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Abstract: Oral squamous cell carcinoma (OSCC) are aggressive cancers that contribute to significant
morbidity and mortality in humans. Although numerous human xenograft models of OSCC have
been developed, only a few syngeneic models of OSCC exist. Here, we report on a novel murine
model of OSCC, RP-MOC1, derived from a tongue tumor in a C57Bl/6 mouse exposed to the
carcinogen 4-nitroquinoline-1-oxide. Phenotypic characterization and credentialing (STR profiling,
exome sequencing) of RP-MOC1 cells was performed in vitro. Radiosensitivity was evaluated in
2D culture, 3D organoids, and in vivo using orthotopic allografts. RP-MOC1 cells exhibited a stable
epithelial phenotype with proliferative, migratory and invasive properties. Exome sequencing
identified several mutations commonly found in OSCC patients. The LD50 for RP-MOC1 cells in 2D
culture and 3D organoids was found to be 2.4 Gy and 12.6 Gy, respectively. Orthotopic RP-MOC1
tumors were pan-cytokeratin+ and Ki-67+. Magnetic resonance imaging of orthotopic RP-MOC1
tumors established in immunocompetent mice revealed marked growth inhibition following 10 Gy
and 15 Gy fractionated radiation regimens. This radiation response was completely abolished in
tumors established in immunodeficient mice. This novel syngeneic model of OSCC can serve as a
valuable platform for the evaluation of combination strategies to enhance radiation response against
this deadly disease.

Keywords: oral cancer; squamous cell carcinoma; radiation therapy; organoids; orthotopic OSCC;
magnetic resonance imaging

1. Introduction

Oral cancers are a major cause of morbidity and mortality worldwide with more than 90% of these
cancers diagnosed histologically as oral squamous cell carcinoma (OSCC) [1]. Globally, approximately
350,000 of patients are diagnosed with OSCC resulting in more than 150,000 deaths every year [2].
Chronic exposure of the oral epithelium to carcinogens such as alcohol and tobacco are the major risk
factors for development of OSCC [1–3]. Radiation therapy is an integral part of the management of
patients with OSCC [4]. Significant advancements in radiation delivery methods have led to improved
outcomes in patients but resistance to radiation remains a clinical problem [5,6].

The development of clinically relevant animal models of OSCC is an essential first step in the
examination of novel strategies that could enhance radiotherapeutic efficacy against this debilitating
disease. In this regard, numerous human tumor xenograft models of OSCC have been employed to
examine the effects of radiotherapy in vivo [7–9]. However, the need for an immunodeficient host
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limits the utility of these models for radiation studies. While genetically engineered mouse models
are useful in delineating the role of specific drivers of oral carcinogenesis, these models can exhibit
variable penetrance and disease kinetics [10,11]. Alternatively, rodent models of OSCC based on
chronic exposure of animals to chemical carcinogens such as 4-nitroquinoline-oxide (4NQO) have
been developed and utilized for experimental studies [12,13]. 4NQO is a water-soluble chemical
that leads to the malignant transformation and development of invasive cancer through intracellular
oxidative stress and the formation of DNA adducts [14,15]. Studies by us and others have shown
that 4NQO-induced tumors share histopathologic and molecular features of human OSCC and the
model can serve as a useful platform to investigate the activity of chemopreventive agents against
the spectrum of oral carcinogenesis [16–18]. Although disease progression in this model can be
accelerated by simultaneous treatment with tumor promoters (e.g., ethanol), the requirement of
chronic administration of the carcinogen (16–26 weeks) limits the widespread use of this model for
therapeutic studies [19]. Considering the time-consuming nature of carcinogen-induced models and the
paucity of immunocompetent murine models of OSCC, there has been increased interest in developing
immunocompetent mouse models of OSCC. Nagaya et al. have previously developed murine OSCC
models with varying immunogenicity to demonstrate the therapeutic potential of photoimmunotherapy
targeting the stem cell marker CD44 [20]. Recently, Chen et al. have recently developed and examined
the response of murine OSCC lines to chemotherapy and immune therapy [21,22]. Despite the
well-documented two-way interaction between the immune system and radiation therapy [23–25], only
a few studies have examined the effects of radiation against OSCC in immunocompetent hosts [26,27].
Given the paucity of syngeneic models of OSCC and the limited literature on the radiation response in
these models, in the present study, we developed and credentialed the radiation response of a novel
murine model of OSCC, RP-MOC1, derived from a tongue tumor in a C57BL/6NCr mouse exposed
to 4NQO. The response of RP-MOC1 to radiation was evaluated in 2D cell culture, 3D organoids
and in vivo using orthotopic allografts established in immunocompetent and immunodeficient hosts.
Our results highlight the potential utility of this model as a platform for evaluation of combination
strategies to enhance radiation response against OSCC.

2. Results

2.1. Generation and Credentialing of RP-MOC1

The workflow for generation of RP-MOC1 cells is shown schematically in Figure 1A. A clinically
visible exophytic lesion on the tongue of a C57Bl/6 mouse exposed to the carcinogen 4NQO in drinking
water for 16 weeks was transplanted subcutaneously into a recipient mouse. The established tumor was
excised, and a portion of the tumor was also placed in formalin fixative for histopathologic evaluation.
The remaining tissue was digested and seeded as a monolayer. Cultured cells were sorted using flow
cytometry based on expression of the stem cell marker (CD44) and epithelial cell adhesion molecule,
EpCAM (CD326). Post sort analyses showed co-expression of the two markers in 98.2% of the cells
(Figure 1B).

Microscopic evaluation of these cells (named as RP-MOC1) revealed polygonal shaped cells
with a cobblestone morphology, characteristic of OSCC (Figure 1C). Species specific PCR evaluation
confirmed the murine origin of the cells with no mammalian interspecies contamination (Table S1).
Short tandem repeat (STR) profiling of RP-MOC1 cells confirmed a genetic profile identical to C57Bl/6
mouse strain consistent with the origin of the cells (Table S2). The growth curve of RP-MOC1 cells
over a five-day period showed a typical “S” shape with a calculated doubling time of 37.6 ± 2.4 h
(Figure 1D).

The in vitro behavior of RP-MOC1 cells was studied using wound healing, migration, and invasion
assays. The wound healing assay showed the ability of RP-MOC1 cells to migrate with a near complete
wound closure seen by 48 h (Figure 1E). Quantitative analyses using the transwell migration assay
showed ~7-fold increase (p = 0.006) in the motility of these cells from 11.42 ± 1.46 cells (at 12 h)
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to 75.67 ± 11.68 cells (at 24 h) (Figure 1F). A three-fold increase (p = 0.049) in the number of cells
invading through the matrigel coated transwell chamber by 24 h (189.9 ± 44.19 cells) compared to 12 h
(60.21 ± 14.82 cells) (Figure 1G).
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Figure 1. Establishment and in vitro behavior of the RP-MOC1 OSCC model. (A) Schematic shows
workflow for generation of the RP-MOC1 cell line. Donor tongue tissue from a C57BL/6NCr mouse
exposed to 4NQO in the drinking water for 16 weeks was initially transplanted subcutaneously to
establish an allograft. The established tumor was subsequently excised, digested with collagenase and
seeded in a petri dish. (B) Flow cytometry was used to sort cells co-expressing the stem cell marker
(CD44) and epithelial cell adhesion molecule, EpCAM (CD326). (C) Microscopic image of RP-MOC1
showing characteristic cobblestone morphology with anisocytosis and cellular pleomorphism. Image
was acquired at 20× magnification. (D) Growth curve of RP-MOC1 cells over a 5-day period. The
doubling time for this cell line based on MTT was determined to be 37.6 ± 2.4 h. (E) Wound healing
assay. Images of RP-MOC1 cells at 0 h and at 48 h are shown. The image at 48 h illustrates near
complete wound closure due to migration of tumor cells. Images were acquired at 4×magnification.
Scale bar: 500 µm. Bar graphs showing increase in the number of migrated cells (F) and invasive cells
(G) between 12 h to 24 h. Data is reported as mean ± SEM and from two independent experiments. (ns,
no significance; * p < 0.05; ** p < 0.01).

