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Abstract

The survival rate for head and neck cancer (HNC) patients diagnosed with cervical lymph node 

(cLN) or distant metastasis is low. Genomic alterations in the HRAS oncogene are associated 

with advanced tumor stage and metastasis in HNC. Elucidation of the molecular mechanisms by 

which mutated HRAS (HRASmut) facilitates HNC metastasis could lead to improved treatment 

options for patients. Here, we examined metastasis driven by mutant HRAS in vitro and in vivo 

using HRASmut human HNC cell lines, patient-derived xenografts (PDXs), and a novel HRASmut 

syngeneic model. Genetic and pharmacological manipulations indicated that HRASmut was 

sufficient to drive invasion in vitro and metastasis in vivo. Targeted proteomic analysis showed 

that HRASmut promoted AXL expression via suppressing the Hippo pathway and stabilizing 

YAP1 activity. Pharmacological blockade of HRAS signaling with the farnesyltransferase inhibitor 

tipifarnib activated the Hippo pathway and reduced the nuclear export of YAP1, thus suppressing 

YAP1-mediated AXL expression and metastasis. AXL was required for HRASmut cells to migrate 

and invade in vitro and to form regional cLN and lung metastases in vivo. In addition, AXL-

depleted HRASmut tumors displayed reduced lymphatic and vascular angiogenesis in the primary 

tumor. Tipifarnib treatment also regulate AXL expression and attenuated VEGFA and VEGFC 

expression, thus regulating tumor-induced vascular formation and metastasis. Our results indicate 

that YAP1 and AXL are crucial factors for HRASmut-induced metastasis and that tipifarnib 

treatment can limit the metastasis of HNC tumors with HRAS mutations by enhancing YAP1 

cytoplasmic sequestration and downregulating AXL expression.
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Introduction

The main causes of mortality from head and neck cancer (HNC) are treatment failure 

and/or acquired resistance to therapy, which manifests either as local or regional recurrence 

with cervical lymph node (cLN) metastasis or recurrent disease with distant metastasis 

(1). Despite advances in chemoradiotherapy and immunotherapy protocols for the systemic 

treatment of patients with metastatic disease, the five-year survival rate of patients diagnosed 

with stage III or IV HNC remains low (1–3).

These poor survival rates provide the motivation to examine the molecular alterations 

associated with cLN and distant metastasis of HNC. Tumor metastasis is a complex and 

multi-step process (4) that includes numerous cellular processes, such as apoptosis, invasion, 
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and migration, which must be activated/employed by tumor cells to establish metastatic 

disease (4,5). Gene expression profiling of primary and metastatic HNC has identified 

several genes that are associated with metastatic processes, including the epithelial-

mesenchymal transition, stemness, microvascular angiogenesis and lymphogenesis, 

extracellular matrix degradation, resistance to cell death, and metabolic reprograming, and 

thus contribute to regional and distant metastasis in HNC patients (6,7). The HRAS mutation 

(HRASmut) is an important oncogenic driver found in 7% of human papilloma virus-negative 

HNC patients (8) and in 15% of patients with recurrent metastatic disease (9). The major 

hot spot mutations in HRAS occur at codons 12, 13 and 61, being frequently detected in 

cancers of the salivary glands at Q61 and of the oral cavity at G12 (8). The frequency of 

mutations in HRAS increases after the acquisition of resistance to treatment with cetuximab, 

an epidermal growth factor receptor inhibitor (10). While in cancer types other than HNC, 

where HRAS is known to be central protein in metastases signaling cascades (11,12), the 

molecular mechanisms by which HRASmut induces cLN and distant metastasis in HNC 

remains elusive.

In light of the high frequency of HRAS mutations in HNC patients with advanced-stage 

disease, we sought to elucidate the intracellular machinery enhancing cLN and lung 

metastasis in these patients. Thus, to comprehensively study the mechanism of HRASmut on 

HNC progression and metastasis, we performed genetic and pharmacological manipulations 

to block HRAS function and its downstream signaling effectors in HRASmut cell lines, 

patient-derived xenografts (PDXs), and a novel syngeneic HRASmut models.

Materials and Methods

Human cell lines

The HRAS-mutant human HNC cell lines, HN31 (G12D), UMSCC17B (Q61L), and CAL33 

(Leibniz Institute DSMZ-German Collection of Microorganisms and Cell Cultures, GmbH, 

Germany), were maintained at 37 °C in a humidified atmosphere of 5% CO2 in the relevant 

medium supplemented with 1% L-glutamine 200 mM, 100 units each of penicillin and 

streptomycin, and 10% fetal bovine serum (FBS). No mycoplasmas were detected with the 

Mycoplasma Detection Kit (PCR) (HyLabs, Rehovot, Israel).

Primary culture of mice tongue cells

Fresh tongue tissues from male KRT14 Cre mice were washed with Hanks’ balanced salt 

solution (HBSS) or phosphate-buffered saline (PBS), cut into small pieces with sterile 

scissors, and treated with an enzyme mixture of collagenase (10 mg/mL; Thermo Fisher 

Scientific, catalog 17104019), hyaluronidase (1 mg/mL; MilliporeSigma, catalog H3506), 

and DNase (200 U/mL; Thermo Fisher Scientific, catalog18047019). The tissues were 

dissociated using the gentleMACS™ dissociator. Cells were filtered through a 70-μm 

cell strainer, centrifuged (300 g, 5 min), and cultured in DMEM high glucose medium. 

The cultures were stained for the epithelial markers, cytokeratin 14 and E-cadherin, for 

verification of epithelial origin. All antibodies used in this study has been listed in 

Supplementary Table 1.
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Transduction of primary cells

The concentrated pTomo HRASV12 shp53 (13) (Supplementary Fig. 1A) lentivirus was used 

to transduce primary tongue cells in the presence of 8 μg/mL of Polybrene (Santa Cruz). 

After 48 h of transduction, the medium was replaced with fresh medium without virus. 

Non-transduced cells eventually die after 10 days, and only transduced cells survive after 14 

days. Only cells that were GFP+/RFP− (green fluorescent protein+/red fluorescent protein−) 

were considered to be transduced, because only epithelial cells with KRT14+ express Cre, 

and Cre helps to cleave RFP. Primary tongue cells transduced with this oncogenic vector 

expressed only GFP because the expression of HRAS is regulated by Cre.

Production of murine sgAXL CRISPR knockout cell lines

Lentiviruses were created by transfecting HEK293 cells with the viral plasmids psPAX2, 

pMD2.G, and lenticrispr V2 with sgRNAs, i.e., a control sequence (shCT) or either of the 

3 different sequences for the silencing of AXL expression (sgAXL1, sgAXL2 and sgAXL3, 

in-house constructed plasmids) using PEI as described in the Supplementary Materials and 

Methods. Viruses were collected after 48–72 h and used for cell infection. Cells were seeded 

in 6-well plates (150,000 cells per well) and infected with the lentiviruses in the presence 

of Polybrene (MilliporeSigma, 5G-H9268). Cells were selected with puromycin (Thermo 

Fisher Scientific, A11138-03).

