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Abstract

Cutaneous squamous cell carcinoma (cSCC) is the second most common form of skin can-

cer in the United States, affecting one million people per year. Patients with aggressive dis-

ease have limited treatment options and high mortality, highlighting the need to identify new

biomarkers linked to poor clinical outcome. HRAS mutations are found in skin papillomas

and cSCCs and increase in frequency when MAP3K family members are inhibited, suggest-

ing a link between blockade of mitogen-activated protein kinase (MAPK) signaling and initia-

tion of RAS-primed cells. Tpl2, a MAP3K gene, can serve as a tumor suppressor gene in

cSCC. We have previously shown that upon Tpl2 ablation, mice have heightened sensitivity

to aberrant RAS signaling. Tpl2-/- mice display significantly higher numbers of papillomas

and cSCCs in two-stage chemical carcinogenesis studies and increased tumorigenicity of

keratinocytes expressing oncogenic v-rasHa in nude mouse skin grafts. In part, this is medi-

ated through increased mesenchymal-epithelial transition factor (MET) receptor activity.

Epidermal Growth Factor Receptor (EGFR) is reported to be an essential factor for MET-

driven carcinogenesis and MET activation may confer resistance to EGFR therapies, sug-

gesting that the concurrent use of both an EGFR inhibitor and a MET inhibitor may show

promise in advanced cSCCs. In this study we assessed whether normal or Ras-transformed

Tpl2-/- keratinocytes have aberrant EGFR signaling and whether concomitant treatment with

EGFR/MET tyrosine kinase inhibitors was more effective than single agents in reducing

growth and angiogenic potential of Ras-transformed keratinocytes. Tpl2-/- keratinocytes

exhibited increased HER-2 and STAT-3 under basal conditions and elevated p-MET and p-

EGFR when transduced with oncogenic RAS. Inhibition of MET by Capmatinib increased p-

EGFR in Tpl2-/- keratinocytes and papillomas, and inhibition of EGFR by Gefitinib increased

HER2 and HER3 signaling in both genotypes. Treatment of keratinocytes with EGFR and

MET inhibitors, in combination, significantly enhanced endothelial tube formation, MMP-9

activity and activation of other RTKs, with more pronounced effects when Tpl2 was ablated.

These data indicate that Tpl2 cross-talks with both EGFR and MET signaling pathways.

Upon inhibition of EGFR/MET signaling, a myriad of escape mechanisms exists in keratino-

cytes to overcome targeted drug effects.
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Introduction

More people are diagnosed with skin cancer each year than all other cancers combined [1].

Cutaneous squamous cell carcinoma (cSCC), a form of non-melanoma skin cancer, accounts

for 20% of all cutaneous malignancies, and its incidence is rising at an alarming rate [2,3].

Although primary cSCC cases are non-metastatic and can be well-managed with surgical treat-

ment, patients with unresectable or metastatic cSCC have limited treatment options, resulting

in an overall five-year survival rate of 26% [4].

Cutaneous SCCs arise from malignant proliferation of keratinocytes found in the epidermis

of the skin [5]. UV- or chemically-induced mutations in keratinocytes can lead to genomic

instability, allowing acquisition of additional mutations that can cause upregulation in growth

and survival pathways [5]. Several laboratories have conducted whole exome sequencing of

cSCCs in the hopes of identifying mutational signatures for aggressive disease [6,7]. While

metastatic cSCCs harbor a very high mutational burden and a complicated genetic landscape,

most cSCC mutations are found in genes involved in the RAS/MAPK, NF-κB, and PI3K/AKT

pathways [7,8]. Along these lines, activating mutations in HRAS have been found in 3–20% of

advanced cSCCs [6,7,9].

RAS proteins (K-RAS, N-RAS, H-RAS) are small GTPases that lie upstream of the mito-

gen-activated protein kinase (MAPK) signal transduction cascade [10]. Ligand binding, and

activation of RAS, stimulates a three-tier cascade system whereby a MAP3K phosphorylates/

activates a MAP2K, which phosphorylates/activates MAPK. MAPK enters the nucleus and

activates a diverse array of genes involved in growth, survival, differentiation, and inflamma-

tion [11].

There are at least twenty members of the MAP3K family [12]. Elevated MAPK activity has

been found in numerous tumor types, leading to the development of a variety of MAPK inhib-

itors for the treatment of cancer and inflammatory diseases [13]. Unfortunately, inhibition of

MAP3K family members in melanoma patients has often led to paradoxical activation of com-

pensatory feed-back loops, which drives drug resistance and results in secondary cSCC forma-

tion [14,15]. The cSCCs that develop in these patients have a substantially increased frequency

of HRAS mutations, suggesting that inhibition of MAP3K signaling causes an increase in selec-

tion and expansion of RAS-mutated cells [16,17].

The role of HRAS in the initiation of skin carcinogenesis can be assessed using both in vivo
and in vitro methodologies [18]. One of the best established in vivo models to study the devel-

opment of cSCCs is the two-stage chemical carcinogenesis model in mice [19,20]. In this

model, mice are initiated with 7,12-dimethylbenz(a)anthracene (DMBA) which creates an

irreversible and specific mutation in codon 61 of HRAS [21]. This initiation is followed by

twice weekly application of the phorbol ester 12-O-tetradecanoylphorbol-13-acetate (TPA).

