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Abstract

Transglutaminase 2 (TG2) is an important cancer stem-like cell survival protein that is highly 

expressed in epidermal squamous cell carcinoma and drives an aggressive cancer phenotype. In 

the present study we show that TG2 knockdown or inactivation results in a reduction in mTOR 

level and activity in epidermal cancer stem-like cells which is associated with reduced spheroid 

formation, invasion and migration, and reduced cancer stem cell and EMT marker expression. 

Similar changes were observed in both cultured cells and tumors. mTOR knockdown or treatment 

with rapamycin phenocopies the reduction in spheroid formation, invasion and migration, and 

cancer stem cell and EMT marker expression. Moreover, mTOR appears to be a necessary 

mediator of TG2 action, as forced expression of constitutively active mTOR in TG2 knockdown 

cells partially restores the aggressive cancer phenotype and cancer stem cell and EMT marker 

expression. Tumor studies show that rapamycin reduces tumor growth and cancer stem cell marker 

expression and EMT. These studies suggest that TG2 stimulates mTOR activity to stimulate cancer 

cell stemness and EMT and drive aggressive tumor growth.
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Introduction

TG2 is a uniquely oncogenic member of the transglutaminase family that is a focus 

of intense study relating to its role as a cancer cell survival factor 1,2. TG2 displays 

transamidase and GTP binding activity, and recent studies show that GTP binding activity is 

required to maintain the cancer phenotype 1–4. TG2 level and signaling activity are markedly 

increased in tumors and tumor cell lines 5–9 where it suppresses expression of tumor 

suppressor genes, drives synthesis and deposition of fibronectin and collagen, stabilizes the 

extracellular matrix, and stimulates epithelial-mesenchymal transition (EMT) 4,9,10. Recent 

studies indicate that TG2 is highly enriched in epidermal cancer stem-like cells (ECS cells) 

where it stimulates an aggressive cancer phenotype 2–4,11. It localizes in the extra- and 

intracellular environment where it regulates a host of pro-cancer plasma membrane receptors 

and intracellular signaling cascades 3,11–15.

mTORC1 and mTORC2 comprise two distinct functional complexes. mTORC1 (mTOR) 

is involved in driving survival of cancer cells 16. mTOR is activated in response to 

nutrient conditions favorable for cell growth and in response to signaling stimuli. Activation 

of mTOR marks cellular entry into a growth regime characterized by increased cell 

proliferation 16. mTOR activates protein synthesis by phosphorylating 4E-BP1 leading to 

release of eIF4E which then acts to enhance 5’ cap-dependent mRNA translation 17,18. 

mTOR also promotes the sterol regulatory element-binding protein (SREBP) transcription 

program by phosphorylating the SREBP inhibitor, lipin 1, which leads to SREBP-dependent 

lipid and cholesterol synthesis 16. These responses are tuned to provide the cell with energy 

and substrates required for rapid proliferation. In addition, to prevent breakdown of these 

newly synthesized products, mTOR inhibits autophagy activating kinase 1 (ULK1) and 

autophagy related protein 3 (ATG3) 19,20. Activation of mTOR is also associated with 

enhanced epithelial-mesenchymal transition 21.

In the present study we confirm that the TG2 ECS cell survival factor maintains mTOR 

signaling and that TG2 inactivation reduces cancer cell spheroid formation, invasion, 

migration, tumor formation and EMT. Inhibiting mTOR function replicates these responses 

and restoration of mTOR function partially reverses the reduction in cancer phenotype 

in TG2 knockdown cells. These findings suggest that a TG2/mTOR signaling pathway is 

required to maintain the cancer phenotype.

Materials and Methods

Antibodies and reagents

DMEM (11960–077), sodium pyruvate (11360–070), L-Glutamine (25030–164) and 0.25% 

trypsin-EDTA (25200–056) were purchased from Gibco (Grand Island, NY). DMEM/F12 

(1:1) medium (DMT-10–090-CV) was purchased from Mediatech INC (Manassa, VA). 
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B27 serum-free supplement (17504–044) was purchased from Invitrogen (Frederick, MD). 