Protein array analysis

Cell lysates were analyzed for 84 oncogenes using the Proteome Profiler Human Oncogene 

Protein Array kit (R&D systems, Minneapolis, MN, USA) according to the manufacturer’s 

instructions. In brief, cell lysates were prepared using lysis buffer from the relevant array kit, 

and protein concentration was measured by Bio-Rad protein assay. Cell lysates diluted in the 

array buffer were incubated with the ready-to-use pre-coated array membranes (blocked in 

blocking buffer provided with the kit) overnight at 4 °C on a rocking platform shaker. The 

array membranes were washed three times (10 min) with washing buffer (provided with the 

kit) to remove any unbound proteins. The membranes were then incubated with the detection 

antibody cocktail for 1.5 h at room temperature with shaking. The membranes were washed 

again (3 × 5 min each) with washing buffer and further incubated with diluted streptavidin-

HRP for 30 min at room temperature with shaking. The excess buffer was removed, and 

the protein spots were detected by chemiluminescence 1 min after exposure to the Chemi 

Reagent mix (from the kit). The arrays were visualized, and images were captured by 

Azure C300 Chemiluminescent Western Blot Imaging System (Azure Biosystems). The 

densitometric analysis of the protein array was performed using Image J software with the 

Protein Array Analyzer plugin (14).

Animal studies

C57/BL6 mice were purchased from Envigo. NOD.Cg-Prkdc Il2rg/SzJ (NSG™) and KRT14 

Cre mice were purchased from The Jackson Laboratory. Mice were housed in air-filtered 

laminar flow cabinets with a 12 h/12 h light/dark cycle and were fed food and water 

ad libitum. Mice were maintained and treated according to the institutional guidelines 

of Ben-Gurion University of the Negev. Animal experiments were approved by the 
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Institutional Animal Care and Use Committee (IACUC) (IL.80-12-2015 (E), IL.29-05-2018 

(E), IL.43-06-2019 (E), IL.44-06-2019 (E)).

PDX development and maintenance

HRASmut HNC PDX samples, namely, PDX1 (HN11-6062) and PDX2 (HN13-7313) 

harboring G12S and G13R mutations in HRAS, respectively, were first transplanted 

subcutaneously (s.c.) into the flanks of 6-week-old NSG mice. Upon successful tumor 

engraftment, tumors were expanded and retransplanted into other NSG mice. About 3 weeks 

after the second transplantation, each tumor was excised and a single-cell suspension was 

prepared. For the experiments, 3 × 106 cells were injected into the lips of NSG mice.

Spontaneous metastasis model

Orthotropic models were established by injecting 1 × 106 HRASmut human or murine tumor 

cells or their AXL modulated cells into the lips of C57/BL6 or NSG mice. Tumors were 

measured with a digital caliper twice a week, and tumor volumes were determined according 

to the formula: length × width2 × (π/6). At the end of the experiment, when the tumors had 

reached 500 mm3 in size, the animals were sacrificed by exposing them to CO2 inhalation. 

The tumors, draining cLNs, and lungs were harvested for investigation.

Drug efficacy studies

Animals were randomized into 2 or 4 groups of 5–6 mice per group, depending on 

the particular in vivo metastasis or drug efficacy experiment. When the tumors reached 

100 mm3 in size, the animals were treated orally with tipifarnib (60 mg/kg/twice 

daily), or R428 (50 mg/kg/twice daily) (provided by BerGenBio) in a vehicle of 0.5% 

carboxymethylcellulose (Millipore Sigma, Burlington, MA, USA), as indicated in the 

Results section. Tumors were measured with a digital caliper twice a week, and tumor 

volumes were determined as described above. At the end of the experiment, animals were 

sacrificed by exposing them to CO2 inhalation, and the tumors, cLNs, and lungs were 

harvested for investigation. Measurements of tumor volumes are given either as average 

tumor volume ± SEM or as values normalized to initial volumes and presented as an 

averaged percentage of the initial volumes ± SEM. Harvested tissues were fixed in 4% 

paraformaldehyde (PFA) overnight and stored in 70% ethanol for further investigation. 

Serial sections of the lungs were stained with H&E for examining metastasis.

HUVEC maintenance

HUVECs were obtained from ScienCell Research Laboratories (San Diego, CA, USA) (No. 

8000) and were grown in endothelial culture medium (No. 1001, ScienCell) containing 5 

% FBS (No. 0025), 1 % endothelial cell growth supplement (No. 1052) and 1 % penicillin/

streptomycin solution (No. 0503) in 5 % CO2 at 37 °C. Cells were used in experiments 

between passages 2 and 5.

Conditioned media.

HRASmut AXL knock down/knockout cells were allowed to grow to a confluence of 80%. 

After they reached confluence, the medium was replaced with a serum-free DMEM. The 
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conditioned medium was collected after 48 h of incubation and centrifuged at 2,000 rpm for 

15 min to remove cell debris. The supernatant, i.e., the conditioned medium, was stored at 

−80 °C until use.

For tipifarnib and R428 conditioned media. HRASmut human cell line HN31 and murine 

cells were allowed to grow to a confluence of 80%. After they reached confluence, the 

cells were treated with DMSO or tipifarnib (100nM/1μM) / R428 (2μM) for 24h. After 24h 

post treatment, the cells were washed with PBS thrice and supplemented with serum-free 

DMEM. The conditioned medium was collected after 48 h of incubation and centrifuged at 

2,000 rpm for 15 min to remove cell debris. The supernatant, i.e., the conditioned medium, 

was stored at −80 °C until use.

Statistical analysis

Statistical analysis was performed using GraphPad Prism software (version 9), and values 

are presented as means ± SEM. For comparisons between two groups, P values were 

calculated by an unpaired t-test. One-way ANOVA was calculated using Tukey’s multiple 

comparison test for experiments with more than two groups. P values of 0.05 (*), 0.01 (**), 

0.001 (***), and 0.0001 (****) were considered statistically significant.

Data Availability Statement

The data generated in this study are available within the article and its supplementary data 

files. Additional data is available on request from corresponding author. Detailed materials 

and methods are provided as Supplementary Materials and Methods

Results

Mutated HRAS enhances HNC cell metastasis via switching off the Hippo pathway and 
activating the YAP1-AXL axis

To explore whether HRAS mutations potentiate invasiveness of HNC cell line in vitro, 

we performed a gain-of-function study in which HRASmut was genetically incorporated 

(by using overexpression of the pTomo HRASV12 vector (13)) into wild-type (WT) non-

metastatic HRAS Cre-expressing CAL33 (CAL33 Cre+) cells, followed by determination 

of tumor cells migration and invasion capability (Fig. 1A; Supplementary Fig. 1A and 

1B). These in vitro studies showed that CAL33 Cre+ HRASV12+ cells exhibited enhanced 

migration and invasive potential compared to CAL33 Cre+ cells (Fig. 1B). In reciprocal 

studies, we examined whether silencing HRAS in HRASmut cells inhibits their invasive 

capability. We knocked down HRAS in the metastatic G12D-HRASmut HNC HN31 cell line 

by using RNA interference (RNAi) (Fig. 1C; Supplementary Fig. 1C); in those experiments, 

a reduction in the invasion and migration capability of the knocked-down tumor cells was 

observed compared to cells transfected with scrambled/control RNAi (Fig. 1D). Notably, 

knockdown of HRAS did not affect the proliferation of HN31 tumor cells (Supplementary 

Fig. 1D).

