medium. After 24 h, when 50% confluent, the cells were re-trypsinized, centrifuged at 200 

× g, and replated. The next morning 1 × 106 cells were harvested, washed with sterile 

phosphate-buffered saline, suspended in 100 μl of keratinocyte nucleofection reagent 

containing 3 μg of plasmid or siRNA and electroporated using the Amaxa Electroporator 

on the T-018 setting. Immediately after electroporation, the cells were resuspended in pre-

warmed medium and plated. The cells were harvested at 72 h post-electroporation and re-

electroporated a second time. This double electroporation assured sustained target 

knockdown.  

Spheroid formation assay 

Cells, maintained as monolayer cultures in growth medium consisting of DMEM 

(Invitrogen, Frederick, MD) supplemented with 4.5 mg/ml D-glucose, 200 mM L-

glutamine, 100 mg/ml sodium pyruvate, and 5% fetal calf serum, were harvested, with 

trypsin and gently pipetted to form a single cell suspension. Trypsin was inactivated by 

addition of serum-containing medium and the cells were collected by centrifugation at 

2,000 RPM for 5 minutes. Pelleted cells were resuspended as a single cell suspension in 

spheroid medium comprising DMEM/F12 (1:1) (DMT-10-090-CV, Mediatech INC, 

Manassa, VA) supplemented with 2% B27 serum-free supplement (17504-044, Invitrogen, 

Frederick, MD), 20 ng/ml EGF (E4269, Sigma, St. Louis), 0.4% bovine serum albumin 

(B4287, Sigma) and 4 μg/ml insulin (19278 Sigma, St. Louis, MO.). The cells (40,000) 
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were plated in 9.6 cm2 wells in Costar six well ultra-low attachment cluster dishes (4371, 

Corning, Tewksbury, MA).  

Invasion assay 

Matrigel was diluted in coating buffer consisting of 0.01 M Tris-HCl/0.7% NaCl, and filter 

sterilized. Ice cold Matrigel in coating buffer (0.1 ml) was used to coat individual BD 

BioCoat inserts (Millicell-PCF, 8 μm, 12 mm, PIHP01250) which were then placed in an 

incubator for 2 hours to allow the Matrigel to solidify. Once The Matrigel was solidified, 

excess coating buffer was removed from the membranes and cells (25,000) were plated in 

100 μl in growth medium, supplemented with 1% FCS, in the upper chamber. The lower 

chamber contained growth medium supplemented with 10% FCS. After invasion 

overnight, the membranes were harvested and excess cells that did not invade through the 

membrane were removed from the upper membrane surface via scraping. The membrane 

was then washed three times in PBS, fixed in 4% paraformaldehyde for twenty minutes, 

stained with 1 μg/ml DAPI, and the underside of the membrane was photographed with an 

inverted fluorescent microscope at 10x magnification and the number of cells counted. 

Migration assay 

Cells (2 × 106) were plated in 100 mm dishes and grown as monolayer cultures in spheroid 

medium until confluent. A 10 μl pipette tip was used to prepare areas void of cells by gently 

scraping and the dishes were washed three times in PBS to remove the dislodged cells. 

Images were collected at 4-6 h intervals for 20 h after the scratch using the 10× objective, 

and the width of the opening was measured as a function of time as an index of cell 

migration potential. 
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Gel mobility shift assay 

For gel mobility shift assay, 3 μg of nuclear extract was incubated for 30 min at room 

temperature in a 20 μl volume containing 20 mM HEPES, pH 7.5, 10% glycerol, 50 mM 

KCl, 2 mM MgCl2, 0.5 mM EDTA, 0.5 mM DTT, 1 mg/ml poly(dI:dC), 0.1 mg/ml bovine 

serum albumin, and 40,000 cpm radioactive double-stranded 32P-NFκB binding site 

oligonucleotide (5′-AGTTGAGGGGACTTTCCCAGGC). For competition studies, a 50-

fold molar excess of non-radioactive competitor NFκB oligonucleotide was added to the 

DNA binding reaction. For gel mobility supershift assay, 2 μg of normal rabbit IgG (sc-

3888) or rabbit anti-NFκB (sc-109), purchased from Santa Cruz Biotechnology, was added 

to the reaction mixture and incubated 1 h at 25 C. The 32P-labeled probe was then added 

and the incubation was continued for an additional 30 min at 25 C. Protein-DNA complexes 

were resolved by electrophoresis on a 6% polyacrylamide nondenaturing gel. 

Cell fractionation 

Cell fractionation was performed using the NE-PER Nuclear and Cytoplasmic Extraction 

Kit (78440) and Halt protease inhibitor (78440) obtained from Thermo-Scientific 

(Waltham, MA). Four million cells were trypsinized, washed in phosphate-buffered saline 

and pelleted. The pellet was resuspended in 200 μl of ice cold CER I buffer and maintained 

for 10 min on ice. Ice-cold CER II buffer (50 μl) was added, the sample was vortexed and 

maintained on ice for 1 min prior to centrifugation. The supernatant (cytosol) was then 

collected as a total volume of 250 μl and stored at −80 C. The nuclear pellet was suspended, 

by repeated vortexing, in 50 μl of ice cold NER buffer over 40 min. The sample was then 

centrifuged for 10 min and the nuclear extract was stored at −80 C until use. For analysis, 
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0.56 million cell equivalents of nuclear (35 μl) or cytosolic (7 μl) extract was 

electrophoresed for immunoblot detection of NFκB, histone H3 and β-actin. 

Trypan Blue viability assay 

SCC-13 cells were grown as spheroids in 6-well cluster dishes in spheroid medium for 8 

days and then treated with 0 to 20 μmol/L NC9. At 0, 24, 48, and 72 hours after NC9 

treatment, spheroids were counted, and all cells in the well were collected to prepare a 

single-cell suspension in Hank’s Balanced Salt Solution. Trypan Blue solution (0.5 mL, 

0.4%) was added to a 15-mL conical tube with 0.3 mL of Hank’s Balanced Salt Solution 

and 0.2 mL of cell suspension. After 10 minutes, 8 μL of the mixture was transferred to a 

hemocytometer to count viable and total cell number.  

Immunostaining 

SCC-13 cells were grown as monolayer or non-attached (spheroid) cell cultures. For 

immunostaining, cells were harvested, suspended in spheroid medium, and plated in 35 

mm glass bottom wells (MatTek Corporation, P35G-1.0-14-C). This permits the cells to 

attach to a substrate for the purposes of immunostaining. After 16 h, the cells were fixed 

with 4% paraformaldehyde at room temperature for 15 min, washed three times with 1 x 

phosphate-buffered saline (PBS), incubated with 0.2% Triton X-100 for 10 min, washed 

three times with PBS, and blocked for 1 h with PBS containing 7.5% fetal calf serum. 

Primary antibodies were added and the slides incubated overnight at   4 °C. Cells were then 

washed three times with PBS, and incubated 1 h with appropriate Alexa Flour fluorescence 

probe-conjugated secondary antibody. After additional washing, the cells were stained with 

DAPI for 10 min. Confocal images were obtained using an Olympus IX81 spinning disk 
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confocal microscope. For staining of microbead-separated cells, the cells were suspended 

in spheroid medium and permitted to attach to 35 mm glass bottom dishes from MatTek 

(P35G-1.0-14-C) for 16 h prior to fixation and processing. 

Immunoprecipitation 

Cells were washed twice with cold PBS, lysed in 200 µl Cell Signaling Lysis buffer and 

placed on ice for five minutes. Adherent cells were then scraped off the dish with a plastic 

cell scraper, and transferred into a pre-cooled microcentrifuge tube. The appropriate 

antibody (2 µl) was then added to the tube and incubated overnight at 4C with gentle 

rocking. The following day, 100 µl of Immobilized Protein A/G resin slurry was added to 

a new microcentrifuge tube and centrifuged to pellet the resin. The supernatant was 

discarded and the pellet washed three times in lysis buffer. Following the washes, the 

lysates containing the antibody were added to the resin and incubated with gentle mixing 

for 2 h at 4 C. The resin was then pelleted, washed three times in lysis buffer and 2x 

electrophoresis loading buffer added to the complex bound resin. The sample was then 

incubated for 10 minutes at 95 C, centrifuged and the supernatant loaded onto 10% 

polyacrylamide gels and transferred to nitrocellulose membrane. 

Q-RT-PCR 

Total RNA was isolated using Illustra RNAspin mini kit (GE Healthcare), and 1 μg of RNA 

was used for cDNA synthesis. Gene expression was measured by real time PCR using 

Light Cycler 480 SYBR Green I Master Mix (04-707 516 001) from Roche Diagnostics 

(Indianapolis, IN). The signals were normalized using cyclophilin A control primers. 
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Chapter 2 

Transglutaminase is required for epidermal squamous cell carcinoma stem cell 

survival 

The work described in this chapter was published in Molecular Cancer Research in July 

2015. As first author, I performed most of the experiments, analyzed much of the data and 

wrote a first draft of the manuscript. All work was performed in Dr. Richard Eckert’s 

laboratory in the Department of Biochemistry and Molecular Biology at the University of 

Maryland School of Medicine, Baltimore, MD.  

Introduction 

Epidermal squamous cell carcinoma (SCC) is a common form of skin cancer that develops 

in response to UV light exposure (46). SCC can often be treated by surgical excision, but 

the recurrence rate ranges to 30% (46). The worldwide incidence of SCC is increasing 

because of population aging and because of increased exposure to UV light (47). 

Increasing evidence suggests the existence of cancer stem cells that have a role in tumor 

formation and facilitate cancer recurrence and metastasis in epithelial-derived cancers (75, 

77, 123, 124, 125, 126). We recently characterized epidermal cancer stem cells (ECS cells) 

and showed that ECS cells express stem cell markers characteristic of normal epidermal 

stem cells and embryonic stem cells (74). These ECS cells are able to generate tumors in 

immune-compromised mice following subcutaneous injection of as few as 100 cells (74). 

ECS cells express pluripotent markers, which are also expressed in esophageal and 

head/neck cancer stem cells (125, 127, 128).  
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As part of a search for stem cell survival proteins, we identified transglutaminase type 2 

(TG2) as highly elevated in ECS cells as compared with non-stem cancer cells. TG2 is a 

multifunctional protein, with both enzymatic and scaffold functions, that is involved in 

inflammation, tissue repair, and cancer (103, 129). TG2 catalyzes a number of reactions, 

including calcium-dependent protein crosslinking (Tgase activity), GTP-binding activity, 

protein disulfide isomerase activity, serine/threonine kinase activity, and also serves as a 

scaffold protein (89, 106). Among these activities, the best characterized and most 

important are the transamidase (Tgase) and the GTP-binding activities.  

TG2 is expressed in the basal epidermal layers where, we propose, it has a survival role. 

We now show that TG2 is markedly elevated in epidermal SCC and is selectively and 

highly enriched in ECS cells, suggesting it may have a role in ECS cell survival. Indeed, 

knockdown and inhibitor studies show that TG2 is required for ECS cell survival, spheroid 

formation, migration, and invasion. Moreover, inhibition of TG2 activates ECS cell 

apoptosis. Studies with TG2 mutants indicate that GTP-binding/G-protein–related activity 

is required for ECS cell survival, but that TG2 transamidase activity is not. Thus, our results 

suggest that agents that modulate TG2 signaling may be useful cancer prevention and 

treatment agents.  

Results 

TG2 is required for ECS cell survival and spheroid formation 

Our previous studies show that ECS cells, which comprise less than 0.2% of the total cancer 

cell population, can be isolated from bulk SCC-13 cancer cells by growth as spheroids in 

nonattached conditions (74). An important finding is that ECS cells (spheroids) are highly 



37 
 

enriched for expression of TG2 as compared with non-stem cell (monolayer) cultures (Fig. 

2.1A) and that this expression is associated with expression of stem cell markers, including 

Oct4, Nanog, and Sox2 (Fig. 2.1A). To determine whether TG2 has a role in ECS cell 

maintenance and spheroid formation, we treated SCC-13 cells with control- or TG2-siRNA 

to knockdown TG2 (Fig. 2.1B) and monitored ability to form spheroids. Markedly fewer 

spheroids are formed by TG2 knockdown cells (Fig. 2.1C). Moreover, loss of spheroid 

formation, following TG2 knockdown, is associated with accumulation of single cells (Fig. 