TG2 (MAB3839) and β-Actin (A5441) antibodies, DAPI (D9542), bovine serum albumin 

(B4287), epidermal growth factor (EGF) (E4269), insulin (19278), and Heat-inactivated 

fetal calf serum (FCS) were purchased from Sigma-Aldrich (St. Louis, MO). Cell lysis 

buffer (9803), rapamycin (9904) and mTOR (2972S), mTOR-P (5536S) and E-Cadherin 

(3195S) antibodies were purchased from Cell Signaling Technology (Danvers, MA). Sox2 

(ab15830–100), CD44v6 (ab78960), Slug (ab27568) and Twist (ab49254) antibodies were 

obtained from Abcam (Cambridge, MA). Fibronectin antibody (610077), Matrigel (354234) 

and BD BioCoat Millicell inserts (d = 1 cm, 8 mM pore size, #353097) were purchased 

from BD Bioscience (Frankin Lakes, NJ). Peroxidase-conjugated anti-mouse IgG (NXA931) 

and peroxidase-conjugated anti-rabbit IgG (NA934V) antibodies were purchased from 

GE Healthcare (Laurel, MD). Human mTOR-siRNA (SMARTpool, M-003008–03-0005) 

was obtained from Dharmacon (Lafayyette, CO). Control-siRNA (sc-37007) and human 

TG2-siRNA (sc-37514) were purchased from Santa Cruz (Dallas, TX). The TG2 inhibitor 

NC9 was provided by Dr. Jeffrey Keilor 11,22. Captisol (S4592) were purchased from 

SelleckChem (Houston, TX). pcDNA3.1 control vector (V79020) and pcDNA3-FLAG-

mTOR(S2215Y) (69013) plasmid were purchased from Addgene (Watertown, MA). The 

mTOR(S2215Y) plasmid encodes a constitutively active form of mTOR 23. Two-tailed 

Student’s t-test was used for binary comparison between control and experimental groups.

Immunoblot

Cells and tissues were prepared in Laemmli buffer (0.063 M Tris-HCI, pH 7.5, 

10% glycerol, 5% SDS, 5% β-mercaptoethanol). Equivalent amounts of proteins were 

electrophoresed on 8% –12% denaturing polyacrylamide gels and then transferred onto 

nitrocellulose membranes. The membranes were blocked in 5% non-fat milk for one 

hour and incubated in the primary antibodies diluted as 1:500 – 1:1000 overnight. The 

membranes were washed and incubated with secondary antibodies (1:5000) for 2 h before 

visualization using chemiluminescence detection.

Cell Culture

SCC-13 24 and HaCaT 25 cells were routinely maintained as monolayer cultures in 

growth medium consisting of DMEM, 4.5 mg/mL D-glucose, 2 μmol/l L-glutamine, 100 

mmol/l sodium pyruvate, and 10% heat-inactivated FCS 26. Epidermal cancer stem-like cell 

enriched cultures (ECS cells) were used in all experiments 26,27. The ECS cells were derived 

by growth of cells as unattached spheroids in DMEM/F12 (1:1) medium containing 2% B27 

serum-free supplement, 20 ng/ml EGF, 0.4% bovine serum albumin and 4 μg/ml insulin. The 

resulting spheroids were dissociated into single cells and used for proliferation, invasion, 

migration and tumor growth experiments. Spheroid enrichment increases the ECS cell 

population from 0.15% (monolayer cultures) to 15 – 20% of the total cell population. The 

enriched ECS cells were used in these experiments because the ECS cell population is more 

aggressive in proliferation, spheroid formation, invasion, migration and tumor formation 26.