Typically, benign papillomas arise within 10–15 weeks, and a small percentage progress to

cSCCs [19]. The preponderance of tumors contain mutations in the HRAS oncogene, and

show remarkable phenotypic similarities with human cSCCs [19]. The ability of HRAS to initi-

ate tumorigenesis in keratinocytes in vitro has also been established [22]. Keratinocytes

infected with a v-rasHa oncogene using a replication-defective retrovirus have a high prolifera-

tion rate, don’t terminally differentiate in response to high calcium, and generate papillomas

when grafted on nude mice [23].

Tumor progression locus 2 (Tpl2), a MAP3K family member, is a critical regulator of onco-

genic and inflammatory pathways [24]. We have previously reported a tumor suppressor func-

tion of Tpl2 in skin [25,26]. Tpl2-/- mice develop significantly more skin papillomas and cSCCs

compared to wild type counterparts, have a greatly reduced tumor latency and more progres-

sive disease [25–28]. Further, we have shown that loss of Tpl2 in mice, increases susceptibility
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to the oncogenic effects of RAS. Tpl2-/- keratinocytes expressing oncogenic v-rasHa proliferate

44% faster than v-rasHa-transduced wild type cells, are three times more invasive, have height-

ened matrix metalloproteinase levels, and undergo significantly more in vitro malignant con-

version [25,27]. In vivo, tumorigenicity of keratinocytes expressing oncogenic v-rasHa in nude

mouse skin grafts was nine fold higher when keratinocytes and fibroblasts were missing the

Tpl2 gene [26].

In the absence of Tpl2, several RTK mediated bypass pathways become activated, contribut-

ing to skin tumorigenesis [24–26,29]. Among these pathways is the hepatocyte growth factor

(HGF)/mesenchymal-epithelial transition factor (MET) signaling cascade, a pro-survival path-

way linked to tumor growth, invasion and metastasis [30]. Overexpression of MET is found in

Tpl2-/- keratinocytes and cSCCs, and pharmacological inhibition of MET in Tpl2-/- mice

decreased overall tumor burden by 60% and prevented malignant conversion of papillomas to

cSCC [25]. However, MET monotherapy in Tpl2-/- mice does not completely abolish tumor

growth, suggesting that tumor survival mechanisms that bypass MET inhibition may help

maintain oncogenic signaling.

Both RAS and MET can initiate squamous cell carcinogenesis through activation of epider-

mal growth factor receptor (EGFR) [31]. Further, EGFR is reported to be a critical player in

MET-driven carcinogenesis, as blocking EGFR causes MET-driven tumors to regress [31].

The EGFR family has four members including ErbB1 (EGFR or HER1), ErbB2 (HER2), ErbB3

(HER3), and ErbB4 (HER4) [32]. EGFR can heterodimerize with its family members HER2

and HER3 [33]. These receptors are often co-expressed in cSCCs and are implicated in skin

cancer progression and poor clinical outcome [31,34–37].

The current study tested whether concomitant inhibition of both EGFR and MET was

more effective than single use agents in reducing keratinocyte growth, in vitro angiogenesis,

downstream signaling molecules, and matrix metalloproteinase-9 (MMP-9) activity in normal

and Ras-transformed keratinocytes in wild type and Tpl2 null mice. In the presence of onco-

genic Ras, EGFR and MET combination treatment increased MMP-9 activity and endothelial

tube formation, with more pronounced effects when Tpl2 was ablated. Further, Ras-trans-

formed keratinocytes treated with EGFR and MET inhibitors, in combination, activated an

intricate network of receptor detours which could help maintain survival/progression signals

in cSCC.

Results

EGFR/HER2/HER3 family members are dysregulated in Tpl2-/-

keratinocytes and increased in a compensatory fashion upon treatment

with Gefitinib

We have previously reported that Tpl2-/- mice have increased HGF/MET signaling in isolated

keratinocytes, skin and cSCCs, which contribute to skin tumorigenesis and progression [25].

MET is reported to cooperate with EGFR to induce mouse and human cSCCs [31]. To assess

the crosstalk between EGFR and MET, and how this relates to Tpl2 status, we performed West-

ern analyses. In Tpl2-/- keratinocytes, HER2 protein levels were 2.5-fold higher under basal

conditions than wild type keratinocytes (Figs 1A and S2). HGF-stimulation increased HER2

protein 1.8-fold in wild type cells, which could be partially blocked (49%) with Capmatinib, a

pMET inhibitor. In an opposing fashion, HER2 levels in Tpl2-/-keratinocytes were resistant to

both HGF-stimulation and inhibition by Capmatinib. Gefitinib, which blocks EGFR phos-

phorylation, induced compensatory HER2 signaling in both wild type and Tpl2-/- keratino-

cytes, yielding increases of 3.1 and 3.9-fold respectively. STAT-3 also showed genotype

differences between wild type and Tpl2-/- keratinocytes, with Tpl2-/- keratinocytes having
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1.5-fold higher protein levels under basal conditions than wild type cells (Fig 1A). However,