2.2. RP-MOC1 Cells Harbor Genetic Alterations Similar to Human Head and Neck Cancer

We performed exome sequencing at a depth of 20× and 30×, with 88% and 74% of targeted regions
covered, respectively. The data were mapped to mm10 genome (reference strain C57BL/6NCr) and
GENCODE GRCm38.75 annotation (gene set). Following filtration and alignment with GATK 3.5 against
the reference genome, we found that the coding regions of RP-MOC1 genomes contained of 3404 single
nucleotide variations (SNVs) and 146 small insertions and deletions (INDEL) (Supplementary File 1).
Out of 3404 SNVs, 1727 (50%) missense variants were observed. The majority of the SNP variants found
were G>T transversion (30.8%) followed by C>A transversion (28.6%). We compared the filtered SNVs
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against the mutation landscape of human head and neck SCC (http://www.cbioportal.org/public-portal/).
The results showed that mutations of TP53, NFE2L2, CSMD3, STEAP4, UNC13C and NOTCH2 were
found in the Single Nucleotide Polymorphism database (dbSNP) (Table S3). There were also 33
frameshift variants (22.6%) observed from the 146 INDELs (Supplementary File 1). Out of 1727 SNPs,
32 genes were found to associated with epithelial mesenchymal transition (Supplementary File 2).

2.3. Radiation Response of RP-MOC1 Cells in 2D Culture and as 3D Organoids

Next, we examined the response of RP-MOC1 cells to radiation in vitro. We exposed RP-MOC1
cells in 2D culture to increasing doses of radiation (0–10 Gy) and evaluated the response using the
colony forming assay. At fifteen days post radiation, a 20%–100% reduction in colony formation
was observed with increasing radiation dose from 1 to 10 Gy compared to controls (Figure 2A). The
radiation dose to achieve 50% of cell death was 2.4 ± 0.48 Gy (Figure 2B). We also examined the
response RP-MOC1 organoids to radiation (dose range 1–20 Gy). The morphology of the organoids was
evaluated at 7 days post radiation treatment. Size (diameter measured in pixels) of the organoids was
measured from bright field microscopic images (Figure 2C). The radiation response curves of RP-MOC1
organoid culture showed the lethal dose (LD50) mean value of 12.61 ± 1.22 Gy (Figure 2D). Compared to
control (102.3 ± 6.37), 20 Gy radiation resulted in a significant reduction in size (52.88 ± 7.25) reflective
of growth inhibition (p = 0.004). The difference in diameter between control and 10 Gy radiation
(70 ± 15.18) was not statistically significant (p = 0.05).
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Figure 2. Radiation response of RP-MOC1 in 2D culture and 3D organoids. (A) Digital photographs
of crystal violet stained RP-MOC1 cells on day 15 post radiation compared control. Radiation dose
response curves of RP-MOC1 cells in 2D (B) RP-MOC1 organoids (C). Bright field microscopy images (D)
of RP-MOC1 organoids showing a reduction in size post radiation. Data are expressed as mean ± SEM.
Image was acquired at 20×magnification.

2.4. Histopathologic Credentialing of RP-MOC1 Tumors

We performed histopathologic evaluation of the initial subcutaneous tumor and subsequent
orthotopic allografts. In addition to hematoxylin and eosin (H&E) staining, tumor sections were
immunostained for cytokeratin (Pan-CK), the proliferation marker, Ki-67, the epithelial marker,
E-cadherin, and the mesenchymal marker, vimentin.

Representative photomicrographs of H&E and immunostained sections of the initial subcutaneous
tumor and subsequent orthotopic RP-MOC1 tumors are shown in Figure 3. Hematoxylin and
eosin (H&E) stained sections showed invasive keratinizing moderately differentiated squamous cell
carcinoma. The tumor cells showed vesicular to hyperchromatic nuclei with abundant eosinophilic
cytoplasm and indistinct cellular outlines. Quantification of Ki-67 staining based on H-score did not
reveal a significant difference (p > 0.05) in the proliferation index between subcutaneous (223 ± 56) and

http://www.cbioportal.org/public-portal/
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orthotopic (301 ± 49) tumors. The connective tissues expressed positive staining of vimentin compared
to epithelial SCC cells in the initial subcutaneous tumor and orthotopic tumor grafts.
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Figure 3. Histopathologic credentialing of RP-MOC1 tumors. Photomicrographs of histology
and immunohistochemical staining of tumor sections from the initial subcutaneous tumor and the
subsequent orthotopic tumor are shown. Hematoxylin and eosin (H&E) stained sections showed
invasive keratinizing moderately differentiated squamous cell carcinoma. Image was acquired at 20×
magnification. Scale bar: 100 µm. Immunostaining for cytokeratin (Pan-CK) and Ki-67 showed positive
staining on the membrane and nuclear staining of the epithelial cells. Immunostaining for E-cadherin
and vimentin showed negative staining on the membrane and cytoplasm stain of the epithelial cells.
Images were acquired at 20×magnification. Scale bar: 100 µm.

2.5. Radiation Response of Orthotopic RP-MOC1 Tumors in Immunocompetent and Immunodeficient Hosts

Building on the in vitro observations, we examined the response of orthotopic RP-MOC1 tumors
to radiation in vivo. Non-invasive magnetic resonance imaging (MRI) was performed once every 3–4
days post implantation to assess tumor growth and response to radiation.

Tumor-bearing albino C57Bl/6 mice were assigned to control or radiation groups ~10 days post
tumor inoculation. Animals in the radiation arm received 10 Gy (5 daily fractions of 2 Gy) or 15 Gy (5
daily fractions of 3 Gy). The panel of images shown in Figure 4A represent axial T2-weighted images
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tumor bearing mice over a 30-day period. Tumor volumes were calculated from multi-slice T2-weighted
images (Figure 4B,C). As evident from the images and the quantitative assessment, significant inhibition
of tumor growth was seen with radiation at both doses compared to untreated controls. No significant
difference in tumor volume was observed between 10 Gy and 15 Gy radiation exposure. Individual
tumor growth curves illustrate the heterogeneity in response to radiation (Figure 4C). A gradual
reduction in body weight associated with tumor growth was seen during the study period (Figure 4D).
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Figure 4. Radiation response of orthotopic RP-MOC1 tumors in immunocompetent mice. (A) Panel
of images represents axial T2-weighted images of albino C57Bl/6 mice bearing orthotopic RP-MOC1
tumors during a 30-day monitoring period. Longitudinal MRI was performed once every 3–4 days
during this period to assess tumor growth and response to radiation. Individual (B) and grouped (C)
tumor growth curves based on MR-based tumor volume measurements obtained for animals in the
control and radiation groups are shown. (D) Body weight measurements of animals in all three groups
did not reveal any evidence of radiation toxicity. A gradual reduction in body weight associated with
tumor growth was seen during the observation period.

