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Abstract

Objective

Oral Squamous Cell Carcinoma (OSCC) represents 3-4% of all cancers. Despite the increasing 

incidence of OSCC distant metastasis and poor prognosis, few animal models of OSCC distant 

metastasis have been reported. In this study, we established mouse models of OSCC lung metastasis 

by orthotopic and tail vein injection of new OSCC cell lines. 

Methods

For the tail vein model, we used a novel cell line isolated from lung metastases reproduced in vivo after 

intravenous injection of HSC-3 GFP/luciferase cells and sorted for GFP expression (HSC-3 M1 

GFP/luciferase). Lung metastases were assessed by imaging techniques and further confirmed by 

histology. For the orthotopic model, HSC-3 GFP/luciferase cells were injected into the tongue of athymic 

nude mice. The primary tumor and metastases were assessed by in vivo imaging, histology, and 

immunohistochemistry. 

Results

The orthotopic model presented spontaneous lung metastases in 50% of the animals and lymph node 

metastases were present in 83% of cases. In the tail vein model, a lung metastasis rate of 60% was 

observed. 

Conclusions

Lung metastases were successfully reproduced by orthotopic and tail vein injection. Since lymph node 

metastases were present, the orthotopic model with HSC-3 GFP/luciferase cells may be suitable to 

investigate metastatic dissemination in OSCC. 
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1.Introduction
Oral Squamous Cell Carcinoma (OSCC) is classified among Head and Neck Squamous Cell 

Carcinomas (HNSCC), the sixth most common cancer worldwide, and represents 3-4% of all human 

cancers  (Chi, Day, & Neville, 2015; Furness et al., 2011). Poor prognosis and a 5-year survival rate of 

less than 50% characterise advanced stages of OSCC (de Visscher et al., 2013; Steeg, 2016; Sutton, 

Brown, Rogers, Vaughan, & Woolgar, 2003). The combination of surgery, radiation, and chemotherapy 

has not reduced the incidence of distant metastases (DMs), which increased up to 10% between 2005 

and 2015 (Bernier et al., 2004; Furness et al., 2011; Steeg, 2016). In patients affected by OSCC DMs, 

the lungs are the most frequent site reported (81.5%) followed by the bone (46.3%), mediastinum 

(18.5%), and liver (16.6%) (Irani, 2016a; Naruse et al., 2016; Osaki et al., 2000; Takahashi et al., 2014). 

Few therapeutic options are currently available for those patients (Naruse et al., 2016; Noguti et al., n.d.; 

Sutton et al., 2003) and improvements in the quality of life and overall survival have been reported only 

recently with nivolumab (Harrington et al., 2017).

Few animal models of OSCC metastasis have been described (Bais, Kukuruzinska, & Trackman, 2015; 

Mognetti, Di Carlo, & Berta, 2006). Indeed, the frequently used chemically induced OSCC animal 

models require a long time for tumor growth and present a low metastasis rate (Q. Li et al., 2020; 

Mognetti et al., 2006). Additionally, subcutaneous animal models are inadequate to mimic the metastatic 

growth of human OSCC due to differences in the tumor microenvironment (Bais et al., 2015; Mognetti 

et al., 2006; Sano & Myers, 2009). Indeed, Myers et al. (Myers, Holsinger, Jasser, Bekele, & Fidler, 

2002) reported that OSCC cells injected in the orthotopic site were more tumorigenic than those injected 

subcutaneously. The development of OSCC lung metastasis by intravenous (IV) injection of tumor cells 

has been reported in only a few studies (Chen, Liu, et al., 2019; Hier, Black, Shenouda, Sadeghi, & 

Karp, 1995; Hyakusoku et al., 2016; Mognetti et al., 2006). However, this approach has limitations such 

as the lack of a primary tumor and regional lymph node metastases (Hyakusoku et al., 2016; Mognetti 

et al., 2006; Saxena & Christofori, 2013). Genetically engineered mouse models of OSCC have also 

been developed but their low metastasis rate and the presence of multiple primary tumors (e.g. in the 

skin and oral cavity) in a single animal limit their use for studying metastatic dissemination (Ishida et al., 

2017; Q. Li et al., 2020; Mognetti et al., 2006).

Moreover, most mouse models of OSCC metastasis reported in the literature are obtained by orthotopic 

implantation of human and/or murine cell lines (Ishida et al., 2017; Q. Li et al., 2020). Such models are 

superior because they closely resemble the metastatic growth of human OSCC (Bais et al., 2015; Ishida 

et al., 2017; Mognetti et al., 2006; Sano & Myers, 2009). Indeed, orthotopic models exhibit a high 
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prevalence of regional lymph node metastases, which allowed researchers to discover the important 

role played by VEGF in lymphangiogenesis (S Kawashiri et al., 1999; Shuichi Kawashiri et al., 2009; 

Mognetti et al., 2006; Noguchi, Kawashiri, Tanaka, Kato, & Nakaya, 2003; Sugiura et al., 2009). 

However, only a few orthotopic models present DMs (especially lung metastasis) (Hasegawa et al., 

2017; Shuichi Kawashiri et al., 2009; Q. Li et al., 2020; Lou, Kellman, Hutchison, & Shillitoe, 2003; 

Masood et al., 2013; Mognetti et al., 2006; Patel et al., 2011). Since the mechanism of OSCC DM 

dissemination is still poorly understood, preclinical animal models of OSCC lung metastasis are needed 

to evaluate the development of DMs. 

Over twenty years ago, Matsui and co-workers (Matsui, Ota, Ueda, Tanino, & Odashima, 1998) 

developed a primary OSCC model by orthotopically injecting a high dose of HSC-3 cells into nude mice. 