For siRNA or plasmid electroporation, 1 million cells were electroporated with 3 μg target 

siRNA or plasmid by using 100 μl of VPD-1002 nucleofection reagent (Walkersville, MD). 

In some experiments, a second electroporation was performed at 48 h after the initial 
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electroporation. Mycoplasma tests were performed at regular intervals to assure an absence 

of contamination.

Spheroid formation, invasion, and migration assay

These assays are outlined as in our previous studies 26,28. For spheroid formation assay, 

cells were seeded as 4,000 cells/well into 6 well Ultra-Low attachment plates and growth 

was monitored from 0 – 3 days and spheroid number and/or diameter was measured using 

image J. For invasion assay, BD BioCoat Millicell inserts were pre-coated with 250 μg/ml 

Matrigel and 20,000 cells, suspended in medium containing 1% serum were seeded into 

the BD BioCoat Millicell insert upper chamber. The lower chamber contained medium 

supplemented with 10% fetal calf serum. The cells were allowed to migrate for 0 – 20 h 

and the membranes were fixed and stained with DAPI to detect nuclei for cell counting. For 

migration assay, a 10 μl pipette tip was used to create uniform wounds on a confluent cell 

monolayer and wound closure was monitored from 0 – 24 h.

Tumor xenograft assay

Single cell suspensions of SCC-13 ECS cells were resuspended in PBS containing 30% 

Matrigel and 0.1 million cells were subcutaneously injected into each front flank of eight 

-week-old female NSG (NOD/SCID/IL2Rg−/−) mice and tumor growth was monitored from 

0 – 4 wks. Five mice were used per treatment group. The mice were treated with 1 mg/kg 

rapamycin (dissolved in 20% Captisol) or 20 mg/kg NC9, delivered by IP injection, three 

times per week. Tumor size was calculated as volume = 4/3π × (diameter/2)3. At the end 

of the experiment, the tumors were photographed, and the tumor tissue was collected for 

immunohistochemistry and immunoblot.

Results

ECS cell enriched cultures, derived by culturing monolayer cells as unattached spheroids 

in stem cell selection medium 26, were used in all experiments. This enriches the ECS 

cell population from 0.15% (monolayer cultures) to 15 – 20% of the total cell population. 

Enriched ECS cells are used because they are more aggressive in proliferation, spheroid 

formation, invasion, migration and tumor formation 26. We first confirmed that TG2 

knockdown or treatment with TG2 specific inhibitor suppresses the cancer phenotype. TG2 

knockdown (Fig. 1A) reduces SCC-13 cell spheroid formation (Fig. 1B) and invasion (Fig. 

1C) and reduced spheroid formation and invasion are also observed following treatment 

with NC9, a TG2-specific inhibitor (Fig. 1D/E) 22,29. We also tested the impact of these 

treatments in HaCaT cells where spheroid formation and invasion (Fig. 1G) are reduced 

following TG2 knockdown (Fig. 1F) or treatment with NC9 (Fig. 1H). An important finding 

is that mTOR/mTOR-P levels are reduced following TG2 knockdown and NC9 treatment 

(Fig. 1I) and this is associated with reduced EMT as evidenced by reduced expression of 

Twist, Slug and fibronectin, and increased expression of E-cadherin (Fig. 1I). In addition, 

expression of the TG2, CD44v6 and Sox2 stem cell markers are reduced (Fig. 1I). Similar 

changes were observed in both SCC-13 and HaCaT cells. Note that in few the reduction 

in level of some markers is modest (e.g., Sox2 and fibronectin reduction in TG2-siRNA 

treated SCC13 spheroids). We next determined if these changes in expression are observed 
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in TG2 inhibitor treated tumors. Fig. 1J shows that NC9 treatment markedly reduces tumor 

formation and that is associated with reduced mTOR-P, fibronectin, Twist, Slug, CD44v6, 

and Sox2, and increased E-cadherin.

