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Abstract

Head and neck squamous cell carcinoma (HNSCC) is a significant public health problem, with a 

need for novel approaches to chemoprevention and treatment. Preclinical models that recapitulate 

molecular alterations that occur in clinical HNSCC patients are needed to better understand 

molecular and immune mechanisms of HNSCC carcinogenesis, chemoprevention, and efficacy 

of treatment. We optimized a mouse model of tongue carcinogenesis with discrete quantifiable 

tumors via conditional deletion of Tgfβr1 and Pten by intralingual injection of tamoxifen. 

We characterized the localized immune tumor microenvironment, metastasis, systemic immune 

responses, associated with tongue tumor development. We further determined the efficacy of 

tongue cancer chemoprevention using dietary administration of black raspberries (BRB). Three 

Intralingual injections of 500ug tamoxifen to transgenic K14 Cre, floxed Tgfbr1, Pten (2cKO) 

knock out mice resulted in tongue tumors with histological and molecular profiles, and lymph 

node metastasis similar to clinical HNSCC tumors. Bcl2, Bcl-xl, Egfr, Ki-67, and Mmp9, were 

significantly upregulated in tongue tumors compared to surrounding epithelial tissue. CD4+ and 

CD8+ T cells in tumor draining lymph nodes and tumors displayed increased surface CTLA4 

expression, suggestive of impaired T cell activation and enhanced regulatory T cell activity. 

BRB administration resulted in reduced tumor growth, enhanced T cell infiltration to the tongue 

tumor microenvironment and robust anti-tumoral CD8+ cytotoxic T cell activity characterized by 

greater granzyme B and perforin expression. Our results demonstrate that intralingual injection 

of tamoxifen in Tgfβr1/Pten 2cKO mice results in discrete quantifiable tumors suitable for 

chemoprevention and therapy of experimental HNSCC.
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Introduction:

Head and neck squamous cell carcinomas (HNSCC), which arise from the tongue, mucosal 

epithelium of the oral cavity, pharynx, and larynx, accounts for 476,125 new cases and 

225,900 deaths worldwide(1, 2). HNSCCs are caused by a diverse range of risk factors 

which include tobacco consumption, alcohol consumption, exposure to environmental 

pollutants, and infections from viral agents like the human papilloma virus (HPV)(3, 4). 

The overall prognosis for patients with HPV-negative HNSCCs is poor, with a current 5-year 

survival rate ranging from 40 to 50%(5). Existing treatments for HNSCCs are limited to 

disfiguring surgeries, aggressive radiation, and chemotherapy(4). Significantly, survivors of 

HNSCC have high rates of suicide due to the psychological distress and compromised 

quality of life after treatment(6). There is therefore a dire need for increased mechanistic 

understanding of HNSCC carcinogenesis and novel approaches to HNSCC chemoprevention 

and therapy.

Preclinical in vivo models for the study of HNSCC include carcinogen induced 4-

nitroquinoline 1-oxide (4NQO) administration, orthotopic HNSCC cell line injections, 

xenograft models into nude mice, and genetically engineered mouse models (GEMM)(7, 

8). The well-established 4NQO-induced model of oral squamous cell carcinoma (OSCC) 

(9, 10) induces genomic alterations that recapitulate the genetic and epigenetic alterations 

found in tobacco-induced HNSCC carcinogenesis. However, this model takes about 24 

weeks to develop, and quantitative measurements of lesion and tumor development can be 

challenging with this model since tumors can develop in several locations within the oral 

cavity and gastrointestinal tract. Further, 4NQO-induced HNSCC do not often lead to the 

development of lymph node and lung metastasis, which are characteristic of human HNSCC 

(11). Orthotopic injections of HNSCC cell lines for in vivo analysis of tumor growth allows 

for a quicker experimental timeline and provides for a more robust method to quantify 

tumor development. This model also develops lymphatic and pulmonary metastasis when 

metastatic HNSCC cells are used(12, 13). While this is a suitable model for determining 

HNSCC tumor growth, it does not capture the early stages of HNSCC tumor initiation and 

progression, which are relevant to the investigation of cancer chemoprevention and early 

therapeutic strategies. Further, use of immunodeficient mice in some orthotopic models limit 

investigation of the oral tumor microenvironment which is crucial to HNSCC development 

and treatment efficacy(13, 14). GEMM models of HNSCC target tissue specific oncogene 

activation and/or tumor suppressor inactivation of genes known to be associated with 

HNSCC development (13). These models often utilize the keratin 5 (K5) or keratin 14 

(K14) promoter to achieve tissue specific gene mutations in the oral epithelium(7, 15).

Recent advances in the mutational and genetic alteration patterns of HNSCCs have 

demonstrated frequent alterations in the transforming growth factor-β (TGF- β) and 

phosphoinositide 3 kinase (PI3K) pathways. These pathways play a major role in 

metabolism, cell proliferation, survival, apoptosis, and differentiation which contributes 

to the progression of HNSCC(16, 17). The phosphatase and tensin homolog (PTEN) is a 

major tumor suppressor of the PI3K pathway that acts to efficiently dephosphorylate the 

3’ group of phosphatidylinositol (3,4,5)-triphosphate (PIP3) terminating the propagation of 

the protein kinase B (AKT)(18, 19). Removal of this upstream regulator or acquisition 
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of oncogenic mutations to overcome negative regulation leads to continuous positive 

signals, which increase oncogenic potential(18, 20, 21). TGF- β regulates cell proliferation, 

differentiation, adhesion, migration, and apoptosis(22, 23). TGF- β binding to its receptors 

TGFBR1 and TGFBR2 lead to SMAD-mediated signaling pathways, but also interacts with 

other targets including Ras, RhoA, TAK1, MEKK1, PP2A, and PI3K(24, 25). Mice lacking 

Tgfbr1 display increased cell proliferation and cell survival through the activation of the 

PI3K pathway, suggesting a crosstalk between the PI3K and TGF- β pathways(26, 27). 