They reported a low (10%) frequency of DMs. The purpose of this study was to develop an  orthotopic 

model for the study of OSCC metastasis using HSC-3 cells genetically modified to allow in vivo 

bioluminescent imaging. In addition, we established another mouse model of OSCC lung metastasis by 

IV injection of the novel cell line HSC-3 M1 GFP/luciferase derived from HSC-3 lung metastases.
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2.Materials and Methods
2.1 Cell line and cell morphology

HSC-3 cells from human tongue SCC were purchased from the Japanese Collection of Research 

Bioresources (JCRB) Cell Bank (n°JCRB0623). Cells were cultured in DMEM containing 10% fetal 

bovine serum (FBS) and 1% penicillin-streptomycin (PS). They were maintained at 37°C in a humidified 

atmosphere of 5% CO2 and 95% air. To assess cell morphology, HSC-3 cells were plated in a 4-well 

chamber slide (2x104 cells/chamber). After 24 hours, the cells were washed three times with PBS, fixed 

with 4% paraformaldehyde in PBS and then stained with Alexa Fluor 488 phalloidin (1:200; InvitrogenTM, 

Waltham, Massachusetts, USA) and DAPI (4 μg/ml) for 20 and 3 minutes respectively. Slides were then 

mounted using ProLong Gold Antifade Mountant (InvitrogenTM, Waltham, MA, USA). Z-stack images 

(1.10 μm step) were acquired with FluoViewTM FV1000 Confocal Microscope (Olympus, Tokyo, Japan) 

and processed using ImageJ/Fiji software (Schindelin et al., 2012). 

2.2 Cell transduction, sorting, and In Vivo Imaging System (IVIS)

In order to generate a stable HSC-3 cell line expressing GFP and luciferase (HSC-3 GFP/Luc), HSC-3 

cells were transduced with a lentivirus packed with a plasmid carrying both GFP and luciferase genes 

(Xu et al., 2016). The lentivirus was generously provided by Dr. Junhua Mai, Department of 

Nanomedicine, Houston Methodist Research Institute. For the lentiviral infection, HSC-3 cells were 

plated in a 6-well plate and incubated overnight with lentivirus and DMEM media (1:2). Transduced 

HSC-3 GFP/Luc cells were then selected by Fluorescence Activated Cell Sorting (FACS) for GFP 

expression using a BD FACSAria II Cell Sorter (BD Biosciences, San Jose, CA, USA). Sorted HSC-3 

GFP/Luc cells were cultured as indicated above. To measure the luciferase expression, sorted HSC-3 

GFP/Luc cells were serially diluted in DMEM in a 96-well plate and 50 μL of D-luciferin (15 mg/ml) was 

added to each well 10 minutes before imaging. Luciferase expression was evaluated by IVIS Spectrum 

In Vivo Imaging System and then quantified following the manufacturer’s instructions (PerkinElmer Inc., 

Waltham, MA, USA). 

2.3 Isolation of HSC-3 M1 cell line

All animal experiments were performed following a protocol approved by the Institutional Animal Care 

and Use Committee (IACUC) at the Houston Methodist Research Institute (date of approval: 31/7/2017; 

ID:IS00004187) and in accordance with the National Institutes of Health Guide for the Care and Use of 

Laboratory Animals. The experimental animals were housed in individually ventilated cages with 

controlled airflow in light-controlled rooms (12 hours of light). Male (n=5) athymic nude-Foxn1nu mice 

(Envigo, Indianapolis, IN, USA), 5-6 weeks old, weight 24.84 ± 2.15 g were injected with 1x105 HSC-3 
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GFP/Luc cells in 100 μl of PBS into the tail vein. One mouse which presented lung metastases was 

sacrificed 34 days after injection and the lungs were collected. After the digestion of the minced lungs 

with collagenase IV (0.7 mg\ml in D-PBS), the cell suspension was cultured as described above. 

2.4 Cell sorting and IVIS of HSC-3 M1 cell line

After two passages, HSC-3 M1 GFP/Luc cells were selected from the cells isolated from the lungs by 

FACS for GFP expression. Pure sorted cells were then grown in DMEM containing 10% FBS and 1% 

PS. The luciferase expression and the cellular morphology were then evaluated following the same 

procedure used for the HSC-3 GFP/Luc cell line. 

2.5 Orthotopic model of OSCC lung metastasis

For the orthotopic model, 5-6 week-old male (n=5) and female (n=10) athymic nude-Foxn1nu mice 

(Envigo, Indianapolis, IN, USA), were used (male weight 25.30 ± 2.20 g; female weight 21.35 ± 1.03 g). 

Before the procedure, analgesia with buprenorphine SR was provided to the animals (1 mg/kg SC). 

HSC-3 GFP/Luc cells (50,000) suspended in 20 μl of PBS were then injected into the left side of the 

tongue submucosa using an insulin syringe with a 28G 1/2 needle after anaesthetizing the animals with 

3% isoflurane. After the procedure, the mice were fed with a soft food diet to reduce discomfort, 

monitored closely and weighed periodically. When human endpoints were reached (20% of weight loss, 

dehydration, inappetence), the animals were sacrificed through an anaesthetic overdose followed by 

cervical dislocation. The remaining athymic nude mice were sacrificed with the same procedure 11 

(male) or 8 (female) weeks after cell transplantation.