A role for mTOR signaling

A key finding from these studies is the reduction in mTOR signaling. The fact that 

mTOR and mTOR-P are reduced in TG2 deficient cells and tumors suggests that mTOR 

may mediate TG2 maintenance of the cancer phenotype. To test this, we treated SCC-13 

cells with Control- and mTOR-siRNA and monitored the effects on the cancer endpoints. 

Treatment with mTOR-siRNA resulted in a marked reduction in mTOR and mTOR-P in 

SCC-13 cells (Fig. 2A) and this is associated with a reduction in spheroid formation (Fig. 

2B), invasion (Fig. 2C) and migration (Fig. 2D). Examination of biochemical changes shows 

a marked reduction in mTOR/mTOR-P, reduced levels of the CD44v6 and Sox2 stem 

cell markers, reduced EMT marker (fibronectin, Twist and Slug) expression and increased 

E-cadherin (Fig. 2E). Treatment with rapamycin, the mTOR inhibitor, also reduced cancer 

cell spheroid formation (Fig. 2F), invasion (Fig. 2G) and migration (Fig. 2H). Biochemical 

analysis revealed a marked reduction in mTOR-P, decreased CD44v6, Sox2, Twist and 

Slug, and increased E-cadherin (Fig. 2I). To confirm this in a second cell line, we treated 

HaCaT cells with mTOR-siRNA which resulted in reduced levels of mTOR-P, CD44v6, 

Sox2, Slug, and Twist, and increased E-cadherin (Fig. 3A). These changes are associated 

with reduced spheroid formation (Fig. 3B), invasion (Fig. 3C) and migration (Fig. 3D). 

In addition, rapamycin suppressed mTOR signaling and EMT marker expression (Fig. 3E) 

leading to a reduction in HaCaT cell spheroid formation (Fig. 3F), invasion (Fig. 3G) and 

migration (Fig. 3H).

Constitutively active mTOR expression restores the cancer phenotype

We next wanted to determine if mTOR is a required and essential mediator of TG2 action. 

We therefore measured the impact of restoring mTOR expression in TG2 knockdown cells 

to determine if this would partially or completely restore the aggressive cancer phenotype. In 

Fig. 4A we expressed the constitutively active mTOR mutant, mTOR(S2215Y), in SCC-13 

cells. This resulted in a substantial increase in mTOR activity (mTOR-P). Interestingly, total 

mTOR levels are decreased in mTOR(S2215Y) expressing cells, perhaps as a compensatory 

response to the mTOR hyperactivation. Consistent with previous data, CD44v6, Sox2, 

Twist and Slug levels are reduced following TG2 knockdown. Importantly, the reduction in 

expression of the Sox2 stem cell marker and slug EMT marker in TG2 knockdown cells is 

partially reversed by expression of mTOR(S2215Y) (Fig. 4A). This restoration of mTOR 

activity is reflected in the biological responses in that TG2 knockdown reduces spheroid 

formation (Fig 4B), invasion (Fig. 4C) and migration (Fig. 4D) and these reductions are 

partially reversed by mTOR(S2215Y) expression. TG2 knockdown and mTOR(S2215Y) 

expression produce similar biochemical (Fig. 4E) and biological changes (Fig. 4F/G/H) in 

HaCaT cells.

Impact of mTOR on tumor formation

The findings in Fig. 1J show that TG2 inhibitor treatment reduces mTOR activity and Sox2, 

CD44v6, Twist, and Slug levels while increasing E-cadherin level, and this is associated 

Chen et al. Page 5

Mol Carcinog. Author manuscript; available in PMC 2024 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



with reduced tumor formation. This suggests TG2 may stimulate mTOR activity to maintain 

tumor growth. This hypothesis predicts that inhibition of mTOR should produce similar 

changes in tumor growth. We therefore monitored the impact of rapamycin treatment on 

tumor formation. Rapamycin produced an extremely strong 65-fold reduction in tumor 

growth (Fig. 5A) and this is associated with reduce mTOR activity, reduced levels of TG2, 

CD44v6, Sox2, fibronectin, Twist and Slug, and increased E-cadherin expression (Fig. 5B). 