Comparative evaluation of the radiation response of RP-MOC1 tumors in immunodeficient mice
(Figure 5) revealed no evidence of tumor growth inhibition following radiation treatment at both
doses. The panel of images shown in Figure 5A represent T2-weighted images of SCID mice bearing
orthotopic RP-MOC1 tumors over a two-week monitoring period. Grouped (Figure 5B) and individual
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(Figure 5C) MR-based tumor volume measurements for animals in the control and radiation groups
are also shown. No difference in tumor volume was observed between control and radiated animals,
highlighting the role of the immune system in tumor response to radiation.
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Figure 5. Radiation response of orthotopic RP-MOC1 tumors in SCID mice. (A) Panel of images
represent axial T2-weighted images of SCID mice bearing orthotopic RP-MOC1 tumors over a 2-week
monitoring period. Individual (B) and grouped (C) tumor growth curves based on MR-based tumor
volume measurements obtained for animals in the control and radiation groups are shown. (D) Body
weight measurements of animals in all three groups.

3. Discussion

The translation of basic research into improved therapies for head and neck cancer patients will
require the development of clinically relevant animal models that can capture the complex interactions
between the tumor and the host. In the present study, we report on the establishment, cellular, genetic,
and histopathologic credentialing of a new immunocompetent mouse model of OSCC. Our results
illustrate the potential translational utility of this novel model as a valuable platform for the conduct of
imaging-guided preclinical radiation trials against OSCC.

To generate the OSCC cell line, donor tongue tissue from a 4NQO exposed mouse was stained
for the cancer stem cell marker, CD44 and the membrane glycoprotein, EpCAM and subsequently
sorted using flow cytometry. These markers are highly expressed in OSCC and have been associated
with an invasive and proliferative phenotype [28,29]. Mutational profiling of the cell line revealed
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a characteristic tobacco-associated signature (C:G > A:T transversions) that has been reported in
smokers [30,31]. Exome sequencing revealed that RP-MOC1 cells harbor common somatic mutations
of TP53, NFE2L2, CSMD3, STEAP4, UNC13C and NOTCH2 similar to human head and neck cancer. In
addition to mutation of the bonafide tumor suppressor, TP53, we identified SNP missense mutation in
NFE2L2, the loss of which reflects dysregulated oxidative stress [32,33]. STEAP4 is a metalloreductase
known for its role in cell proliferation and metabolism that has been shown to be overexpressed
in OSCC [34]. While UNC13C and STEAP4 mutations have been found human head and neck
cancers, their role in oral carcinogenesis remains unclear. Similarly, deletion of CSMD1 gene has been
associated with lymph node metastasis and poor prognosis in several cancers and is seen commonly
in smokers [35]. We detected the less common NOTCH2 mutation in RP-MOC1 cells. Hijoka et
al. have previously shown NOTCH2 overexpression in OSCC compared to normal oral mucosa,
highlighting its potential role in oral tumorigenesis [36]. GSEA pathway analysis of SNP variant genes
revealed association with epithelial-to-mesenchymal transition (EMT) consistent with the proliferative,
migratory and invasive phenotype of RP-MOC1 cells in vitro.

Radiation therapy remains an integral part of standard of care for head and neck cancer
patients [4,37]. We therefore examined the radiation response of RP-MOC1 cells in 2D and 3D
organoid cultures. The LD50 for RP-MOC1 cells in 2D culture was 2 Gy (single dose) while 3D
organoid cultures exhibited a higher LD50. Our observations are consistent with a previous study by
Storch et al. [38] in which 3D cultures of head and neck and lung cancers exhibited reduced DNA double
strand breaks and increased survival as a result of cell–cell and cell–matrix interactions [39]. Building
on the in vitro observations, we investigated the histology, growth kinetics and response of our model
in vivo. Consistent with the proliferative and invasive phenotype observed in vitro, RP-MOC1 tumors
grew orthotopically in the floor of the mouth and demonstrated invasive squamous histology with
positive immunostaining for pan-cytokeratin and Ki67. In vivo radiation response studies performed
in orthotopic RP-MOC1 tumors established in immunocompetent C57Bl/6 showed significant tumor
growth inhibition on MRI examination following 10 Gy and 15 Gy fractionated radiation regimens.
Given the well-recognized immune-mediated effects of radiation, we examined the radiation response
of RP-MOC1 tumors in immunodeficient mice. Non-invasive MRI showed no evidence of antitumor
response with the two regimens in SCID mice. This observation is consistent with a previous work by
Liang et al. on the role of host immune responses in tumor response to radiation [40]. In the study,
Liang and colleagues demonstrated prolonged stable responses or partial responses as a result of both
tumor cell proliferation and immune cell infiltration resulting in ‘radiation-induced tumor equilibrium’.
Consistent with our observations, the study demonstrated a complete lack of radiotherapeutic efficacy
in SCID mice compared to immunocompetent BALB/c mice.

Our observations should be interpreted in the context of the limitations of our study. While
preclinical models are essential tools for cancer research, no experimental tumor model can fully
recapitulate the disease characteristics seen in OSCC patients. Syngeneic models enable conduct of
studies in immunocompetent hosts. However, the murine origin of the tumors needs to be considered.
The observed radiation response in our model system may not directly reflect the sensitivity of human
OSCC to radiation. In this regard, we have previously examined the radiation response of patient
derived xenograft (PDX) models of OSCC [9]. However, human tumor xenograft models necessitate the
use of immunodeficient hosts. While our orthotopic tumor model recapitulates the aggressive growth
characteristics of the disease, the stromal and vascular components in syngeneic models and human
tumor xenograft models are of murine origin. Indeed, no animal model can fully recapitulate human
tumors in terms of their biology or therapeutic response. Oral cancers represent a heterogeneous
group of neoplasms with varying biological behavior. In our study, we successfully established and
credentialed the response of one sub type of these cancers, namely, tongue cancer. We therefore
submit that preclinical investigation into strategies aimed at sensitizing tumors to radiation should
include systematic evaluation in syngeneic murine models and human OSCC xenograft models that
account for the biological heterogeneity of this patient population. In this regard, our 3D organoid
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platform could be used as a first step for in vitro screening of potential ‘radiosensitizers’ prior to in vivo
evaluation. Our in vivo orthotopic model could also serve as a valuable tool to examine the activity of
novel immunotherapeutic strategies against this disease. While immune checkpoint inhibitors have
recently received approval for clinical use in head and neck cancer patients [41], the optimal dose,
schedule and sequence of combining checkpoint inhibitors with standard of care chemoradiation
regimens is still unclear [42,43]. As such, several ongoing trials are investigating the combination
of these immune-oncology agents with chemotherapy, radiation and targeted therapies [43]. Given
the costs associated with large scale randomized trials, our model could be useful in the conduct of
imaging-guided preclinical trials of these immunomodulatory agents with radiation. The model could
also be used to understand mechanisms of resistance to radiation and immune checkpoint inhibitors.
To address some of these questions, we have begun developing additional murine OSCC lines and will
report on our findings in the future.

4. Materials and Methods

4.1. Establishment of the RP-MOC1 Cell Line and Culture Conditions

To induce oral lesions, female C57BL/6NCr mice (Charles River, Wilmington, MA, USA) were
exposed to the carcinogen 4NQO (Sigma-Aldrich, St. Louis, MO, USA) in drinking water for 16 weeks.
An exophytic tongue lesion from a donor mouse was transplanted subcutaneously into a naïve
recipient animal. When the resultant tumor reached a volume of ~200 mm3, the tissue was excised,
enzymatically dissociated and digested in DMEM 1×media containing 1% of penicillin-streptomycin
(Life Technologies, Carlsbad, CA, USA), and 5 mg/mL of collagenase type IV (Life Technologies) for 3 h.
After digestion, the cells were trypsinized and washed with cell culture media consisting of DMEM
1×with 10% fetal bovine serum and 1% penicillin-streptomycin (Life Technologies). Finally, the cells
were filtered through a 40 µm cell strainer and the cell suspension was seeded in culture flask with cell
culture media at 37 ◦C, 5% CO2 for 7 days prior to cell sorting using flow cytometry.