STAT-3 protein levels weren’t altered upon treatment with HGF, Capmatinib or Gefitinib in

either genotype. Untreated keratinocytes from wild type or Tpl2-/- mice had similar mTOR

protein levels. However, treatment with Capmatinib or the combination of Capmatinib/Gefiti-

nib decreased mTOR 90% in wild type keratinocytes. mTOR protein decreased 55% in Gefiti-

nib-treated Tpl2-/- keratinocytes, but dual treatment with Capmatinib/Gefitinib restored

mTOR expression to levels that were similar to baseline values. Total EGFR, HER3, and Gab1

proteins showed similar expression patterns. In all cases, HGF-stimulation increased total pro-

tein (1.8, 2.3, 1.3-fold respectively) in wild type cells but not in Tpl2-/- keratinocytes. Gefitinib

treatment increased EGFR, HER3, and Gab1 total protein (3, 3.8, 2.5-fold respectively) in wild

type cells and increased total protein (2.9, 4.6, 2.7- fold respectively) in Tpl2-/- keratinocytes.

Concomitant treatment of keratinocytes with Capmatinib + Gefitinib stimulated EGFR,

HER3, and Gab1 protein levels (2.7, 5.1, 3.3-fold in wild type keratinocytes vs. 3.5, 5.1, 4-fold

in Tpl2-/- keratinocytes respectively).

RAS mutations are associated with the development of cSCC in both mice and humans

[18,38]. For some experiments, keratinocytes were infected with a replication-defective v-rasHa

retrovirus prior to treatment. This initiates them in a manner similar to both human cSCC

and mouse DMBA/TPA two-stage carcinogenesis studies. v-rasHa-transduction prior to treat-

ment with HGF, Gefitinib and/or Capmatinib eliminated the basal genotypic differences in

HER2, HER3, and STAT-3. Similar to what we found in non-transduced keratinocytes, treat-

ment of wild type v-rasHa-transduced keratinocytes with Gefitinib increased EGFR, HER2,

HER3 and Gab1 4.9-fold, 2.5-fold, 9-fold, and 2.2-fold respectively (Fig 1B). Treatment of

Tpl2-/- v-rasHa-infected keratinocytes with Gefitinib increased EGFR, HER2, HER3 and Gab1

10-fold, 2.4-fold, 9.1-fold and 2.2-fold respectively. Treatment with Capmatinib decreased the

HGF-stimulated induction in HER2 (5.4-fold vs. 1.5-fold), HER3 (1.7-fold vs no change),

STAT-3 (1.7-fold vs. 1.3-fold), and mTOR (no change vs 3.8-fold) in wild type vs. Tpl2-/-

Fig 1. Western analysis of normal and v-rasHa-transduced wild type and Tpl2-/- keratinocytes. Cells were cultured

alone (A) or initiated with v-rasHa-retrovirus (B) for 36 hours. Wild type or Tpl2-/- keratinocytes were then treated with

20ng/ml HGF, 2nM Capmatinib + HGF, 1uM Gefitinib, or Gefitinib/Capmatinib/HGF and lysates collected 24 hours

later. All Westerns were performed a minimum of three times.

https://doi.org/10.1371/journal.pone.0266017.g001
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keratinocytes respectively. There were no additive effects when Capmatinib + Gefitinib were

administered together compared to Gefitinib alone.

Inhibition of MET phosphorylation enhances p-EGFR and p-AKT

signaling in Tpl2-/- keratinocytes and p-EGFR in papillomas

v-rasHa-transduced Tpl2-/- keratinocytes have 5-fold higher p-MET and 2.8-fold higher p-

EGFR compared to v-rasHa-transduced wild type keratinocytes (Fig 2A). Blocking MET phos-

phorylation through Capmatinib increased p-EGFR expression 10-fold in v-rasHa-transduced

Tpl2-/- keratinocytes but only 1.3-fold in v-rasHa-transduced wild type keratinocytes. Capmati-

nib treatment also induced p-AKT 4.3-fold in v-rasHa-transduced Tpl2-/- keratinocytes. Addi-

tionally, p-EGFR was strongly induced in papillomas from Capmatinib-fed mice compared to

papillomas from wild type and Tpl2-/- mice on normal diet, and increased in SCCs compared

to papillomas (Fig 2B). p-EGFR expression in SCCs from Capmatinib-fed mice could not be

assessed, as no papillomas in this group underwent malignant conversion to become SCCs.