2.6 Non-orthotopic model of OSCC lung metastasis

For the IV model, the new HSC-3 M1 GFP/Luc cell line was used. Female athymic nude-Foxn1nu mice 

(7-8 weeks old, n=5, Envigo, Indianapolis, IN, USA ), with an average weight of 21.22 ± 0.70 g, were 

injected with 0.5x106 cells suspended in 100 μl of PBS into the tail vein. Mice were sacrificed as reported 

above when the human endpoints were reached or 6 weeks after the injection. 

2.7 In vivo and ex vivo IVIS and signal quantification

Primary tumor and/or lung metastasis growth was monitored periodically by bioluminescence imaging 

in anaesthetised mice (isoflurane 2-3%), which were intraperitoneally (IP) injected with 200 μl of luciferin 

in PBS (15 mg/kg) 15 minutes prior to imaging. Ex vivo imaging of mouse organs was performed as 

follows: luciferin was administered IP to each mouse before sacrifice. Organs and tissues of interests 

were then collected and imaged to detect the presence of the primary tumor and/or metastasis. Finally, 
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the bioluminescence intensity was quantified by defining the bioluminescence region of interest (ROI) 

for tongue tumors and metastasis. Data were reported as photons/s as per the instructions (Aura 

software, Spectral Instruments Imaging, LLC, USA).

2.8 Histology and immunohistochemistry (IHC)

After imaging, the tongue and the mandibular lymph nodes with the salivary glands were fixed in 10% 

formalin (48 hours) while the lungs were fixed in Bouin’s solution (12 hours). After fixation, the organs 

were embedded in paraffin blocks and sectioned for H&E staining to confirm the presence of the primary 

tumor and metastasis. In the orthotopic model, pan-cytokeratin (CK) staining (mouse monoclonal anti-

human pan-CK antibody, 1:100, #M3515, Dako, CA, USA) of primary tumors, mandibular lymph nodes 

and lung metastases was also performed. Images were then acquired using a Nikon Eclipse 80i 

microscope (Nikon Inc., Melville, NY, USA). The brightness and contrast of the whole H&E and IHC 

images were further adjusted with ImageJ/Fiji (Schindelin et al., 2012). 

2.9 Statistical analysis

Statistical analysis of quantification data was performed using one-way analysis of variance (ANOVA) 

followed by a post hoc Tukey test. Survival analysis was performed in both groups by the Kaplan-Meier 

method and the comparison between the two curves was performed by log-rank analysis using 

GraphPad Prism (GraphPad Software, San Diego, CA, USA).
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3.Results
3.1 Growth of the primary tumor in the orthotopic model of OSCC

To develop the orthotopic tongue SCC model, we injected the novel HSC-3 cell line expressing GFP 

and luciferase into the tongues of athymic nude mice. HSC-3 cells were previously transduced with a 

GFP/Luc expression vector and further selected by FACS analysis for GFP expression (Figure S1). This 

cell line is then referred to as the HSC-3 GFP/Luc cell line. All 15 injected mice (5 male, 10 female) did 

not show any complications after tongue injection. Three female athymic nude mice were excluded from 

the study: two mice did not develop primary tumors and the third mouse was sacrificed 41 days after 

the injection due to otitis media with head tilt unrelated to the tumor growth.

Five female athymic nude mice were sacrificed between 32 and 44 days after injection due to weight 

loss and poor body condition score (BCS). Two male athymic nude mice with weight loss were sacrificed 

between 43 and 54 days after injection, while a third mouse died 60 days after injection due to tumor 

growth. The remaining two male mice were sacrificed 11 weeks after injection, while the remaining 

females were sacrificed 8 weeks after injection due to the higher morbidity. However, the difference 

between the two survival curves was not statistically significant by log-rank analysis (p=0.17) (Figure 

S2). The growth of the primary tumor as monitored over time by IVIS was different between the animals 

(Figure 1a,b). In two female mice, the orthotopic implantation was not successful. The quantification of 

the bioluminescence intensity by ROI analysis shows exponential growth of the signal until week 7.

3.2 The orthotopic model of OSCC presented lung and lymph node metastases by ex vivo imaging

The first bioluminescence signal from lung metastasis was detected 4 weeks after injection in one male 

mouse and increased until 60 days after injection (Figure 1c). At necropsy, multifocal metastatic yellow-

whitish nodules in both lungs were observed (Figure 2a, L) and histopathological analysis of the regional 

lymph nodes showed the presence of metastases (Figure 2b-d). Histology of the primary tumor is also 

shown in Figure 2e-g. No evident bioluminescence signal from the lungs was observed in the other mice 

(n=11) prior to euthanasia (Figure 1c). In contrast, lymph node metastases were detected at necropsy 

(Figure 3a, black arrows) and by ex vivo imaging in 9 out of 11 mice (Figure 3b,c). Additionally, the ex 

vivo imaging of the lungs showed the presence of lung metastases in 5 more mice (3 male and 2 female 

mice, total distant metastasis rate=50%), which were sacrificed between 32 and 48 days after the 

injection. Quantification of the bioluminescence signal from the lung metastases is reported in Figure 

3c. No liver metastases were detected. The mean signal from regional metastases (2.50x107) was more 

intense than the one from lung metastases (1.35x106). However, this difference was not statistically 

significant (p=0.85). The mean bioluminescence signal from the tongue tumor was 1.50x108 photons/s 

and was significantly higher (p=0.007) than those from metastases (Figure 3c). Interestingly, the 5 mice 
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with lung metastasis also had lymph node metastasis. A separate ex vivo analysis of tumor and 

metastasis in male and female mice is reported in Figure S3.