2.1D). To confirm this finding, we prepared TG2-negative cell lines by infection of SCC-

13 cells with TG2-shRNA encoding lentivirus. Figure 2.1E confirms the SCC13-TG2-

shRNA2 cells, which have reduced TG2 expression (Fig. 2.1F), form spheroids less 

efficiently than SCC13-control-shRNA cells. Most SCC13-TG2-shRNA2 cells remain as 

single cells (Fig. 2.1G). However, some spheroid formation is observed in SCC13-TG2-

shRNA2 cultures, and we wondered whether this is due to TG2 re-expression. To test this, 

we grew SCC13-TG2-shRNA2 cells as nonattached spheroids for 10 days and then isolated 

spheroids and single cells for preparation of extracts. Figure 2.1H reveals that the few 

spheroids that do form express TG2, further suggesting that TG2 is required for spheroid 

formation.  

http://mcr.aacrjournals.org/content/13/7/1083.long#F1
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http://mcr.aacrjournals.org/content/13/7/1083.long#F1
http://mcr.aacrjournals.org/content/13/7/1083.long#F1
http://mcr.aacrjournals.org/content/13/7/1083.long#F1
http://mcr.aacrjournals.org/content/13/7/1083.long#F1
http://mcr.aacrjournals.org/content/13/7/1083.long#F1
http://mcr.aacrjournals.org/content/13/7/1083.long#F1
http://mcr.aacrjournals.org/content/13/7/1083.long#F1
http://mcr.aacrjournals.org/content/13/7/1083.long#F1
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Fig. 2.1. TG2 is 
enriched in 
ECS cells and is 
required for 
spheroid 
formation 
A ECS cells are 
enriched for 
expression of 
TG2. SCC-13 
cells (40,000 per 
well) were 
grown as 
monolayers 
(non-stem cells) 
or as unattached 
spheroids (ECS 
cells) in spheroid 
medium for 10 d 
before extracts 
were prepared. B 
ECS cells were 
electroporated 
with control- or 
TG2-shRNA and 
after 72 h 
extracts were 
prepared to assay 
TG2 level. C 
TG2 is required 
for spheroid 
formation. SCC-13 cells were electroporated with 3 μg of control- or TG2-siRNA and then plated 
at 40,000 cells per well in 35 mm dishes and grown as spheroids and then counted. D Cells were 
photographed at 24, 48 and 72 h after plating. E SCC13-Control-shRNA and SCC13-TG2-shRNA2 
cells were harvested and extracts were prepared for immunoblot detection of TG2 and β-actin. F 
TG2 is required for spheroid growth. Cells were plated at 40,000 per 35 mm dish in spheroid 
medium and spheroid formation was monitored. G Cells from panel B were photographed at 0 and 
10 d after plating. H SCC13-TG2-shRNA2 cell spheroids and non-spheroids (single cells) were 
collected at 10 d and assayed for TG2 level. Spheroid formation is associated with restoration of 
TG2 expression. In all panels, the values are mean ± SEM, n = 3, p 

We next studied the impact of TG2 inhibitor on spheroid formation. Spheroids were grown 

for 8 days and then treated with NC9, an irreversible inhibitor of TG2 transamidase (Tgase, 

crosslinking) activity (130). NC9 treatment reduced spheroid number (Fig. 2.2A), which 

is associated with accumulation of spheroid fragments and single cells (Fig. 2.2B). A key 

issue is whether the NC9 treatment reduces cell viability. As shown in Fig. 2.2C, as 

 

http://mcr.aacrjournals.org/content/13/7/1083.long#F2
http://mcr.aacrjournals.org/content/13/7/1083.long#F2
http://mcr.aacrjournals.org/content/13/7/1083.long#F2
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assessed by ability to exclude trypan blue, NC9 causes a concentration-dependent 

reduction in viable cell number. Figure 2.2D shows that the reduction in TG2 activity is 

not associated with reduced TG2 level. This indicates that TG2 knockdown (Fig. 2.1) or 

inhibition of activity (Fig. 2.2) reduces ECS cell survival. To confirm that NC9 inhibits 

TG2 transamidase (Tgase) activity, we loaded cells with FC, a known transglutaminase 

substrate, added 0 or 20 μmol/L NC9, activated TG2 Tgase activity by treatment with 

calcium ionophore, and monitored for intracellular incorporation of the fluorescent label. 

This experiment shows that TG2 activity is reduced by NC9 treatment (Fig. 2.2E). To gain 

some insight regarding the mechanism, we monitored for cleavage of procaspase 3. Figure 

2.2F shows that the response to NC9 includes cleavage of procaspase 3 and that this 

cleavage is initiated within 1 hour after NC9 addition. 

http://mcr.aacrjournals.org/content/13/7/1083.long#F2
http://mcr.aacrjournals.org/content/13/7/1083.long#F1
http://mcr.aacrjournals.org/content/13/7/1083.long#F2
http://mcr.aacrjournals.org/content/13/7/1083.long#F2
http://mcr.aacrjournals.org/content/13/7/1083.long#F2
http://mcr.aacrjournals.org/content/13/7/1083.long#F2
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Fig. 2.2. NC9 
causes 
fragmentation of 
pre-formed 
spheroids 
A SCC-13 cells 
(40,000) were 
plated in non-
adherent six well 
dished, grown for 8 
d in spheroid 
medium, and then 
NC9 was added and 
spheroid number 
was monitored at 0 
– 48 h. B Spheroids 
were grown for 10 
d, treated for 48 h 
with indicated level 
of NC9 and 
photographed. C 
SCC-13 cells were 
plated at 40,000 
cells per well in non-adherent six well dishes and after 10 d the spheroids were treated with 0 – 
20 μM NC9 for 0 – 72 h before trypan blue exclusion viability assay. D SCC-13 spheroids were 
grown for 10 d, treated with 0 or 20 μM NC9 for 48 h, and TG2 level was assayed by 
immunoblot. E SCC-13 cells were grown as monolayers in spheroid medium and TG2 activity 
was monitored by FC incorporation assay as outlined in Materials and Methods. F SCC-13 cell 8 
d spheroids were treated with 20 μM NC9 and cells were harvested at the indicated times for 
immunoblot detection of procaspase 3 and cleaved caspase 3. In all panels, the values are mean ± 
SEM, n = 3, p < 0.05. 

We next assessed whether NC9 can prevent spheroid formation initiated from single cells. 

We seeded SCC-13 single cells in spheroid growth conditions and after 12 hours added 

NC9, and monitored spheroid number over 14 days. We did not replenish the medium or 

add fresh NC9 during this time course. Spheroid number increases in all groups until day 

8, but then selectively declines in the NC9-treated groups (Fig. 2.3A). This is associated 

with morphological survival of the spheroids until 8 days and progressive destruction from 

8 to 14 days (Fig. 2.3B), indicating that spheroids can form in the presence of NC9, but 

that fully formed spheroids undergo NC9-associated destruction. This is consistent with 
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NC9-related destruction of mature spheroids shown in Fig. 2.2. In addition, the findings 

shown in Fig. 2.3 suggest that a single treatment with NC9 produces long-lasting effects 

on ECS cell survival and spheroid formation. We next monitored the impact of another 

transglutaminase inhibitor, FC, on spheroid formation. FC acts as a competitive substrate 

inhibitor of transglutaminase that prevents TG2 interaction with intracellular targets (109, 

110). Spheroids were grown for 8 days and then treated with FC. FC treatment reduces 

spheroid number and promotes accumulation of spheroid fragments and dissociated single 

cells (Fig. 2.3C and D). 

TG2 is required for ECS cell migration 

We recently demonstrated that epidermal cancer–derived ECS cells migrate more 

efficiently than non-stem cancer cells (74). To determine whether this requires TG2, we 

monitored the ability of TG2 knockdown cells to invade Matrigel and close a scratch 

wound. Figure 3E and F shows that TG2 loss reduces cell migration through Matrigel. 

Figure 3G shows that ability of cells to close a scratch wound is also reduced in the absence 

of TG2 (Fig. 2.3G). Moreover, Fig. 3H shows that pretreating the cells with NC9 reduces 

Matrigel invasion.  

http://mcr.aacrjournals.org/content/13/7/1083.long#F2
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Fig. 2.3. Impact of 
NC9 and TG2 
knockdown on 
spheroid 
formation, 
invasion and would 
closure. A SCC-13 
cells (40,000) were 
plated in spheroid 
growth conditions, 
and after 18 hours, 
0, 10, or 20 µmol/L 
NC9 was added. 
Incubation was 
continued for 0 to 
14 days without 
addition of fresh 
NC9 or medium, 
and spheroid 
number was counted 
at each time point. B 
cells were treated as 
in A, and images 
were captured at 0, 
8, and 14 days. 
Similar results were 
observed in each of 
three experiments. 
C SCC-13 cells were seeded in 6-well nonattachement plates, and after 8 days, spheroids were 
treated with 0 to 20 µmol/L FC for 72 hours. D Images of spheroids following 2-day treatment 
with various concentrations of FC. In all plots, the values are mean +/-  SEM, n=3, p< 0.05. E, 
SCC13-Control-shRNA and SCC13-TG2-shRNA2 cells (25,000) were seeded on top of Matrigel 
in 1 ml of growth medium in a Millicell chamber. After 24 hours, the membrane was rinsed with 
PBS and fixed in 4% paraformaldehyde and then stained with DAPI. The underside of chambers 
was viewed with an inverted fluorescent microscope and nuclei counted. F, images of the DAPI 
stained membrane. G, SCC13-Control-shRNA and SCC13-TG2-shRNA2 cells (2 million) were 
plated on 100 mm dishes in growth medium in monolayer conditions, and confluent monolayers 
were “wounded” with a 10 µl pipette. Images were collected at 0 to 18 hours after wounding to 
assess closure. Cell proliferation does not account for the difference in wound closure rate (not 
shown. H SCC-13 cells were pretreated for 1 hour with 0 or 20 µmol/L NC9 and then 25,000 
cells were seeded on Matrigel in six Millicell chambers per treatment. After 24 hours, the 
chambers were harvested, cleaned and cells that had migrated through to the membrane inner 
surface were visualized using DAPI. The values are mean +/- SEM, n=6, P<0.05.  
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TG2 GTP-binding function is required for activity 

The two most important enzymatic functions of TG2 are the Tgase and GTP-binding 

activities (89). We therefore examined which activity is required for ECS cell spheroid 

formation. To accomplish this, we measured the ability of wild-type and mutant TG2 to 

restore SCC13-TG2-shRNA2 cell spheroid formation. Plasmids encoding wild-type and 

mutant TG2 forms were delivered by electroporation. The mutants include C277S (no 

Tgase activity, partial GTP-binding activity), R580A (wild-type Tgase activity, no GTP-

binding activity), W241A (no Tgase activity, wild-type GTP-binding activity), and Y516F 

(partial Tgase activity, partial GTP-binding activity; Fig. 2.4A) (131). Figure 2.4B shows 

that each electroporated mutant is expressed at a comparable level. We also show (Fig. 

2.4C) that each mutant localizes in a pattern that resembles that of wild-type endogenous 

TG2 (SCC13-Control-shRNA, EV) and that SCC13-TG2-shRNA2 cells express reduced 

levels of TG2.  

We next assessed the ability of wild-type and mutant TG2 to drive spheroid formation. The 

time course in Fig. 2.4D shows that SCC13-TG2-shRNA2 cells (TG2 knockdown) form 

80% fewer spheroids than empty vector (EV)–electroporated SCC13-Control-shRNA cells 

when measured at 5 day. We next examined the ability of wild-type TG2 and TG2 mutants 

to restore SCC13-TG2-shRNA2 cell spheroid formation (Fig. 2.4D). The general trend is 

the same at all times. Considering the 5-day time point, expression of wild-type TG2 

restores spheroid number to approximately 80% of control. Mutants C277S and W241A, 

which retain partial and full GTP-binding function, respectively, also largely restore 

spheroid formation. In contrast, Y516F, which retains partial GTP-binding activity, slightly 

restores spheroid formation, and R580A, which lacks GTP-binding function, does not 

http://mcr.aacrjournals.org/content/13/7/1083.long#F4
http://mcr.aacrjournals.org/content/13/7/1083.long#F4
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restore spheroid formation. The fact that C277S and W241A, which lack Tgase activity, 

restore spheroid formation suggests that Tgase activity is not required.  

We also examined the impact of wild-type TG2 and mutants on cell migration and wound 

closure. SCC13-TG2-shRNA2 cells (TG2 knockdown) have reduced efficiency of wound 

closure compared with SCC13-Control-shRNA cells that express normal endogenous 

levels of TG2 (Fig. 2.5A). Mutants C277S and W241A, which retain partial and full GTP-

binding function, respectively, largely restore wound closure. Y516F, which retains partial 

GTP-binding activity, is also effective, but R580A, which lacks GTP-binding function, is 

largely ineffective (Fig. 2.5A). The fact that C277S and W241A, which lack Tgase activity, 

enhance closure suggests that Tgase activity is not required. Figure 2.5B shows the wound 

images at the 20-hour time point for a representative experiment. Figure 2.5C shows that 

these cell lines show no difference in cell number over 3 days of growth, suggesting that 

differences in cell proliferation rate cannot explain the marked difference in wound closure 

and invasions rates.  

 

http://mcr.aacrjournals.org/content/13/7/1083.long#F5
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Fig. 2.4. 
Expression of TG2 
mutants in SCC13-
TG2-shRNA2 cells 
A TG2 mutants and 
impact on TGase 
and GTP-binding/G-
protein-related 
activity. B SCC13-
TG2-shRNA2 cells 
(TG2 knockdown) 
were electroporated 
with plasmids 
encoding wild-type 
or mutant TG2, or 
empty vector (EV) 
and grown as 
monolayers in 
spheroid growth 
medium. After three 
days, the cells were 
harvested for 
immunoblot with 
anti-TG2. C 
SCC13-TG2-
shRNA2 cells were 
electroporated with plasmids encoding the indicated plasmids, plated on attachment plates in 
spheroid medium and after 3 d the cells were fixed, permeabilized and stained with anti-TG2. As 
a control, SCC13-Control-shRNA cells were electroporated with empty vector and stained in 
parallel. TG2 detected in these cells is endogenous. Similar findings were observed in each of 
three repeated experiments. D SCC13-Control-shRNA cells were electroporated with 3 μg of 
empty vector (EV) and SCC13-TG2-shRNA2 cells were electroporated with plasmid encoding 
TG2-wt, TG2 mutants (C277S, R580A, Y526F or W241A) or empty vector. After 
electroporation, the cells were seeded at 40,000 cells in each of six low-attachment wells in 2.5 
ml of spheroid media. Spheroids were counted on days 1, 3 and 5. 
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Fig. 2.5. TG2 
mutant impact on 
migration and 
proliferation in 
SCC13-TG2-
shRNA2 cells 
A SCC13-Control-
shRNA cells were 
electroporated with 
3 μg of empty 
vector (EV) and 
SCC13-TG2-
shRNA2 cells were 
electroporated with 
plasmid encoding 
TG2-wt, TG2 
mutants (C277S, 
R580A, Y526F or 
W241A) or empty 
vector. After 
electroporation, the 
cells were seeded at 
high density in 6-
well cluster conventional attachment plates in 2.5 ml of spheroid media. Uniform wounds were 
created using a pipette and wound width was monitored at 0, 10 and 20 h. An immunoblot 
confirming mutant expression is shown in Fig. 5B. B Wound images at 20 h. C TG2 knockdown 
does not alter SCC-13 cell proliferation. SCC13-Control-shRNA and SCC13-TG2-shRNA cells 
were plated at equal density in attachment plates in spheroid medium and growth was monitored 
over a period of three days. Values are mean ± SEM, n = 3, p < 0.05. 
 