To identify the mechanism by which HRASmut induces enhanced migration/invasion in 
vitro, we used the human oncogene protein array for comparing i) proteins expressed 
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by non-metastatic CAL33 Cre+ cells vs. metastatic CAL33 Cre+ HRASV12+ cells and ii) 

proteins expressed by HN31 metastatic HRASmut cells silenced with HRAS-RNAi vs. cells 

treated with scrambled-RNAi (Fig. 1E). By keeping a cut-off value of the fold change of 

more than 1 with a significance of P<0.001, we identified 17 altered proteins in CAL33 

Cre+ HRASV12+ and three proteins in HN31 cells that were altered under HRAS-silencing 

conditions. Among the proteins that were altered in response to HRAS modulation, the most 

common were AXL and PECAM-1: their expression increased in CAL33 Cre+ HRASV12+ 

vs. CAL33 Cre+ and declined in HRAS-RNAi HN31 cells vs. HRAS-scrambled RNAi 

cells (Fig. 1F). AXL is a well-studied receptor tyrosine kinase (RTK) involved in the 

epithelial-to-mesenchymal transition (EMT) and in metastasis (15), but the role of HRASmut 

in regulating AXL expression and in enhancing migration/invasion and metastasis has not 

been previously described. YAP1 is a known transcriptional activator of AXL expression 

(16) and remarkably an examination of The Cancer Genome Atlas (TCGA) HNC cohorts 

revealed a strong correlation between AXL and YAP1 expression (Supplementary Fig. 1E). 

Thus, we hypothesized that HRASmut regulates the AXL expression through YAP1. To 

test this hypothesis, we investigated AXL and YAP1 expression in CAL33 and HN31 cells 

with overexpression or knockdown of mutated HRAS. We found a concomitant modulation 

in the expression levels of YAP1 and AXL in these tumor cells with dysregulation of 

HRASmut (Fig. 1G and H; Supplementary Fig. 1F and 1G). We then explored whether 

YAP1 regulates AXL expression and whether this determines the migration and invasion 

potential of HRASmut HN31 cells. Silencing of YAP1 resulted in downregulation of AXL 

expression (Fig. 1I; Supplementary Fig. 1H) and a reduction in the ability of the cells 

to migrate and invade (Fig. 1J). As HRASmut can regulate the Hippo pathway and YAP1 

expression and activity (17), we analyzed the activation status of the Hippo pathway 

in HRASmut-HN31 cells treated with siHRAS and siControl. We found that silencing 

HRAS expression activated the Hippo pathway, as indicated by an increase of pLATS1 

and pMST1/2, the major activators of Hippo pathway. Moreover, the reduction of YAP1 

expression was associated with increased phosphorylation of YAP1 at serine 109, 127 and 

397, which impacted the cytoplasmic retention of YAP1 and its subsequent degradation (18) 

(Fig. 1K; Supplementary Fig. 1I).

We then explored whether pharmacological inhibition of HRAS signaling could induce the 

same phenotype as that obtained by knocking down HRAS. Blocking HRAS signaling in 

HRASmut-HN31 cells with tipifarnib, a farnesyl transferase inhibitor, reduced AXL and 

YAP1 expression (Fig. 1L; Supplementary Fig. 1J) and lowered the invasive potential of 

these cells (Fig. 1M). Finally, we showed that tipifarnib treatment activated the Hippo 

pathway and increased the phosphorylation of YAP1 at positions serine 109, 127 and 

397 (Fig. 1N; Supplementary Fig. 1K) and also reduced the nuclear expression of YAP1 

(Fig. 1O; Supplementary Fig. 1L). These findings indicate that HRASmut regulates AXL 

expression by switching off the Hippo pathway, increasing nuclear export and hence activity 

of YAP1, thus increasing the invasive potential of cancer cells.

Metastasis potential of HRASmut cells is associated with AXL and YAP1 overexpression

To test the spontaneous metastasis of HRASmut tumors, we injected CAL33 Cre+ or CAL33 

Cre+ HRASV12+ cells into the lips of immunodeficient NSG mice, measured primary 
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tumor growth over time (Fig. 2A), and quantified the cLN and lung metastasis when 

the tumors reached ~500 mm3 in size. CAL33 Cre+ HRASV12+ cells exhibited enhanced 

metastatic potential, as shown by the enlarged cLNs and the greater number of lung micro-

metastasis foci in CAL33 Cre+ HRASV12+-injected NSG mice vs. CAL33 Cre+-injected 

mice (Fig. 2B). Immunohistochemistry staining for tumor cells confirmed the accumulation 

of tumor cells in the cLNs and lungs of the mice (Fig. 2C, and Supplementary Fig. 2A). 

To show that our findings were reproducible in independent HRASmut HNC models, we 

performed spontaneous metastasis studies using cell-line-derived xenografts (CDXs) and 

PDXs possessing HRAS mutations. To develop CDXs, we injected HRASmut UMSCC17B 

(Q61L) or HN31 cells orthotopically into the lips of NSG mice. The UMSCC17B cells 

grew more rapidly (Fig. 2D), but the mice exhibited a low number of enlarged cLNs, and 

only 4 of the 12 mice showed micro-metastases. In contrast, growth of the HN31 cells 

was slower, but these cells exhibited enhanced metastatic capacity, reaching the cLNs and 

the lungs more efficiently with macro-metastases (Fig. 2E, and Supplementary Fig. 2B). 

Western blot analysis of the cell lines showed that the metastatic HN31 cells expressed 

higher levels of YAP1 and AXL than the weakly metastatic UMSCC17B cells (Fig. 2F; 

Supplementary Fig. 2C). To study the metastasis of HRASmut PDXs, we used PDX1 and 

PDX2, the two PDXs described in Materials and Methods. Briefly, we injected 3 × 106 

single-cell suspensions of PDXs into the lips of NSG mice and allowed tumors to form. 

When the tumors reached ~500 mm3 in size, the mice were sacrificed, and the number of 

enlarged cLNs and the number of metastatic foci in the lungs of each tumor-bearing mouse 

were counted. PDX1 (HN11-6062) showed low metastatic potential with no cLN metastases, 

but lung micro-metastases were evident in 2 of 12 mice. In contrast, the metastatic potential 

of PDX2 (HN13-7313) was significantly higher, as all 12 mice exhibited cLN metastases, 

and 5 of the 12 mice developed lung metastases (Fig. 2G and 2H, and Supplementary Fig. 

2D). Western blot analysis of the PDXs showed that the metastatic PDX2 expressed higher 

levels of AXL and YAP1 than the less-metastatic PDX1 (Fig. 2I; Supplementary Fig. 2E). 

These findings provide support for the association of AXL and YAP1 expression with the 

enhanced metastasis potential of HRASmut HNC models.

Because treatment of HRASmut cells with tipifarnib reduced YAP and AXL expression and 

reduced cell migration and invasion in vitro, we posited that tipifarnib treatment of mice 

bearing metastatic HRASmut-HN31 tumors would also attenuate spontaneous metastasis 

into the cLNs and lungs of the mice. Indeed, we found that daily treatment of HN31 

tumor-bearing mice with tipifarnib resulted in growth retardation of the primary tumor (Fig. 