Pten deletion alone does not induce invasive HNSCC in mouse models due to premature 

senescence by phospho-AKT in the presence of TGF- β. Tgfbr1 deletion interrupts 

premature senescence, leading to PI3K mediated development of invasive HNSCC(17).

A recently designed GEMM HNSCC model targeting mutations in the TGFβ and PI3K 

signaling pathways utilize a tamoxifen inducible Cre-LoxP mediated deletion of Tgfβr1 and 

Pten, known as K14-CreER; Tgfβr1flox/flox; Pten flox/flox (2cKO) mice(17, 28). Although 

this model was shown to recapitulate human HNSCC, complete characterization of the 

immune tumor microenvironment of tumors bearing TgfbR1 and Pten mutations has not 

been demonstrated. Further, we observed that oral cavity administration (17) of tamoxifen 

led to variable anatomic lesion manifestations that were challenging to quantify and evaluate 

efficacy of HNSCC chemoprevention and treatment. To further facilitate the development 

of discrete quantifiable HNSCC tumors in a localized anatomical site in the mouse oral 

cavity, we induced the deletion of both the Tgfβr1 and Pten genes by intralingual injection 

of tamoxifen. Further, we characterized the localized immune tumor microenvironment, 

systemic immune responses, and lymph node metastasis associated with lesion development 

due to deregulated TGFB and PI3K signaling during HNSCC carcinogenesis. Finally, to 

validate this model, we determined the efficacy of HNSCC chemoprevention using dietary 

black raspberries (Rubus occidentalis) (BRBs). Our results demonstrate the utility of our 

novel approach to the HNSCC GEMM model and provide further insights into mechanisms 

of BRB associated chemoprevention of HNSCC.

Materials/Methods:

Mice

Tgfβr1flox/flox and Pten flox/flox knock-in C57BL/6 mice and K14-CreERtam transgenic 

BALB/c mice were obtained from Jackson Laboratories. Sequential rounds of breeding 

with Tgfβr1flox/flox, Pten flox/flox and K14-CreERtam resulted in Tgfβr1/Pten 2cKO mice 

(Tgfβr1flox/flox; Pten flox/flox; K14-CreERtam+) or littermate controls ((Tgfβr1flox/flox; Pten 
flox/flox; K14-CreERtam-). Mice were genotyped by PCR analysis of DNA extracted from ear 

tissue as described previously (29, 30), for the presence of loxP sites flanking Tgfβr1 and 

Pten, and Cre. Animals were handled according to regulations maintained by the University 

Laboratory Animal Resources. Experiments were approved by the Institutional Animal Care 

and Use Committee (Protocol #2018A00000054) and Institutional Biosafety Committee of 

The Ohio State University.
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Tamoxifen intralingual injections

To conditionally induce deletion of Pten and Tgfβr1genes, animals were intra-lingually 

injected using a 27-gauge needle with tamoxifen (Sigma-Aldrich St. Louis, MO, USA), 

at 500µg and 1000µg in 30µl corn oil (Acros Organics New Jersey, USA), for three or 

four injections over the course of one week. After 5 weeks, tumor multiplicity and tumor 

volumes were measured using the formula VT = 0.5 × L × W2 as described previously (31)

Animal diet

Animal diets were prepared as described previously (32). Mice were randomly placed under 

standardized minimal nutrient rodent chow, AIN-76A (n = 10), or AIN-76A supplemented 

with 5% black raspberry powder (n = 10) diet. Diets were maintained and food consumption 

was measured every week throughout the duration of the experiment.

Histology

Tumors and tongues were formalin fixed and paraffin embedded as described 

previously (32). Tissue sections (5µm) were stained with hematoxylin and eosin. For 

immunofluorescence and immunohistochemistry, slides were prepared as previously 

described (32), and stained for Ki-67 (abcam, AB15580-100), TGFβ-R1 (Invitrogen, 

PA5-32631), PTEN (Cell Signaling, 9559S) cytokeratin (BioLegend, 914202), CD8 

(Invitrogen, A21434), and Granzyme B (Cell Signaling, 12653S). Biotinylated goat anti-

rabbit (Vector Labs, BA-1000), biotinylated goat anti-mouse (Vector Labs, BA-9200), Alexa 

Fluor 488-conjugated goat anti-rabbit (Invitrogen, A11034) and Alexa Fluor 555 goat 

anti-rat (Invitrogen, A21434) were used as secondary antibodies. For immunofluorescence, 

each tissue was then counterstained with DAPI (BioLegend, San Diego, CA) and confocal 

imaging was performed using a Zeiss LSM 700 confocal microscope (Carl Zeiss, Munich, 

Germany). Regions of positive stain were quantified using Image J.

Flow Cytometry

Single cell suspensions were generated from spleens, lymph nodes, tumors and tongues 

of experimental mice. Cells were stained with fluorochrome-conjugated extracellular 

antibodies against CD8, CD4, CD49b, PD-1, LAG-3, TIGIT, and CTLA-4. Intracellular 

staining was performed with antibodies against granzyme B, IFN-γ, TNF-α, IL-2, IL-10 

and perforin after stimulation with PMA and ionomycin (BioLegend, San Jose, CA, USA). 