TG2 is also required for survival and migration of A431 ECS cells 

We wanted to compare these findings in another SCC cell type. We chose A431 cells, as 

we have previously shown that spheroid-forming ECS cells comprise 0.03% of this cell 

population (74). These cells are derived from human vulvar skin. Figure 2.6A reveals that 

TG2 level is substantially elevated in A431-derived ECS cells. We next examined the 

impact of TG2 knockdown or treatment with NC9 on spheroid formation. Electroporation 

of A431 ECS cells with TG2-siRNA reduced TG2 level (Fig. 2.6B). As shown in Fig. 

2.6C, TG2 loss reduces A431 cell spheroid formation by 70%. Moreover, the ability of 
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A431 ECS cells to invade Matrigel is reduced by 50% in the presence of NC9, as is ability 

to close a scratch wound (Fig. 2.6E and F). Figure 2.6G will be explained in the Discussion 

section.  

http://mcr.aacrjournals.org/content/13/7/1083.long#F6
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Fig.2.6. Role of TG2 
in A431 cells 
A A431 cells were 
grown as monolayers 
or in ultralow 
attachment plates 
(spheroids) in 
spheroid medium. 
After 8 d, extracts 
were prepared and 
assayed for expression 
of TG2 by 
immunoblot. Similar 
results were observed 
in four separate 
experiments. B A431 
cells were 
electroporated with 
control- or TG2-
siRNA and after 72 h 
cell extracts were 
prepared to detect 
TG2. C A431 cells 
were electroporated 
with the indicated 
siRNA and 40,000 
cells were seeded into 
low-attachment six 
well dishes at time 
zero. Spheroid number was counted on days 1, 2 and 3. D A431 cells were seeded at 40,000 cells 
per six well cluster dish and after 12 h NC9 was added at time zero. Spheroid number and trypan-
blue viable cell number were determined at the indicated times following NC9 addition. The 
values are mean ± SEM, n = 3, p < 0.05. E A431 cells, maintained as spheroids, were treated with 
0 (Control) or 20 μM NC9 for 1 h and then plated atop Matrigel in 1 ml of spheroid medium in a 
Millicell chamber. After 24 h, the chambers were collected and stained with DAPI to detect cells 
that had migrated through the Matrigel to the inner surface of the membrane. The values are mean 
± SEM, n = 6, p < 0.05. F A431-derived ECS cells were seeded at confluence as monolayer 
culture. A wound was created and ability of the cells to close the wound was monitored with 
time. G Model describing regulation of spheroid formation, migration and invasion by TG2. 
Reduction in TG2 level, or loss of TG2 GTP binding/G-protein function, reduces ECS cell 
function (survival, spheroid formation , invasion and migration). NC9 inactivates TG2 TGase 
activity forcing it into an extended conformation to indirectly reduce GTP binding activity.  
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Role of NF-κB 

Experiments in Fig. 2.3E and F show that TG2 is required for ECS cell invasion through 

Matrigel. Previous studies have implicated NF-κB as a mediator of TG2-dependent 

epithelial–mesenchymal transition (EMT)–related processes in several cancer cell types 

(100, 117, 118, 132, 133). We therefore examined whether NF-κB plays a role in mediating 

these processes in SCC-13 cells. ECS cells were electroporated with control- or NF-κB-

siRNA before plating on Matrigel. Figure 2.7A and B shows that NF-κB knockdown does 

not reduce ECS cell invasion, and Fig. 2.7C confirms the knockdown. We next determined 

whether NF-κB knockdown attenuates TG2 stimulation of invasion. SCC13-TG2-shRNA2 

cells were electroporated with plasmid encoding wild-type TG2 in the presence or absence 

of NF-κB-siRNA. Figure 2.7D and E shows that expression of TG2 enhances invasion and 

that TG2-simulated invasion is not reduced by NF-κB knockdown. Figure 2.7F confirms 

the elevation of TG2 and the knockdown of NF-κB. We also examined the impact of NF-

κB knockdown on ECS cell migration. Figure 2.7G shows that NF-κB knockdown does 

not alter the rate of ECS cell wound repair (migration).  

http://mcr.aacrjournals.org/content/13/7/1083.long#F3
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Fig. 2.7. NFκB does not mediate TG2-dependent invasion or migration. A/B ECS cells were 
electroporated with the indicated siRNA and permitted to recover for 24 h. The cells (25,000 per 
well) were seeded on top a matrigel-coated membrane in 1 ml of spheroid growth medium in a 
Millicell chamber. After 24 h, the membrane was rinsed with phosphate buffered saline, fixed in 
4% paraformaldehyde and stained with DAPI. The underside of the membranes were viewed with 
an inverted fluorescent microscope and nuclei counted. C ECS cells were harvested at the end of 
migration to assay NFκB level. D/E ECS cells were electroporated with empty vector (EV) or 
TG2-encoding (TG2) expression plasmid in the presence of control- or NFκB-siRNA. After 24 h, 
the membranes were process to visualize the nuclei of migrated cells. F ECS cells were harvested 
at the end of migration to assay to monitor TG2 and NFκB level. G ECS cells were electroporated 
with control- or NFκB-siRNA, seeded at confluent density. After attachment, uniform wounds 
were prepared, and cell migration to fill the wound was monitored from 0 – 18 h. Cell division 
does not significantly contribute to wound closure under these conditions (not shown). H Extracts 
were prepared from ECS cells (8 d spheroids) and non-stem cancer cells derived from monolayer 
cultures. Extracts were electrophoresed for immunoblot detection of the indicated epitopes. I ECS 
cells were treated with control- or TG2-siRNA and maintained in spheroid medium in non-
attachment plates. After 48 h extracts were prepared for assay of the indicated epitopes. Similar 
results were observed in each of three experiments. 
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TG1 and FXIIIa 

We also assessed the likelihood that other transglutaminase forms may be involved in the 

regulation. Transformed keratinocytes express relatively low levels of TG1 and FXIIIa. 

Figure 2.7H shows that ECS cells (spheroids) express elevated levels of TG; however, 

there is no change in FXIIIa or TG1 levels. Figure 2.7I shows that knockdown of TG2 in 

ECS cells is associated with a slight increase in TG1 and FXIIIa level. The fact that these 

enzymes change minimally in level in ECS cells as compared with non-stem cancer cells, 

and are minimally impacted by TG2 knockdown, suggest they do not play a role in the 

observed loss of ECS cell properties observed following TG2 loss.  

Discussion 

The cancer stem cell model was predicted over 150 years ago, but only recently have 

technologies evolved to test this model. This concept predicts that tumors originate from 

tissue stem cells and that tumors retain a subpopulation of cancer stem cells that undergo 

aberrant differentiation that generates cellular heterogeneity in the tumor (135). These 

tumor stem cells display specific properties, including the capacity for self-renewal, ability 

to differentiate, active telomerase expression, activation of antiapoptotic pathways, 

increased membrane transporter activity, ability to migrate and metastasize, and expression 

of stem cell markers (135). This hypothesis has important implications for cancer risk 

assessment, detection, prevention, and treatment. It is also important to consider that the 

present cancer therapies appear to kill differentiated cancer cells but spare the cancer stem 

cell population (75, 136). This suggests that developing cancer treatment strategies that 

target the cancer stem cell population will be beneficial.  

http://mcr.aacrjournals.org/content/13/7/1083.long#F7
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We have characterized putative epidermal cancer stem cells established from epidermal 

SCC cells. These ECS cells can be selected by growth in nonattached conditions (74). 

Under these conditions, <0.2% of the cells form spheroids and express a host of epidermal 

and embryonic stem cell markers. When injected into immune compromised mice, these 

cells form large, rapidly-growing, aggressive, invasive, and highly-vascularized tumors 

(74). This is in contrast with the small and non-vascularized tumors that form upon 

injection of cell population comprised largely of non-stem cells. Moreover, injection of as 

few as 100 ECS cells can drive formation of large vascularized tumors. These cells also 

display enhanced mobility and invasion of Matrigel (74). The fact that these cells are 

readily able to form aggressive tumors, as compared with non-stem cells, confirms that 

they are important targets for cancer prevention and therapy.  

An important strategy for understanding ECS cell properties, and designing anti-ECS cell 

therapy, is identifying survival proteins that are highly enriched in ECS cells as compared 

with non-stem cells. Based on the demonstrated importance of TG2 in several epithelial 

cancers (102, 137, 138, 138, 140), we examined expression of TG2 in skin cancer. Our 

studies show that TG2 levels are markedly elevated in ECS cells as compared with bulk 

cultures of cancer cells. Moreover, knockdown of TG2 using siRNA or by creating stable 

TG2 knockdown cell lines results in a marked reduction in ECS cell survival and spheroid 

formation. Inhibition of TG2 results in destruction of pre-established ECS cell spheroids 

and suppression of spheroid growth. Moreover, TG2 knockdown cells display a reduced 

ability to form spheroids.  

We also examined the impact of TG2 inhibitors on ECS cell survival and spheroid 

formation. NC9 is an active site-directed irreversible inhibitor that inactivates TG2 Tgase 
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activity and in the process locks TG2 in an extended conformation (41, 142, 143). Treating 

ECS cells with NC9 inhibits spheroid formation and also promotes destruction of pre-

existing spheroids. This is associated with inhibition of Tgase activity. We also performed 

structural studies that suggest that NC9 produces an open TG2 structure in which the GTP-

binding site is moved to an inactive conformation (not shown). Thus, we propose that NC9 

inhibits both GTP-binding and Tgase activities. Ultimately, NC9 causes ECS cell apoptosis 

and reduced viability. This is particularly interesting, as stem cells are known to suppress 

apoptotic signaling pathways to enhance survival, and it is possible that TG2 has an 

important role in mediating this activity (100, 118, 140). FC, a competitive substrate 

inhibitor of TG2 (144), also suppresses spheroid growth. This agent also inhibits migration 

through Matrigel, but has a minimal effect on the rate of scratch wound closure. Overall, 

these observations suggest that inhibiting TG2 disrupts multiple ECS cell processes. In 

particular, TG2 appears to be required for ECS cell spheroid formation, survival, migration, 

and invasion. Survival, migration, and invasion are properties known to be required for 

tumor cell extravasation during metastasis, suggesting that TG2 may be required for in vivo 

metastasis (119, 145, 146, 147, 148) Indeed, such a role has been documented in other 

cancer types (120, 149, 150).  

Recent studies suggest that in some cancer cell types, TG2 activates NF-κB to promote 

cancer cell survival (118, 132, 133, 134). We therefore tested whether NF-κB mediates 

TG2 action in ECS cells. It is interesting that knockdown of TG2 does not impair TG2 

regulation of invasion or migration (Fig. 2.7) or spheroid formation. NF-κB has been 

described as having a unique role in epidermal cells where it actually inhibits cell 

http://mcr.aacrjournals.org/content/13/7/1083.long#F7
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proliferation (151). This difference in properties may explain the lack of a role for NF-κB 

as a TG2 mediator in ECS cells.  

TG2 is a multifunctional enzyme expressed in many tissues (98). In addition to 

transamidase (Tgase) activity, which is activated by calcium (89), TG2 binds and 

hydrolyzes GTP (91). GTP bound TG2 functions in G-protein signaling (152, 153). TG2 

also functions as a protein disulfide isomerase (93, 94), protein kinase (95, 96), protein 

scaffold (154, 155), and as a DNA hydrolase (156). The TG2 Tgase and GTP-binding 

activities are the best studied and appear to be the most important (89). To understand the 

role of these activities in maintaining ECS cell function, we studied the ability of TG2 

mutants to restore spheroid formation, invasion, and migration, in TG2 knockdown cells. 

These studies show that wild-type TG2, and mutants (Fig. 2.4A) that retain partial (C277S, 

Y526F) or full (W241A) GTP-binding function, can partially or near-fully restore spheroid 

formation. In contrast, R580A, which lacks GTP binding, does not restore activity. 

Conversely, these same studies show that mutants (C277A and W241A), which lack Tgase 

activity, are able to form spheroids. This genetic evidence confirms a role for the TG2 

GTP-binding activity in driving ECS cell spheroid formation, invasion, and migration.  

We propose that the TG2 mutant data unequivocally demonstrate that GTP binding is 

required for ECS cell function and that the inhibitor data also support this hypothesis (Fig. 

2.6G). NC9 is an irreversible inhibitor that covalently binds to TG2 to inactivate Tgase 

activity (130). However, NC9 also locks TG2 into an extended conformation (38), which 

is associated with inactivation of GTP binding (157) as TG2 GTP binding requires a closed 

configuration (157). In silico structural modeling studies indicate that TG2 GTP activity 

inactivates when bound to NC9 (not shown). Thus, we propose that NC9 treatment inhibits 

http://mcr.aacrjournals.org/content/13/7/1083.long#F4
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both TG2 Tgase and TG2 GTP-binding/G-protein function in ECS cells. Based on these 

findings, we conclude that TG2 is essential for cancer stem cell survival in epidermal SCC 

and is likely to contribute to tumor and metastasis formation in SCC.  
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Chapter 3 

Type II Transglutaminase stimulates epidermal cancer stem cell epithelial-

mesenchymal transition 

The work described in this chapter was published in Oncotarget in May 2015. As first 

author, I performed most of the experiments, analyzed much of the data and wrote a first 

draft of the manuscript. All work was performed in Dr. Richard Eckert’s laboratory in the 

Department of Biochemistry and Molecular Biology at the University of Maryland 

School of Medicine, Baltimore, MD.  