2J) accompanied by a reduction of enlarged cLNs and lung macro-metastasis (Fig. 2K and 

2L).

AXL expression potentiates metastasis of HRASmut HNC cells

We next set out to determine whether AXL expression is required for metastasis of 

HRASmut HNC. To this end, we initially knocked down AXL expression in the metastatic 

HN31 cell line (Fig. 3A; Supplementary Fig. 3A) and then tested the ability of the tumor 

cells to migrate/invade in vitro and metastasize in vivo. The in vitro experiment showed 

that HRASmut-HN31 cells with AXL knockdown (shAXL) were less invasive than HN31 

control cells (shCT) (Fig. 3B, and Supplementary Fig. 3B). We further showed that AXL 
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activation by its ligand Gas6 is required for the migration of HN31 tumor cells and that 

the upregulation of Gas6 in shAXL-HN31 tumor cells was not sufficient to facilitate cell 

migration (Fig. 3C and Supplementary Fig. 3C). In vivo experiments revealed that AXL 

knockdown enhanced the primary growth of HRASmut-HN31 xenografts (Fig. 3D), but 

these cells lost the ability to promote metastasis to the cLNs and lungs (Fig. 3E, and 

Supplementary Fig. 3D). Transwell migration assay showed that pharmacological inhibition 

of AXL with R428, a known potent and selective inhibitor of AXL, reduced the ability of 

the HN31 cells to migrate and invade (Fig. 3F). This reduction in invasion and migration 

was associated with a plasticity change of the mesenchymal-like phenotype of HN31 

from N-cadherin high and E-cadherin low cells to an epithelial-like phenotype with high 

E-cadherin and lower N-cadherin, but with no inhibition of the MAPK or the PI3K/AKT 

pathway (Supplementary Fig. 3E). Finally, in HN31-tumor-bearing mice that were treated 

twice daily with R428, growth of the primary tumor was not delayed and there was no 

significant impact on tumor volumes (Fig. 3G), but there was a reduction in cLN and lung 

metastasis (Fig. 3H). Similar results were also obtained in PDX2-tumor-bearing mice treated 

with R428 (Fig. 3I and 3J). These results suggest that targeting AXL signaling impedes the 

metastasis capability of HRASmut HNC tumor cells.

To explore whether AXL has the ability to enhance metastasis in HRASmut HNC cell lines, 

we overexpressed (OE) AXL in the weakly metastatic UMSCC17B cells (Supplementary 

Fig. 3F) and determined their invasive potential in vitro and in mice. The in vitro experiment 

showed that overexpression of AXL enhanced the migration and invasion of UMSCC17B 

cells (Fig. 3K). The in vivo experiment in NSG mice showed similar growth kinetics for 

UMSCC17B-OE-AXL cells and UMSCC17B cells (Fig. 3L), but UMSCC17B-OE-AXL-

tumor-bearing mice exhibited an increased number of enlarged cLNs. Five of six mice 

bearing UMSCC17B-OE-AXL tumors showed lung metastasis with multiple foci compared 

to AXL-null vector-UMSCC17B tumors (Fig. 3M, and Supplementary Fig. 3G). Thus, 

overexpression of AXL potentiates the metastasis capability of HRASmut HNC tumor cells.

Depleting AXL in HRASmut tumors reduces blood vessel formation and lymphangiogenesis 
by downregulation of the expression of vascular endothelial growth factors (VEGF) A and 
C

To get further mechanistic insight on metastasis cascade, we hypothesized that HRASmut 

HNC cells that spread from the primary lesion to the cLNs and distant organs must 

first invade the vascular system and survive anoxic conditions. Analysis of the TCGA 

database support this hypothesis as HNC patients with mutated or amplified HRAS 

express high levels of lymphangiogenesis and angiogenesis signatures (Supplementary 

Fig. 4A). Moreover, comparing gene expression of metastatic HNC (POG570) (19) 

and non-metastatic HNC (TCGA) also show HRAS overexpression, lymphangiogenesis 

and angiogenesis activation in metastatic disease (Supplementary Fig. 4B). To test this 

hypothesis in our cancer models, we determined whether HRASmut tumors with AXL 

overexpression are enriched with lymphatic and blood vessels compared to tumors with 

low expression of AXL. Indeed, staining shCT and shAXL HN31 tumors with LYVE-1 

(marker for lymphangiogenesis) and CD31 (marker for angiogenesis) revealed a lower 

number of stained cells in shAXL tumors (Fig. 4A). To explore the mechanism underlying 
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such differences, we searched the TCGA data set for VEGFA or VEGFC, both important 

angiogenesis factors involved in vessel formation in HNC patients (20–22), which may 

display a correlation between mRNA levels of AXL. The results revealed that AXL 

expression is strongly associated with VEGFC (Supplementary Fig. 4C), and we therefore 

posited that AXL-intact cells express and secrete VEGFs that support the angiogenesis 

process. The conditioned medium derived from AXL-intact shCT HN31 cells enhanced tube 

formation of HUVECs in vitro, but the conditioned medium derived from shAXL tumor 

cells showed reduced ability to induce tube formation of HUVEC (Fig. 4B). The base-line 

mRNA expression of VEGFA and VEGFC in high- and low-AXL-expressing tumor cells 

(shCT and shAXL) showed that cells with down-regulation of AXL express lower mRNA 

levels of VEGFC and VEGFA compared to AXL-intact cells (Fig. 4C). Reduction of 

VEGFA and VEGFC was also observed in HN31 tumor cells treated with R428, and the 

conditioned medium (CM) of R428-treated cells induced less tube formation than the CM 

obtained from DMSO-treated cells (Fig. 4D and 4E). Moreover, neutralization of VEGFA 

using Avastin in the CM of shCT cells was sufficient to reduce tube formation (Fig. 4F), and 

supplementation of recombinant VEGFA in the CM of shAXL cells enhanced the formation 

of tubes by HUVEC (Fig. 4G).

Since tipifarnib treatment is known to reduce tumor angiogenesis in HRASmut tumors (23), 

we explored whether tipifarnib treatment reduces VEGFA and VEGFC expression in both 

human and murine HRAS mutant lines. qPCR analysis showed that treatment of HRASmut 

cells with tipifarnib reduced VEGFA and VEGFC mRNA expression in both cell lines 

(Fig. 4H). Lastly, in a tube-formation assay, we exposed HUVECs to conditioned media 

collected from tumor cells subjected to 24 h of pre-treatment with tipifarnib (or DMSO as 

control). The conditioned medium of the HN31 cells pre-treated with tipifarnib supported 

low tube formation compared to the conditioned medium of DMSO-pretreated HRASmut 

cells (Fig. 4I). These results suggest that AXL expression in HRASmut tumor cells augments 

the neovascularization process thus facilitating to the process of metastasis.

AXL is essential for metastasis in a syngeneic HRASmut HNC model

Metastasis is a multi-stage process, affected by multiple cell types in the microenvironment. 