Effect of Gefitinib and Capmatinib on the proliferation of v-rasHa-

transduced wild type and Tpl2-/- keratinocytes

Cultured mouse keratinocytes from wild type or Tpl2-/- mice were initiated in vitro by the

introduction of a replication-defective v-rasHa retrovirus and treated with Gefitinib +/- Cap-

matinib. Proliferation of v-rasHa-transduced wild type cells was inhibited 33% with

Fig 2. Inhibition of MET by Capmatinib enhances p-EGFR and p-AKT signaling in keratinocytes and p-EGFR in papillomas. (A) Cells were v-rasHa

infected for 36 hours to express viral protein. Some keratinocytes were treated with 2 nM Capmatinib. Total protein was lysed 15 min post Capmatinib

treatment and immunoblotted for p-AKT/AKT, p-HER2/HER2, p-MET/MET, p-EGFR/EGFR, and B-actin. (B) Papillomas and SCCs from wild type or Tpl2
-/- mice, and papillomas from wild type or Tpl2 -/- mice fed Capmatinib in their diet were stained for p-EGFR. Images at 10X and 50X are displayed.

https://doi.org/10.1371/journal.pone.0266017.g002
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Capmatinib, whereas Tpl2-/- keratinocytes were resistant to the anti-proliferative effects of

Capmatinib (Fig 3). Gefitinib inhibited v-rasHa-transduced wild type keratinocytes 48% and

Tpl2-/- keratinocytes 35%. Keratinocytes treated with both Capmatinib and Gefitinib had a

61% growth inhibition for wild type cells and 52% for Tpl2-/- cells, although statistically this

was no different than treatment with Gefitinib alone.

Capmatinib/Gefitinib treatment increases MMP-9 activity, with more

pronounced effects in Tpl2-/- keratinocytes

Increased MMP-9 enzymatic activity reflects invasiveness of a tumor, increased ability to

metastasize and increased angiogenesis. To measure the proteolytic activity of MMP-9, zymo-

graphy was performed using conditioned media from untreated and treated control and v-
rasHa-transduced keratinocytes. Under basal conditions, MMP-9 activity was barely detectable

in wild type cells, and HGF/Capmatinib or Gefitinib treatment alone had little effect on MMP-

9 activity (Fig 4A). However, the combination of Gefitinib/Capmatinib or HGF/Gefitinib/Cap-

matinib induced MMP-9 activity in wild type cells 12-fold and 9-fold respectively. MMP-9

activity was 5.7-fold higher in conditioned media from untreated Tpl2 -/- keratinocytes com-

pared to wild type cells (Fig 4A). The combination of Gefitinib/Capmatinib or HGF/Gefitinib/

Fig 3. Gefitinib + Capmatinib decrease proliferation of v-rasHa-transduced wild type and Tpl2-/- keratinocytes. v-

rasHa-transduced Wild type or Tpl2-/- keratinocytes were grown in the presence of 1uM Gefitinib, 2nM Capmatinib, or

both Gefitinib and Capmatinib. Results of quadruplicate samples were normalized to respective controls (untreated v-

rasHa-transduced Tpl2+/+ (WT) keratinocyte cells for all WT samples or untreated v-rasHa-transduced Tpl2 -/-

keratinocyte controls for KO samples) � p<0.05, ��p<0.01.

https://doi.org/10.1371/journal.pone.0266017.g003
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Capmatinib increased this MMP-9 activity even further, achieving levels 3.5-fold higher than

untreated Tpl2 -/- keratinocytes.

MMP-9 activity was also measured in v-rasHa-transduced wild type and Tpl2 -/- keratino-

cytes. MMP-9 activity was 3.6-fold higher in conditioned media from untreated v-rasHa-trans-

duced Tpl2 -/- keratinocytes compared to v-rasHa-transduced wild type cells (Fig 4B). These

genotype differences were maintained, although v-rasHa-transduction negated some of the

treatment effects seen in normal keratinocytes.

Capmatinib/Gefitinib treatment increases endothelial tube formation with

more pronounced effects in Tpl2-/- keratinocytes

An endothelial tube formation assay is an in vitro method for determining factors involved in

angiogenesis [39]. Serum starved and fluorescently labeled 3B-11 endothelial cells plated over

basement membrane extract were subjected to conditioned media from untreated or treated

control and v-rasHa-transduced keratinocytes. Untreated wild type and Tpl2 -/- keratinocytes

typically produce few tubes due to a lack of secreted angiogenic factors, unless higher concen-

trations of 3B-11 cells are used (Figs 5 and S3). However, the tube network was substantially

increased when conditioned media from Gefitinib/Capmatinib or HGF + Gefitinib/Capmati-

nib cells were used, with more pronounced effects in Tpl2 -/- keratinocytes.

Conditioned media from v-rasHa-transduced wild type or Tpl2-/- keratinocytes produce an

extensive tube network, even under basal conditions (Fig 6A). The combination of Gefitinib/

Capmatinib or HGF/Gefitinib/Capmatinib induced the number of segments, nodes and mesh

1.6–2.0-fold in both wild type and Tpl2-/- keratinocytes (Fig 6B).

Fig 4. Capmatinib/Gefitinib treatment increases MMP-9 activity, with more pronounced effects in Tpl2-/-

keratinocytes. (A) Enzymatic activity of MMP-9 in conditioned media from wild type or Tpl2-/- normal keratinocytes

treated with 20ng/mL HGF, 20ng/ml HGF+ 2nM Capmatinib, 1uM Gefitinib, or all treatments in conjunction.