Introduction 

Epidermal squamous cell carcinoma (SCC) is among the most common cancers and the 

frequency is increasing at a rapid rate (51, 52). SCC is treated by surgical excision, but the 

rate of recurrence approaches 10% and the recurrent tumors are aggressive and difficult to 

treat. We propose that human epidermal cancer stem (ECS) cells survive at the site of tumor 

excision, that these cells give rise to tumor regrowth, and that therapies targeted to kill ECS 

cells constitute a viable anti-cancer strategy. An important goal in this context is identifying 

and inhibiting activity of key proteins that are essential for ECS cell survival. Working 

towards this goal, we have developed systems for propagation of human ECS cells (74). 

These cells display properties of cancer stem cells including self-renew and high level 

expression of stem cell marker proteins (74). 
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In the present study we demonstrate that ECS cells express proteins characteristic of cells 

undergoing EMT (epithelial-mesenchymal transition). EMT is a morphogenetic process 

whereby epithelial cells lose epithelial properties and assume mesenchymal characteristics 

(158). The epithelial cells lose cell-cell contact and polarity, and assume a mesenchymal 

migratory phenotype. There are three types of EMT. This first is an embryonic process, 

during gastrulation, when the epithelial sheet gives rise to the mesoderm (159). The second 

is a growth factor and cytokine-stimulated EMT that occurs at sites of tissue injury to 

facilitate wound repair (159). The third is associated with epithelial cancer cell acquisition 

of a mesenchymal migratory/invasive phenotype. This process mimics normal EMT, but 

is not as well controlled and coordinated (158, 160, 161). A number of transcription factors 

(ZEB1, ZEB2, snail, slug, and twist) that are expressed during EMT suppress expression 

of epithelial makers, including E-cadherin, desmoplakin and claudins (158). Snail proteins 

also activate expression of vimentin, fibronectin and metalloproteinases (158). Snail 

factors are not present in normal epithelial cells, but are present in the tumor cells and are 

prognostic factors for poor survival (158). 

 

An important goal is identifying factors that provide overarching control of EMT in cancer 

stem cells. In this context, several recent papers implicate type II transglutaminase (TG2) 

as a regulator of EMT (119, 146, 162, 163). TG2, the best studied transglutaminase, was 

isolated in 1957 from guinea pig liver extract as an enzyme involved in the covalent 

crosslinks proteins via formation of isopeptide bonds (164). However, subsequent studies 

reveal that TG2 also serves as a scaffolding protein, regulates cell adhesion, and modulates 

signal transduction as a GTP binding protein that participates in G protein signaling (152). 
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TG2 is markedly overexpressed in cancer cells, is involved in cancer development (113, 

116, 165, 166), and has been implicated in maintaining and enhancing EMT in breast and 

ovarian cancer (114, 119, 147, 163).  The G protein function may have an important role 

in these processes (88, 98, 104,162). 

 

In the present manuscript we study the role of TG2 in regulating EMT in human ECS cells. 

Our studies show that TG2 is highly enriched in ECS cells. We further show that these 

cells express EMT markers and that TG2 is required to maintain EMT protein expression. 

TG2 knockdown, or treatment with TG2 inhibitor, reduces EMT marker expression and 

ECS cell survival, invasion and migration. TG2 GTP binding activity is absolutely required 

for maintenance of EMT protein expression and EMT-related responses. However, in 

contrast to breast cancer (146, 162), we show that TG2 regulation of EMT is not mediated 

via NFκB signaling. 

Results 

TG2 is required for expression of EMT markers 

EMT is a property of tumor stem cells that confers an ability to migrate and invade 

surrounding tissue (167, 168, 169). We first examined whether ECS cells express EMT 

markers. Non-stem cancer cells and ECS cells, derived from the SCC-13 cancer cell line, 

were analyzed for expression of EMT markers. Fig. 3.1A shows that a host of EMT 

transcriptional regulators, including Twist, Snail and Slug, are increased in ECS cells 

(spheroid) as compared to non-stem cancer cells (monolayer). This is associated with 

increased levels of vimentin, fibronectin and N-cadherin, which are mesenchymal proteins, 

and reduced expression of E-cadherin, an epithelial marker. HIF-1α, an additional marker 
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frequently associated with EMT, is also elevated. We next examined whether TG2 is 

required to maintain EMT marker expression. SCC-13 cell-derived ECS cells were grown 

in the presence of control- or TG2-siRNA, to reduce TG2, and the impact on EMT marker 

level was measured. Fig. 3.1B shows that loss of TG2 is associated with reduced expression 

of Twist, Snail, vimentin and HIF-1α. To further assess the role of TG2, we utilized 

SCC13-Control-shRNA and SCC13-TG2-shRNA2 cell lines. These lines were produced 

by infection of SCC-13 cells with lentiviruses encoding control- or TG2-specific shRNA. 

Fig. 3.1C shows that SCC13-TG2-shRNA2 cells express markedly reduced levels of TG2 

and that this is associated with reduced expression of EMT associated transcription factors 

and target proteins, and increased expression of E-cadherin. To confirm this, we grew 

SCC13-Control-shRNA and SCC13-TG2-shRNA2 cells as monolayer cultures for 

immunostain detection of EMT markers. As shown in Fig. 3.2A, TG2 levels are reduced 

in TG2-shRNA expressing cells, and this is associated with the anticipated changes in 

epithelial and mesenchymal marker expression. 
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Tumor cells that express EMT markers display enhanced migration and invasion ability 

(167, 168, 169).  We therefore examined the impact of TG2 reduction on these responses. 

To measure invasion, control-shRNA and TG2-shRNA cells were monitored for ability to 

move through matrigel. Fig. 3.2B shows that loss of TG2 reduces movement through 

matrigel by 50%. We further show that this is associated with a reduction in cell migration 

using a monolayer culture wound closure assay. The control cells close the wound 

completely within 14 h, while TG2 knockdown reduces closure rate (Fig. 3.2C). 

 
Figure 1: TG2 and EMT marker expression is enriched in ECS cells, and TG2 is 
required for EMT. A. ECS cells have elevated TG2 and mesenchymal markers. SCC-13 
cells (40,000 per well) were grown in spheroid medium in attached (monolayer) and non-
attached (spheroid, ECS cells). Cells were harvested after 10 d and lysates were prepared for 
electrophoresis and detection of the indicated epitopes. B. SCC-13 cells were electroporated 
with control- or TG2-siRNA and cultured in spheroid medium as monolayer cultures. After 
72 h extracts were prepared to assay TG2 and EMT markers. C. SCC13-Control-shRNA and 
SCC13-TG2-shRNA2 cells were grown in spheroid media for 10 d, harvested and lysates 
prepared for immune-detection of TG2 and EMT markers. Similar results were observed in 
three separate experiments. 
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TG2 inhibitor reduces EMT marker expression and EMT functional responses 

NC9 is a recently developed TG2-specific inhibitor (130, 141). We therefore asked whether 

pharmacologic inhibition of TG2 suppresses EMT. SCC-13 cells were treated with 0 or 20 

μM NC9. Fig. 3.2A shows that NC9 treatment reduces EMT transcription factor (Twist, 

Snail, Slug) and EMT marker (vimentin, fibronectin, N-cadherin, HIF-1α) levels. 

Consistent with these changes, the level of the epithelial marker, E-cadherin, is elevated. 

Fig. 3.2B and C show that pharmacologic inhibition of TG2 activity also reduces EMT 

biological response. Invasion (Fig. 3.2 B) and cell migration (Fig. 3.2) are also reduced. 
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 Figure 
3.2: TG2 is required for EMT marker expression and invasion/migration. A. SCC13-Control-
shRNA and SCC13-TG2-shRNA2 cells were grown in spheroid medium as spheroids in non-
attached culture for 8 d, and then plated as monolayers in 12 well plates (100,000 cells/well). After 
overnight attachment, the cells were fixed, permeabilized and incubated with antibodies specific 
for the indicated epitopes. B. SCC13-Control-shRNA and SCC13-TG2-shRNA2 cells were seeded 
on the upper chamber atop a matrigel-coated membrane in 1 ml of growth medium in a Millicell 
chamber. After migration, the membrane was removed, rinsed, fixed and DAPI stained. Nuclei were 
counted on the underside of the membrane using an inverted fluorescent microscope. C. SCC13-
Control-shRNA and SCC13-TG2-shRNA2 cells (2 million) were plated on 100 mm dishes in 
spheroid medium in monolayer conditions. The confluent monolayers were scratched with a 10 μl 
pipette tip to create a wound and the released cells were removed. Images were taken at 0–14 h after 
the initial scratch. Similar results were observed in three experiments. 

 



63 
 

 

 
Figure 3.3: NC9 reduces EMT protein expression and invasion/migration. A. SCC-13 cells 
(500,000) were plated in monolayer culture in spheroid medium in 100 mm dishes. Fresh spheroid 
medium containing 0 or 20 μM NC9 was added at time zero and again at 24 h. After 48 h lysates were 
collected for electrophoresis and immunoblot. B. SCC-13 cells were pretreated with 0 or 20 μM NC9 
for 2 h and then harvested and plated (25,000 cells) in the upper chamber in 1 ml of medium, above a 
matrigel-coated membrane, in a Millicell chamber. After 30 h, the inside of membrane was harvested 
and the nuclei of migrated cells on the bottom of the membrane were counted using an inverted 
fluorescent microscope. The values are mean ± SEM, n = 3 (p, 0.05). C. SCC-13 (2 million) cells were 
plated in spheroid medium in 100 mm dishes and grown as monolayer cultures. Confluent monolayers 
were then scratched with a 10 μl pipette tip and wound width was monitored for 0–18 h. Similar results 
were observed in each of three experiments. 
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Identification of TG2 functional domain required for EMT 

We next performed studies to identify the functional domains and activities required for 

TG2 regulation of EMT. TG2 is a multifunctional enzyme that serves as a scaffolding 

protein, as a transamidase, as a kinase, and as a GTP binding protein (21). The two best 

studied functions are the transamidase and GTP binding/G-protein related activities. 

Transamidase activity is observed in the presence of elevated intracellular calcium, while 

GTP binding-related signaling is favored by low calcium conditions (21). To identify the 

TG2 activity required for EMT, we measured the ability of wild-type and mutant TG2 to 

restore EMT in SCC13-TG2-shRNA2 cells, which have reduced TG2 expression (Fig. 

3.4A). SCC13-TG2-shRNA2 cells display reduced expression of EMT markers including 

Twist, Snail, Slug, vimentin, fibronectin, N-cadherin and HIF-1α, and increased expression 

of the epithelial maker, E-cadherin, as compared to SCC13-Control-shRNA cells. 

Expression of wild-type TG2, or the TG2-C277S or TG2-W241A mutants, restores marker 

expression in SCC13-TG2-shRNA2 cells (Fig. 3.4A). TG2-C277S and TG2-W241A lack 

transamidase activity (89, 162, 131, 170). In contrast, TG2-R580A, which lacks G-protein 

activity, and TG2-Y516F, which retains only partial G-protein activity (131), do not 

efficiently restore marker expression. These findings suggest that the TG2 GTP binding 

function is required for EMT. 

 

We next assayed the ability of the TG2 mutants to restore EMT functional responses-

invasion and migration. Fig 3.4B and C shows that wild-type TG2, TG2-C277S and TG2-

W241A restore the ability of SCC13-TG2-shRNA2 cells to invade matrigel, but TG2-

R580A and Y516F are less active. Fig. 3.4D shows a similar finding for cell migration, in 
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that the TG2-R580A and Y517F mutant are only partially able to restore SCC13-TG2-

shRNA2 cell migration. These findings suggest that TG2 GTP binding/G-protein related 

activity is required for EMT-related migration and invasion by skin cancer cells. 
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Figure 3.4: TG2 GTP binding/G-protein function is necessary for EMT. A. TG2 impact on EMT 
marker expression. SSC13-Control-shRNA or SCC13-TG2-shRNA2 cells were electroporated with 3 μg 
of empty vector (EV) or vector encoding the indicated TG2 proteins. The cells were then grown as 
monolayer cultures in spheroid medium for three days. The cells were then harvested and extracts prepared 
for electrophoresis and immunoblot detection of the indicated epitopes. Similar results were observed in 
three experiments. B. SCC13-TG2-shRNA2 cells were electroporated with plasmids encoding wild-type 
TG2, mutant TG2, or empty vector and grown in spheroid medium as monolayers. At 48 h post-
electroporation, SCC13-Control-shRNA and SCC13-TG2-shRNA2 cells were harvested and seeded in the 
upper chamber above a matrigel-coated membrane in 1 ml of spheroid medium containing 1% serum in a 
Millicell chamber. The lower chamber included spheroid medium containing 10% serum. Nuclei of 
migrated cells were stained and counted on the lower surface of the membrane using an inverted 
fluorescent microscope. The values are mean ± SEM, n = 3 ( p < 0.01). C. Images of DAPI-stained 
membrane. D. SCC13-Control-shRNA and SCC13-TG2-shRNA2 cells were electroporated with empty 
vector (EV) or vector encoding the indicated TG2 proteins and grown in spheroid medium as monolayers. 
After 24 h, 2 million cells were plated in spheroid media on 100 mm dishes in monolayer conditions. The 
confluent monolayer cultures were then scratched with a 10 μl pipette tip and width of the wound was 
monitored at 0–18 h to assess closure. Similar results were observed in each of three experiments 
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Role of TG2 in regulating EMT in A431 cells 