One exception is the minimal change in CD44v6 level in the second tumor set.

Discussion

TG2 regulation of ECS cell function

ECS cell enriched cultures, derived by culturing monolayer cells as unattached spheroids in 

stem cell selection medium 26, were used in all experiments. ECS cells were used because 

they are more aggressive in proliferation, spheroid formation, invasion, migration and tumor 

formation as compared to non-enriched monolayer cell cultures 26. For example, ECS cell 

tumors grow to be four times larger than tumors derived from non-stem cancer cells 26. 

Moreover, TG2 levels are highly enriched in these cells 4.

TG2 stimulates mTOR signaling to maintain the cancer phenotype

TG2 is a multifunctional cancer cell survival protein that activates a range of signaling 

cascades 2,9. In epidermal squamous cell carcinoma, TG2 maintains VEGF 12, α6/β4-

integrin 3,11, NRP1 13, YAP1/TAZ 11 and GIPC1/SYX/RhoA/p38 13. However, the role 

of TG2 in maintaining cancer cell and cancer stem cell survival is far from completely 

understood. Our present studies confirm that TG2 knockdown or treatment with TG2 

specific inhibitor reduces ECS cell spheroid formation, invasion and migration. A surprising 

finding is that this is associated with reduced mTOR level and activity. These findings 

suggest that mTOR is a key downstream mediator of TG2 action. To test this, we treated 

ECS cells with mTOR-siRNA, or rapamycin, an inhibitor that selectively inhibits mTORC1 
30. We show that loss of mTOR activity reduces ECS cell spheroid formation, invasion and 

migration, indicating that interfering with mTOR function mimics responses observed in 

response to loss of TG2.

TG2 stimulation of mTOR enhances EMT and maintains cancer stem cell marker 
expression

TG2 knockdown or TG2 specific inhibitor treatment reduces expression of EMT control 

factors including Twist and Slug and this is associated with reduced fibronectin and 

increased E-cadherin levels. This is consistent with a previous report showing that TG2 

controls EMT in epidermal squamous cell carcinoma and that inhibition of TG2 reduces 

EMT 4. Moreover, TG2 loss is also associated with reduced levels of cancer stem cell 

markers including CD44v6 and Sox2. A very interesting finding is that mTOR knockdown 

or treatment with rapamycin also reduces Twist, Slug and fibronectin and increases E-

cadherin, consistent with a role for mTOR in regulating EMT. Moreover, CD44v6 and Sox2 

are also reduced in these cells. Thus, these findings show that mTOR regulation of EMT 

and stem cell marker levels mimics that observed for TG2, suggesting that mTOR is a 

downstream mediator of TG2 action.

Chen et al. Page 6

Mol Carcinog. Author manuscript; available in PMC 2024 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



To directly determine if mTOR loss is required for the reduction in cancer phenotype 

following TG2 knockdown or inhibition, we transfected plasmid encoding constitutively 

active mTORC1 into TG2 knockdown cells and assessed if this mutant, mTOR(S2215Y), 

could restore the cancer phenotype. These experiments show that the presence of 

mTOR(S2215Y) in TG2 knockdown cells partially restores mTOR-P, Twist and Slug 

expression and partially reduces E-cadherin levels. These biochemical changes are 

associated with a partially restoration of cancer cell spheroid formation, invasion and 

migration. Similar results were observed in both SCC-13 and HaCaT cells. These findings 

provide strong and direct evidence suggesting that TG2 activates mTOR activity to drive an 

aggressive cancer phenotype in ECS cells derived from SCC-13 and HaCaT cells.