4.2. Fluorescence Activated Cell Sorting (FACS)

One million cells were labeled with a cocktail of antibodies containing CD44 BV421 (clone IM7,
BD Biosciences, San Jose, CA, USA) and CD326 PE (clone G8.8, BD Biosciences, San Jose, CA, USA) for
30 min at 4 ◦C. Isotype BV421 (Rat IgG2b, κ; BD Biosciences) and isotype PE (IgG2a, κ; BD Biosciences,
San Jose, CA, USA) were used as controls to determine the separation between positive and negative
cells. Compensation was performed using single cells labeled with appropriate CD44 BV421 (clone
IM7, BD Biosciences) and CD326 PE (clone G8.8, BD Biosciences, San Jose, CA, USA), respectively.
Epithelial cells, defined by their positive epithelial cell adhesion molecule (CD326; EpCAM) and CD44
expression were sorted (FACS ARIA, BD Biosciences, San Jose, CA, USA) and a minimum of 500,000
cells were collected. Sorted cells were cultured immediately in cell culture media at 37 ◦C, 5% CO2.
Flow data were analyzed using FCS Express 6.0 (De Novo Software, Pasadena, CA, USA).

4.3. Authentication and IMPACT Testing of RP-MOC1

To verify the species origin and mycoplasma contamination of RP-MOC1, the cells were sent
to IDEXX Laboratories, Minnesota, USA for STR DNA fingerprinting and PCR species evaluation
performed using the CellCheckTM Mouse kit.

4.4. Exome Sequencing

Genomic DNA was prepared from RP-MOC1 cells in culture (Qiagen DNeasy Blood & Tissue
Kit, Hilden, Germany) and subjected into Illumina libraries according to the manufacturer’s protocol
(Illumina Inc, San Diego, CA, USA). Mutation reads were normalized to the reference C57BL/6NCr
genome (mm10 genome) and a genomic database (GENCODE GRCm38.75) of 18 commonly used
strains of inbred laboratory mice. Mutational data on human OSCC was obtained from publicly
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available data in TCGA; cBioPortal (http://www.cbioportal.org/public-portal/). The identified SNPs
were subjected to Gene Set Enrichment Analysis (GSEA) pathway analysis [44].

4.5. MTT Assay

Cells (4.0 × 103 cells) were suspended in 500 µL of cell culture media, plated in 24 well microplates
and cultured for 24, 48, 72, 96 and 120 h. Fifty microliters (µL) of 5 mg/mL MTT (Calbiochem, San
Diego, CA, USA) was added and after 4 h of incubation, 500 µL of each DMSO (Sigma-Aldrich, MO,
USA) was added. The absorbance was measured at 570 nm (A570) and reference absorbance was
670 nm (A670) using Synergy HTX Multi-Mode Reader (BioTek, Winooski, VT, USA). The cell viability
is proportional to A570-A670. Two independent experiments were performed with nine replicates.

4.6. Wound Healing Assay

Wound healing migration assay was performed using a 35-mm µ-Dish (ibidi GmbH, Munich,
Germany). A total of 70 µL of 35,000 cells were seeded into each chamber of the cell culture insert for
overnight. The next day, cells were treated with 5 µg/mL of Mitomycin-C (Calbiochem, San Diego, CA,
USA) for 2 h at 37 ◦C before the cell culture insert was gently removed with sterile forceps. The cultures
were washed twice with PBS. Then, 2 mL of cell culture media was added into the 35 mm µ-Dish. The
cells that migrated into the denuded area were captured with microscope at 4×magnification. Two
independent experiments were performed for this assay.

4.7. Transwell Migration Assay

Cells were tested in transwell migration assay using cell culture inserts with PET membrane of
8 µm pore sizes, according to the manufacturer’s protocol (Corning, Tewksbury, MA, USA). Briefly,
cells were cultured and serum starved for 24 h. Cells were then harvested and suspended in serum free
cell culture media at a concentration of 3.0 × 105 cells/mL. In the 24 well plate, inserts were placed into
wells containing 500 µL of cell culture media that acted as a chemoattractant, and followed by 200 µL
of serum starved cells were seeded onto the insert for 12 and 24 h, respectively. Post 12- and 24-h
incubation, the non-migrated cells were first eliminated by scraping with wet cotton swabs, while the
bottom of the membrane was fixed and stained with 0.1% crystal violet (Sigma-Aldrich, St. Louis, MO,
USA) in 20% methanol for 2 h at room temperature. Membranes were washed with water to remove
excessive stained and air dried. The membrane was then viewed and captured under the microscope
at 20×magnification. The number of stained cells were counted in 4 randomly chosen microscopic
fields and averaged. Three independent experiments were performed with 2 replicates.

4.8. Matrigel Invasion Assay

Experiments were carried out as described in the transwell migration assay except that the inserts
used were pre-coated with Matrigel basement matrix from Biocoat Matrigel 24 well invasion chamber
(Corning, Tewksbury, MA, USA). Briefly, cells were cultured and serum starved for 24 h. Cells were
then harvested and suspended in serum free cell culture media at a concentration of 5.0 × 105 cells/mL.
In the 24 well plate, inserts were rehydrated with serum free cell culture media for 2 h before they
were placed into wells containing 750 µL of cell culture media that acted as chemoattractant. This was
followed by seeding 500 µL of serum starved cells onto the insert for 12 and 24 h. Post 12- and 24-h
incubation, non-migrated cells were scraped by wet cotton swab, while the bottom of the membrane
was fixed and stained with 0.1% crystal violet (Sigma-Aldrich, St. Louis, MO, USA) in 20% methanol
for 2 h at room temperature. Membranes were washed with water, air dried and microscopic images
captured at 20× magnification. The number of stained cells were counted in 4 randomly chosen
microscopic fields and averaged. Three independent experiments were performed with 2 replicates.

http://www.cbioportal.org/public-portal/
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4.9. Clonogenic Assay

Five hundred thousand cells were plated to five different T-25 flasks. Next day, the T-25 flasks
were radiated by the irradiator (Shepherd Mark I Model 68, 4000 Ci Cesium 137 source irradiator, J.L.
Shepherd and Associates), with 1, 2, 4, 10 Gy at position 2. Post 24 h, 120 cells were plate to 60 mm
petri dish. Cell culture media was refreshed every 3 days. After 15 days of culture, the colonies were
fixed and stained with 0.1% crystal violet (Sigma-Aldrich, St. Louis, MO, USA) in 20% methanol for
2 h at room temperature. Colonies were counted manually. Three independent experiments were
performed in triplicate.