The number of available epidermis-derived squamous cell carcinoma cell lines is limited, 

and so we compared our findings with A431 cells. A431 cells are squamous cell carcinoma 

cells established from human vulvar skin. A431 cells were grown as monolayer (non-stem 

cancer cells) and spheroids (ECS cells) and after 10 d the cells were harvested and assayed 

for expression of TG2 and EMT makers. Fig. 3.5A shows that TG2 levels are elevated in 

ECS cells and that this is associated with increased levels of mesenchymal markers, 

including Twist, Snail, Slug, vimentin, fibronectin, N-cadherin and HIF-1α. In contrast, E-

cadherin levels are reduced. We next examined the impact of TG2 knockdown on EMT 

marker expression. Fig. 3.5B shows that mesenchymal markers are globally reduced and 

E-cadherin level is increased. As a biological endpoint of EMT, we examine the impact of 

TG2 knockdown on spheroid formation and found that TG2 loss leads to reduced spheroid 

formation (Fig. 3.5C). We next examined the impact of NC9 treatment on EMT and found 

a reduction in EMT markers expression associated with an increase in epithelial (E-

cadherin) marker level (Fig 3.5D). This loss of EMT marker expression is associated with 

reduced matrigel invasion (Fig.3.5E), reduced spheroid formation (Fig. 3.5F) and reduced 

cell migration (Fig.3.5G). 
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 Figure 3.5: TG2, 
EMT markers and EMT response in A431 cells. A. A431-derived ECS cells have elevated 
TG2 and mesenchymal markers. A431 cells (40,000 cells/well) were grown in spheroid media 
in monolayer conditions or as non-attached spheroids (ECS cells) for 10 d. Cells were harvested 
and lysates prepared for immunoblot. B. A431 cells were electroporated with 3 μg of control- or 
TG2-siRNA and at 72 h extracts were prepared to assay TG2 and EMT marker level. C. A431-
derived ECS cells were electroporated with 3 μg of the indicated siRNA and then grown as 
spheroids for 96 h. Similar results were observed in three separate experiments. D. A431 cells 
(500,000 cells/well) were plated in monolayer culture in spheroid media in 100 mm dishes. The 
following day, at time zero, 0 or 20 μM NC9 was added with fresh addition of medim and NC9 
at 24 h. At 48 h the cells were harvested and extracts prepared for immunoblot. E. A431 cells 
were pretreated in 0 or 20 μM NC9 for 2 h and then harvested and 25,000 cells were seeded in 
the upper chamber above a matrigel-coated membrane in 1 ml of growth medium containing 1% 
FCS in a Millicell chamber. The lower chamber was filled with growth medium containing 10% 
FCS. After 30 h, the membrane was removed, washed and stained with DAPI, and an inverted 
fluorescent microscope was used to count the nuclei of migrated cells. F. A431 (40,000) cells 
were plated in spheroid media in non-attached conditions. On d 8, spheroids were treated with 0 
or 20 μM NC9 and images were taken after 48 h to monitor spheroid fragmentation. G. A431 (2 
million) cells were plated in spheroid media on 100 mm dishes and grown as monolayers. 
Confluent monolayers were then scratched with a 10 μl pipette tip, rinsed, and width of the 
wound was monitored for 0–14 h. Similar results were observed in each of three experiments. 
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Role of NFκB 

Previous studies in breast (100, 132, 133, 137, 166, 171), ovarian cancer (114, 117, 118), 

and epidermoid carcinoma (163) indicate that NFκB signaling mediates TG2 impact on 

EMT. We therefore assessed the role of NFκB in skin cancer cells. As shown in Fig. 6A 

the increase in TG2 level observed in ECS cells (spheroids) is associated with reduced 

NFκB level. In addition, NFκB level is increased in TG2 knockdown cells (Fig.3.6B). 

Thus, increased NFκB is not associated with increased TG2. We next assessed the impact 

of NFκB knockdown on TG2 control of EMT marker expression. Fig 3.6C shows that TG2 

is required for increased expression of EMT markers (HIF-1α, snail, twist, N-cadherin, 

vimentin and fibronectin) and reduced expression of the E-cadherin epithelial marker; 

however, knockdown of NFκB expression does not interfere with TG2 regulation of these 

endpoints. We next examined the effect of TG2 knockdown on NFκB and IκBα 

localization. The fluorescence images in Fig. 3.6D suggest that TG2 knockdown with TG2-

siRNA does not alter the intracellular localization of NFκB or IκBα. This is confirmed by 

subcellular fractionation assay (Fig.3.6E) which compares NFκB level in SCC13-TG2-

Control and SCC13-TG2-shRNA2 (TG2 knockdown) cells. We also monitored NFκB 

subcellular distribution following treatment with NC9, the TG2 inhibitor. Fig. 3.6F shows 

that cytoplasmic/nuclear distribution of NFκB is not altered by NC9. Finally, we monitored 

the impact of TG2 expression on NFκB binding to a canonical NFκB-response element. 

Increased NFκB binding to the response element is a direct measure of NFκB activity 

(113). Fig. 3.6G shows that overall binding is reduced in nuclear (N) extract prepared from 

ECS cells (spheroids) as compared to non-stem cancer cells (monolayer), and that NFkB 

binding, as indicated by gel supershift assay, is also slightly reduced in ECS cell extracts. 
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These findings indicate that NFkB binding is slightly reduced in ECS cells, which are TG2-

enriched (Fig. 3.1A). 
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We 

next 

 Figure 3.6: NFκB 
expression is not required for EMT. A. SCC-13 cells (40,000) were grown in spheroid 
medium in attached (monolayer) and non-attached (spheroid, ECS cells) conditions. 
Lysates were prepared after 10 d in culture for immunoblot. B. SCC13-Control-shRNA 
and SCC13-TG2-shRNA2 cells were grown in spheroid medium as monolayers. After 10 
d in culture, lysates were collected for detection of TG2 and NFκB-p65. C. SCC-13 cells 
were electroporated with control-, NFκB-p65- or TG2-siRNA and then cultured as 
monolayers in spheroid medium. After 72 h extracts were prepared to assay TG2, NFκB-
p65 and EMT markers. D. SCC-13 cells were electroporated with empty vector Control- 
or TG2-siRNA and plated in monolayer culture. The following day cells were fixed, 
permeabilized and incubated with antibodies specific for the indicated epitopes. Similar 
results were observed in each of three experiments. E. An equal number of cell equivalents 
of total (T), nuclear (N), and cytosolic (C) extract, prepared from SCC13-Control-shRNA 
and SCC13-TG2-shRNA2 (TG2 knockdown) cells, was electrophoresed for immunoblot 
detection of NFκB, histone 3 (nuclear marker) and β-actin (cytoplasmic marker). Similar 
results were observed in three separate experiments. F. Total (T), nuclear (N), and 
cytosolic (C) extract was prepared from 8 day spheroids (ECS cells) treated with 0 or 
20 μM NC9 for 48 h. An equal number of cell equivalents of total, nuclear and cytosol 
extract was electrophoresed for immunoblot detection with the indicated antibodies. 
Similar results were observed in three separate experiments. G. Nuclear extract (NE), 
prepared from non-stem cancer cells (monolayer) or ECS cells (spheroids), was incubated 
with 32P-NFκB probe and electrophoresed on a non-denaturing 6% acrylamide gel. 
Various groups were incubated with IgG, anti-NFkB or a 50-fold (50× cold) molar excess 
of radioinert NFkB probe prior to electrophoresis. FP indicates free 32P-NFκB probe, the 
arrow indicates the gel mobility shift and the arrows with asterisks indicate the anti-
dependent supershifted bands. 
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monitored the role of NFκB on biological endpoints of EMT. Fig. 3.7A and B show that 

TG2 knockdown reduces migration through matrigel, but NFκB knockdown has no impact. 

Likewise, TG2 knockdown reduces wound closure, but NFκB knockdown does not. These 

findings suggest that NFκB does not mediate the pro-EMT actions of TG2 in epidermal 

squamous cell carcinoma. 
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Discussion 

 
Figure 3.7: NFκB is not required for ECS cell migration and invasion. A, B. NFκB-knockdown 
does not suppress ECS cell matrigel invasion. SCC-13 cells were treated with Control-, TG2-, NFκB- 
or a combination of siRNA and then seeded in the upper chamber above a matrigel-coated membrane 
in 1 ml of growth medium containing 1% FCS in a Millicell chamber. The lower chamber was filled 
with growth medium containing 10% FCS. After 30 h, the membrane was removed, washed and 
stained with DAPI, and an inverted fluorescent microscope was used to count the nuclei of migrated 
cells. C. NFκB-knockdown does not impede ECS cell migration. SCC-13 cells (2 million) cells were 
plated in spheroid media on 100 mm dishes and grown as monolayers. Confluent monolayers were 
then scratched with a 10 μl pipette tip, rinsed, and width of the wound was monitored for 0–18 h. 
Similar results were observed in each of three experiments. 
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The metastatic cascade, from primary tumor to metastasis, is a complex process involving 

multiple pathways and signaling cascades (172, 173, 174). Cells that complete the 

metastatic cascade migrate away from the primary tumor through the blood to a distant site 

and there form a secondary tumor. Identifying the mechanisms that allow cells to survive 

this journey and form secondary tumors is an important goal. The processes involved in 

epithelial-mesenchymal transition (EMT) are important cancer therapy targets, as EMT is 

associated with enhanced cancer cell migration and stem cell self-renewal. EMT regulators, 

including Snail, Twist, Slug, are increased in expression in EMT and control expression of 

genes associated with the EMT phenotype (172, 173, 175). 

TG2 is required for EMT 

We have characterized a population of ECS cells derived from epidermal squamous cell 

carcinoma (74). The present studies show that these cells, which display enhanced 

migration and invasion, possess elevated levels of TG2. Moreover, these cells are enriched 

in expression of transcription factors associated with EMT (Snail, Slug, and Twist, HIF-

1α) as well as mesenchymal structural proteins including vimentin, fibronectin and N-

cadherin. Consistent with a shift to mesenchymal phenotype, E-cadherin, an epithelial 

marker, is reduced in level. Additional studies show that TG2 knockdown results in a 

marked reduction in EMT marker expression and that this is associated with reduced ability 

of the cells to migrate to close a scratch wound and reduced movement in matrigel invasion 

assays. We also examined the impact of treatment with a TG2 inhibitor. NC9 is an 

irreversible active site inhibitor of TG2, that locks the enzyme in an open conformation 

(141, 142, 143, 176). NC9 treatment of ECS cells results in decreased levels of Snail, Slug 

and Twist. These transcription factors suppress E-cadherin expression (177) and their 
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decline in level is associated with increased levels of E-cadherin. NC9 inhibition of TG2 

also reduces expression of vimentin, fibronectin and N-cadherin, and these changes are 

associated with reduced cell migration and reduced invasion through matrigel. 

 

We also examined the role of TG2 in A431 squamous cell carcinoma cells derived from 

the vulva epithelium. TG2 is elevated in A431-derived ECS cells, as are EMT markers, 

and knockdown of TG2, with TG2-siRNA, reduces EMT marker expression and spheroid 

formation. Studies with NC9 indicate that NC9 inhibits A431 spheroid formation, EMT, 

migration and invasion. These studies indicate that TG2 is also required for EMT and 

migration and invasion in A431 cells. Based on these findings we conclude that TG2 is 

essential for EMT, migration and invasion, and is likely to contribute to metastasis in 

squamous cell carcinoma. 

TG2 GTP binding activity is required for EMT 

TG2 is a multifunctional enzyme that can act as a transamidase, GTP binding protein, 

protein disulfide isomerase, protein kinase, protein scaffold, and DNA hydrolase (88, 89, 

143, 178). The two most studied functions are the transamidase and GTP binding functions 

(89, 143, 178). To identify the TG2 activity responsible for induction of EMT, we studied 

the ability of TG2 mutants to restore EMT in SCC13-TG2-shRNA2 cells, which express 

low levels of TG2 and do not express elevated levels of EMT markers or display EMT-

related biological responses. These studies show that wild-type TG2 restores EMT marker 

expression and the ability of the cells to migrate on plastic and invade matrigel. TG2 

mutants that retain GTP binding activity (TG2-C277S and TG2-W241A) also restore EMT. 

In contrast, TG2-R580A, which lacks GTP binding function, does not restore EMT. This 
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evidence suggests that the GTP binding function is essential for TG2 induction of the EMT 

phenotype in ECS cells. Recent reports suggest that the TG2 is important for maintenance 

of stem cell survival in breast (113, 146, 162) and ovarian (118, 119, 121) cancer cells. 

Moreover, our findings are in agreement of those of Mehta and colleagues who reported 

that the TG2 GTP binding function, but not the crosslinking function, is required for TG2 

induction of EMT in breast cancer cells (162). 

TG2, NFκB signaling and EMT 

To gain further insight into the mechanism of TG2 mediated EMT, we examined the role 

of NFκB. NFκB has been implicated as mediating EMT in breast, ovarian, and pancreatic 

cancer; however, NFκB may have a unique role in epidermal squamous cell carcinoma. In 

keratinocytes, NFκB has been implicated in keratinocyte dysplasia and hyperproliferation 

(149). However, inhibition of NFκB function has also been shown to predispose murine 

epidermis to cancer (84). Here we show that TG2 levels are elevated and NFκB levels are 

reduced in ECS cells as compared to non-stem cancer cells, and that TG2 knockdown is 

associated with increased NFκB level. In addition, TG2 knockdown, or inhibition of TG2 

by treatment with NC9, does not altered the nuclear/cytoplasmic distribution of NFκB. We 

further show that elevated levels of TG2 in spheroid culture results in a slight reduction in 

NFκB binding to the NFκB response element, as measured by gel mobility supershift assay. 