Rapamycin impact on tumor growth and EMT/stem cell marker expression

As noted in Fig. 1J, NC9 inhibition of TG2 reduces tumor growth and this is associated with 

reduced EMT and cancer stem cell marker expression. To monitor the impact of inhibiting 

mTOR on these endpoints, we treated tumor bearing mice with rapamycin. We observed 

a marked reduction in tumor formation which was associated with a reduction in EMT 

(reduced Twist, Slug and fibronectin and increased E-cadherin) and a reduction in CD44v6 

and Sox2 levels. Thus, TG2 and mTOR inhibitor treatment suppress tumor formation and 

this is associated with reduced EMT and cancer stemness.

TG2/mTOR signaling and EMT in squamous cell carcinoma

Previous studies show that TG2 enhances EMT in epidermal squamous cell carcinoma 4 a 

finding that is consistent with studies in other cancer types 31–35. Moreover, TG2 has been 

shown to regulate mTOR via a mechanism that involved TG2 interaction with Src and PI3K 

to enhance 3T3 cell survival 36. Previous studies also show that TGF-β stimulates TG2 

expression to enhance EMT and stemness in ovarian cancer 37, TGF-β increases TG2 in 

human subconjunctival fibroblasts and in lung cancer 38,39 and TG2 can modulate TGF-β 
activation 40. Previous studies also show that mTOR signaling is involved in induction of 

EMT 21. Moreover, mTOR resistant breast cancer display increased expression of TG2 41. 

Based on these findings, future studies should consider a possible role for TGF-β and Src/

PI3K in integrating the cooperative actions of TG2 and mTOR. Our present study suggests 

that TG2 activates mTOR to stimulate EMT, stem cell marker expression and the cancer 

phenotype in epidermal squamous cell carcinoma (Fig. 5C). Additional studies will be 

necessary to provide details regarding the mechanism whereby TG2 activates mTORC1.

Translational importance of TG2 and TG2 inhibitors

TG2 is highly enriched in cancer stem cells in many cancer models 1,2,42 where it regulates 

a host of critical pro-cancer signaling cascades. In epidermal squamous cell carcinoma, these 

cascades include VEGF 12, α6/β4-integrin 3,11, NRP1 13, YAP1/TAZ 11 and GIPC1/SYX/

RhoA/p38 13. Other studies show that TG2 maintains inflammation and NFκB signaling in 

breast cancer and other cancer types 9,43 and can confer drug resistance 44. It also induces 

PD-L1 expression in breast cancer to attenuate response to immunotherapy 45.

Given the importance of TG2 in maintaining the cancer phenotype in a wide range of 

cancer types 14, there has been an effort to design TG2 inhibitors 46–50. Keillor and 
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colleagues designed a versatile inhibitor called NC9 22. Cell-based studies show that NC9, 

and related inhibitors, covalently bind at the transamidase catalytic site of TG2 29,51. This 

interaction also produces a shift in the 3D structure of the protein that inhibits the ability 

of TG2 to bind GTP 29,51. This is important, since TG2 binding of GTP is required for 

TG2 pro-cancer activity 4,52. In addition, sulforaphane, a promising cancer prevention and 

treatment agent derived from cruciferous vegetables, covalently binds to TG2 to inhibit TG2 

transamidase and GTP binding activities to reduce its ability to drive the cancer phenotype 
53. These findings suggest that TG2 is an important anti-cancer target and the treatment 

with TG2 specific inhibitors alone and in combination with agents that suppress related 

intracellular signaling pathways, or chemotherapeutic agents, may be useful treatment 

strategies. Relevant to the present manuscript, TG2 inhibitor treatment coupled with mTOR 

inhibitor may be a useful strategy for treating epidermal squamous cell carcinoma.
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Fig. 1. TG2 enhances mTOR signaling to drive tumor formation
A/B/C TG2 knockdown reduces SCC-13 cell spheroid formation and invasion. Invasion was 

monitored by measuring cell migration through Matrigel as detected by DAPI staining of 

nuclei. D/E Treatment with TG2 inhibitor (NC9) reduces SCC-13 cell spheroid formation 

and invasion. F/G TG2 knockdown attenuates HaCaT cell spheroid formation and invasion. 