4.10. Establishment and Radiation Response Assessment of RP-MOC1 Organoids

To establish RP-MOC1 organoids, 40 µL of matrigel (Corning, Tewksbury, MA, USA) was used to
suspend single RP-MOC1 cells that were plated in 6-well plates in organoid media. In order to prepare
organoid media, Advanced DMEM/F12 (Life Technologies, Carlsbad CA, USA) is supplemented with
1× GlutaMAX (Life Technologies, Carlsbad, CA, USA), 10 mM HEPES (Life Technologies, Carlsbad,
CA, USA) and 100 µg/mL Primocin (InvivoGen, San Diego, CA, USA), 50% of L-WRN (CRL3276)
conditioned media containing signaling factors Wnt3a, R-spondin-3, and Noggin (ATCC, Manassas,
VA, USA), 1× B27 supplement (Life Technologies, Carlsbad, CA, USA), 1× N2 supplement (Life
Technologies, Carlsbad, CA, USA), 10 mM Nicotinamide (Sigma-Aldrich, St. Louis, MO, USA),
1.25 mM N-Acetyl-l-cysteine (Sigma-Aldrich, St. Louis, MO, USA), 4 µM SB 202190 (Peprotech, Rocky
Hill, NJ, USA), 10 ng/mL Human FGF10 (Peprotech, Rocky Hill, NJ, USA), 100 ng/mL Human EGF
(Peprotech, Rocky Hill, NJ, USA) and 500 nM A 83-01 (Peprotech, Rocky Hill, NJ, USA).RP-MOC1
organoids were cultured in humidified cell culture incubators at 37 ◦C in 5% CO2. To assess the
radiation response of RP-MOC1 organoid, 20 µL of matrigel (Corning, Tewskbury, NY, USA) that
suspended with 5000 RP-MOC1 cells were seeded in a white 96 well plate. Post 24 h, cells were
radiated by the irradiator (Shepherd Mark I Model 68, 4000 Ci Cesium 137 source irradiator, J.L.
Shepherd and Associates), with 1, 2, 5, 10 and 20 Gy at position 2. After 7 days, CellTiter-Glo® 3D
cell viability assay (Promega, Madison, WI, USA) was used to measure the number of viable cells
based on quantitation of the ATP present, which signals the presence of metabolically active cells
using luminescent detector (Synergy HTX, BioTek, Winooski, VT, USA). The difference in luminescent
signal post radiation normalized to control (0 Gy) was used as the measurement of cell viability. Cell
death was calculated as the difference in viable cells from 100% viable control. The radiation dose that
able to achieve 50% cell death (EC50) was determined from absorbance signal versus concentration
curve using GraphPad software by applying the nonlinear regression and the equation log (agonist)
vs. normalized response. All experiments were carried out in triplicate and performed in three
independent experiments. Bright field microscopy images of the organoid were captured and the
diameter of the control (0 Gy), 10 Gy and 20 Gy were measured using cellSens Standard 1.6 software
(Olympus, Center Valley, PA, USA).

4.11. In Vivo Radiation Studies

Experimental studies were carried out using eight-to-twelve week old female C.B 17 severe
combined immunodeficient (SCID) (C.B-Igh-1b/IcrTac-Prkdscid; Laboratory Animal Shared Resource,
Roswell Park) and C57BL/6NCr mice with an average body weight ~20 g. Mice were kept in sterile
micro-isolator cages (4–5 mice per cage) in a pathogen-free environment and provided with standard
chow/water and maintained on 12 h light/dark cycles in a HEPA-filtered environment. Animals were
injected with 1 × 106 RP-MOC1 cells orthotopically in the floor of mouth. Seven to ten days post
injection, non-invasive magnetic resonance imaging (MRI) was performed to confirm tumor growth.
Tumor-bearing mice were randomized into control (n = 5, untreated) or one of two radiation arms (10
Gy; 5 doses of 2 Gy radiation delivered on consecutive days (n = 5); 15 Gy; 5 doses of 3 Gy radiation
delivered on consecutive days (n = 5). Irradiation was performed using the Philips RT 250 Orthovoltage
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X-ray unit (Philips Medical Systems, Andover, MA, USA). Radiation was delivered through an axial
beam directed to the tumor in the floor of the mouth. A lead shield was utilized to protect the thoracic
cavity from exposure to radiation. Body weights of the animals were measured once every 3 days
throughout the duration of the study as a measure of toxicity. Experimental procedures were performed
under aseptic conditions and in accordance with protocols approved by the Institutional Animal Care
and Use Committee (Protocol #1183M; Original approval: July 2017; Renewal; September 2019; Animal
welfare assurance number: A-3143-01.

4.12. Magnetic Resonance Imaging

Longitudinal MRI examinations were performed using a 4.7T/33-cm horizontal bore magnet (GE
NMR Instruments, Fremont, CA, USA) incorporating AVANCE digital electronics (Bruker Biospec
with Paravision 3.0.2; Bruker Medical Inc., Billerica, MA, USA). Animals were anesthetized using 2.5%
Isoflurane (Benson Medical Industries, Markham, ON, Canada) prior to and during imaging. Tumor
volumes were calculated from multi-slice, axial T2-weighted spin echo images incorporating RARE
(rapid acquisition with relaxation enhancement) [45].

4.13. Histology and Immunohistochemistry

Mice were humanely euthanized according to recommendations of the Panel on Euthanasia of the
American Veterinary Medical Association and tumor tissues resected for further processing. Tumor
tissues were fixed in 10% neutral buffered formalin (Sigma-Aldrich, St. Louis, MA, USA) and embedded
in paraffin. Tissues were sectioned at a thickness of 4 µm, mounted on positively charged slides, and
stained for hematoxylin and eosin (H&E) stain and immunohistochemistry. Immunohistochemistry
was performed on FFPE sections of the tissues using the Envision technique, Dako Real EnVision
Detection System and Peroxidase/DAB+ (Dako Corporation, Carpinteria, CA, USA) according to
the manufacturer’s protocol (Table S4). Briefly, FFPE sections were deparaffinized in xylene and
rehydrated in ethanol series. Antigen retrieval was carried out using pre-heat steamer for 30 min. The
sections were immersed in blocking solution (Dako Corporation, Carpinteria, CA, USA) for 10 min at
room temperature followed for blocking the endogenous peroxidase activity. The sections were then
incubated with serum free blocker (Dako Corporation, Carpinteria, CA, USA) for an hour at room
temperature followed by 30 min to an hour incubation of primary antibody at room temperature (Pan
cytokeratin, Abcam, Cambridge, UK, Catalog #ab9377; E-cadherin, Cell Signaling Technology, Danvers,
MA, USA, Catalog #3195; Vimentin, Boster Biological Technology, Pleasanton, CA, USA, Catalog
# PB9359) Ki-67, R&D Systems Inc., Minneapolis, MN, USA Catalog #MAB7617). After washing
with TBS (pH 7.4) plus 0.1% Tween 20 (Bio-Rad Laboratories, Hercules, CA, USA), sections were
incubated with the peroxidase labeled secondary antibody from the Envision kit for an hour for the
immunoreactivity performances. Finally, sections were stained with 3′3 diaminobenzidine substrate
chromogen, (Dako Corporation, Carpinteria, CA, USA) counterstained with Harris hematoxylin,
dehydrated and mounted. Images were captured at 20×magnification. Ki-67 stained specimens were
captured at 40× magnification and eight random areas were analyzed using NIH Image J software
(NIH, Bethesda, MD, USA). Intensity of the stain was classified into 0 = negative/no stain, 1 = weak,
2 = moderate and 3 = strong. For each image, an observer who was blinded to the identity of the
samples assessed 200 cell nuclei for staining intensity and assigned a value from 0 to 3. The H-scores
for Ki-67 were calculated based on the sum of scores from each sample between subcutaneous and
orthotopic tumor samples.