These molecular assays strongly suggest that NFκB does not mediate the action of TG2 in 

epidermal cancer stem cells. Moreover, knockdown of NFκB-p65 in TG2 positive cells 

does not result in a reduction in Snail, Slug and Twist, or mesenchymal marker proteins 

expression, and concurrent knockdown of TG2 and NFκB does not reduce EMT marker 

protein levels beyond that of TG2 knockdown alone. These findings suggest that NFκB is 
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not an intermediary in TG2-stimulated EMT in ECS cells. This is in contrast to the required 

role of NFκB in mediating TG2 induction of cell survival and EMT in breast cancer cells 

(100, 132, 133) and ovarian cancer (114, 117, 118) and epidermoid carcinoma (163).  
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Chapter 4 

Transglutaminase interaction with α6/β4-integrin stimulates YAP1-dependent 

∆Np63α stabilization and leads to enhanced cancer stem cell survival and tumor 

formation 

The work described in this chapter was published in Cancer Research in November, 

2016. As first author, I performed most of the experiments, analyzed much of the data 

and wrote a first draft of the manuscript. All work was performed in Dr. Richard Eckert’s 

laboratory in the Department of Biochemistry and Molecular Biology at the University of 

Maryland School of Medicine, Baltimore, MD.  

Introduction 

Epidermal squamous cell carcinoma develops in response to exposure to mutagens such as 

UV irradiation and is a one of the most frequent human cancers (46).  Treatment is by 

surgical removal of the primary tumor, but the recurrence rates range to thirty percent and 

the recurring tumors are aggressive and resistant to therapy (46).  Increasing evidence 

suggests the existence of cancer stem cells that have a central role in tumor formation, and 

facilitate cancer recurrence and metastasis (75).  We have characterized epidermal 

squamous cell carcinoma cancer stem cells (ECS cells) and showed that they express stem 

cell markers, form aggressive and highly vascularized tumors, and possess enhanced 

migratory and invasive potential as compared to non-stem cancer cells (74).  Thus, these 

cells are important key targets for skin cancer prevention and therapy. 
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As part of a search for candidate intracellular targets, we have identified several proteins 

that are essential for ECS cell survival, migration and invasion (74).  In the present, we 

focus on transglutaminase 2 (TG2), which we have identified as highly elevated in ECS 

cells, as compared to non-stem cancer cells, and required for ECS cell survival (179, 180).  

TG2 is a multifunctional protein that is involved in inflammation, tissue repair and cancer 

(103, 129).  It possesses a number of activities including calcium-dependent transamidase 

activity, GTP binding activity, protein disulfide isomerase activity and serine/threonine 

kinase activity (89).  TG2 also serves as a scaffold protein (89).  The most important 

functions appear to be the TG2 GTP binding/GTPase activity, which is important in G-

protein signaling, and the transamidase activity which is important in protein-protein 

crosslinking (90).  We previously reported that TG2 knockdown, or pharmacologic 

inhibition of TG2 activity, results in reduced ECS cell survival, spheroid formation, 

migration and invasion (76, 179, 180).  However, the mechanism of TG2 action is not well 

understood in epidermal squamous cell carcinoma. 

∆Np63α is an important member of the p63 family of proteins that regulate epithelial cell 

differentiation, stem cell status and fate (24, 30).  Studies in murine models identify 

∆Np63α as a key controller of differentiation in epidermis (24, 30).  The function of p63 

in epithelial development was first observed in p63 knockout mice which die shortly after 

birth due to defects in the epidermal barrier (181).  Another study shows that TAp63 

expression is required for initiation of epithelial stratification and the inhibition of terminal 

differentiation in mouse embryogenesis (29), while ΔNp63α counteracts TAp63 action to 

promote epidermal differentiation (29).  Thus, ∆Np63α, which is the primary p63 form 

expressed in squamous epithelial tissues (182), is a key controller of normal epidermal 
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development.  ∆Np63α overexpression is a frequent event in some human cancers, 

including squamous cell carcinoma (183).  Although its function has been studied, the role 

of ∆Np63α in tumors is not yet well understood.  Moreover, knowledge of the mechanisms 

that control ∆Np63α function and expression is limited. 

In the present study we show that TG2 and ∆Np63α are constitutively enriched in ECS 

cells as compared to non-stem epidermal cancer cells, that both proteins are required for 

ECS cell survival, migration and invasion, and the TG2 controls ∆Np63α level.  We 

propose that TG2 associates with the α6/β4-integrins to increase FAK/Src signaling and 

PI3K/PDK1 activity, and that PDK1, in turn, suppresses Hippo signaling leading to 

enhanced YAP1 and ∆Np63α accumulation and enhanced ECS cell survival. 

Results 

TG2 stimulates integrin signaling to increase ∆Np63α level 
 
We recently showed that transglutaminase 2 (TG2) is required for ECS cell survival (74, 

76, 179, 180).  However, how TG2 contributes to survival is not well understood.  In the 

present study we examine the role of ∆Np63α as a downstream mediator of TG2 action.  

We note that ECS cells, enriched by growth as spheroids, are enriched in both TG2 and 

∆Np63α as compared to non-stem cancer (monolayer) cells (Fig. 4.1A), suggesting a role 

for each protein in mediating ECS cell survival.  To understand the function of these 

proteins, we studied their role in ECS cell spheroid formation.  Fig. 4.1B shows that TG2 

knockdown is associated with reduced ∆Np63α expression and reduced ECS cell spheroid 

formation.  ∆Np63α knockdown also reduces spheroid formation, but this is not associated 

with loss of TG2 (Fig. 4.1C).  These findings suggest that TG2 maintains ∆Np63α level to 
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drive ECS cell spheroid formation.  To elucidate the relationship between TG2 and 

∆Np63α, TG2 knockdown cells were assayed for ability to form spheroids following 

restoration of TG2 or ∆Np63α.  Fig. 4.1D confirms that TG2 level is reduced in SCC13-

TG2-shRNA2 cells, demonstrates that this is associated with reduced ∆Np63α levels, and 

shows that vector-mediated expression of TG2 restores ∆Np63α level.  Consistent with the 

idea that ∆Np63α is downstream of TG2, vector-mediated expression of ∆Np63α does not 

restore TG2 expression (Fig. 4.1D).  Fig. 4.1E shows the biological effect of manipulating 

TG2 and ∆Np63α, and demonstrates that restoring expression of TG2 or ∆Np63α enhances 

spheroid formation to a level approaching that of control (wild-type TG2 level) cells.  Fig. 

4.1F shows that there are subtle differences in the properties of the spheroids, with TG2-

restored cells forming compact spheroids versus the less compact spheroids formed by 

restoration of ∆Np63α.  These findings suggest that both proteins drive spheroid formation, 

but that they have subtly different roles.  Figs. 4.1G and H show that TG2 knockdown cells 

also display reduced invasion and migration, and restoration of ∆Np63α restores these 

properties. 
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 Figure 4.1: 
TG2 and ΔNp63α are enriched in ECS cells, and required for ECS cell survival A ECS cells 
have elevated TG2 and ΔNp63α. SCC-13 cells (40,000 per well) were grown in spheroid medium in 
attached (monolayer) or non-attached (spheroid, ECS cell) conditions. At 10 d lysates were 
electrophoresed for detection of the indicated epitopes. B SCC13-Control-shRNA and SCC13-TG2-
shRNA2 cells were grown in spheroid culture for 10 d prior to counting of spheroid number and 
extract preparation for detection of TG2 and ΔNp63α. C SCC13-Control-shRNA and SCC13-
ΔNp63α-shRNA cells were grown in spheroid culture for 10 d prior to counting of spheroid number 
and extract preparation for detection of TG2 and ΔNp63α. D SCC13-Control-shRNA or SCC13-
TG2-shRNA2 cells were doubleelectroporated with empty vector (EV) or expression vectors 
encoding TG2 or ΔNp63α and after 5 d the indicated proteins were detected. E/F The indicated cell 
lines were electroporated with EV, TG2(WT) or ΔNp63α and grown as spheroids for 5 d prior to 
counting of spheroids and recording of images. G The indicated cell lines was electroporated with 
the indicated plasmid and after 48 h seeded onto a matrigelcoated membrane in a Millicell chamber 
for invasion assay. After 20 h the membrane was removed, fixed, and DAPI-stained for nuclei 
counting. H Cells were electroporated with the indicated plasmid, plated at high density to form 
confluent monolayers, the monolayers were scratched with a 10 μl pipette tip to create a wound and 
wound closure was monitored with time. The plotted values are mean + SEM and asterisks indicate 
significant change compared to control, n = 3, p < 0.005. The double asterisk in panel G indicates a 
significant change compared to the single asterisk group, n = 3, p < 0.005. 
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An important goal is identifying the TG2 activated signaling events that maintain ∆Np63α 

level.  Recent reports suggest that TG2 interacts with integrins and stimulates integrin-

related signaling (187, 188, 189, 190).  We therefore compared non-stem cancer cell and 

ECS cell integrin signaling.  Fig. 4.2A shows TG2 level is elevated in ECS cells and that 

this is associated with increased α6/β4-integrin level and increased focal adhesion kinase 

(FAK) and src kinase activities, suggesting that the integrin/FAK/src cascade is selectively 

activated in ECS cells.  This is consistent with immunoprecipitation experiment showing 

that TG2 associates with β4-integrin (Fig. 4.2B).  We next examined the impact of TG2 

knockdown in integrin-related signaling.  Fig. 4.2C shows that TG2 knockdown reduces 

β4-integrin level, and FAK and src kinase activity, and that this is associated with reduced 

∆Np63α level.  Figs. 4.2D/E/F show that knockdown of β4-integrin, FAK or src reduces 

∆Np63α level.  Together, these findings strongly suggest that TG2 maintains ∆Np63α 

level via a mechanism that requires activity in this cascade.  We next assessed the impact 

of TG2, α6-integrin, β4-integrin, FAK and src knockdown on ECS cell biological 

responses.  Figs. 4,2G/H/I show that loss of these regulators reduces spheroid formation, 

matrigel invasion and migration.  To further confirm that FAK kinase is involved in TG2 

regulation of ∆Np63α, we electroporated SCC-13 cells with empty vector (EV) or ∆Np63α 

expression vector, plated the cells for growth as spheroids and then and added 10 µM PF-

573288, a FAK kinase inhibitor, and monitored spheroid number at 6 d.  Fig. 4.2J shows 

that PF-573228 treatment markedly reduces spheroid formation which is partially reversed 

by ∆Np63α expression.  Fig. 4.2K confirms that PF-573228 reduces FAK kinase activity 

and that this reduced ∆Np63α level.  Fig. 4.2L shows that treatment with src inhibitor 

(PP2) also suppresses spheroid formation. 
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 Fig. 4.2 
α6/β4-Integrin signaling is essential for ΔNp63α expression A ECS cells display elevated α6/β4-
integrin levels and elevated FAK/Src signaling. SCC-13 cells (40,000 per well) were grown in 
spheroid medium in attached (monolayer) or non-attached (spheroid, ECS cell). Cells were collected 
after 10 d and lysates were prepared for immunoblot. B SCC-13 cells spheroid were grown for 8 d 
and extracts were immunoprecipitated as indicated prior to immunoblot. C Integrin signaling is 
reduced in SCC13TG2-shRNA2 cells. Cells were grown in spheroid medium in monolayer culture 
for 10 d prior to collection of lysates for immunoblot. D/E/F SCC-13 cells were double-
electroporated with Control- or Integrin β4-, FAK-, or Src-siRNA and 48 h later extracts were 
prepared for immunoblot. G/H/I SCC-13 cells were double-electroporated with the indicated siRNA 
and 24 h later plated for growth as spheroids and for invasion and migration assays. J/K/L Cells 
were double-electroporated with indicated plasmid (EV, empty vector or ΔNp63α plasmid) and 24 
h later plated for spheroid formation in the presence of the indicated inhibitor. Spheroids were grown 
for 5 d and then photographed and extracts prepared for immunoblot. The plotted values are mean + 
SEM and asterisks indicate significant change compared to control, n = 3, p < 0.005 
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A role for Hippo signaling 
 
Hippo is a cell survival cascade that controls organ size during development (191).  When 

an organ reaches a proper size, cell-cell contact activates hippo signaling to halt cell growth 

(191).  The signal to halt proliferation involves activation of LATS1 kinase which 

phosphorylates YAP1 causing it to relocate to the cytoplasm where it undergoes 

proteasome-associated degradation.  YAP1 is a transcriptional adaptor protein that 

interacts with nuclear factors to drive cell proliferation and survival (191).  LATS1 activity 

is reduced in many tumor types leading to nuclear YAP1 accumulation to drive tumor 

formation (191).  Integrin/FAK/src signaling has been reported to enhance PI3K/PDK1 

signaling to inhibit LATS1 activity and enhance cell proliferation (192, 193).  In addition, 

YAP1 has been reported to interact with ∆Np63α in airway epithelial cells and HaCaT 

cells (194, 195). 