Samples were analyzed using a FACS Celesta flow cytometer (BD Biosciences; San Jose, 

CA). Analysis was performed using the FlowJo software (FlowJo; Ashland, OR).

Quantitative Polymerase Chain Reaction

Tongue and tumor samples were lysed with TRIzol. RNA was extracted and cDNA was 

prepared using a High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems). 

RT-qPCR was performed on a CFX384 Real-Time PCR system (BioRad; Hercules, CA) 

using SYBR Green Master Mix (Thermo Fisher; Waltham, MA). Primer sequences for 

Ccnd1, Id1, Bcl2, Bcl-xl, Egfr, Ki-67, Mmp9, and Nf-κb were generated using PrimerBank 

(https://pga.mgh.harvard.edu/primerbank/).
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Western Blot

20μg of protein was loaded into a 10% Tris-HCL gel. Proteins were transferred onto 

polyvinylidene difluoride membranes (0.2μm). Membrane blots were blocked in 5% skim 

milk for 1 hour and incubated in primary antibody rabbit anti-mouse phospho-AKT 

(BioLabs 9271S), rabbit anti-mouse PTEN (Cell Signaling, 138G6), rabbit anti-mouse 

TGFβ-R1 (Thermo Fischer, PA5-32631), rabbit anti-mouse NF-κB (Cell Signaling, 8242S), 

and mouse anti-mouse BCL-2 (Imgenex, IMG-80093) overnight. Blots were incubated 

with goat anti-rabbit HRP-linked (31460, Thermo Fisher Scientific, Rockford, IL) and 

horse anti-mouse HRP-linked (7076S, Cell Signaling) secondary antibodies for 1 hour. 

Chemiluminescence was detected by ECL Western blotting substrate (ThermoScientific, 

Waltham, MA). ImageJ was used to quantify the protein intensity.

Statistics

All analysis were conducted and performed in a blinded fashion. Analyses were performed 

using GraphPad Prism V9.0 (GraphPad Software; San Diego, CA). Student’s t test (two-

sided) was used to determine the statistical significance between the groups.

Results:

Characterization of tamoxifen injected inducible PTEN and TGFβ-R1 knockout mouse

Sequential breeding of Tgfβr1flox/flox, Pten flox/flox, and K14-CreERtam mice resulted in 

Tgfβr1flox/flox; Pten flox/flox; K14-CreERtam (2cKO) mice displaying Tgfbr1 and Pten 

deletion upon tamoxifen administration (Fig 1A). We confirmed presence of floxed genes 

and Cre transgene in 2cKO mice by PCR genotyping (Fig 1B). We also validated tissue 

specific deletion of Tgfβr1 and Pten after intralingual injection of tamoxifen in the anterior 

dorsal-lateral area of the mice tongues. We observed little to no expression of Tgfβr1 and 

Pten genes in the tongue tissues of tamoxifen (tamx+) compared to non-tamoxifen (tamx-) 

injected 2cKO mice (Fig 1C). Similarly, 2cKO tamx+ mice showed significantly lower 

levels of Tgfβr1 and Pten protein expression compared to controls (Fig 1D-E). Together, 

our data demonstrates Tgfβr1 and Pten gene and protein deletion in epithelial tissues of 

tamoxifen injected 2cKO mice.

Optimization of injection protocol for induction of tongue carcinogenesis in 2cKO mice

In order to achieve localized tumor formation within the oral cavity, as is characteristic of 

human HNSCC (4), we performed intralingual injections of tamoxifen over a period of one 

week. Based on previous reports of intralingual tamoxifen injections in a related model of 

HPV+ mouse HNSCC(33), we tested 3 different tamoxifen injection regimens to determine 

the optimal dose and frequency that will yield tongue HNSCC tumors, while minimizing 

toxicity (Figure 2A). Mice were monitored for five weeks after the last tamoxifen injection, 

and tumor incidence, tumor multiplicity and tumor volume were analyzed at the end of the 

5-week period. We observed a 100% incidence of tongue lesion formation at the injection 

site of all 3 mouse groups tested at day 15 post injection. At the end of the fifth week, all 

mice developed large HNSCC tumors at the injection site. Secondary and tertiary tumors 

formed at the opposite site of the injection site and at the tips of the tongues (Fig 2C). No 

Lamenza et al. Page 5

Cancer Gene Ther. Author manuscript; available in PMC 2024 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



significant differences in tumor volume and tumor multiplicity were observed between the 

3 groups of tamoxifen injection regimens (Figure 2B). Control groups (including (i) 2cKO 

mice not injected with tamoxifen, (ii) 2cKO mice injected with corn oil vehicle and (iii) 

floxed Tgfβr/Pten without the Cre transgene injected with tamoxifen) did not develop any 

visible tumors or lesions (Figure 2C). Further H&E histological analysis did not show any 

lesion development morphology in the control groups (Figure 2D). H&E analysis of the 

tamoxifen injected mouse groups showed evidence of invasive squamous cell carcinomas, 

which were similar across all three injection protocols tested (Fig 2D). Based on these 

results, and to minimize toxicity, we selected three intralingual injections of 500 µg over the 

course of one week for future studies.