To validate our findings in a physiologically relevant system we generated an HRAS 

mutant cell line by lentiviral infection of primary tongue cells isolated from KRT14 Cre 

mice, and established a novel immune competent murine model of HNC (Fig. 5A, and 

Supplementary Fig. 5A). The novel murine HNC cell line was designated HRASV12 shp53 

EpT (HRASV12 shp53 epithelial tongue) (Supplementary Fig. 5B and C). We confirmed 

the expression of HRAS and p53 knockdown by western blotting and showed that the 

infection of normal tongue cells with the lentivirus induced an EMT phenotype with 

high expression of N-cadherin, AXL and YAP1 (Fig. 5A; Supplementary Fig. 5D). The 

transformed HRASV12 shp53 EpT cells showed a tumorigenic phenotype compared to 

normal tongue cells, as was evident from the uncontrolled cell proliferation and the ability 

to form colonies and grow in anchorage-independent 3D cultures (Supplementary Fig. 5F–

G). Similarly, compared to normal epithelial cells, HRASV12 shp53 EpT cells exhibited 

enhanced metastatic activity, with the ability to migrate and invade, as shown in transwell 

assays (Supplementary Fig. 5H). The transform HRASV12 shp53 EpT cells displayed an 
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inactivation of Hippo pathway, as indicated by the decrease of pLATS1 and pMST1/2, 

the major activators of Hippo pathway. Moreover, the increase of YAP1 expression was 

associated with decreased phosphorylation of YAP1 at serine 109, and 397 (Supplementary 

Fig. 5I). In vivo injection of HRASV12 shp53 EpT cells into the lips of wild-type (WT) 

C57/B6 mice resulted in measurable tumor growth after seven days (Supplementary 

Fig. 5J). Histological examination revealed poorly differentiated tumors with a spindle 

morphology and mesenchymal-type phenotype attributes, indicating an aggressive type of 

HNC (Supplementary Fig. 5K). To further study the spontaneous metastasis potential of 

HRASV12 shp53 EpT cells, we injected cells into the lips of NSG or WT mice. Interestingly, 

although the tumors exhibited the same growth kinetics in WT and NSG mice (Fig. 5B), the 

metastatic burden in the lungs was higher in the NSG mice than that in the WT mice (Fig. 

5C). In contrast, the metastatic burden in the cLNs was enhanced in WT mice (Fig. 5C). 

cLN metastasis in WT mice was verified by flow cytometry and histology (Supplementary 

Fig. 5L and 5M). Importantly, all NSG mice injected with HRASV12 shp53 EpT cells 

exhibited lung macro-metastases, while in the WT mice, mainly micro-metastases were 

detected in half of the mice, as confirmed by staining with GFP (Supplementary Fig. 5M). 

These results indicate that HRASV12 shp53 EpT cells induce a local immune suppressive 

environment that facilitates rapid tumor growth, but upon tumor cell dissemination from the 

primary lesion the anti-tumor immunity machinery potentially eradicated such circulating 

tumor cells.

We then went on to explore the role of AXL in the syngeneic HRASV12 shp53 EpT 

model by generating three AXL-knockout clones with CRISPR-Cas9. The knockout of AXL 

was confirmed by flow cytometry and western blotting (Supplementary Fig. 5N and 5O). 

Subsequent studies with two of these clones, sgAXL1 and sgAXL2 showed that knockout 

of AXL in HRASV12 shp53 EpT cells resulted in a reduction of invasion and migration 

potential in vitro (Supplementary Fig. 5N) and in lung micro-metastasis in WT mice and 

macro-metastasis in NSG mice (Fig. 5D and 5E).

We then explored whether the HRASV12 shp53 EpT AXL knockout tumors display reduced 

angiogenesis, as observed in human HRASmut AXL knockdown HNC. Staining sgCT and 

sgAXL HRASV12 shp53 EpT tumors with LYVE-1 and CD31 revealed a lower number 

of stained cells in sgAXL tumors (Fig. 5F). Similar to the results obtained for the human 

HRASmut line, the conditioned medium derived from sgAXL tumor cells showed reduced 

ability to induce tube formation of HUVECs (Fig. 5G) and vessel formation in vivo 
(Supplementary Fig. 5P). qPCR analysis of the AXL knockout HRASV12 shp53 EpT 

cells also confirmed that downregulation of AXL leads to reduced VEGFA and VEGFC 

expression (Fig. 5H). These findings reiterate the potential role of AXL in HRASmut HNC 

cells in governing metastasis.

Pharmacological inhibition of AXL/HRAS signaling attenuates metastasis in a syngeneic 
model

We next explored the effect of AXL and HRAS inhibition on metastasis in HRASV12 shp53 

EpT cells. Pharmacological inhibition of AXL activity by R428 blocked the metastatic 

capability of HRASV12 shp53 EpT cells in vitro (Fig. 6A). In vivo, treatment of tumor-
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bearing mice with R428 did not induce tumor growth arrest but reduced metastasis burden 

in both WT and NSG mice (Fig. 6B and 6C, and Supplementary Fig. 6A). These results 

provide further support for our premise that AXL signaling is required for metastasis but not 

for primary tumor growth.

To test the effect of tipifarnib on HRASV12 shp53 EpT cells, we initially explored 

the sensitivity of the cells to this agent and showed that the half-maximal inhibition 

concentration is 1.1 μM (Supplementary Fig. 6B). We next step investigated whether 

HRAS signaling in HRASV12 shp53 EpT cells determines AXL and YAP1 expression and 

metastasis potential. Western blot analysis showed that treatment of the tumor cells with 

tipifarnib reduced both AXL and YAP1 expression (Supplementary Fig. 6C and 6D). To 

explore the effect of tipifarnib on invasion and migration in vitro, we treated the HRASV12 

shp53 EpT cells with 1 μM tipifarnib and quantified the number of cells that migrated/

invaded through the transwell membrane. The transwell migration/invasion assay showed 

that tipifarnib treatment reduced the ability of the HRASV12 shp53 EpT cells to migrate and 

invade (Fig. 6D). Lastly, we tested the efficacy of tipifarnib in vivo in WT and NSG mice. 

Tipifarnib treatment of mice bearing HRASV12 shp53 EpT tumors inhibited tumor growth, 

and markedly reduced cLN and lung metastasis in both WT and NSG mice in both models 

(Fig. 6E and 6F).

Taken together, our findings support a novel molecular mechanism of metastasis in HNC 

harboring HRAS mutation (Fig. 7). Specifically, HRASmut stabilizes YAP1 activity to 

increase AXL expression by turning off the Hippo pathway. The enhanced AXL expression, 

in turn, accelerates the metastasis process of HNC by enhancing cell migration, invasion, 

and vascular/lymphatic angiogenesis. Targeting AXL with R428 in HNC, did not reduce cell 

proliferation, but weakened vascular/lymphatic angiogenesis, and reversed EMT process, 

resulting in reduced metastasis. Targeting HRAS with tipifarnib activates the Hippo 

pathway, enhances YAP1 cytoplasmic retention, and reduces YAP1 nuclear export and AXL 

expression, thereby reducing HNC metastasis.