We therefore tested whether TG2, α6/β4-integrins, FAK and src regulate PI3K/PDK1 and 

LATS1 activity.  Consistent with a potential role for this cascade in ECS cells, PI3K and 

PDK1 activities are increased, while LATS1 activity is reduced in ECS cells (Fig. 4.3A) 

as compared to non-stem cancer cells.  Figs. 4.3B/C/D/E show that knockdown of TG2, 

α6/β4-integrin, FAK or src reduces PI3K/PDK1 activity and increases LATS1 activity, 

suggesting a role for TG2/integrin/FAK/src signaling in control of PI3K/PDK1 and 

LATS1.  As noted above, LATS1 phosphorylates YAP1 causing it to localize in the 

cytoplasm as an inactive form that is degraded (191).  We anticipated that TG2 knockdown 

would increase LATS1 activity to enhance YAP1 phosphorylation and mobilization to the 

cytoplasm.  Fig. 3F shows that TG2 loss results in a marked reduction in YAP1 level which 

is associated with an apparent reduction in YAP1 phosphorylation.  We propose that 
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cytoplasmic YAP1-P is rapidly degraded in these cells as a mechanism of YAP1 

inactivation.  This reduction in YAP1 level in TG2-knockdown cells was confirmed by 

immunostaining.  SCC-13 cells were electroporated with control- or TG2-siRNA, plated 

at 40% confluence and after 24 h stained to detect YAP1.  Fig. 4.3G shows that YAP1 is 

present in both the nucleus and cytoplasm on control cells and that the YAP1 levels are 

substantially (but not completely) reduced in TG2-siRNA treated cells. 

We next assessed the mechanism whereby TG2 and YAP1 increase ∆Np63α level.  As 

shown in Fig. 4.3H, TG2 knockdown does not reduce ∆Np63α mRNA, suggesting that 

TG2/YAP1 do not regulate ∆Np63α via transcriptional or RNA stability mechanisms.  We 

next determined whether YAP1 may stabilize ∆Np63α against proteasomal degradation.  

Such a mechanism implies formation of a YAP1/∆Np63α containing complex.  To assess 

this, we monitored YAP1/∆Np63α interaction.  Fig. 4.3I shows that immunoprecipitation 

of YAP1 or ∆Np63α results in co-precipitation of the other protein.  We next determined 

whether YAP1 loss leads to proteasome degradation of ∆Np63α.  To test this we treated 

cells with control- or YAP1-siRNA in the presence or absence of the proteasome inhibitor, 

lactacystin.  Fig. 4.3J shows that YAP1-siRNA reduces YAP1 and ∆Np63α level and that 

the ∆Np63α reduction is partially reversed by lactacystin treatment. 
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 Fig. 4.3 TG2 
Suppresses Hippo signaling to increase ΔNp63α level A Monolayer or spheroid derived cells were 
cultured for immunoblot. B SCC13-ControlshRNA and SCC13-TG2-shRNA2 cells were grown in 
monolayer culture in spheroid medium and lysates were collected for immunoblot. C/D/E SCC-13 cells 
were double electroporated with the indicated siRNA, grown as monolayer cultures for 2 d and lysates 
were collected for immunoblot. F SCC13-Control-shRNA and SCC13-TG2-shRNA2 cells were grown as 
monolayers in spheroid medium and lysates collected at 6 d for marker detection. G SCC-13 cells were 
double electroporated with Control- or TG2-siRNA and given 24 h to recover before seeding on chamber 
slides.  The following day, cells were fixed in 4% paraformaldehyde, stained with anti-YAP1 and 
appropriate secondary antibody, and co-stained with DAPI. H SCC-13 cells, double-electroporated with 
Control- or TG2-siRNA, were grown in spheroid medium for 48 h prior to extracts being prepared for 
qRT-PCR. I SCC-13 cells were grown as spheroids and at day 8 lysates were collected for 
immunoprecipitation/immunoblot. J SCC-13 cells were double-electroporated with Control- or YAP1-
siRNA followed by treatment with 1 μM lactacystin in monolayer culture. Extracts were prepared after an 
additional 24 h. K SCC-13 cells were double-electroporated with Control- or YAPsiRNA and culture 
extracts were prepared for immunoblot. L/M/N SCC-13 cells were electroporated with Control- or YAP1-
siRNA and then seeded for spheroid formation, invasion and migration assay. The plotted values are mean 
+ SEM and asterisks indicate significant change compared to control, n = 3, p < 0.005.  
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YAP1 enhances ECS cell spheroid formation, invasion and migration 
 
The above studies suggest that TG2 regulates YAP1 level which regulates ∆Np63α, and 

predict that YAP1 knockdown should reduce ∆Np63α level and ECS cell biological 

response.  Fig. 4.3K shows that YAP1 knockdown is associated with reduced ∆Np63α  

expression and Figs. 4.3L/M/N show that this is associated with reduced spheroid 

formation, matrigel invasion and migration.  We next examined whether constitutively 

active YAP1, YAP(S127A), expression in TG2 knockdown cells can restore ∆Np63α 

expression and the biological responses.  Fig. 4.4A shows that YAP1 and ∆Np63α  levels 

are reduced in SCC13-TG2-shRNA2 cells, and that vector-mediated expression of 

YAP(S127A), a constitutively active form of YAP1, restores ∆Np63α  level and spheroid 

formation, matrigel invasion and migration (Figs. 4.4B/C/D).  These findings indicate a 

role for YAP1 in maintaining ∆Np63α level and thereby driving ECS cell survival. 

TG2 regulation of tumor signaling 
 
An important goal is to assess whether this cascade functions in vivo in tumors.  To assess 

this, we injected 100,000 ECS cells per each front flank in NSG mice and the initiated 

treatment with 20 mg/kg body weight NC9, a TG2 inhibitor (19, 30).  Figs. 4.4E/F show 

that NC9 treatment markedly suppresses tumor formation.  Extracts were prepared from 

representative tumors to assess the impact of NC9 on integrin and Hippo signaling.  Fig. 

4.4G shows that NC9 treatment reduces integrin-β4 level, and FAK and Src activity, and 

increases LATS1-P and YAP1-P, indicating that the HIPPO signaling cascade is activated 

in two separate tumors.  We have previous shown that NC9 treatment is not necessarily 

associated with a reduction in TG2 level (180).  Indeed, TG2 level is not reduced in the 
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tumors (Fig. 4.4G).  Based on this, we propose the signaling pathway Fig. 4.4H and 

described in the Discussion section. 
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 Fig. 4.4 
YAP1 enhances ECS cell survival and TG2 inhibitor suppresses tumor formation A SCC13Control-
shRNA and SCC13-TG2-shRNA2 cells were double electroporated with empty vector (EV) or 
YAP(S127A)-encoding vector and at 48 h post-electroporation lysates were collected for immunoblot. 
B/C/D The indicated cell lines were electroporated with EV or YAP(S127A)-encoding vector and then 
plated for spheroid formation, invasion and migration assay. E/F ECS cells (100,000 cells derived from 
SCC-13) were injected into each front flank in NSG mice. At 1 d post injection, NC9 was delivered by 
intraperitoneal injection, three times per week on alternate days, of 200 μl of a 2 mg/ml stock (20 mg/kg 
body weight). Images represent appearance and size of typical control and NC9 treated tumors harvested 
on week four. The plotted values are mean + SEM and asterisks indicate significant change compared to 
control, n = 5 mice (10 tumors), p < 0.001. G Tumors were harvested at 4 wk and extracts were prepared 
for assay of indicated proteins. Blots from two representative tumors are shown. H Proposed TG2 
signaling scheme. TG2 interacts with α6/β4 integrin to enhance integrin (FAK/Src) signaling which 
increases PI3K/PDK1 activity and PDK1 suppresses activity in the Hippo signaling cascade (LATS1). 
This leads to reduced LATS1 phosphorylation of YAP1 which then interacts with and stabilizes ΔNp63α. 
This signaling pathway enhances ECS cell survival, invasion and migration. Loss of TG2 function reduces 
YAP1 which leads to degradation of ΔNp63α and reduced ECS cell survival, invasion and migration.  
Similar results were observed in extract prepared from additional tumors. 
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TG2 regulation of signaling in HaCaT cells 

To assess whether this signaling pathway functions in other epidermis-derived cells, we 
used HaCaT cells, an immortal but non-transformed line isolated from epidermis. HaCaT 
cells were grown as monolayer or spheroid cultures and signaling kinase activity was 
monitored. A fraction of HaCaT cells (0.05%) survive culture in ultra-low attachment 
conditions (197).  Fig. 4.5A shows that TG2 and ∆Np63α levels are elevated in HaCaT-
derived ECS cells (spheroid cultures), and that this is associated with increased integrin 
level, and FAK and src signaling activity.  In addition, TG2 knockdown reduces FAK and 
src signaling, and ∆Np63α  level (Fig. 4.5B), and knockdown of α6/β4-integrin, FAK or 
src also reduces ∆Np63α (Figs. 4.5C/D/E).  These findings suggest that TG2 control of 
∆Np63α level occurs via a similar signaling mechanism as observed in SCC-13 cells.  We 
also confirmed that TG2/integrin and YAP1/∆Np63α interaction occurs in HaCaT cells 
(Figs. 4.5F/G).  Since YAP1 and ∆Np63α interact, a key determination is whether YAP1 
controls ∆Np63α  level.  Fig. 4.5H shows that YAP1 knockdown reduces ∆Np63α, but 
not TG2, level.  We next studied the impact of these proteins on HaCaT cell phenotype.  
Fig. 4.5I shows that HaCaT cell spheroid formation is dependent upon TG2, ∆Np63α  and 
YAP1.  Finally, Figs. 5J/K/L show that restoration of ∆Np63α in TG2 knockdown cells 
partially restores spheroid formation. 
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 Fig. 4.5   TG2 
stimulated signaling in HaCaT cells A HaCaT cell-derived ECS cells display elevated integrin signaling 
and ΔNp63α level. HaCaT cells (40,000 per well) were grown in spheroid medium in monolayer or 
spheroid culture and at 10 d lysates were prepared for immunoblot. B/C/D/E HaCaT cells were double-
electroporated with the indicated siRNA and then maintained in spheroid medium in monolayer culture 
for 48 h before extracts were prepared for detection of the indicated proteins. F/G HaCaT cells were grown 
in non-attached conditions as spheroids for 8 d. After day 8, lysates were prepared for immunoprecipitation 
and immunoblot. H HaCaT cells were double-electroporated with the indicated siRNA and then 
maintained in spheroid medium in monolayer culture for 48 h before extracts were prepared for detection 
of the indicated proteins. I Cells were double-electroporated with the indicated siRNA and then seeded to 
monitor for spheroid formation. J/K/L HaCaT cells were doubleelectroporated with the indicated siRNA 
or expression vector and at 48 h extracts were prepared for immunoblot. In parallel, cells were plated to 
assess ability to form spheroids and images were recorded. The plotted values are mean + SEM and 
asterisks indicate significant change compared to control, n = 3, p < 0.005. The double asterisk in panel K 
indicate a significant change compared to the single asterisk group, n = 3, p < 0.005.  



93 
 

Discussion 

TG2 is an ECS cell survival protein 
 
We recently identified the ECS cell population resident in tumors from epidermal 

squamous cell carcinoma (74).  These cells represent 0.15% or less of the tumor population, 

display enhanced invasion and migration, and are enriched for expression of stem cell 

markers as determined by cell sorting and magnetic bead selection including ALDH1, 

CD200, Sox2, Oct4, K15, K19 and α6-integrin) (74).  They are also enriched in 

transcription factors associated with epithelial-mesenchymal transition (EMT) (Snail, Slug, 

and Twist, HIF-1α) and mesenchymal structural proteins including vimentin, fibronectin 

and N-cadherin (180).  These cells are remarkable in that they form highly aggressive, 

invasive and vascularized tumors following injection of as few as 100 cells into immune 

compromised mice (74,198 ).  As an approach to identify ECS cell-enriched proteins for 

anti-ECS cell cancer therapy, we identified a number of proteins, including 

transglutaminase 2 (TG2), that are elevated in ECS cells and are required for ECS cell 

survival (74, 76, 180, 199). 

TG2 is an important pro-inflammatory regulator in cancer cells (89, 102, 137, 140).  Our 

studies show that TG2 level is markedly elevated in ECS cells as compared to non-stem 

cancer cells, and that TG2 is required for ECS cell survival, invasion, EMT, migration and 

tumor formation (179, 180).  Transient or stable TG2 knockdown results in a marked 

reduction in ECS cell survival, EMT, matrigel invasion, migration and tumor formation 

(179, 180).  Moreover, treatment with TG2-specific inhibitors causes destruction of pre-

established ECS cell spheroids, suppresses spheroid growth and inhibits tumor formation 
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(179, 180). 

These findings, and findings in other tumor models (76), have propelled efforts to develop 

TG2 inhibitors as cancer therapeutics (129, 196).  Although TG2 has been shown to drive 

pro-inflammatory NFκB signaling (137,117, 118, 134, 200, 201, 202, 203,), our studies 

show that NFκB signaling is not relevant in ECS cells (179, 150).  Thus, how TG2 targets 

downstream signaling mechanisms to maintain cancer stem cell properties is not well 

understood (76). 

Integrin, PI3K/PDK1 and Hippo/YAP1/TAZ signaling 
 
In the present studies, we identify a signaling cascade that mediates TG2-dependent ECS 

cell survival (Fig. 4H).  Immunoprecipitation studies identify a TG2/α6/β4-integrin 

complex in ECS cells and show that TG2 impacts integrin level.  The elevated TG2 

expression detected in ECS cells is associated with enhanced α6/β4 integrin level.  

Consistent with a role for TG2 in maintaining integrin expression, reduced integrin levels 

are observed in TG2 knockdown cultures, and in TG2 inhibitor-treated tumors.  This 

suggests that TG2 acts to maintain integrin level.  Moreover, TG2 interaction with and 

maintenance of integrin level is associated with increased integrin signaling.  In particular, 

FAK and Src kinase activity are elevated in TG2-positive cells and reduced in TG2 

knockdown cultures, suggesting that TG2 interacts with integrins to enhance FAK/Src 

signaling, a finding also reported in pancreatic cancer cells (202).  TG2 interaction with 

integrins has also been noted in other cell types (97, 116, 204, ).  Although elevated 

FAK/Src activity is a property of many cancer cell types, a key property is that FAK/Src 

signaling is markedly enhanced in ECS cells as compared to non-stem cancer cells.  
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Moreover, it appears to be required for survival of these cells.  Thus, we propose that this 

is one of many pathways potentially involved in ECS cell survival. 