Molecular characterization of tongue tumor development, progression and metastasis in 
2cKO mice

Next, we compared the molecular profile of tumors from tamoxifen injected 2cKO mice 

with established in vivo models of HNSCC as well as with clinical HNSCC patients. We 

analyzed gene expression patterns of markers commonly altered in human HNSCCs and 

those found to be upregulated in the 2cKO model from previous studies. Id1 and Nfkb, 

which were previously found to be upregulated in this model (17), were also significant 

upregulated compared to heathy tongue epithelial tissue (Figure 3A). Bcl2, Bcl-xl, Egfr, 
Ki-67, and Mmp9, genes commonly altered in HNSCCs, and other cancers were also 

upregulated in tumors of tamoxifen injected 2cKO mice (Figure 3A). We investigated 

the involvement of the PI3K pathway in molecular alterations associated with HNSCC 

development in these tumors, given that its negative regulator Pten was deleted in 2cKO 

mice (18, 20, 21). Western blot analysis demonstrated enhanced AKT phosphorylation in 

tamoxifen injected 2cKO mice compared to controls, suggesting that, similar to human 

HNSCC, enhanced PI3K signaling activation is associated with tumor development in these 

mice (Figure 3B). We also confirmed higher protein expression of NF-κB and Bcl2 in 

tamoxifen injected 2cKO mice compared to controls, further supporting the similarities to 

human HNSCC (Figure 3B). Next we performed a Ki-67 immunohistochemical staining of 

tumors and tongues of tamx+ and tamx- mice further corroborated our gene expression data 

and demonstrated increased tumor cell proliferation in 2cKO mice (Figure 3C).

Lymph node metastasis is a common feature observed in human HNSCC patients, and 

carcinogen induced models of HNSCC (such as the 4NQO model) does not consistently 

display lymph node metastatic lesions. We therefore investigated whether tamoxifen injected 

2cKO mice more closely mimicked human HNSCC by displaying metastatic lymph 

nodes. Immunohistological analysis using the HNSCC marker pan-cytokeratin demonstrated 

metastatic sites in the draining lymph nodes of tamoxifen injected 2cKO but not control 

mice (Figure 3D). These results demonstrate the utility of intralingual tamoxifen injection 

of 2cKO mice as a suitable model for investigation of mechanisms of HNSCC invasion and 

metastasis and determining the efficacy of HNSCC chemoprevention and therapeutic agents.

Tumor associated T cell immune responses of tongue carcinogenesis induced 2cKO mice.

T cells play an important role in tumor immunity and the efficacy of immunotherapeutic 

strategies against HNSCC. Therefore, we analyzed the T cell immune microenvironment 
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of tumor bearing 2cKO mice and evaluated their antitumoral properties. Our analysis was 

initially focused on lymphoid cells in the draining lymph nodes, as this is the site for the 

initiation of antitumoral immune responses. Similar to what was previously reported, we 

observed a significantly lower number of CD8+ T cells in the draining lymph nodes of 

these mice compared to controls, but no differences in CD4+ Tcells and NK cells (Fig 

4B-C). We observed CD8+ T cells localized and infiltrating the tongue tumors of the 2cKO 

mice, indicating the activation of a T-cell response (Fig 4A). Next, we analyzed markers 

associated with impaired T cell activation, T cell exhaustion and regulatory T cell activity. 

In both CD4+ and CD8+ T-cells in our tumor bearing 2cKO mice displayed significantly 

increased levels of CTLA4 expression (Figure 4D), suggestive of impaired T cell activation 

and enhanced regulatory T cell activity. No differences were found in PD-1 and TIGIT 

expression within the CD4+ and CD8+ T-cell populations of 2cKO and control mice (Fig 4E 

and 4G), but we observed lower levels of LAG-3 expressing CD8+ T-cells and CD4+ T-cells 

in draining lymph nodes of 2cKO mice (Fig 4F).

Next, we examined production of cytokines and effector molecules associated with tumoral 

immune responses during HNSCC in CD4+, CD8+ and NK cells. We observed higher 

levels of IFNγ producing CD8+ T-cells and NK cells (Fig 5A), as well as TNFα producing 

CD8+ T-cells and CD4+ T-cells (Fig 5B) compared to control mice. We found in the lymph 

nodes, higher levels of CD8+ T-cells producingIL-2 (Fig 5C), while the immunosuppressive 

cytokine IL-10 was found to be expressed significantly lower in lymph node CD8+ T-cells 

of cancer bearing mice compared to controls (Fig 5D). Interestingly, while CD8+ T-cells 

and CD4+ T-cells in the lymoh nodes of tumor bearing 2cKO mice produce higher levels 

of perforin (Fig 5E), no differences in the levels of granzyme B production were observed 

in CD8+ T cells of 2cKO mice (Fig 5F). Overall, these results suggest that induction of 

HNSCC elicits pro- and anti-tumoral immune responses in the draining lymph nodes of 

2cKO mice, which can potentially be exploited in immunotherapeutic strategies against 

HNSCC. Similar analyses were performed on immune cell populations of the spleen, but 

no major differences were found, suggesting a localized that T cell immune responses to 

HNSCC tumors in this model (Figs 4 and 5).