Discussion

HNC is characterized by a poor prognosis with a high risk of local recurrence and 

distant metastasis (1,24,25). Here, we showed that mutations in HRAS promoted cancer 

aggressiveness and metastasis, findings that are in line with the oncogenic effect of RAS 

family members and their signaling pathways in other cancer types (26–31). Our study 

provided novel insights into the role(s) of HRASmut in promoting metastasis and identify 

the underlying signaling mechanism. Specifically, we found that HRASmut acts through a 

Hippo-YAP1-AXL axis, which regulates cLN and distant metastasis in HNC.

Metastasis is a complex process that starts when cancer cells acquire the ability to invade 

adjacent organs and/or migrate through the bloodstream or lymphatic system to distant sites, 

where they survive and colonize (32). The current study shows that ectopic expression of 

the HRAS mutation in HNC cells markedly increased their invasive ability both in vitro 
and in vivo (Figs. 1 and 2), in keeping with previous reports showing the role of HRAS 

in promoting the EMT (33,34) and cell invasion in urothelial and gastric cancer (35,36). 
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A key finding in the current study was the upregulation of AXL expression in HRASmut 

HNC cells. AXL is a member of the TAM family of receptors (Tyro, AXL, MER) and is 

also a mesenchymal marker implicated in cancer cell proliferation, migration, angiogenesis, 

metastasis, and therapeutic resistance of HNC (37–40). AXL is also expressed in the partial 

epithelial-mesenchymal transition (pEMT), a prerequisite plasticity stage for metastasis 

that promotes local invasion in HNC (41). Genomic and transcriptomic analyses of the 

TCGA cohort showed that HNC tumors harboring the HRAS mutation were clustered as 

mesenchymal/basal subtypes (42), with AXL expression being higher in those clusters. In 

a previous study in basal-like breast cancer cells, it was shown that HRAS-induced EMT 

was dependent on the upregulation of vimentin, which mediated invasion and migration, in 

part, through upregulating AXL (43). In the current study, we showed a different mechanism 

of regulation of AXL expression by HRASmut, which involves activation of YAP1 and 

the inhibition of the Hippo pathway. Using HRASmut HNC cell lines, we demonstrated 

that AXL expression is regulated by YAP1, and we thus extensively studied the role 

of AXL expression in determining metastasis to the cLNs and lungs in mice. Notably, 

the levels of phosphorylated AXL were undetectable, so it was not possible to examine 

the role of AXL activation in the metastasis of HRASmut HNC. The overexpression of 

AXL in AXL-null HRASmut HNC cells with a low metastatic colonization potential led 

to augmented migratory and invasive abilities in vivo. The AXL-depleted models showed 

reduced metastasis, corroborating studies from other AXL-depleted cancer lines (44–46). 

In the current study, we also demonstrated that AXL depletion blocked neovascularization, 

thus preventing the movement of tumor cells to draining lymph nodes and the bloodstream. 

Pharmacological inhibition of AXL reduced the metastatic burden but did not curtail tumor 

progression. These results indicate that AXL expression in HRASmut HNC is probably 

a prerequisite for the metastasis process, but these tumor cells are resistant to anti-AXL 

therapies, as has been shown for resistance to erlotinib (37). Our in vivo data suggests that 

inhibition of AXL signaling alone is insufficient to eliminate tumors in HRAS-mutant HNC 

cancers, and more potent treatment strategies are required.

Since AXL is one of the downstream targets of YAP/TAZ (16,47), the known crosstalk 

between AXL and YAP1 in promoting tumor progression in HNC (48) motivated us 

to examine the HRAS-YAP1-AXL axis. RAS can regulate YAP1 activity by multiple 

mechanisms, namely through: (i) its effector, PI3K (49), (ii) up-regulation of RTKs 

or RTK ligands (50), (iii) SUMOylation of ubiquitin thioesterase (OTUB2) (51), (iv) 

down-regulation of MST1/2 activity by inducing the formation of inactive MST1/MST2 

heterodimers (17), and/or (v) downregulation of suppressor of cytokine signaling 6 (SOCS6) 

(52). YAP1 is a potent transcriptional co-activator that lacks direct DNA-binding activity 

but modulates gene expression by binding to other transcription factors. As documented 

previously, phosphorylation of YAP1 at various serine residues have various biological 

implications on YAP1 activity. For example, phosphorylation of serine at 109 and 127 

leads to YAP1 cytoplasmic retention (18,53) whereas at 381/397 it causes ubiquitination 

degradation of YAP1, which is dependent on the β-transducin repeat-containing E3 ubiquitin 

protein ligase complex (18,54). Our study shows that HRAS signaling regulates YAP1 

activity and stability by turning off the Hippo pathway, and that knocking down HRAS 

or blocking HRAS signaling with tipifarnib turned on the Hippo pathway, enhanced YAP1 
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sequestration in the cytoplasm and reduced nuclear localization, which subsequently led to 

reduction in AXL expression.

HRAS proteins undergo several post-translational modifications that facilitate their 

attachment to membranes, including the addition of a farnesyl isoprenoid moiety by the 

enzyme farnesyl transferase (55). Farnesyl transferase inhibitors reduce HRAS membrane 

localization, leading to decreased GTP-bound HRAS and decreased signaling through RAS 

effector pathways, thus blocking HRAS signaling (56,57). Among the farnesyl transferase 

inhibitors, tipifarnib is a potent compound that has demonstrated compelling anti-tumor 

activity in pre-clinical models (23) and in a heavily pretreated cohort of patients with 

recurrent/metastatic HNC carrying HRAS mutations (58,59). In this work, we showed 

for the first time that tipifarnib treatment attenuates the metastatic potential of HRASmut 

cells, and we also provided mechanistic insight into the effect of tipifarnib on the Hippo 

pathway, YAP1 activation, and AXL expression. The efficacy of tipifarnib in preventing 

primary tumor growth was relatively modest in this study with no regression noted. Previous 

studies have described mechanisms of resistance to tipifarnib, including activation of the 

MAPK and PI3K pathways (60). Further investigation is required to explore the efficacy of 

a treatment combination of tipifarnib and PI3K inhibitors in syngeneic murine-HRASV12 

shp53 EpT tumors, as it has been shown that a combination of the two compound’s 

exhibited superior anti-tumor activity in PDXs (61).

The growth of primary tumors and metastatic neoplastic lesions depends strongly on 

the ability of cancer cells to initiate neovascularization through angiogenesis (62,63). 

Tumor cells induce angiogenesis by secreting pro-angiogenic factors, such as VEGFs 

and angiopoietins, and releasing proteolytic enzymes that recruit endothelial cells and 

cleave extracellular matrices (63). Angiogenesis is thus an integral aspect of the growth, 

proliferation, and metastasis of HNC and has potential implications for the prognosis 

and treatment of both localized and recurrent/metastatic HNC (64). For instance, the 

up-regulation of angiogenic factors, such as VEGFA, VEGFC and VEGFD, typically 

corresponds to increased vascularity, lymph node metastasis, an inadequate response to 

cytotoxic chemotherapy, and advanced disease with a poor prognosis in HNC (as reviewed 

in (65)). It is well documented that oncogenic HRAS functions as a cellular switch that 

controls angiogenesis and vascular permeability by activating distinct downstream effectors 

(66,67). Our study is also in line with previous findings in breast cancer (68) that AXL 

depletion in HRASmut cells attenuates the expression of the pro-angiogenic factors, VEGFA 

and VEGFC, thereby reducing vascular and lymphatic angiogenesis. Recent studies on AXL 

depletion in HER2+ breast cancers reveal that, during hypoxia, interfering with AXL reduces 

HIF-1α levels and AKT phosphorylation, leading to normalizing the blood vessels and 

thus promotes a proinflammatory microenvironment (45). Our in vivo findings on reduced 

neovascularization and metastasis on AXL depletion also imply the significance of AXL and 

its involvement in controlling hypoxia-mediated angiogenesis and the tumorigenesis process. 