3.3 Histology and pan-CK staining of the primary tumor and metastases

Mouse organs were processed for H&E and pan-CK staining to confirm the presence of the tongue 

tumor and the metastases detected by in vivo and/or ex vivo imaging. The results of the histopathological 

analysis were consistent with the bioluminescence signal. Representative images are shown in Figure 

4. The tongue tumor presented an infiltrative growth into the muscular layer and had a high expression 

of pan-CK (Figure 4a). In regional lymph nodes, CK-positive tumor cells occurred in the subcapsular 

sinus and part of the cortex (Figure 4b, white arrows). Histology of the lungs showed a diffuse tumor cell 

infiltration (Figure 4c) or the presence of multifocal cellular aggregates indicating an early metastatic 

process (Figure 4d, white arrows).

3.4 Generation of HSC-3 M1 GFP/Luc cell line

To generate a novel cell line derived from HSC-3 lung metastases, we first injected HSC-3 GFP/Luc 

cells into the tail vein of 5 athymic nude mice. Two weeks after injection, large lung metastases 

developed in one athymic nude mouse and lungs were collected (Figure 5a-b). Metastatic tumor cells 

isolated from the lungs were then purified by FACS for GFP expression (Figure 5c). Stable luciferase 

expression of the sorted cells was observed by IVIS (Figure 5d). In contrast to HSC-3 cells, the newly 

isolated cells had an increased luciferase activity. The cells were then referred to as HSC-3 M1 GFP/Luc 

and expanded in vitro. Cell morphology is reported in Figure S4. 

3.5 Non-orthotopic injection of HSC-3 M1 GFP/Luc cells produced large lung metastases

Three out of five HSC-3 M1 GFP/Luc-injected mice (5x105 cells injected; 60% metastasis rate) 

demonstrated metastases invading both lungs by in vivo and ex vivo imaging (Figure 6a-b). Histological 

confirmation of the lung metastases is reported in Figure 6c. Notably, IV injection of a lower number of 

HSC-3 GFP/Luc cells (1x105) also produced lung metastases in 3 out of 5 mice (60% metastasis rate; 

Figure S5). However, lung metastases invaded both lungs only in two cases (Figure S5).
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4.Discussion
In OSCC, an increasing incidence of DMs and poor patient survival require further investigation of 

processes driving distant metastatic growth in vivo (Ishida et al., 2017; Steeg, 2016). In the present 

study, we established two mouse models of OSCC with a lung metastasis rate of 50-60% by using HSC-

3 cells modified for GFP/Luc expression and HSC-3 M1 GFP/Luc cell line. In both models, histological 

analysis of the primary tumor and/or metastasis was consistent with the in vivo and ex vivo 

bioluminescence signal (Figures 1,3,4,6). The high rate of spontaneous lung metastases in our 

orthotopic model verified the accuracy of the orthotopic injection of tumor cells in mimicking the 

behaviour of several types of human cancers, including metastatic OSCC (Bais et al., 2015; Q. Li et al., 

2020; Mognetti et al., 2006; Ohara et al., 2010; Saxena & Christofori, 2013; Tamada, Aoki, Nozawa, & 

Irimura, 2004).

Bais et al. (Bais et al., 2015) obtained a 100% lung metastasis rate only by orthotopic implantation of 

0.5x106 UMSCC2 cells, derived from a recurrent OSCC. Lung metastases were first observed by in vivo 

imaging 24 days after the injection and mandibular, liver, intestine, and bone metastases were also 

detected by day 31. However, only histology of the primary tumor was provided. Another study by 

Masood et al. (Masood et al., 2013) reported an orthotopic model of OSCC with lung metastases in 83% 

of the cases after 4 weeks using cells isolated from metastatic mice lymph nodes (USC-HN3-GFP-G1). 

Mermod et al. (Mermod et al., 2018) reported the development of lung metastasis only after the surgical 

removal of the primary tumor implanted in the submental area (1x105 cells, mEERL95 murine cell line). 

More recently, a syngeneic model reported by Chen et al. (Chen, Liu, et al., 2019) developed both lymph 

node and lung metastases 8 weeks after the orthotopic implantation of cells derived from 4NQO-induced 

OSCC (5 x 106 cells, MOC-L1-Luc murine cell subclone). However, the majority of developed orthotopic 

models of OSCC had no or very few lung metastases, probably due to the fast growth of the primary 

tumor and/or a high number of injected OSCC cells (e.g. 0.2-5x106) accompanied by an early sacrifice 

of the animals (3-3.5 weeks) (Chen, Chang, Yang, Tu, & Lin, 2019; Matsui, Ota, Ueda, Tanino, & 

Odashima, 1998; Noguchi et al., 2003; Umeda et al., 2001). 

Indeed, the orthotopic injection of 1.75x105 HSC-3 cells and HSC-3 cells isolated from lymph node 

metastases (HSC-3 M3) in nude mice resulted in a low lung metastasis rate (10%) and a different lymph 

node metastasis rate (HSC-3:30%;HSC-3 M3:90%) evaluated by histology (Matsui et al., 1998). In 

contrast, we transduced HSC-3 cells using a lentivirus carrying both GFP and luciferase genes and 

used only 5x104 HSC-3 GFP/Luc cells to establish our orthotopic model. In our model, lung metastases 

were first observed 4 weeks after implantation by in vivo imaging, while in the study by Matsui et al. 