Black raspberry diet reduces tongue tumor burdens of mice with PTEN and TGFβ-R1 
deletion

To further demonstrate the utility of tamoxifen injected 2cKO model in HNSCC cancer 

chemoprevention and treatment studies, we evaluated the efficacy of dietary BRB 

administration on HNSCC development induced by Pten and Tgfbr1 deletion. Previous work 

by our group and others demonstrates the cancer inhibitory activity of BRB in a 4NQO 

carcinogen induced model of HNSCC, through mechanisms associated with inhibition of 

pro-inflammatory, anti-apoptotic and modulation of adaptive immune response pathways 

(32, 34, 35). We therefore tested whether BRB demonstrated chemopreventive properties 

in HNSCCs driven by deregulated PI3K and TGFB signaling pathways. Three weeks 

prior to intralingual tamoxifen injections, 2cKO mice were placed on define AIN-76A diet 

(control) or AIN-76A supplemented with 5% BRB diet (BRB). Three doses of intralingual 

tamoxifen injections (500 µg, as determined by our previous studies) were administered to 

all experimental mice at week 4, and tumor development was monitored for 5 weeks post 
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tamoxifen injection (Fig 6A). Unlike previous models, HNSCC tumors generated using this 

model permitted weekly monitoring of tumor size with calipers. Although tumor incidence 

(100%) was similar between 2cKO mice fed control versus BRB diet, our analysis of tumor 

sizes demonstrated a reduction in tumor growth in 2cKO mice fed BRB diet compared to 

2cKO mice fed control diet (Fig 6B). Similarly, tumor volumes in BRB fed 2cKO mice 

were significantly reduced compared to 2cKO mice control diet (Fig 6C). This result was 

corroborated by gross and histological examination of tumors at terminal sacrifice, which 

revealed significantly smaller tumors in the BRB group compared to the control group 

(Fig 6D-E). Histologically, tumors from both groups were similar with well to moderately 

differentiated invasive squamous cell carcinomas. Further, lymph node metastasis was not 

inhibited by BRB supplemented diet.

Dietary BRB administration promotes T cell infiltration to the tongue tumor 
microenvironment and stimulates anti-tumoral CD8+ cytotoxic T cell activity.

HNSCC tumors induced by tamoxifen injection of 2cKO mice allow for a more in-depth 

characterization of immune cells in the tumor microenvironment. Flow cytometric analysis 

of HNSCC tumors of 2cKO mice demonstrated that BRB administration increased the 

infiltration of CD4+, CD8+ T-cell and NK cell infiltration to tumors associated with 

deregulated PI3K and TGFB signaling (Fig 7A-B). We performed an in-depth analysis 

of these lymphocytes based on immunosuppressive marker expression, and production of 

tumor associated cytokines and cytotoxic markers. Although BRB administration did not 

affect the expression level of CTLA-4, PD-1, LAG-3, and TIGIT in the CD4+ and CD8+ 

T cells in the tumor microenvironment (Supplementary Figure 1), production of IFNγ and 

IL-2 in CD4+ T-cells and TNFα in CD8+ T-cells were increased in 2cKO mice fed a BRB 

diet compared to control diet (Fig 7C-E). No effects were observed in IL-10 production by 

CD4+ and CD8+ T-cells in the tumor microenvironment after BRB administration (Fig 7F). 

Next, we analyzed the effect of BRB administration on cytotoxic molecule production by 

CD8+ T cells and NK cells of the tumor microenvironment in 2cKO mice. We observed 

greater granzyme B and perforin expression by NK cells and greater granzyme B expression 

in CD8+ T-cells within the tumors of mice fed a BRB diet compared to mice fed a control 

diet (Fig 8A-C). Together these results indicate that BRB administration promotes T cell 

infiltration and antitumoral T cell and NK cell responses in HNSCC tumors characterized by 

deregulated PI3K and TGFB signaling, which contributes to decreased tumor development 

in 2cKO mice.

Discussion

This study advances the development of oral carcinogenesis GEMM model, which relies 

on defects in the TGF-β and PI3K/Akt signaling pathways which are commonly altered 

in human HNSCCs (36). TGF-β provides strong growth inhibitory signals in epithelial 

cells, and alterations in TGF-β signaling promotes tumorigenesis in some human cancers. 

Previous reports have shown that deletion of Tgfbr1 alone is not sufficient for HNSCCs 

oncogenesis in mice (27). It is likely that cooperation of the TGF-β pathway with other 

pro-oncogenic pathways is required for malignant transformation in HNSCC. Decreased 

expression of Tgfbr1 in mice was associated with activation of the PI3K/Akt pathway 
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leading to increase cell proliferation and survival (26, 27). Similarly, activation of the 

PI3K/Akt pathway by genetic deletion the negative regulator Pten is not sufficient to cause 

HNSCC due to the induction of premature senescence induced by phosphorylated Akt in the 

presence of the tumor suppressor TGF-β (36). Therefore, this model relies on the combined 

deletion of both Tgfbr1 and Pten to activate the PI3K/Akt pathway and escape premature 

senescence caused by TGF-β signaling, leading to the development of HNSCC.

Previous work on the Tgfβr1/Pten 2cKO mouse model administered tamoxifen for 

conditional gene deletion via application to the oral cavity, leading to tumor development 

at different sites within and around the oral cavity (including the ear, skin, and paw) at 

varying degrees in individual mice. (17, 37). We therefore developed several intralingual 

injection protocols to explore the possible variations in cancer development between 

different tamoxifen injection regimens. Our selection of the tongue as a representative organ 

for experimental HNSCC using this model allows for easy assessment of tumor progression 

and efficacy of chemopreventive and therapeutic interventions. Further, lesions and tumors 

in the tongue occur in many cases of human HNSCCs as well as in carcinogen induced 

mouse models of HNSCC (9, 10). We observed no major differences between the three 

tamoxifen injection regimens, which led us to proceed with three intralingual injections of 

500 µg in 30ul corn oil every other day for 1 week for subsequent experiments.