4.14. Sample Sizes and Statistics

All statistical analysis was performed using GraphPad version 7.00 for Windows (GraphPad
Software, San Diego, CA, USA). The RP-MOC1 in vitro doubling time was determined by least-squares
fitting of single-exponential curves to the cell viability against time (day). The comparison between the
12-h and 24-h migrated and invaded cells from transwell migration and invasion assays were compared
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using unpaired Student’s t-test. H-scores from Ki-67 immunostained sections of subcutaneous and
orthotopic tumors were also analyzed using unpaired Student’s t-test. Non-invasive imaging was
performed using 4–5 animals per cohort. Comparisons of organoid for 0 Gy, 10 Gy and 20 Gy and
animal tumor volume across cohorts were analyzed using one-way ANOVA test. All results are
expressed as mean values ± SEM of at least three independent experiments, except when otherwise
indicated. p-values of <0.05 were considered statistically significant.

5. Conclusions

We have successfully established and credentialed a novel immunocompetent model of OSCC
that exhibits a mutational and histologic profile similar to human disease. The model can serve as a
valuable platform for evaluation of combination strategies to enhance radiotherapeutic efficacy against
this deadly disease.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/3/579/s1,
Table S1: Species-specific PCR evaluation/Interspecies contamination evaluation of RP-MOC1, Table S2: Genetic
profile of RP-MOC1, Table S3: Somatic mutations in the RP-MOC1 cell line, Table S4: List of antibodies that use
for immunohistochemistry, Supplementary File 1: Summary of SNP and INDEL analyses, Supplementary File 2:
Summary of gene list and GSEA datatitle.

Author Contributions: M.S., V.K.V.-C., conceived and designed experiments. V.K.V.-C. performed experiments.
Both authors analyzed and interpreted the data, wrote/revised the manuscript for critical content. All authors
have read and agree to the published version of the manuscript.

Funding: This work was supported by grants from the NIH/NIDCR R01DE024595 and the Roswell Park Alliance
Foundation (to Mukund Seshadri) and utilized shared resources supported by Roswell Park Cancer Institute’s
NCI-supported Core Grant P30CA06156.

Acknowledgments: The authors gratefully acknowledge the technical assistance provided by Hendrik DeJong
and the staff from the following shared resources at Roswell Park Comprehensive Cancer Center: Laboratory
Animal Shared Resource, Translational Imaging Shared Resource, Pathology Resource Network, and, Tissue
Culture and Media Facility.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Johnson, N.W. Orofacial neoplasms: Global epidemiology, risk factors and recommendations for research.
Int. Dent. J. 1991, 41, 365–375. [PubMed]

2. Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018:
GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J.
Clin. 2018, 68, 394–424. [CrossRef] [PubMed]

3. Ram, H.; Sarkar, J.; Kumar, H.; Konwar, R.; Bhatt, M.L.; Mohammad, S. Oral cancer: Risk factors and
molecular pathogenesis. J. Maxillofac. Oral Surg. 2011, 10, 132–137. [CrossRef] [PubMed]

4. Nutting, C. Radiotherapy in head and neck cancer management: United Kingdom National Multidisciplinary
Guidelines. J. Laryngol. Otol. 2016, 130, S66–S67. [CrossRef]

5. Garibaldi, C.; Jereczek-Fossa, B.A.; Marvaso, G.; Dicuonzo, S.; Rojas, D.P.; Cattani, F.; Starzynska, A.;
Ciardo, D.; Surgo, A.; Leonardi, M.C.; et al. Recent advances in radiation oncology. Ecancermedicalscience
2017, 11, 785. [CrossRef]

6. You, G.R.; Cheng, A.J.; Lee, L.Y.; Huang, Y.C.; Liu, H.; Chen, Y.J.; Chang, J.T. Prognostic signature associated
with radioresistance in head and neck cancer via transcriptomic and bioinformatic analyses. BMC Cancer
2019, 19, 64. [CrossRef]

7. Prabakaran, P.J.; Javaid, A.M.; Swick, A.D.; Werner, L.R.; Nickel, K.P.; Sampene, E.; Hu, R.; Ong, I.M.;
Bruce, J.Y.; Hartig, G.K.; et al. Radiosensitization of Adenoid Cystic Carcinoma with MDM2 Inhibition. Clin.
Cancer Res. 2017, 23, 6044–6053. [CrossRef]

http://www.mdpi.com/2072-6694/12/3/579/s1
http://www.ncbi.nlm.nih.gov/pubmed/1800387
http://dx.doi.org/10.3322/caac.21492
http://www.ncbi.nlm.nih.gov/pubmed/30207593
http://dx.doi.org/10.1007/s12663-011-0195-z
http://www.ncbi.nlm.nih.gov/pubmed/22654364
http://dx.doi.org/10.1017/S0022215116000463
http://dx.doi.org/10.3332/ecancer.2017.785
http://dx.doi.org/10.1186/s12885-018-5243-3
http://dx.doi.org/10.1158/1078-0432.CCR-17-0969


Cancers 2020, 12, 579 14 of 16

8. Brand, T.M.; Iida, M.; Stein, A.P.; Corrigan, K.L.; Braverman, C.M.; Coan, J.P.; Pearson, H.E.; Bahrar, H.;
Fowler, T.L.; Bednarz, B.P.; et al. AXL Is a Logical Molecular Target in Head and Neck Squamous Cell
Carcinoma. Clin. Cancer Res. 2015, 21, 2601–2612. [CrossRef]

9. Rich, L.J.; Miller, A.; Singh, A.K.; Seshadri, M. Photoacoustic Imaging as an Early Biomarker of Radio
Therapeutic Efficacy in Head and Neck Cancer. Theranostics 2018, 8, 2064–2078. [CrossRef]

10. Mery, B.; Rancoule, C.; Guy, J.B.; Espenel, S.; Wozny, A.S.; Battiston-Montagne, P.; Ardail, D.; Beuve, M.;
Alphonse, G.; Rodriguez-Lafrasse, C.; et al. Preclinical models in HNSCC: A comprehensive review. Oral
Oncol. 2017, 65, 51–56. [CrossRef]

11. Frijhoff, A.F.; Conti, C.J.; Senderowicz, A.M. Advances in molecular carcinogenesis: Current and future use
of mouse models to screen and validate molecularly targeted anticancer drugs. Mol. Carcinog. 2004, 39,
183–194. [CrossRef] [PubMed]

12. Hawkins, B.L.; Heniford, B.W.; Ackermann, D.M.; Leonberger, M.; Martinez, S.A.; Hendler, F.J. 4NQO
carcinogenesis: A mouse model of oral cavity squamous cell carcinoma. Head Neck 1994, 16, 424–432.
[CrossRef] [PubMed]

13. Kanojia, D.; Vaidya, M.M. 4-nitroquinoline-1-oxide induced experimental oral carcinogenesis. Oral Oncol.
2006, 42, 655–667. [CrossRef] [PubMed]

14. Kondo, S. A test for mutation theory of cancer: Carcinogenesis by misrepair of DNA damaged by
4-nitroquinoline 1-oxide. Br. J. Cancer 1977, 35, 595–601. [CrossRef]

15. Miao, Z.H.; Rao, V.A.; Agama, K.; Antony, S.; Kohn, K.W.; Pommier, Y. 4-nitroquinoline-1-oxide induces the
formation of cellular topoisomerase I-DNA cleavage complexes. Cancer Res. 2006, 66, 6540–6545. [CrossRef]

16. Vitale-Cross, L.; Molinolo, A.A.; Martin, D.; Younis, R.H.; Maruyama, T.; Patel, V.; Chen, W.; Schneider, A.;
Gutkind, J.S. Metformin prevents the development of oral squamous cell carcinomas from carcinogen-induced
premalignant lesions. Cancer Prev. Res. 2012, 5, 562–573. [CrossRef]