The observation that FAK/Src activity can stimulate PI3K signaling (202) prompted us to 

measure TG2 impact on PI3K/PDK1 activity in ECS cells.  We show that TG2, FAK or 

Src knockdown, or treatment with pharmacologic inhibitors of these activities, reduces 

PI3K/PDK1 activity in ECS cell cultures, suggesting that FAK/Src signaling triggers 

PI3K/PDK1 activation.  A recent study indicates that PDK1 can inhibit Hippo signaling by 

direct inhibition of LATS1 function (193).  The LATS1 kinase is a key regulator in the 

Hippo signaling cascade (191).  Reduced LATS1 kinase activity is associated with 

enhanced cell proliferation (191), and LATS1 activity is often constitutively reduced in 

cancer cells (191).  We show that LATS1 activity is reduced in TG2-expressing cells and 

increased following TG2 knockdown or pharmacologic inhibition.  Moreover, inhibition 

of TG2, integrin, FAK, Src, PI3K or PDK1 function increases LATS1 activity (Fig. 4H).  

Thus, our studies suggest that TG2-dependent integrin/FAK/Src signaling enhances 

PI3K/PDK1 signaling to inhibit LATS1 kinase activity.  PDK1 inhibition of LATS1, as 

observed in our study, has also been observed in MCF-10A cells (193). 

YAP1 and TAZ 
 
LATS1 reduces cell proliferation by phosphorylating the pro-proliferation/survival 

transcription adaptor proteins, YAP1 and TAZ, resulting in their movement to the 

cytoplasm and subsequent degradation (191).  In contrast, non-phosphorylated YAP1 and 

TAZ interact in the nucleus to stimulate cell survival and proliferation (37, 38).  Activation 

of YAP1 is widespread in cancer (191) and YAP1 activity is associated with enhanced 
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stem cell survival in epidermis and other tissues (37, 38, 42).  Moreover, induced expres-

sion of YAP1 triggers transition of epithelial cells to a metastatic state and confers stem 

cell characteristics.  We demonstrate that TG2 and YAP1 levels are elevated in ECS cells 

and that maintenance of YAP1 level requires TG2. 

TG2 acts via YAP1 to regulate ∆Np63α turnover 
 
∆Np63α is a key regulator of epithelial cancer stem cell survival (22, 26, 30).  The present 

study shows that ∆Np63α level is elevated in ECS cells and is required for maintenance of 

ECS cell survival, spheroid formation, invasion and migration.  YAP1 has been suggested 

to maintain ∆Np63α level (194, 195, 205, 206).  Our studies reveal an important and 

unexpected link between TG2, YAP1 and ∆Np63α.  TG2, YAP1 and ∆Np63α  are elevated 

in ECS cells as compared to non-stem cancer cells and TG2 knockdown is associated with 

loss of ∆Np63α.  In contrast, ∆Np63α does not regulate TG2 level, implying that ∆Np63α 

is downstream of TG2.  Moreover, forced expression of ∆Np63α partially reverses the 

reduction in ECS cell spheroid formation, invasion and migration associated with TG2 

knockdown, suggesting it can mediate TG2 biological activity.   

Studies in other models describe YAP1/∆Np63α complex formation (194, 195, 205) which 

involves binding of the YAP1 WW-domain to the PPPPY motif of p63α (205).  Some 

studies report that complex formation is increased by ∆Np63α phosphorylation (195).  Our 

studies demonstrate that YAP1 acts through ∆Np63α to mediate TG2 biological responses.  

Indeed, expression of constitutively active YAP1, YAP(S127A), can restore ∆Np63α 

 level, and spheroid formation, invasion and migration in TG2-deficient cells.  Our studies 

further suggest that YAP1 controls ∆Np63α level.  We show that the reduction in ∆Np63α 
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level observed in TG2 deficient cells is not associated with a change in the level of 

∆Np63α-encoding mRNA.  Instead, TG2-stimulated signaling appears to control ∆Np63α 

protein level.  YAP1 appears to be a key mediator, as YAP1 knockdown reduces ∆Np63α 

level.  The reduction in ∆Np63α observed in TG2- or YAP1-knockdown cells is 

proteasome-dependent, as it is reversed by lactacystin treatment.  This finding is consistent 

with a previous studies showing that YAP1 can regulate ∆Np63α stability (207).  Based 

on these findings, we propose that formation of a YAP1/∆Np63α complex protects 

∆Np63α from degradation. 

TG2 and signaling in tumors 
 
Tumor xenograft experiments show that treatment with NC9, an irreversible TG2 inhibitor 

(185), reduces tumor formation.  This is consistent with our previous demonstration that 

NC9 blocks ECS cell spheroid formation, EMT, invasion and migration (179, 180).  A key 

question is whether NC9 treatment produces signaling changes in tumors that are consistent 

with our observations in cell culture.  Characterization of tumor extract from multiple 

tumors indicates that NC9 inhibition of TG2 reduces β4-integrin level, and FAK, Src and 

PI3K/PDK1 activity, and increases LATS1 kinase activity and YAP1-P formation leading 

to enhanced ∆Np63α degradation, consistent with the model in Fig. 4.4H. 

A TG2-stimulated signaling cascade maintains ECS cell survival 
 
Based on these studies, we propose that TG2 associates with the α6/β4-integrins to increase 

FAK/Src signaling and that this leads to PI3K/PDK1 activation, and that PDK1, in turn, 

suppresses LATS1 (Hippo) signaling leading to enhance nuclear accumulation of YAP1 

which forms a complex with and stabilizes ∆Np63α to enhance ECS cell survival (Fig. 
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4.4H).  We propose that this pathway helps explain how TG2, via maintenance of the 

∆Np63α stem cell survival factor, functions to maintain ECS cell survival, matrigel 

invasion, migration and tumor formation.  These studies further suggest that drugs designed 

to inhibit TG2 may be suitable for treating squamous cell carcinoma. 
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Chapter 5 

Future Directions 
Nearly 60 years after the discovery of the transglutaminase family of proteins, work with 

TG2 still remains an exciting and burgeoning field. At the same time, numerous questions 

relating to the function of TG2 in various disease states remain unanswered. The horizon 

of an area of study can be measured by the abundance of questions that remain unanswered, 

ready to challenge those in the field. By this measure, the transglutaminase field is as 

fruitful as ever. Both the basic and translational aspects of TG2 provide a wealth of 

information yet to be elucidated. And while it is hard to predict whether TG2 will be a valid 

therapeutic target once tested in the clinical setting, there is room for optimism, as not long 

ago TG2 was regarded as an uninteresting crosslinking protein. Yet here we are today, with 

numerous crosslinking independent roles of TG2 stimulating countless pathways essential 

to malignancy, expanding the complexity of TG2 signaling, as well as the repertoire of 

possible routes for therapeutic intervention. 

On the basic research side, we have answered many questions, but raised even more new 

ones. One such question that has arisen is why α6β4 integrin levels are reduced upon TG2 

knockdown? We now have evidence to suggest that ∆Np63α is responsible for this 

reduction. While this seems counterintuitive to the data shown previously, where α6β4 

integrin is upstream of ∆Np63α, new experiments show that we in fact have a feedback 

loop, where ∆Np63α transcriptionally regulates α6β4 integrin expression to stimulate the 

downstream kinase cascade, enhancing ∆Np63α expression and further enhancing α6β4 

integrin signaling. Knockdown of ∆Np63α reduces α6β4 integrin expression, as well as 

downstream signaling through FAK and Src, subsequently reducing total YAP levels (Fig 
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5.1A). Additional evidence of the importance of ∆Np63α expression to α6β4 integrin level 

is the ability of ∆Np63α overexpression in TG2 knockdown cells to rescue α6β4 integrin 

expression and signaling through FAK and Src, leading to increased YAP level (Fig. 5.1B). 

Finally, when YAPS127A is expressed in TG2 knockdown cells, ∆Np63α levels are 

rescued, as well as α6β4 integrin expression and downstream kinase activation. However, 

when YAPS127A is expressed in ∆Np63α knockdown cells, ∆Np63α expression cannot 

be rescued, and thus integrin expression and signaling is not rescued, despite the presence 

of YAPS127A (Fig. 5.1C). This indicates not only the presence of a feedback loop but the 

essential role that ∆Np63α plays in driving this cascade. Thus, further developing the 

mechanism behind this feedback loop is currently an area of intense investigation in our 

lab.  
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To continue to demonstrate the importance of TG2 in cSCC, we will utilize the 

DMBA/TPA model of carcinogenesis in TG2 knockout mice. Based on our culture and 

  
Fig. 5.1 ΔNp63α regulates α6β4-Integrin, driving a feedback loop A SCC13-Control-shRNA and 
SCC13-ΔNp63α-shRNA cells were grown in monolayer culture in spheroid medium, then lysates 
collected for immunoblot of the indicated epitopes. B SCC13-Control-shRNA cells were 
electroporated with EV plasmid and SCC13-TG2-shRNA2 cells were electroporated with EV or 
∆Np63α plasmid and cultured in monolayer in spheroid medium for 48 h after electroporation prior 
to lysates being collected. C SCC13-Control-shRNA, SCC13-TG2-shRNA2 and SCC13-∆Np63α-
shRNA2 cells were double electroporated with empty vector (EV) or YAP(S127A)-encoding vector 
and at 48 h post-electroporation lysates were collected for immunoblot.   
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tumor xenograft data, we are hopeful that TG2 knockout mice will produce fewer cSCC 

lesions compared to the control counterparts. Furthermore, TG2 knockout mice will be 

used for monitoring progression to cSCC following UV irradiation.  

In addition to these experiments, and the NC9 xenograft studies already completed, we 

have developed a TG2-CRISPR knockout cell line to further demonstrate the importance 

of TG2 in tumor formation in vivo. Clustered Regularly Interspaced Short Palindromic 

Repeats (CRISPR) along with CRISPR Associated Proteins (Cas) make up the 

CRISPR/Cas prokaryptic immune response that confers resistance to foreign genetic 

elements from things like plasmids and phages. Cas proteins use the CRISPR spacers to 

recognize and cut exogenous genetic elements, similar to in which RNA interference in 

eukaryotic organisms functions. CRISPR/Cas9 can be used to generate knock-out cells by 

co-expressing a guide RNA (gRNA) specific to the gene to be targeted, along with the Cas9 

endonuclease.  

The genomic target can be any nucleotide DNA sequence, roughly 20 base pairs in length, 

as long as the sequence is unique compared to the rest of the genome, and it is present 

immediately upstream of a Protospacer Adjacent Motif (PAM). The PAM sequence is 

necessary for target binding and the exact sequence is determined by the species of Cas9 

used. When expressed in the cells, the gRNA forms a riboprotein complex through a 

scaffold domain and positively charged grooves on the surface of Cas9. The binding of the 

gRNA to Cas9 results in a conformation change that activates Cas9 as a DNA binding 

protein. The Cas9/gRNA complex then binds any genomic sequence with a PAM, but the 

exten to which the gRNA spacer matches the target DNA strand will determine if Cas9 will 

cut. Cas9 will only cleave the target if there is sufficient homology. A seed sequence at the 
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3’ end of the gRNA begins to anneal the target DNA. If the seed and target DNA sequence 

match, the gRNA will continue to anneal in a 3’ to 5’ direction. At this point, a second 

conformational change in Cas9 occurs, allowing Cas9 to cleave opposite strands of the 

target DNA. The end result is a double strand break. The double strand break is then 

repaired using NHEJ or HDR. Often, this results in frameshift mutations leading to 

premature stop codons within the open reading frame of the target. We have already created 

TG2-CRISPR knockout cell lines, showing complete loss of TG2 expression and 

demonstrating reduced invasion, migration and spheroid formation. We next plan to utilize 

these in our xenograft model to further show how critical TG2 is for ECS cell induced 

tumor growth.  

To further push this field towards the clinic, we continue to work with second generation 

daughter compounds of the TG2 inhibitor NC9. Particularly working with compounds 

called VA4 and VA5, which like NC9 are irreversible inhibitors of TG2. These compounds 

are highly potent and specific to TG2, and like NC9 inhibit both the crosslinking function 

and GTP binding function of TG2. These compounds also produce similar biological and 

biochemical changes at lower doses than NC9, showing reduced spheroid formation, 

migration, invasion, tumor formation, EMT signaling, and ∆Np63α expression following 

treatment. Therefore, we are optimistic that potent and selective TG2 inhibitors will soon 

prove effective in targeting numerous malignancies. Most importantly, these compounds 

should deliver sustained disease free survival, as these compounds are effective halting 

metastasis, as well as targeting the cancer stem cell populations. 

Cutaneous squamous cell carcinoma is also the most common cancer capable of metastasis 

{45}. The incidence of cSCC is increasing globally each year. While the majority of cSCC 
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can be treated effectively with simple surgical excision, an aggressive subgroup that we 

believe is driven by mutations in epidermal stem cells, metastasizes and can be fatal {48}. 

Disease specific survival diminishes markedly once local or metastatic spread has 

occurred. Thus, skin cancer is an important health concern that needs to be addressed. With 

over one million cases of cSCC diagnosed each year in the US alone, better therapeutic 

strategies against cSCC will have a tremendous impact on global health. We believe that 

the above data and outlined experiments help lay an important foundation for targeting 

TG2 in cSCC to eliminate the epidermal cancer stem cell population and halt metastatic 

spread and recurrence, thus improving overall survival.  
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