HNSCC tumors derived from this protocol were very similar pathologically to human 

HNSCCs and showed similar molecular alterations. The epidermal growth factor receptor 

(EGFR) is overexpressed in more than 90% of HNSCC cases and in most in vivo models 

(38). Similar upregulation in the proliferation marker Ki-67, the pro-survival markers bcl-2 

and bcl-xl, the metalloproteinase 9 (MMP9), and the transcription factor nuclear factor-

kappa B (Nf-κb)(39–41), which are common HNSCC cancer progression and associated 

markers were found to be upregulated in our model.. Furthermore, the transcriptional 

repressor Id1 was found to be upregulated in our injection protocol tumors. Id1 is 

negatively regulated downstream of TGF-β signaling, thus deletion of Tgfβr1 can cause 

the overexpression of this gene which inactivates the tumor suppressor TP53 (42). TP53 has 

been found to mediate senescence based on constitutive Akt activity due to PTEN deletion, 

which we confirmed with high levels of phospho-Akt in the tumors of our mice (43). 

Senescence in these carcinomas can also be subverted by the inactivation of any member 

of the p19-p53-p21 pathway, which also work on suppressing the activity of TP53 (44, 45). 

Our data further confirms the important role Id1 plays in the escape from senescence, which 

ultimately result in HNSCC tumor development. However, we did not observe a significant 

upregulation of cyclin D1 (CCND1), which is commonly found to be increased in human 

and in other mouse models of HNSCC (17, 46). Further exploration of this observation 

is needed, although other mechanisms associated with the NF-κB signaling pathway may 

promote HNSCC development and progression in this model(47).

CD4+ and CD8+ T and NK cells, are the major effector cells in anti-tumoral cell mediated 

immunity. CD8+ T-cell and NK cell infiltration into the HNSCC tumor microenvironment 

are essential to promote cancer cell cytotoxicity and are crucial to the success of immune 

checkpoint inhibitors currently used in HNSCC treatment (48). Our immunological analysis 

of tumor draining lymph nodes from tumor bearing Tgfβr1/Pten 2cKO mice showed CD8+ 
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T-cells expressing higher levels of IFNγ, TNF-α, and the cytotoxic enzyme perforin, while 

expressing lower levels of the immuno suppressive cytokine IL-10 (49). We also observed 

a greater level of TNF-α producing CD4+ T-cells, suggesting a Th1 antitumoral phenotype 

in response to HNSCC tumors (50). Furthermore, increased levels of CTLA-4 expressing 

T-cells (likely Tregs) were observed in draining lymph nodes of tumor bearing Tgfβr1/Pten 
2cKO mice which suggests the development of tumor immune escape mechanisms that are 

typical in patients with HNSCC. The immune response changes were observed in the tumor 

draining lymph nodes rather than the spleen, indicating a localized immune response to 

these tumors.

To further demonstrate the utilization of the Tgfβr1/Pten 2cKO model for 

HNSCC chemoprevention studies, we explored mechanisms of HNSCC inhibition by 

chemopreventive agents in BRB. BRB has been shown to be effective in reducing tumor 

burdens in oral and aerodigestive cancers. A BRB gel administration resulted in histologic 

regression and statistically significant reduction in biomarkers of cancer progression (51–

53). Our group has previously showed that BRBs modulate Treg and cytotoxic T-cell 

activity, proinflammatory, glucocorticoid signaling, apoptotic, angiogenic and cell cycle 

related pathways during HNSCCs chemoprevention, using the 4NQO carcinogen induced 

model and in vitro experiments (32, 34, 54, 55). Others have also demonstrated similar 

mechanisms of BRB mediated chemoprevention in other cancers, including esophageal, 

colorectal, and cervical cancers (56–59). Tgfβr1/Pten 2cKO mice fed BRB supplemented 

diet displayed lower tumor volumes and tongue widths compared to mice receiving a 

control diet, further supporting chemopreventive ability of BRBs against HNSCCs. BRBs 

contain numerous bioactive compounds, and the immunological, cellular and biochemical 

mechanisms underlying BRB mediated HNSCC chemoprevention are not completely 

understood. Increased recruitment of tumor infiltrating lymphocytes (TILs) to HNSCC 

tumor microenvironments often correlate with better prognosis and response to treatment 

(60). BRB diet administration increased the recruitment of TILs to the HNSCC tumor 

microenvironment. BRB also increased the frequency of IFN-γ and IL-2 producing CD4+ T-

cells in HNSCC tumors, cytokines which promote T cell expansion, macrophage activation 

and cytotoxic CD8+ T-cell activation, which are essential to creating an antitumoral 

microenvironment (61–63). Increased TNF- α production by CD8+ T-cells of Tgfβr1/Pten 
2cKO mice fed BRB diet promotes tumor cell cytotoxicity (64), and increased survival 

outcomes in HNSCC(65, 66). Similar to observations in 4NQO induced mouse model of 

HNSCC, we demonstrated that that dietary administration of BRB promotes granzyme 

B production by CD8+ T-cells in the tumor microenvironment of Tgfβr1/Pten 2cKO 

mice(32). These results along with previous reports by our group, indicate an important 

antitumoral immunomodulatory role of BRB bioactive compounds in HNSCC tumors driven 

by deregulated PI3K/Akt and TGF-β signaling.