17. Bothwell, K.D.; Shaurova, T.; Merzianu, M.; Suresh, A.; Kuriakose, M.A.; Johnson, C.S.; Hershberger, P.A.;
Seshadri, M. Impact of Short-term 1,25-Dihydroxyvitamin D3 on the Chemopreventive Efficacy of Erlotinib
against Oral Cancer. Cancer Prev. Res. 2015, 8, 765–776. [CrossRef]

18. Vincent-Chong, V.K.; DeJong, H.; Attwood, K.; Hershberger, P.A.; Seshadri, M. Preclinical Prevention Trial of
Calcitriol: Impact of Stage of Intervention and Duration of Treatment on Oral Carcinogenesis. Neoplasia 2019,
21, 376–388. [CrossRef]

19. Guo, Y.; Wang, X.; Zhang, X.; Sun, Z.; Chen, X. Ethanol promotes chemically induced oral cancer in mice
through activation of the 5-lipoxygenase pathway of arachidonic acid metabolism. Cancer Prev. Res. 2011, 4,
1863–1872. [CrossRef]

20. Nagaya, T.; Nakamura, Y.; Okuyama, S.; Ogata, F.; Maruoka, Y.; Choyke, P.L.; Allen, C.; Kobayashi, H.
Syngeneic Mouse Models of Oral Cancer Are Effectively Targeted by Anti-CD44-Based NIR-PIT. Mol. Cancer
Res. 2017, 15, 1667–1677. [CrossRef]

21. Chen, Y.F.; Chang, K.W.; Yang, I.T.; Tu, H.F.; Lin, S.C. Establishment of syngeneic murine model for oral
cancer therapy. Oral Oncol. 2019, 95, 194–201. [CrossRef]

22. Chen, Y.F.; Liu, C.J.; Lin, L.H.; Chou, C.H.; Yeh, L.Y.; Lin, S.C.; Chang, K.W. Establishing of mouse oral
carcinoma cell lines derived from transgenic mice and their use as syngeneic tumorigenesis models. BMC
Cancer 2019, 19, 281. [CrossRef] [PubMed]

23. Vermeer, D.W.; Spanos, W.C.; Vermeer, P.D.; Bruns, A.M.; Lee, K.M.; Lee, J.H. Radiation-induced loss of cell
surface CD47 enhances immune-mediated clearance of human papillomavirus-positive cancer. Int. J. Cancer
2013, 133, 120–129. [CrossRef] [PubMed]

24. Reits, E.A.; Hodge, J.W.; Herberts, C.A.; Groothuis, T.A.; Chakraborty, M.; Wansley, E.K.; Camphausen, K.;
Luiten, R.M.; de Ru, A.H.; Neijssen, J.; et al. Radiation modulates the peptide repertoire, enhances MHC
class I expression, and induces successful antitumor immunotherapy. J. Exp. Med. 2006, 203, 1259–1271.
[CrossRef] [PubMed]

25. Demaria, S.; Formenti, S.C. Sensors of ionizing radiation effects on the immunological microenvironment of
cancer. Int. J. Radiat. Biol. 2007, 83, 819–825. [CrossRef] [PubMed]

http://dx.doi.org/10.1158/1078-0432.CCR-14-2648
http://dx.doi.org/10.7150/thno.21708
http://dx.doi.org/10.1016/j.oraloncology.2016.12.010
http://dx.doi.org/10.1002/mc.20013
http://www.ncbi.nlm.nih.gov/pubmed/15057870
http://dx.doi.org/10.1002/hed.2880160506
http://www.ncbi.nlm.nih.gov/pubmed/7960739
http://dx.doi.org/10.1016/j.oraloncology.2005.10.013
http://www.ncbi.nlm.nih.gov/pubmed/16448841
http://dx.doi.org/10.1038/bjc.1977.93
http://dx.doi.org/10.1158/0008-5472.CAN-05-4471
http://dx.doi.org/10.1158/1940-6207.CAPR-11-0502
http://dx.doi.org/10.1158/1940-6207.CAPR-14-0454
http://dx.doi.org/10.1016/j.neo.2019.02.002
http://dx.doi.org/10.1158/1940-6207.CAPR-11-0206
http://dx.doi.org/10.1158/1541-7786.MCR-17-0333
http://dx.doi.org/10.1016/j.oraloncology.2019.06.026
http://dx.doi.org/10.1186/s12885-019-5486-7
http://www.ncbi.nlm.nih.gov/pubmed/30922255
http://dx.doi.org/10.1002/ijc.28015
http://www.ncbi.nlm.nih.gov/pubmed/23292955
http://dx.doi.org/10.1084/jem.20052494
http://www.ncbi.nlm.nih.gov/pubmed/16636135
http://dx.doi.org/10.1080/09553000701481816
http://www.ncbi.nlm.nih.gov/pubmed/17852561


Cancers 2020, 12, 579 15 of 16

26. Zou, J.; Qiao, X.; Ye, H.; Yang, Y.; Zheng, X.; Zhao, H.; Liu, S. Antisense inhibition of ATM gene enhances the
radiosensitivity of head and neck squamous cell carcinoma in mice. J. Exp. Clin. Cancer Res. 2008, 27, 56.
[CrossRef] [PubMed]

27. Burdelya, L.G.; Gleiberman, A.S.; Toshkov, I.; Aygun-Sunar, S.; Bapardekar, M.; Manderscheid-Kern, P.;
Bellnier, D.; Krivokrysenko, V.I.; Feinstein, E.; Gudkov, A.V. Toll-like receptor 5 agonist protects mice from
dermatitis and oral mucositis caused by local radiation: Implications for head-and-neck cancer radiotherapy.
Int. J. Radiat. Oncol. Biol. Phys. 2012, 83, 228–234. [CrossRef]

28. Biddle, A.; Liang, X.; Gammon, L.; Fazil, B.; Harper, L.J.; Emich, H.; Costea, D.E.; Mackenzie, I.C. Cancer stem
cells in squamous cell carcinoma switch between two distinct phenotypes that are preferentially migratory
or proliferative. Cancer Res. 2011, 71, 5317–5326. [CrossRef]

29. Biddle, A.; Gammon, L.; Liang, X.; Costea, D.E.; Mackenzie, I.C. Phenotypic Plasticity Determines Cancer Stem
Cell Therapeutic Resistance in Oral Squamous Cell Carcinoma. EBioMedicine 2016, 4, 138–145. [CrossRef]

30. Govindan, R.; Ding, L.; Griffith, M.; Subramanian, J.; Dees, N.D.; Kanchi, K.L.; Maher, C.A.; Fulton, R.;
Fulton, L.; Wallis, J.; et al. Genomic landscape of non-small cell lung cancer in smokers and never-smokers.
Cell 2012, 150, 1121–1134. [CrossRef]

31. Imielinski, M.; Berger, A.H.; Hammerman, P.S.; Hernandez, B.; Pugh, T.J.; Hodis, E.; Cho, J.; Suh, J.;
Capelletti, M.; Sivachenko, A.; et al. Mapping the hallmarks of lung adenocarcinoma with massively parallel
sequencing. Cell 2012, 150, 1107–1120. [CrossRef] [PubMed]

32. Ohkoshi, A.; Suzuki, T.; Ono, M.; Kobayashi, T.; Yamamoto, M. Roles of Keap1-Nrf2 system in upper
aerodigestive tract carcinogenesis. Cancer Prev. Res. 2013, 6, 149–159. [CrossRef] [PubMed]

33. Mena, S.; Ortega, A.; Estrela, J.M. Oxidative stress in environmental-induced carcinogenesis. Mutat. Res.
2009, 674, 36–44. [CrossRef] [PubMed]