Further studies are required to study the role of hypoxia and AXL in HRASmut HNC.

In summary, our studies revealed that metastasis in HRASmut HNC is regulated by the 

stabilization of YAP1 activity and the overexpression of AXL, both of which regulate 

cell migration, invasion, and vascular/lymphatic angiogenesis. Blocking HRAS signaling 
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reduces YAP1 activity and AXL expression, which, in turn, downregulate VEGFA and 

VEGFC expression. Ultimately, we provide evidence that targeting the novel HRAS-YAP1-

AXL signaling axis may represent an attractive therapeutic candidate to limit the metastasis 

of HRASmut HNC cells.
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Significance of the study:

Mutant HRAS drives metastasis of head and neck cancer by switching off the Hippo 

pathway to activate the YAP1-AXL axis and stimulate lympho-vascular angiogenesis.
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Figure 1: HRASmut regulates invasive potential in vitro via the modulation of AXL through 
YAP1 activation by switching off Hippo pathway.
A, Western blot confirming the ectopic expression of mutated HRASV12 in the non-

metastatic Cre-expressing CAL33 cell line. B, Bar graph showing enhanced migration 

and invasion ability of CAL33 Cre+ HRASV12+ cells in vitro. C, Western blot showing 

silencing of HRAS expression in an HRASmut HNC-HN31 cell line. D, Silencing of HRAS 

expression reduces migration and invasive potential of HN31 cells in vitro. E, Volcanic plot 

showing the effect of altered expression of oncogenic proteins on HRAS gain of function 
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(CAL33) and loss of function (HN31). Proteins with a fold change of more than 1 or less 

than −1 with a P-value less than 0.001 are shown in the plot. F, Venn diagram showing 

proteins altered during gain-of-function and loss-of-function manipulations of HRAS in 

CAL33 and HN31 cell lines. G, Western blot showing effect of enhanced AXL and YAP1 

expression on ectopic expression of HRASV12 in CAL33 Cre expressing cells. H, Western 

blot showing effect of AXL and YAP1 downregulation on silencing HRAS expression 

in HN31 cells. β-actin was used as a loading control. I, Western blot confirming YAP1 

silencing in HN31 cells with a concomitant reduction in AXL expression. J, Bar graph 

showing that YAP1 silencing also reduces the migration and invasion potential of HN31 

cells. K, Western blot showing the effect of the expression of various phosphorylated and 

total proteins in the Hippo pathway, namely, MST1/2, LATS1, YAP1 and TAZ, on silencing 

HRAS in HN31 cells. L, Western blot showing the downregulation of AXL and YAP1 

in response to tipifarnib (1 μM) treatment. M, Tipifarnib treatment of HN31 cells for 24 

h reduces the invasive capability of the cells. N, Western blot showing the expression of 

various phosphorylated and total proteins in the Hippo pathway, namely, MST1, LATS1, 

YAP1, and TAZ, upon treating HN31 cells with 1 μM tipifarnib for 12 h. O, Nuclear and 

cytoplasmic expression of YAP1 in response to tipifarnib treatment. Actin and histone H3 

were used as cytoplasmic and nuclear protein loading controls, respectively. In the different 

panels of this figure, statistically significant differences (P value = 0.0001) are indicated 

by ****. Quantification of western blots are provided as supplementary figure 1B, 1C, and 

1F–L.
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Figure 2: HRAS-YAP1-AXL axis determines the metastatic potential of human HNC cells in 
vivo.
A,B, In vivo analysis of (A) tumor growth kinetics and (B) number of enlarged lymph nodes 

and lung metastasis foci in mice (n = 12) bearing CAL33 Cre+ or CAL33 Cre+ HRASV12+ 

tumors; the figures show the enhanced metastasis potential on the incorporation of HRAS 

mutation. C, Representative immunohistochemistry images of the lung metastases (stained 

for pan keratin) of CAL33 Cre+ and CAL33 Cre+ HRASV12+. Inset magnification 20×. D, E 
In vivo analysis of (D) tumor growth kinetics and (E) number of enlarged lymph nodes and 
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lung metastasis foci in mice (n = 12) injected with HRASmut HNC cell lines - UMSCC17B 

or HN31; the figures show the high metastasis potential in HN31 cells. F, Western blot 

showing the expression of AXL and YAP1 in UMSCC17B and HN31 cell lines. β-actin 

was used as a loading control. G, H, In vivo representation of (G) tumor growth kinetics, 

and (H) number of enlarged lymph nodes, and lung metastasis foci in mice (n =12) bearing 

HRAS mutant HNC PDXs (PDX1 and PDX2) after injection with single cell suspensions 

into the lip of the NSG mice. I, Western blot showing the expression of AXL and YAP1, in 

PDXs. J, K, In vivo analysis of (J) relative tumor growth, and (K) the numbers of enlarged 

lymph nodes and lung metastasis foci in HN31 tumor-bearing mice (n=5–6) treated with 

tipifarnib (60 mg/kg/twice daily); the findings show a reduced tumor and metastasis burden. 

L, Representative images of lung macro-metastasis; lungs were isolated from vehicle-and 

tipifarnib-treated HN31 tumor-bearing mice (n=5). In the different panels of this figure, 

statistically significant differences are indicated by *, **, ***, or **** for P values of 

0.05, 0.01, 0.001 or 0.0001, respectively. Quantification of western blots are provided as 

supplementary figure 2C and 2E.
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Figure 3: Genetic/pharmacological dysregulation of AXL signaling modulates the metastatic 
potential of human HRASmut HNC cells.
A, Western blot and qPCR confirming the AXL knockdown of HN31 cells. B, Reduced 

migration capability of HN31 cells. C, Reduced migration capability of HN31 cells upon 

treatment with anti-Gas6 D, E, In vivo analysis of (D) tumor growth kinetics and (E) number 

of enlarged lymph nodes and lung metastasis foci in AXL knockdown HN31 tumor-bearing 

mice (n = 5). F, Bar graphs showing that pharmacological inhibition of AXL signaling by 

R428 (2 μM) reduces the invasive potential of HN31 cells in vitro. G, H, In vivo analysis 
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of (G) tumor growth kinetics and (H) number of enlarged lymph nodes and lung metastasis 

foci in HN31 tumor-bearing mice (n = 5) treated with R428 (50 mg/kg/twice daily). I,J, 

In vivo analysis of (I) tumor growth kinetics and (J) number of enlarged lymph nodes 

and lung metastasis foci (n = 5) in PDX2 tumor-bearing mice treated with R428 (50 mg/kg/

twice daily). K, AXL overexpression (AXL OE) in weakly metastatic UMSCC17B cell line 

enhances invasive potential in vitro compared to vector control. L, M, In vivo analysis of 