Biological replicates from two different cohorts of wild type or Tpl2-/- mice (n = 4/condition) are represented by two

gels. (B) Enzymatic activity of MMP-9 in conditioned media from v-rasHa-transduced wild type and Tpl2-/-

keratinocytes treated with 20ng/ml HGF+ 2nM Capmatinib, 1uM Gefitinib, and treatments in conjunction. Biological

replicates from two different cohorts of wild type or Tpl2-/- mice (n = 6/condition) are represented by two gels.

https://doi.org/10.1371/journal.pone.0266017.g004
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v-rasHa-transduced wild type and Tpl2-/- keratinocytes treated with

Capmatinib +/- Gefitinib have coactivation of multiple phospho-RTKs

A phospho-RTK assay was performed in v-rasHa-transduced wild type and Tpl2-/- keratino-

cytes treated with Capmatinib +/- Gefitinib to determine expression across 39 phosphorylated

Fig 5. Keratinocytes treated with HGF/Gefitinib/Capmatinib develop more segments, nodes and mesh in an

endothelial tube formation assay, with more pronounced effects in Tpl2-/- cells. 3B11 mouse endothelial cells were

serum starved overnight. 75,000 3B-11 cells/well were subjected to keratinocyte conditioned media from wild type or

Tpl2-/- cells treated with 20ng/ml HGF, HGF+ 2nM Capmatinib, 1uM Gefitinib, Capmatinib/Gefitinib, or HGF/

Capmatinib/Gefitinib. Tube networks were grown for 8 hours and imaged under 4X magnification with a fluorescence

microscope. The number of nodes, mesh, and segments were quantified using NIH Image J with Angiogenesis Plugin.

https://doi.org/10.1371/journal.pone.0266017.g005

Fig 6. v-rasHa-transduced wild type or Tpl2-/- keratinocytes treated with HGF/Gefitinib/Capmatinib develop more segments, nodes and mesh in an

endothelial tube formation assay. 3B11 mouse endothelial cells were serum starved and subjected to keratinocyte conditioned media from v-rasHa-transduced

wild type or Tpl2-/- cells treated with 20ng/ml HGF, HGF+ 2nM Capmatinib, 1uM Gefitinib, Capmatinib/Gefitinib, or HGF/Capmatinib/Gefitinib. Tube

networks were grown for 6 hours and imaged under 4X magnification with a fluorescence microscope. The number of nodes, mesh, and segments were

quantified using NIH Image J with Angiogenesis Plugin.

https://doi.org/10.1371/journal.pone.0266017.g006
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RTKs. Capmatinib treated Tpl2-/- keratinocytes had 1.4–2.3-fold increases in multiple other

RTKs including p-EGFR, p-HER2, p-HER3, p-HER4, p-IGF-1, p-Insulin Receptor, p-

VEGFR3 and p-DTK, whereas wild type cells treated with Capmatinib had 1.4–1.5-fold

increases in p-HER4, p-IGF-1, p-Insulin Receptor, and p-VEGFR3 (Fig 7A and 7B). v-rasHa-

transduced wild type and Tpl2-/- keratinocytes had 1.5–3.3-fold increases in p-HER3, p-HER4,

p-IGF-1, p-Insulin Receptor, p-VEGFR3 and p-DTK when treated with Gefitinib or the com-

bination of Capmatinib + Gefitinib (Fig 7A and 7B).

Discussion

Treatment of metastatic cSCC remains a therapeutic challenge due to the high heterogeneity

of the disease [8]. Members of the RTK/RAS/MAPK pathway are frequently mutated in cSCC

[40]. Among them, HRAS can serve as an early event in cSCC development and its mutation

frequency is increased upon inhibition of MAPK signaling [8].

Tpl2 is a protein kinase in the MAPK cascade. As a MAP3K protein, Tpl2 is downstream of

RTKs, including EGFR, HER2/3 and MET, as well as the GTPase RAS. The loss of Tpl2 acti-

vates MET signaling in skin, and increases MET-dependent skin tumorigenesis and progres-

sion [25]. Pharmacological inhibition of MET in Tpl2-/- mice is somewhat effective, decreasing

overall tumor burden and conversion to cSCC, but doesn’t completely eliminate tumor growth

or restore numbers to the level of wild type controls [25]. This suggests that other survival

mechanisms may be activated in the presence of MET inhibition. In other cancers, MET

monotherapy has demonstrated limited effectiveness due to activation of bypass pathways

such as EGFR and HER [41,42]. Thus, in this study, we assessed p-EGFR and HER2/3 in the

presence of the MET inhibitor Capmatinib. We found upregulation in p-EGFR in v-rasHa-

transduced Tpl2-/- keratinocytes and cSCCs compared to wild type cells. Inhibition of p-MET

by Capmatinib further increased expression of p-EGFR in v-rasHa-transduced Tpl2-/- keratino-

cytes and papillomas, supporting the notion of bypass pathway activation.