(Matsui et al., 1998) the mice were sacrificed 3 weeks after injection. Moreover, the use of ex vivo 

bioluminescence imaging in our study allowed us to detect lung and lymph node metastases that were 
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not visible by in vivo imaging. The usefulness of this imaging technique to detect metastatic cells was 

also reported in other mouse models of OSCC (Bais et al., 2015; Braks et al., 2015; Chen, Chang, et 

al., 2019; Chen, Liu, et al., 2019; Masood et al., 2013). However, the bioluminescence imaging presents 

some limitations such as a transient and variable signal when compared to fluorescence imaging (Bais 

et al., 2015). In summary, our orthotopic model established with HSC-3 GFP/Luc cells presented 

advantages over the one established with solely HSC-3 cells (Matsui et al., 1998) such as the possibility 

of monitoring tumor growth in vivo and the presence of both lymph node (total regional metastasis 

rate=83%) and lung metastases (total distant metastasis rate=50%). 

In addition, our study presented the development of lung metastasis without previous cell isolation from 

metastases and/or primary tumors (Q. Li et al., 2020; Masood et al., 2013) or surgical procedures 

(Mermod et al., 2018), consistent with the high metastatic potential in vivo of the HSC-3 cell line. Indeed, 

OSCC cell lines vary in origin and expression of important biomarkers such as human papillomavirus 

(HPV) proteins, TP53 mutations, and AP-1, which are involved in regional and distant metastatic 

progression (Hyakusoku et al., 2016; Mermod et al., 2018; Sano et al., 2011). 

HPV-oropharyngeal SCC is characterised by frequent DMs and increasing incidence, and it is therefore 

separately classified from oral cavity SCC, which is usually not associated with HPV (Chi et al., 2015; 

Colevas et al., 2018; Furness et al., 2011; Irani, 2016a; Lu et al., 2018; Mermod et al., 2018). In oral 

cavity SCC, DMs have been reported especially in patients with tongue and gingiva SCC (Chi et al., 

2015; Furness et al., 2011; Irani, 2016b; Osaki et al., 2000; Takahashi et al., 2014).  In the study by 

Mermod et al. (Mermod et al., 2018), the mEERL cell line was generated by transforming mouse tonsillar 

epithelial cells with HPV16 E6-E7 proteins, while the human HSC-3 cell line derived from a highly 

metastatic tongue SCC and is a well-known HPV-negative cell line (Jouhi et al., 2015; Sugiyama et al., 

2003).

The use of athymic nude mice lacking functional T lymphocytes in our orthotopic model hampers the 

evaluation of immunological processes involved in OSCC metastasis such as immune escape and 

immune modulation (Chen, Liu, et al., 2019; Q. Li et al., 2020; Mognetti et al., 2006). 

Immunocompromised mice are necessary when human cancer cell lines are used to reproduce tumors 

in vivo and different kinds have been used for xenograft models of OSCC (Q. Li et al., 2020; Rossa & 

D’silva, 2019). Interestingly, few orthotopic models of OSCC metastasis reported the use of severe 

immunocompromised mice such as SCID and NOD-SCID mice, which lack mature T and B lymphocytes 

and normal function of lymphocytes, NK cells, dendritic cells, and macrophages, respectively (Masood 

et al., 2013; Wu et al., 2017). Notably, athymic nude mice present the lowest degree of immune-
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deficiency because of the presence of functional macrophages, dendritic cells, B lymphocytes, and 

neutrophils  (Q. Li et al., 2020; Rossa & D’silva, 2019) 

Of note, previous studies on HSC-3 cells showed a high expression of markers associated with OSCC 

recurrence and metastasis such as toll-like receptor (TLR) 5, metalloproteinases (MMPs) 2 and 3, and 

epithelial-to-mesenchymal transition (EMT) markers such as vimentin, N-cadherin, and MMP7 (Erdem, 

Carlson, Gerard, & Ichiki, 2007; Kauppila, Mattila, Karttunen, & Salo, 2013; W. Li, Zhu, & Qin, 2018). 

Indeed, a high expression of EMT markers such as vimentin, fibronectin, ZEB1, β-catenin, and/or 

MMP7, and a low E-cadherin expression were linked to the high regional and distant metastatic potential 

in vivo of newly established murine cell lines MOC-L1 and mEERL95 (Chen, Liu, et al., 2019; Mermod 

et al., 2018), and the human cell line USC-HN3-GFP-G2 (Masood et al., 2013). Moreover, cancer stem 

cells (CSCs) markers are emerging as important promoters of OSCC progression, recurrence, and 

metastasis (Masood et al., 2013; Wu et al., 2017). In an orthotopic model developed by Wu et al. (Wu 

et al., 2017), the lymph node metastasis rate obtained was 80% and 30% by using CD44+ and CD44- 

OSCC cells (1x106 cells, SCC9 cell line) respectively. However, the authors did not provide any 

information about the possible presence of lung metastasis. In contrast, other studies correlated the 

high level of aggressiveness and distant metastatic potential of OSCC cell lines with the expression of 

other CSCs markers such as OCT-4, ALDH1, and SOX2 and proliferation markers (Chen, Chang, et al., 

2019; Chen, Liu, et al., 2019; Masood et al., 2013). Nevertheless, more investigations are needed in 

order to elucidate the role of EMT and CSCs in OSCC metastatic dissemination.

Furthermore, here we established an IV model by using for the first time OSCC cells isolated from a 

lung metastasis. Indeed, this procedure has previously been reported only for lymph node metastasis 

(Masood et al., 2013; Matsui et al., 1998). This allowed us to obtain large and diffuse lung metastases 

in 60% of the injected animals by week 3 by injecting a lower number of cells (0.5x106) than previous 

studies (Chen, Chang, et al., 2019; Hyakusoku et al., 2016; P. Li et al., 2012), indicating the high 

metastatic potential of HSC-3 M1 cell line. In addition, the prevalence and the distribution of lung 

metastases in both lungs were consistent with previous studies (Hyakusoku et al., 2016; P. Li et al., 

2012; W. Li et al., 2018). A lung metastasis rate of 85 or 100% was obtained by injecting 1x106 HSC-3 

and 2x106 CAL-27 cells, respectively, and in both models, coalescent metastatic nodules were observed 

in both lungs (Hyakusoku et al., 2016; P. Li et al., 2012) as in our IV model with HSC-3 M1 cells. 