(L) tumor growth kinetics and (M) number of enlarged lymph nodes and lung metastasis 

foci in AXL overexpressing UMSCC17B cells injected mice (n=5). In the different panels 

of this figure, statistically significant differences are indicated by *, **, ***, or **** for P 

values of 0.05, 0.01, 0.001 or 0.0001, respectively. ns denotes not significant. Quantification 

of western blots is provided as supplementary figure 3A.
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Figure 4: AXL knockdown in HRASmut HNC attenuates vascular/lymphatic angiogenesis by 
downregulating VEGFA and VEGFC expression.
A, Immunostaining with CD31 and LYVE-1 (markers for angiogenesis and 

lymphangiogenesis, respectively) in primary tumors of AXL knockdown HN31; 

the micrographs show minimal angiogenesis and lymphangiogenesis upon AXL 

downregulation. The percentage of positive cells per field for each stain is provided on 

the right. B, Representative microscopic images of HUVEC tube formation with conditioned 

media from AXL knockdown HN31. Bar graphs representing the quantification of total 
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mesh area on tube formation under each condition are shown on the right. C, Fold change 

in mRNA expression of VEGFA and VEGFC upon AXL knockdown in HN31 cells. D, 

Representative microscopic images of HUVEC tube formation using conditioned media 

from HN31 cells treated with R428 (2 μM) or DMSO for 24 h. E, Fold change in mRNA 

expression of VEGFA and VEGFC upon treatment of HN31 cells with R428 (2 μM). F, G, 

Representative microscopic images of HUVEC tube formation (F) using conditioned media 

from shCT HN31 cells treated with Avastin (10μg/ml) and (G) in conditioned media from 

shAXL HN31 cells treated with VEGFA (20ng/ml). Quantification of total mesh area on 

tube formation under each condition are shown on the right. H, Fold change in mRNA 

expression of VEGFA and VEGFC upon treatment of HN31 cells with tipifarnib (1 μM). 

I, Representative microscopic images of HUVEC tube formation using conditioned media 

from HN31 cells treated with tipifarnib (1 μM) or DMSO for 24 h. In the different panels of 

this figure, statistically significant differences ** or **** for P values of 0.01 or 0.0001. ns 

denotes not significant.
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Figure 5: Metastatic potential of murine HRASmut HNC is modulated by AXL.
A, Top: Schematic representation of the generation of HRAS mutant murine cells from 

primary KRT14 Cre+ tongue epithelial cells. Bottom: Western blot showing the expression 

of E-cadherin, N-cadherin, AXL, YAP1, p53, HRASV12, and β-actin in primary tongue 

epithelial cells (10 EpT) and HRASV12 lentiviral transduced tongue epithelial cells 

(HRASV12 shp53 EpT). B, C, In vivo analysis of (B) tumor growth kinetics and (C) number 

of enlarged lymph nodes and lung metastasis foci of HRASV12 shp53 EpT in WT and NSG 

mice (n=6). D, E, In vivo analysis of tumor growth kinetics, number of enlarged lymph 
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nodes and lung metastasis foci in (D) AXL knockout HRASV12 shp53 EpT tumor-bearing 

WT mice (n = 6) and (E) AXL knockout HRASV12 shp53 EpT tumor-bearing NSG mice (n 

= 6) showing a reduced metastatic burden. F, Immunostaining with CD31 and LYVE-1 in 

primary tumors of AXL knockout HRASV12 shp53 EpT showing minimal angiogenesis and 

lymphangiogenesis upon AXL downregulation. The percentage of positive cells per field for 

each staining is shown on the right. G, Representative microscopic images of HUVEC tube 

formation with conditioned media from AXL knockout HRASV12 shp53 EpT. Bar graphs 

representing the quantification of total mesh area on tube formation under each condition are 

shown on the right. H, Fold change in mRNA expression of VEGFA and VEGFC upon AXL 

knockout in HRASV12 shp53 EpT cells. In the different panels of this figure, statistically 

significant differences are indicated by **, ***, or **** for P values of 0.01, 0.001 or 

0.0001, respectively. ns denotes not significant. Quantification of western blots are provided 

as supplementary figure 5D.
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Figure 6: Inhibition of HRAS/AXL signaling diminishes the metastatic potential of murine 
HRASmut cells.
A, Pharmacological inhibition of AXL signaling with R428 reduced the migration and 

invasion of HRASV12 shp53 EpT. B, C, In vivo analysis of tumor growth kinetics, and 

numbers of enlarged lymph nodes and lung metastasis foci in HRASV12 shp53 EpT tumor 

upon treatment with R428 (50 mg/kg/twice daily) in (B) WT mice (n=5) and (C) NSG mice 

(n=5), showing R428 treatment reduced the metastatic burden without affecting the tumor 

growth in both WT and NSG mice. D, Pharmacological inhibition of HRAS signaling with 

Jagadeeshan et al. Page 30

Cancer Res. Author manuscript; available in PMC 2023 October 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



tipifarnib reduced the migration and invasion of HRASV12 shp53 EpT. E, F, In vivo analysis 

of tumor growth kinetics, and numbers of enlarged lymph nodes and lung metastasis foci 

in HRASV12 shp53 EpT tumor-baering WT (E) and NSG (F) mice (n = 6) treated with 

tipifarnib (60 mg/kg/twice daily) showing tumor growth delay and reduced metastatic 

burden in both WT and NSG mice. In the different panels of this figure, statistically 

significant differences are indicated by **, ***, or **** for P values of 0.01, 0.001 or 

0.0001, respectively. ns denotes not significant.
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Figure 7: Schematic representation of the molecular mechanism of HRAS-mutation-mediated 
metastasis in HNC.
Top - In the disease state, HRASmut inhibits the Hippo pathway, preventing YAP1 

degradation and, in turn, leading to nuclear export of YAP1, thereby regulating the 

transcriptional expression of multiple genes, including AXL. AXL overexpression and 

activation by its ligand Gas6 enhance the migratory activity of tumor cells and upregulate 

the expression of VEGFA, VEGFC and other angiogenic factors as well as EMT genes. 

This activation of HRAS-YAP1-AXL enhanced angiogenesis, sustained proliferation, and 

Jagadeeshan et al. Page 32

Cancer Res. Author manuscript; available in PMC 2023 October 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



increased metastasis potential, causing metastatic spread to the cLNs and lungs. Middle - 

Treament of tumors with R428 did not reduce tumor cell proliferation but did reduce the 

metastasis potential of tumor cells and tumor angiogenesis by down-regulating angiogenic 

factors as well as reversing the EMT, leading to diminished metastatic spread to the cLNs 

and lungs. Bottom - Treament of tumors with tipifarnib blocked the activation of HRAS, 

thus switching off the Hippo pathway and causing YAP1 degradation and down-regulation 

of AXL expression. This deactivation of HRAS-YAP1-AXL reduced the proliferation and 

metastasis potential of tumor cells and tumor angiogenesis, leading to diminished metastatic 

spread to the cLNs and lungs. (This scheme is created with BioRender.com)
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