H NC9 treatment reduces HaCaT cell spheroid formation and invasion. I TG2 knockdown 

or NC9 treatment reduces SCC-13 and HaCaT EMT and reduces cancer stem cell marker 

expression. J Treatment of NSG mice with TG2 inhibitor (NC9) reduces SCC-13 derived 
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ECS cell tumor growth and this is associated with reduced EMT and reduces cancer 

stem marker levels. Each experiment is repeated three times. A single asterisk indicates 

a significant reduction, n = 3, p = 0.001.
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Fig. 2. mTOR maintains the SCC-13 cell aggressive cancer phenotype
A/B/C/D mTOR knockdown reduces cancer cell spheroid formation, invasion and 

migration. E mTOR knockdown decreases EMT and cell stem cell marker expression. 

F/G/H Rapamycin treatment reduces spheroid formation, invasion and migration. I 
Rapamycin treatment suppresses EMT and reduces stem cell marker expression. A single 

asterisk indicates a significantly decrease, n = 3, p = 0.0005.
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Fig. 3. mTOR maintains the HaCaT cell cancer phenotype
A mTOR knockdown reduces HaCaT cell EMT and reduces cancer stem cell marker 

expression. B/C/D mTOR knockdown reduces HaCaT cell spheroid formation, invasion 

and migration. E Rapamycin treatment decreases stem cell markers CD44v6 and Sox2, 

and several EMT markers in HaCaT cells. F/G/H Rapamycin reduces HaCaT cell spheroid 

formation, invasion, and migration. The asterisks indicate a significant reduction (n = 3, p = 

0.001).
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Fig. 4. Evidence that mTOR is a key downstream mediator of TG2 activity
Cells were electroporated with control- or TG2-siRNA followed by transfection with empty 

vector or plasmid encoding constitutively active mTOR, mTOR(S2215Y). A Treatment with 

TG2-siRNA reduces SCC-13 cell cancer stem cell marker (CD44v6, Sox2) expression, and 

suppresses EMT (decreased Twist and Slug and increased E-cadherin), and these changes 

are reversed by expression of mTOR(S2215Y). B/C/D TG2-siRNA reduces SCC-13 derived 

ECS cell spheroid formation, invasion and migration and these changes are reversed by 

mTOR(S2215Y) expression. E TG2-siRNA treatment reduces HaCaT derived ECS cell 
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stem cell marker (CD44v6, Sox2) expression, and suppresses EMT (decreased Twist and 

Slug and increased E-cadherin), and these changes are reversed by mTOR(S2215Y). F/G/H 
TG2-siRNA reduces HaCaT derived ECS cell spheroid formation, invasion and migration 

and these changes are reversed by mTOR(S2215Y) expression. The single asterisk indicates 

significantly decrease and double asterisks indicate a significant increase (n = 4, p = 0.005).
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Fig. 5. Rapamycin inhibition of mTORC1 reduces tumor growth
SCC-13 spheroid-derived ECS cells were injected into each front flank of NSG mice (5 

mice/treatment group) and tumor size was measured weekly. Mice were treated with 0 or 

1 mg/kg rapamycin delivered by IP injection three times per week, and the tumors were 

collected at the end of week four. A Rapamycin produces a dramatic reduction in tumor size. 

The values are mean + SEM, n = 3 experiments, p = 0.0001. B Rapamycin treatment reduces 

EMT and cancer stem cell marker (Sox2 and CD44v6) expression in tumors. C Signaling 

scheme: TG2 stimulates mTORC1 activity to induce EMT and stimulates stemness, and this 

is associated with a more aggressive cancer phenotype and enhanced tumor growth. This 

pathway can be inhibited by interfering with TG2 or mTOR function.
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