34. Wu, L.; Chen, X.; Zhao, J.; Martin, B.; Zepp, J.A.; Ko, J.S.; Gu, C.; Cai, G.; Ouyang, W.; Sen, G.; et al. A novel
IL-17 signaling pathway controlling keratinocyte proliferation and tumorigenesis via the TRAF4-ERK5 axis.
J. Exp. Med. 2015, 212, 1571–1587. [CrossRef] [PubMed]

35. Jung, A.R.; Eun, Y.G.; Lee, Y.C.; Noh, J.K.; Kwon, K.H. Clinical Significance of CUB and Sushi Multiple
Domains 1 Inactivation in Head and Neck Squamous Cell Carcinoma. Int. J. Mol. Sci. 2018, 19, 3996.
[CrossRef] [PubMed]

36. Hijioka, H.; Setoguchi, T.; Miyawaki, A.; Gao, H.; Ishida, T.; Komiya, S.; Nakamura, N. Upregulation of Notch
pathway molecules in oral squamous cell carcinoma. Int. J. Oncol. 2010, 36, 817–822. [CrossRef] [PubMed]

37. Semrau, R. The Role of Radiotherapy in the Definitive and Postoperative Treatment of Advanced Head and
Neck Cancer. Oncol. Res. Treat 2017, 40, 347–352. [CrossRef]

38. Storch, K.; Eke, I.; Borgmann, K.; Krause, M.; Richter, C.; Becker, K.; Schrock, E.; Cordes, N. Three-dimensional
cell growth confers radioresistance by chromatin density modification. Cancer Res. 2010, 70, 3925–3934.
[CrossRef]

39. Eke, I.; Cordes, N. Radiobiology goes 3D: How ECM and cell morphology impact on cell survival after
irradiation. Radiother. Oncol. 2011, 99, 271–278. [CrossRef]

40. Liang, H.; Deng, L.; Chmura, S.; Burnette, B.; Liadis, N.; Darga, T.; Beckett, M.A.; Lingen, M.W.; Witt, M.;
Weichselbaum, R.R.; et al. Radiation-induced equilibrium is a balance between tumor cell proliferation and
T cell-mediated killing. J. Immunol. 2013, 190, 5874–5881. [CrossRef]

41. Cohen, E.E.W.; Bell, R.B.; Bifulco, C.B.; Burtness, B.; Gillison, M.L.; Harrington, K.J.; Le, Q.T.; Lee, N.Y.;
Leidner, R.; Lewis, R.L.; et al. The Society for Immunotherapy of Cancer consensus statement on
immunotherapy for the treatment of squamous cell carcinoma of the head and neck (HNSCC). J. Immunother.
Cancer 2019, 7, 184. [CrossRef] [PubMed]

42. Aliru, M.L.; Schoenhals, J.E.; Venkatesulu, B.P.; Anderson, C.C.; Barsoumian, H.B.; Younes, A.I.; LS, K.M.;
Soeung, M.; Aziz, K.E.; Welsh, J.W.; et al. Radiation therapy and immunotherapy: What is the optimal timing
or sequencing? Immunotherapy 2018, 10, 299–316. [CrossRef] [PubMed]

43. Miyauchi, S.; Kim, S.S.; Pang, J.; Gold, K.A.; Gutkind, J.S.; Califano, J.A.; Mell, L.K.; Cohen, E.E.W.; Sharabi, A.B.
Immune Modulation of Head and Neck Squamous Cell Carcinoma and the Tumor Microenvironment by
Conventional Therapeutics. Clin. Cancer Res. 2019, 25, 4211–4223. [CrossRef] [PubMed]

http://dx.doi.org/10.1186/1756-9966-27-56
http://www.ncbi.nlm.nih.gov/pubmed/18950535
http://dx.doi.org/10.1016/j.ijrobp.2011.05.055
http://dx.doi.org/10.1158/0008-5472.CAN-11-1059
http://dx.doi.org/10.1016/j.ebiom.2016.01.007
http://dx.doi.org/10.1016/j.cell.2012.08.024
http://dx.doi.org/10.1016/j.cell.2012.08.029
http://www.ncbi.nlm.nih.gov/pubmed/22980975
http://dx.doi.org/10.1158/1940-6207.CAPR-12-0401-T
http://www.ncbi.nlm.nih.gov/pubmed/23250896
http://dx.doi.org/10.1016/j.mrgentox.2008.09.017
http://www.ncbi.nlm.nih.gov/pubmed/18977455
http://dx.doi.org/10.1084/jem.20150204
http://www.ncbi.nlm.nih.gov/pubmed/26347473
http://dx.doi.org/10.3390/ijms19123996
http://www.ncbi.nlm.nih.gov/pubmed/30545040
http://dx.doi.org/10.3892/ijo_00000558
http://www.ncbi.nlm.nih.gov/pubmed/20198324
http://dx.doi.org/10.1159/000477128
http://dx.doi.org/10.1158/0008-5472.CAN-09-3848
http://dx.doi.org/10.1016/j.radonc.2011.06.007
http://dx.doi.org/10.4049/jimmunol.1202612
http://dx.doi.org/10.1186/s40425-019-0662-5
http://www.ncbi.nlm.nih.gov/pubmed/31307547
http://dx.doi.org/10.2217/imt-2017-0082
http://www.ncbi.nlm.nih.gov/pubmed/29421979
http://dx.doi.org/10.1158/1078-0432.CCR-18-0871
http://www.ncbi.nlm.nih.gov/pubmed/30814108


Cancers 2020, 12, 579 16 of 16

44. Subramanian, A.; Tamayo, P.; Mootha, V.K.; Mukherjee, S.; Ebert, B.L.; Gillette, M.A.; Paulovich, A.;
Pomeroy, S.L.; Golub, T.R.; Lander, E.S.; et al. Gene set enrichment analysis: A knowledge-based approach
for interpreting genome-wide expression profiles. Proc. Natl. Acad. Sci. USA 2005, 102, 15545–15550.
[CrossRef] [PubMed]

45. Bothwell, K.D.; Folaron, M.; Seshadri, M. Preclinical Activity of the Vascular Disrupting Agent OXi4503
against Head and Neck Cancer. Cancers 2016, 8, 11. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1073/pnas.0506580102
http://www.ncbi.nlm.nih.gov/pubmed/16199517
http://dx.doi.org/10.3390/cancers8010011
http://www.ncbi.nlm.nih.gov/pubmed/26751478
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Generation and Credentialing of RP-MOC1 
	RP-MOC1 Cells Harbor Genetic Alterations Similar to Human Head and Neck Cancer 
	Radiation Response of RP-MOC1 Cells in 2D Culture and as 3D Organoids 
	Histopathologic Credentialing of RP-MOC1 Tumors 
	Radiation Response of Orthotopic RP-MOC1 Tumors in Immunocompetent and Immunodeficient Hosts 

	Discussion 
	Materials and Methods 
	Establishment of the RP-MOC1 Cell Line and Culture Conditions 
	Fluorescence Activated Cell Sorting (FACS) 
	Authentication and IMPACT Testing of RP-MOC1 
	Exome Sequencing 
	MTT Assay 
	Wound Healing Assay 
	Transwell Migration Assay 
	Matrigel Invasion Assay 
	Clonogenic Assay 
	Establishment and Radiation Response Assessment of RP-MOC1 Organoids 
	In Vivo Radiation Studies 
	Magnetic Resonance Imaging 
	Histology and Immunohistochemistry 
	Sample Sizes and Statistics 

	Conclusions 
	References