In conclusion, we have developed an optimized protocol for development of easily 

quantifiable HNSCC tumors using Tgfβr1/Pten 2cKO mice. The intralingual tamoxifen 

injection regimen facilitates the localization of HNSCC tumors, allows for easier 

quantification, and significantly shortens the experimental timeline. Our analysis of 

HNSCCs associated biomarkers demonstrates that this approach recapitulates the 

pathological and molecular characteristics of human HNSCC and other in vivo HNSCC 
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models. We observed the presence of lymph node metastasis and characterized the immune 

response associated with HNSCC tumors associated with defective PI3K/Akt and TGF-β 
signaling. Furthermore, using this model, we showed that dietary BRB administration 

promotes an antitumoral microenvironment characterized by IFN-γ and IL-2 producing 

CD4+ T-cells, and TNF- α and Granzyme B producing CD8+ T cells in HNSCC tumors. 

Future studies will utilize this model to characterize mechanisms of cancer inhibition by 

chemopreventive or immunotherapeutic agents in HNSCCs initiated by alterations in the 

TGF-β and PI3K/Akt pathways.
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Figure 1: Characterization of tamoxifen injected inducible PTEN and TGFβ-R1 knockout 
mouse:
(A) Strategy for generating Tgfβr1/Pten 2cKO mice by sequential breeding of of 

Tgfβr1flox/flox, Pten flox/flox, and K14-CreERtam mice. HNSCC is induced by intralingual 

injections of tamoxifen. (B) PCR genotyping of Tgfβr1/Pten 2cKO mice using Tgfbr1, Pten 

and K14Cre primers. Respective bands show homozygous floxed (fl/fl) alleles, wild type 

(+/+) or heterozygous (fl/+) Pten and Tgfβ-r1 genes, and presence (+/0) or absence (-/0) 

of the Cre transgene. (C) Gene expression of Pten and Tgfβ-r1 in tongues of Tgfβr1/Pten 
2cKO mice exposed to tamoxifen (Tamx+) or vehicle control (Tamx-) as determined by 

RT-qPCR. (D) Representative immunoblots and graphical quantification of Pten, Tgfbr1, and 

Gapdh protein levels in tongues of Tamx+ and Tamx- mice as determined by western blot. 

(E) Representative immunohistochemistry images of tongue tissues (Tamx-) and tumors 

(Tamx+) of Tgfβr1/Pten 2cKO mice stained with Pten and Tgfbr1 antibodies. Data are 

presented as mean ± SE *** P-value <0.001; **** P-value <0.0001.
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Figure 2: Optimization of injection protocol for induction of HNSCC in Tgfβr1/Pten 2cKO mice:
(A) Schema of the three intralingual tamoxifen injection regimens tested in Tgfβr1/Pten 
2cKO mice. (B) Counts of tongue tumors and quantification of tumor volumes from Tgfβr1/
Pten 2cKO mice treated with tamoxifen injection regimens at terminal sacrifice. (C-D) 
(C)Representative images of Tgfβr1/Pten 2cKO mouse tongues and (D) representative 

H&E-stained images of tongue epithelial tissue from Tgfβr1/Pten 2cKO mice treated with 

different tamoxifen injection regimens or vehicle controls. Tamx-: untreated Tgfβr1/Pten 
2cKO mice. Vehicle: Tgfβr1/Pten 2cKO mice injected with corn oil vehicle. Tamx+ Cre 

-: Tgfβr1flox/flox, Pten flox/flox, K14Cre- (Cre negative control) mice injected with 500 µg 

tamoxifen. Tamx+ (A) Tgfβr1/Pten 2cKO mice injected with 500 µg of tamoxifen for 

3 intralingual injections, Tamx+ (B): Tgfβr1/Pten 2cKO mice injected with 500 µg of 

tamoxifen for 4 intralingual injections, Tamx+ (C): Tgfβr1/Pten 2cKO mice injected with 

1000 µg of tamoxifen for 3 intralingual injections. Tumors are shown with black dotted 

circles.
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Figure 3: Molecular characterization of HNSCC tumor development, progression, and 
metastasis in Tgfβr1/Pten 2cKO mice:
(A) Gene expression of Ccnd1, Id1, Bcl2, Bcl-xl, Egfr, Ki-67, Mmp9, and Nf-κb at primary 

tumors or tongue tissues of tumor bearing (cancer+) and non tumor bearing (cancer-) 

Tgfβr1/Pten 2cKO mice as determined by RT-qPCR. (B) Representative Western blot 

images and graphical quantification of phospho-AKT, NF-κB, BCL2, and GAPDH protein 

levels in tongues of tumor bearing (cancer+) and non-tumor bearing (cancer-) mice. (C) 
Representative immunohistochemistry images of primary tumors or tongue tissues of tumor 

bearing (cancer+) and non tumor bearing (cancer-) Tgfβr1/Pten 2cKO mice stained with 

KI-67 antibody. Bar graphs depict regions of positive staining taken from at least three fields 

with N = 4–7 animals per group.

(D) Representative H&E and immunohistochemistry (pan-cytokeratin) images of tumor 

draining lymph nodes of tumor bearing (cancer+) and non tumor bearing (cancer-) Tgfβr1/
Pten 2cKO mice. Bar graphs depict regions of pan-cytokeratin positive staining taken from 

at least three fields with N = 4–5 animals per group. Data are presented as mean ± SE * 

P-value < 0.05; ** P-value < 0.01; *** P-value <0.001; **** P-value <0.0001.