However, our study has limitations such as the lack of HSC-3 M1 GFP/Luc cell line authentication and 

the use of the IV model. Indeed, this model (also referred to as “lung metastasis model”) gives only lung 

metastasis and lacks the primary tumor and regional metastases, which are relevant for studying OSCC 

metastatic dissemination. Moreover, the number of injected cells is higher  than those that may cause 
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lung metastasis in OSCC patients (Hyakusoku et al., 2016; Mognetti et al., 2006; Saxena & Christofori, 

2013). Despite the IV model is still used to evaluate the distant metastatic potential of OSCC cells, 

including the newly isolated ones (Chen, Chang, et al., 2019; Chen, Liu, et al., 2019; Hyakusoku et al., 

2016), we would suggest to rather use the orthotopic model to further investigate the development of 

OSCC DMs in vivo. Additionally, the IV model may mimic only the late stages of metastatic 

dissemination in a small subset of OSCC, since the presence of multiple metastases in both lungs was 

only reported in 8/35 patients with HNSCC lung metastasis (Osaki et al., 2000).

5.Conclusion
The poor prognosis for metastatic OSCC requires reliable preclinical models to study the early 

dissemination of metastatic cells in regional and distant organs and to evaluate novel therapies. The 

high rate of both lymph nodes and lung metastases, together with the presence of the primary tumor, 

makes our orthotopic model with HSC-3 GFP/Luc cells a promising tool for such purposes, when 

compared with the IV model. Although we demonstrated the high metastatic potential of the newly 

isolated HSC-3 M1 GFP/Luc cell line by IV injection, future studies using OSCC cell lines isolated from 

lung metastasis in orthotopic models may provide novel insights into OSCC metastatic progression.
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Figure Captions

Figure 1 Results of the orthotopic model of oral cancer in athymic nude mice. In vivo imaging of representative 

HSC-3-injected male (a, left), female (b, left) mice and quantification of the bioluminescence signal of the primary 

tumor (a, right: week 1-5 n=5; week 6-7 n=4; week 8 n=3; week 9-10 n=2; b, right: week 1-4 n=7; week 5-6 n=3; 

week 7 n=2). In male mice, the highest tumor signal (109 photons/s) was detected in one mouse (arrow), which 

reached the endpoint between 7 and 8 weeks after the injection. The total emission (photons/s) was quantified per 

each bioluminescence region of interest (ROI). Data are expressed as the mean ± SEM. c In vivo imaging of HSC-

3-injected male (left) and female mice (right): lung metastasis was detected only in one male mouse, which died 

60 days after the injection.

Figure 2 Mouse with large lung metastases also developed lymph node metastases. a Lung metastases in one 

male athymic nude mouse (L, white arrows) and images of mandibular lymph nodes (metastasis indicated by the 

white arrow) with the salivary glands (LN) and tongue tumor (T). b and c Histology of mandibular lymph nodes, 

H&E staining, 100x magnification: tumor cells invaded the subcapsular sinus and part of the cortex (black arrows). 

d IHC staining, 100x magnification: metastatic cells expressed pan-cytokeratin (CK). Nonspecific plasma cells’ 

CK staining (asterisk) was also present. e and f Histology of the primary tumor, H&E staining, 100x (e) and 400x 

magnification (f): the tongue carcinoma presented a high cellular density, with cells organised in islets and cordon-

like structures and areas of keratinisation. At a higher magnification, the tumor cells had several features of 

malignancy such as pleomorphism, severe nuclear atypia, high nuclear/cytoplasmic ratio, and prominent nucleoli 

(black arrows). g IHC staining, 100x magnification: tumor cells presented a strong expression of pan-CK. 

Figure 3 Ex vivo analysis of the primary tumor and metastasis in the orthotopic model of OSCC. a 

Representative images of mandibular lymph node metastases (black arrows) and primary tumors (black circles) at 

mice necropsy: the mandibular lymph nodes were collected with the salivary glands. b Representative ex vivo 

imaging in one mouse to detect the presence of tumor cells in the tongue and the other organs/tissues. Large tumor 

metastases were observed in regional lymph nodes. T= tongue, LN= regional lymph nodes and salivary glands, 

LV= liver, S= spleen, L=lungs. c Quantification of bioluminescence data for ex vivo analysis of the primary tumor 

and metastases in both sexes of athymic nude mice. Photons/s emitted by the primary tumor (n=11), the regional 

lymph nodes (n=9), and the lung metastases (n=5) were quantified and expressed as the mean ± SEM.  

Representative images of the primary tumor and metastasis are shown (right panel). ** p < 0.01 by one-way 

ANOVA with post hoc Tukey test. 
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Figure 4 Histology of the primary tumor and metastases in the orthotopic model. Representative images of 

H&E (top) and pan-CK staining (bottom) of the primary tumor (a),  lymph node (b), and lung metastases (c-d). a 

Histological analysis of the primary tumor revealed the presence of areas of keratinisation. Cellular architecture 

consisted of cordon-like structures and cellular islets. DEp= dorsal epithelium; VEp= ventral epithelium. b In the 

mandibular lymph nodes, CK was expressed on the membrane of the metastatic cells. Nonspecific plasma cells’ 

CK staining (asterisk) and CK-negative histiocytic areas (black arrows) were also present. c Histology of the lungs 

reported in Figure 2a: a diffuse tumor cell infiltration in both lungs and strong pan-CK staining were observed. d 

Histology of the lung metastases previously detected by ex vivo imaging: representative images of H&E and pan-

CK staining. Several cellular aggregates (white arrows) were observed. Nonspecific staining of plasma in blood 

vessels was also present.