Fig 7. v-rasHa-transduced Tpl2+/+ and Tpl2-/- keratinocytes treated with Capmatinib +/- Gefitinib have

coactivation of multiple phospho-RTKs. v-rasHa-transduced wild type and Tpl2-/- keratinocytes were treated with

2nM of Capmatinib, 1uM of Gefitinib, or 2nM Capmatinib +1uM Gefitinib for 15 minutes, after which point lysates

were collected. 200ug/ml of cell lysates were applied to each array. Each RTK is spotted in duplicate, and the spots at

each corner are positive controls. Blots (A) and graphs (B) of the most differentially expressed RTKs are displayed.

https://doi.org/10.1371/journal.pone.0266017.g007
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The MET receptor can heterodimerize with EGFR, or its family members HER2 and HER3,

to activate downstream PI3K/AKT, MAPK or JAK/STAT signaling [33,43]. We found higher

expression of HER 2 and lower expression of HER 3 in Tpl2-/- keratinocytes under basal condi-

tions. However, both HER2 and HER3 receptors were strongly induced in wild type and

Tpl2-/- keratinocytes treated with the phospho-EGFR inhibitor Gefitinib. HER3 has been

implicated as a possible escape route in cancers resistant to traditional therapies [44,45]. Sus-

tained HER3 signaling is a mode of resistance to EGFR-based therapies, and in certain cancers

this HER3-dependent signaling can be driven by amplification of MET [46–48]. Additionally,

upregulation of HER3 contributes to resistance to MAPK inhibitors in melanoma and thyroid

carcinomas [49,50]. Although HER2 has no known ligand, we did find that treatment of wild

type and Tpl2-/- keratinocytes with HGF, the ligand for MET, could induce total HER2 and

HER3 protein, although we didn’t test the mechanism by which this occurs. Others have

shown that HGF can stimulate release of the EGFR ligand amphiregulin in squamous cell car-

cinoma, a process dependent on the MAPK protein Erk2 [51]. Thus, HGF may activate more

than just the MET pathway, providing another avenue for crosstalk.

As described above, EGFR and MET are targetable RTKs, but when applied as single agents

each of them regularly demonstrates only modest activity due to resistance and activation of

compensatory signaling [48]. EGFR inhibitors used in clinical trials for the treatment of

advanced cSCC only have modest clinical benefit, with 25–45% of the patients achieving par-

tial responses and 0–18% obtaining complete remission [52]. Some have found that mutations

in RAS can confer resistance to EGFR therapies [53]. Resistance to EGFR inhibitors can be

caused by activation of RTK-mediated bypass pathways, including MET and HER-3, which

can substitute for EGFR to maintain signaling output [54].

Since EGFR and MET activate many of the same downstream pathways, and can substitute

for one another, combinatorial inhibition of EGFR/MET signaling has been suggested as a

more effective treatment. Here, we tested whether dual EGFR/MET inhibition was more effec-

tive in reducing keratinocyte proliferation and indices of progression in wild type and

Tpl2-/-cells. Both Gefitinib and Capmatinib decreased keratinocyte proliferation in wild type

mice and Gefitinib reduced proliferation in Tpl2-/-cells. In regard to proliferation, combination

treatment with Gefitinib + Capmatinib was not statistically different from Gefitinib alone. Fur-

ther, combination treatment using Gefitinib + Capmatinib increased both endothelial tube

formation and MMP-9 activity. In agreement with our data, other studies have also reported a

lack of response in patients using EGFR/MET combination therapy [55–59]. In both phase I

and phase II lung cancer studies, patients treated with a combination of EGFR and MET inhib-

itors had substantial toxicity and no improvement in overall survival compared to single agents

[55–58]. Mechanistically, activation of additional parallel pathways, which can maintain signal

output when EGFR and MET are inhibited, may explain why this combination wasn’t effective

in keratinocytes. In Ras-transformed keratinocytes, we found that concomitant treatment with

both EGFR/MET inhibitors heightened expression of numerous other RTKs including HER2/

3/4, insulin receptor and IGF-1R. IGF-1R is a dimerization partner for insulin receptor, EGFR,

HER2 and HER 3, all of which were induced in keratinocytes upon inhibition of MET and/or

EGFR. Similar to our findings, others have reported that Gefitinib-resistant cells can activate

IGF1R and EGFR/HER3 to stimulate downstream signaling through the PI3K/AKT and IGF-

1R pathways [60]. Heterodimerization of IGF-1R with HER3 can also induce resistance to the

EGFR/HER2 inhibitor Lapatinib, and heterotrimerization of IGF-1R with HER 2 and HER 3

provides resistance to trastuzumab [61,62]. With the ability of EGFR, MET, HER2/3, and IGF-

1R to heterodimerize/ heterotrimerize with multiple different partners and compensate for

one another, a large repertoire of possibilities exists to maintain survival signals and contribute

to cSCC.
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In summary, we provide new insight into alternate signaling factors used by keratinocytes

to bypass RTK inhibition and maintain growth and survival signaling. We find that Tpl2 is

part of an interconnected and convoluted web, involving RAS and multiple other RTKs

(Fig 8). Having a better understanding of the redundancy and crosstalk in signaling cascades

used by keratinocytes will provide new insight into potential resistance mechanisms that can

contribute to cSCC.