Lamenza et al. Page 17

Cancer Gene Ther. Author manuscript; available in PMC 2024 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Lymphoid cell populations in HNSCC tumor bearing Tgfβr1/Pten 2cKO mice:
(A) Representative immunohistochemistry images of CD8 staining in spleen and tongue of 

non tumor bearing mice (cancer-) and spleen and tumor of tumor bearing mice (cancer+). 

Black arrows indicate the presence of positive stained cells in tumor images. (B-C). 
Representative flow cytometry plots and graphs showing percentages of (B) CD4+, CD8+, 

and (C) NK cells (CD3- CD49b+) in tumor draining lymph nodes (LN) and spleens (SP) 

of tumor bearing (cancer+) and non tumor bearing (cancer-) Tgfβr1/Pten 2cKO mice (D-G) 
Representative flow cytometry plots and graphs depicting percentages of (D) CTLA4+, (E) 
PD-1+, (F) LAG-3+, and (G) TIGIT+ expressing CD4+ and CD8+ T cell populations in 

lymph nodes (LN) and spleens (SP) of tumor bearing (cancer+) and non tumor bearing 

(cancer-) Tgfβr1/Pten 2cKO mice. Data are presented as mean ± SE # P-value < 0.1, * 

P-value < 0.05; ** P-value < 0.01.
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Figure 5: Cytokine, Perforin and Granzyme B production in lymphoid cell populations in 
HNSCC tumor bearing Tgfβr1/Pten 2cKO mice:
A-F. Representative flow cytometry plots and bar graphs showing average percentage of 

(A) IFNγ+, (B) TNF-α+, (C) IL-2+, (D) IL-10+, (E) perforin+, and (F) granzyme B+ 

producing CD8+, CD4+, and NK cell populations, in tumor draining lymph nodes (LN) and 

spleens (SP) of tumor bearing (cancer+) and non tumor bearing (cancer-) Tgfβr1/Pten 2cKO 

mice. Mouse groups include 6 tumor bearing mice and 7 non tumor bearing mice. Data are 

presented as mean ± SE # P-value < 0.1, * P-value < 0.05; ** P-value < 0.01; *** P-value 

<0.001.
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Figure 6: Black raspberry diet reduces HNSCC tumor burdens of mice with PTEN and TGFβ-
R1 deletion:
(A) Schema of HNSCC induction and dietary chemoprevention with BRB in Tgfβr1/Pten 
2cKO mice. Mice were fed control or BRB supplemented diet 3 weeks prior to HNSCC 

induction via intralingual tamoxifen injection and continued throughout the duration of 

the study. (B) Tumor progression in HNSCC induced Tgfβr1/Pten 2cKO mice fed control 

or BRB supplemented diet as determined by mouse tongue width measurements. (C) 
Tumor volumes in tongues of HNSCC induced Tgfβr1/Pten 2cKO mice fed control or 

BRB supplemented diet at terminal sacrifice. (D) Representative images of mouse tongues 

of HNSCC induced Tgfβr1/Pten 2cKO mice fed control or BRB supplemented diet. (E) 
Representative H&E-stained tongue images of control Tgfβr1/Pten 2cKO mice, HNSCC 

induced Tgfβr1/Pten 2cKO mice fed control or BRB supplemented diet. Normal tongues of 

control Tgfβr1/Pten 2cKO mice without tamoxifen injection (Tamx-) are also shown. Data 

are presented as mean ± SE * P-value < 0.05; ** P-value < 0.01.
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Figure 7: Dietary BRB administration promotes T cell infiltration to the tumor 
microenvironment:
(A-B) Representative flow cytometry plots and bar graphs depicting average percentage of 

(A) CD4+, CD8+ T cells, and (B) NK cells (CD3- CD49b+) in tumors (TM) and tumor 

draining lymph nodes (LN) of HNSCC induced Tgfβr1/Pten 2cKO mice fed control or 

BRB supplemented diet. (C-F) Representative flow cytometry plots and bar graphs showing 

average percentage of (C) IFNγ+, (D) IL-2+, (E) TNF-α+, and (F) IL-10+ producing 

CD4+, CD8+ T cells and NK cells, in tumors (TM) and tumor draining lymph nodes (LN) 

of HNSCC induced Tgfβr1/Pten 2cKO mice fed control or BRB supplemented diet. Data are 

presented as mean ± SE * P-value < 0.05; ** P-value < 0.01.
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Figure 8: Dietary BRB administration stimulates anti-tumoral CD8+ cytotoxic T cell activity in 
HNSCC induced Tgfβr1/Pten 2cKO mice.
(A-B) Representative flow cytometry plots and bar graphs showing average percentage 

of (A) granzyme B, (B) perforin producing CD8+, CD4+ T cells, and NK cells in 

tumors (TM) and tumor draining lymph nodes (LN) of HNSCC induced Tgfβr1/Pten 
2cKO mice fed control or BRB supplemented diet. (C) Representative immunofluorescence 

staining of tongue tumors of HNSCC induced Tgfβr1/Pten 2cKO mice fed control or BRB 

supplemented diet, Tissues were stained with DAPI (blue), CD8 (red), granzyme B (green). 

Composite image is also shown. (D) Bar graphs depicting average Granzyme B+ producing 

cells and Granzyme B producing CD8+ T cells based on immunofluorescence images. 

Quantification of graphical images were taken from at least three fields with N = 8–9 

animals per group. Data are presented as mean ± SE # P-value < 0.1, * P-value < 0.05; ** 

P-value < 0.01.
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