Figure 5 Isolation of HSC-3 M1 cell line. a In vivo imaging of the HSC-3-injected athymic nude mouse from 

which HSC-3 M1 cells were isolated. b Representative images of lung metastases at necropsy. Both lungs 

presented with metastatic nodules (circles). c FACS of the isolated cells for GFP expression: almost 20% of the 

analysed cells was strongly positive for GFP. The GFP signal detected in the sorted population was between 104 

and 105 (lower panel on the right). d In vitro bioluminescence imaging on sorted HSC-3 M1 GFP/Luc cells (left). 

Less linear dependence than HSC-3 cells was observed (right). The cells were serially diluted 1:2 from 500,000 to 

7800 in a 96-well plate. DMEM media served as a negative control (IVIS Spectrum Perkin Elmer Inc., Waltham, 

MA).

Figure 6 HSC-3 M1 induced metastases upon IV injection in athymic nude mice. a In vivo imaging of HSC-

3 M1-injected athymic nude female mice. Five weeks after the IV injection of tumor cells, large lung metastases 

were detected in 60% of the mice. b Ex vivo imaging of mouse organs was performed 6 weeks after the injection 

to detect the presence of tumor cells. No liver metastases were detected. L=lungs; LV=liver; S=spleen. c H&E 

staining of the lung metastases in the IV model with HSC-3 M1 cell line. Metastases initially detected by in vivo 

imaging were further confirmed by histology. Representative images of OSCC lung metastasis show a diffuse 

tumor cell infiltration (arrows) in both lungs. At a higher magnification (400x), pleomorphism, anisocytosis, 

marked nuclear atypia, and prominent nucleolus characterised the HSC-3 M1 cells. 
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Figure 1 Results of the orthotopic model of oral cancer in athymic nude mice. In vivo imaging of 
representative HSC-3-injected male (a, left), female (b, left) mice and quantification of the bioluminescence 
signal of the primary tumor (a, right: week 1-5 n=5; week 6-7 n=4; week 8 n=3; week 9-10 n=2; b, right: 
week 1-4 n=7; week 5-6 n=3; week 7 n=2). In male mice, the highest tumor signal (10^9 photons/s) was 
detected in one mouse (arrow), which reached the endpoint between 7 and 8 weeks after the injection. The 

total emission (photons/s) was quantified per each bioluminescence region of interest (ROI). Data are 
expressed as the mean ± SEM. c In vivo imaging of HSC-3-injected male (left) and female mice (right): lung 

metastasis was detected only in one male mouse, which died 60 days after the injection. 
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Figure 2 Mouse with large lung metastases also developed lymph node metastases. a Lung metastases in 
one male athymic nude mouse (L, white arrows) and images of mandibular lymph nodes (metastasis 

indicated by the white arrow) with the salivary glands (LN) and tongue tumor (T). b and c Histology of 
mandibular lymph nodes, H&E staining, 100x magnification: tumor cells invaded the subcapsular sinus and 

part of the cortex (black arrows). d IHC staining, 100x magnification: metastatic cells expressed pan-
cytokeratin (CK). Nonspecific plasma cells’ CK staining (asterisk) was also present. e and f Histology of the 
primary tumor, H&E staining, 100x (e) and 400x magnification (f): the tongue carcinoma presented a high 
cellular density, with cells organised in islets and cordon-like structures and areas of keratinisation. At a 
higher magnification, the tumor cells had several features of malignancy such as pleomorphism, severe 

nuclear atypia, high nuclear/cytoplasmic ratio, and prominent nucleoli (black arrows). g IHC staining, 100x 
magnification: tumor cells presented a strong expression of pan-CK. 

76x67mm (300 x 300 DPI) 
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Figure 3 Ex vivo analysis of the primary tumor and metastasis in the orthotopic model of OSCC. a 
Representative images of mandibular lymph node metastases (black arrows) and primary tumors (black 

circles) at mice necropsy: the mandibular lymph nodes were collected with the salivary glands. b 
Representative ex vivo imaging in one mouse to detect the presence of tumor cells in the tongue and the 
other organs/tissues. Large tumor metastases were observed in regional lymph nodes. T= tongue, LN= 

regional lymph nodes and salivary glands, LV= liver, S= spleen, L=lungs. c Quantification of 
bioluminescence data for ex vivo analysis of the primary tumor and metastases in both sexes of athymic 

nude mice. Photons/s emitted by the primary tumor (n=11), the regional lymph nodes (n=9), and the lung 
metastases (n=5) were quantified and expressed as the mean ± SEM.  Representative images of the 

primary tumor and metastasis are shown (right panel). ** p < 0.01 by one-way ANOVA with post hoc Tukey 
test. 
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Figure 4 Histology of the primary tumor and metastases in the orthotopic model. Representative images of 
H&E (top) and pan-CK staining (bottom) of the primary tumor (a),  lymph node (b), and lung metastases (c-

d). a Histological analysis of the primary tumor revealed the presence of areas of keratinisation. Cellular 
architecture consisted of cordon-like structures and cellular islets. DEp= dorsal epithelium; VEp= ventral 