Materials and methods

Wild type and transgenic mice

Male and female wild type (Tpl2+/+) and knockout (Tpl2-/-) C57Bl/6 mice were engineered as

previously described [63]. The numbers of mice required for this experiment were the mini-

mum numbers needed to achieve statistical power and protocols were performed in a manner

Fig 8. Proposed model of RTK bypass pathway activation in Tpl2 -/- keratinocytes. Numerous RTKs become overactive in the absence of Tpl2. These

RTKs can form multiple different partnerships with other RTKs and can compensate for one another, leading to sustained survival and progression signals.

https://doi.org/10.1371/journal.pone.0266017.g008
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to minimize animal pain and stress. Tpl2-/- and Tpl2+/+ status was regularly confirmed by

PCR. Mice were fed ad libitum an AIN-93M diet (Tpl2 −/−; n = 8 or WT; n = 12) or AIN-

93M diet containing 44 mg/kg Capmatinib (n = 8/genotype), an inhibitor of MET kinase

activity. All groups were matched for age, weight and sex, monitored daily for general appear-

ance, and weighed weekly. WT and Tpl2-/- mice were initiated with 7,12-dimethylbenz(a)

anthracene (DMBA; 100 μg/200 μl acetone) and promoted for 20 weeks with twice weekly

application of TPA painted on the skin (10 μg/200 μl acetone). Tumor-bearing animals were

individually housed to avoid injury to the tumor sites. Animals were euthanized 52 weeks after

the date of initiation, or at an earlier time point if tumor size reached 20mm in any one dimen-

sion, the tumor became infected, the tumor affected the animal’s ability to eat, urinate or defe-

cate, impaired ambulation, or the animal was deemed moribund by the veterinary staff. Mice

were euthanized by exposure to carbon dioxide, using decapitation as a confirmatory second-

ary euthanization method. All tumors used in this study underwent histological examination

in a blinded fashion by a certified pathologist (Mass Histology Services, Worcester, MA) to

determine tumor type.

Primary keratinocyte isolation and treatment

Primary keratinocytes were isolated from Tpl2-/- and wild type mice pups at 1–4 days of age

according to standard protocols [64]. Keratinocytes were grown in PromoCell keratinocyte

growth media (VWR, Philadelphia, PA) containing hormone supplements, Penicillin-Strepto-

mycin (10,000U/ml) and low (0.05mM) calcium. For some experiments keratinocytes were

infected with v-rasHa retrovirus as described elsewhere and/or treated with the p-MET inhibi-

tor Capmatanib (INCB28060; Selleck Chemicals, Houston, TX), HGF (R&D Systems, Minne-

apolis, MN), the phospho-EGFR inhibitor Gefitinib (Selleck Chemicals), or drugs in

combination [64]. For in vitro drug combination studies, keratinocytes were treated with 2nM

Capmatinib +/- 1uM Gefitinib for 2 hours followed by application of 20ng/mL HGF or vehicle

(HGF; R&D Systems, Minneapolis, MN) for 15 minutes (for phosphorylation studies) or 24

hours (total protein) prior to protein isolation. For conditioned media experiments, media was

collected from treated keratinocytes 18 hours post-treatment. After centrifugation, amount of

total supernatant used was normalized to keratinocyte number.

Proliferation experiments

2.5 x 104 v-rasHa-transduced wild type or Tpl2-/- keratinocytes were plated in quadruplicate in

opaque 96-well plates. Cells were grown in normal supplemented keratinocyte media or sup-

plemented media containing 1uM Gefitinib, 2nM Capmatinib, or both Gefitinib and Capmati-

nib for 24 hours. Viability was measured using CellTiter-Glo Luminescent Cell Viability Assay

(Promega, Madison, WI, USA) per manufacturer’s instructions.

Western blotting

Total protein lysates were prepared from pooled untreated or treated keratinocytes using

RIPA buffer containing Halt protease/phosphatase inhibitors in accordance with the manufac-

turer’s protocol (Thermo Fisher Scientific, Rockford, IL, USA). 25 μg of protein was electro-

phoresed using 4–12% gradient SDS-polyacrylamide gels, transferred to PVDF membrane and

blocked with 5% BSA. Primary antibodies for pEGFR/EGFR, MET, pHER2/HER2, pHER3/

HER3, pAKT/AKT, STAT3, pmTOR/mTOR, B-Actin were purchased from Cell Signaling and

used at 1:1000. p-MET was purchased from Abcam and used at 1:1000. Anti-rabbit HRP sec-

ondary antibodies (Cell Signaling Technology), followed by West Dura Chemiluminescence

substrate (Thermo, Rockland, IL) were used for signal detection. Bands were quantified using
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NIH Image J and normalized to the densitometry for the respective housekeeping gene. West-

ern blots used pooled keratinocyte protein (n = 4–6 mice/pool) and were repeated a minimum

of three times.

Phospho-Receptor Tyrosine Kinase (RTK) assay

The Phospho-RTK assay was done in accordance to R&D Biosystem RTK Assay Kit Protocol.