epithelium. b In the mandibular lymph nodes, CK was expressed on the membrane of the metastatic cells. 
Nonspecific plasma cells’ CK staining (asterisk) and CK-negative histiocytic areas (black arrows) were also 
present. c Histology of the lungs reported in Figure 2a: a diffuse tumor cell infiltration in both lungs and 

strong pan-CK staining were observed. d Histology of the lung metastases previously detected by ex vivo 
imaging: representative images of H&E and pan-CK staining. Several cellular aggregates (white arrows) 

were observed. Nonspecific staining of plasma in blood vessels was also present. 
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Figure 5 Isolation of HSC-3 M1 cell line. a In vivo imaging of the HSC-3-injected athymic nude mouse from 
which HSC-3 M1 cells were isolated. b Representative images of lung metastases at necropsy. Both lungs 

presented with metastatic nodules (circles). c FACS of the isolated cells for GFP expression: almost 20% of 
the analysed cells was strongly positive for GFP. The GFP signal detected in the sorted population was 

between 10^4 and 10^5 (lower panel on the right). d In vitro bioluminescence imaging on sorted HSC-3 M1 
GFP/Luc cells (left). Less linear dependence than HSC-3 cells was observed (right). The cells were serially 

diluted 1:2 from 500,000 to 7800 in a 96-well plate. DMEM media served as a negative control (IVIS 
Spectrum Perkin Elmer Inc., Waltham, MA). 
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Figure 6 HSC-3 M1 induced metastases upon IV injection in athymic nude mice. a In vivo imaging of HSC-3 
M1-injected athymic nude female mice. Five weeks after the IV injection of tumor cells, large lung 

metastases were detected in 60% of the mice. b Ex vivo imaging of mouse organs was performed 6 weeks 
after the injection to detect the presence of tumor cells. No liver metastases were detected. L=lungs; 
LV=liver; S=spleen. c H&E staining of the lung metastases in the IV model with HSC-3 M1 cell line. 

Metastases initially detected by in vivo imaging were further confirmed by histology. Representative images 
of OSCC lung metastasis show a diffuse tumor cell infiltration (arrows) in both lungs. At a higher 

magnification (400x), pleomorphism, anisocytosis, marked nuclear atypia, and prominent nucleolus 
characterised the HSC-3 M1 cells. 
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Figure S1 GFP/luciferase expression of transduced HSC-3 cells. a Transduced HSC-3 cells were selected by 

Fluorescence-activated cell sorting (FACS) for GFP expression: results showed 1% of transduced cells positive for GFP 

(BD FACSAria II Cell Sorter). b In vitro bioluminescence imaging on sorted GFP/Luc-transduced HSC-3 cells. The cells 

were serially diluted 1:2 from 500,000 to 7800 in a 96-well plate and were imaged after the addition of luciferin to the media 

(IVIS Spectrum Perkin Elmer Inc., Waltham, MA). DMEM media served as a negative control. c The quantification plot 

shows the linear fit between the serial dilutions and signal intensity using the bioluminescence region of interest (ROI) (R2 

= 0.99).
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Figure S2 Survival of athymic nude mice with OSCC. Survival curve of male (a, n=5) and female (b, 

n=7) athymic nude mice. The median survival of male and female mice was 60 and 36 days respectively. 

Error bars are plotted as SE.
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Figure S3 Quantification of bioluminescence signal of the primary tumor and metastases in male and 

female athymic nude mice. Photons/s emitted by the tongue, the lymph nodes, and lung metastases were 

quantified and are shown as mean ± SEM. a and b represent the ex vivo analysis of tumor and metastases 

in male and female mice respectively. While the mean signal of the primary tumor was similar between the 

two graphs (1.38x108 vs 1.55x108), the signal of lymph node metastases in male mice was three times higher 

than in female mice (4.82x107 vs 1.39x107 ). 
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Figure S4 Morphology of HSC-3 M1 GFP/Luc and HSC-3 cells by light and confocal microscopy. a 

The new HSC-3 M1 cell line conserved the round to spindle morphology of the parental HSC-3 cells when 

observed under light microscopy (20x, EVOS FLTM, American Microscope Group). The spindle-shaped 

morphology of HSC-3 and HSC-3 M1 cells is consistent with epithelial-to-mesenchymal transition (EMT). 

Scale bar represents 200 µm. b Representative zeta stack projections of HSC-3 M1 GFP/Luc and HSC-3 

cells (ImageJ). Alexa Fluor 488 phalloidin (green fluorescence) and DAPI (blue fluorescence) were used 

to stain the cytoskeleton and the nucleus, respectively. Scale bar represents 10 µm. 
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Figure S5 Injection of HSC-3 GFP/Luc cells in athymic nude mice. a In vivo imaging of all 5 HSC-3-

injected athymic nude mice. The novel HSC-3 M1 cell line was isolated from mouse “1” (see also Figure 

5). Four weeks after the injection, smaller lung metastases were detected in 2 other mice (mouse “2” and 

mouse “3”). b Ex vivo imaging was performed 5 weeks after the injection to confirm the metastases detected 

by in vivo imaging. While mouse “3” presented diffuse lung metastases in both lungs, mouse “2” presented 

a small lung metastasis only in one lung. No lung metastases were detected ex vivo in the other two mice. 

LN= mandibular lymph nodes with salivary glands. c Representative macroscopic image of lung metastases 

in mouse “3”. The lung metastases were macroscopically observed (circles), although they were not as large 

and evident as the ones in mouse “1” (Figure 5b). 
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