The kits contained 4 array membranes that had been pre-spotted with 39 different phosphory-

lated RTK antibodies, along with positive and negative controls. For this assay, 8 different sam-

ples were used: wild type v-rasHa-infected, wild type v-rasHa-infected + Capmatinib, wild type

v-rasHa-infected + Gefitinib, wild type v-rasHa-infected + Capmatinib and Gefitinib, as well as

the corresponding Tpl2-/- samples. After incubating membranes with cell lysates containing

200ug of protein, anti-Phospho-Tyrosine-HRP Detection Antibodies were added for 2 hours

at room temperature and then a Chemi Reagent Mix was used for detection. The membranes

were imaged using ChemiDoc-it UVP imaging system. Densitometry was performed using

NIH ImageJ and protein levels normalized to positive controls.

Immunohistochemistry

Immunohistochemistry was performed as previously described [28]. 4μm sections were cut

and stained with hematoxylin and eosin (H&E). Primary antibodies for p-EGFR (Abcam;

Cambridge, MA) and anti-rabbit secondary antibodies (Cell Signaling; Danvers, MA) were

used. Sections came from a minimum of three individual mice per treatment. Representative

areas were photographed at 10 and 50x magnification.

Zymography

Zymography was performed as previously reported [27]. Briefly, harvested cell-free condi-

tioned media was electrophoresed on 10% tris-glycine gels containing 0.1% gelatin. Zymogram

gels were incubated in zymogram renaturing buffer, developing buffer, stained with Coomas-

sie blue G-250, and de-stained in deionized water. Bands were quantified using NIH Image J.

Tube formation assay

Tube formation assays, an in vitro measure of angiogenesis, were conducted as previously

described [39]. Briefly, 3B-11 endothelial cells were serum-starved in DMEM with 0.2% FBS

overnight, Calcein-stained (Life Technologies; Grand Island, NY), plated onto Basement

Membrane Extract (BME), and exposed to pooled conditioned media from treated or

untreated normal or v-rasHa-transduced keratinocytes. The tube network grew for 6–9 hours

before paraformaldehyde fixing and then imaged using a fluorescence microscope (Olympus;

Center Valley, PA). The tube network (number of nodes/meshes/segments) was quantified

using ImageJ Angiogenesis Analyzer Plugin.

Statistical analyses

Data was tested for normality, model assumptions were checked, and the data were analyzed

with SPSS software. Tube formation assays, zymography and proliferation studies examining

genotype and drug effects were analyzed through two-way ANOVA with Tukey’s post-hoc

test. Significance for all analyses was assumed at a p-value of 0.05 or less. Significance values of

p� 0.05 are indicated in figures with a single asterisk (�), p� 0.01 with a double asterisk (��),

and p� 0.001 with a triple asterisk (���).
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Supporting information

S1 Fig. Raw images for Western blots. https://mfr.osf.io/render?url=https%3A%2F%2Fosf.io

%2Ff7wxg%2Fdownload.

(PDF)

S2 Fig. Western blot densitometry. Densitometry of Western Images from Fig 1A (A), Fig 1B

(B), and Fig 2 (C). https://mfr.osf.io/render?url=https%3A%2F%2Fosf.io%2Fam2tb%

2Fdownload.

(TIF)

S3 Fig. Tube formation assay. Endothelial tube formation assay. 120,000 3B-11 mouse endo-

thelial cells were serum starved and plated with conditioned media from wild type or Tpl2-/-

keratinocytes that had been treated with 20ng/ml HGF, HGF+ 2nM Capmatinib, 1uM Gefiti-

nib, or HGF/Cap/Gef. This is a repeat of Fig 5, with higher numbers of endothelial cells in

order to develop a more extensive network. The number of segments, nodes and mesh were

calculated using Image J with Angiogenesis Plugin and statistics determined using a two-way

ANOVA. https://mfr.osf.io/render?url=https%3A%2F%2Fosf.io%2Fsnuew%2Fdownload.

(TIF)

S1 Dataset. Minimal data set for figures and graphs used in manuscript. https://mfr.osf.io/

render?url=https%3A%2F%2Fosf.io%2Fmpw7v%2Fdownload.
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10. Muñoz-Maldonado C, Zimmer Y, Medová M. A Comparative Analysis of Individual RAS Mutations in

Cancer Biology. Frontiers in Oncology. 2019; 9(1088). https://doi.org/10.3389/fonc.2019.01088 PMID:

31681616

11. Braicu C, Buse M, Busuioc C, Drula R, Gulei D, Raduly L, et al. A Comprehensive Review on MAPK: A

Promising Therapeutic Target in Cancer. Cancers. 2019; 11(10). Epub 2019/10/28. https://doi.org/10.

3390/cancers11101618 PMID: 31652660; PubMed Central PMCID: PMC6827047.

12. Cuevas BD, Abell AN, Johnson GL. Role of mitogen-activated protein kinase kinase kinases in signal

integration. Oncogene. 2007; 26(22):3159–71. Epub 2007/05/15. https://doi.org/10.1038/sj.onc.

1210409 PMID: 17496913.

13. Lee S, Rauch J, Kolch W. Targeting MAPK Signaling in Cancer: Mechanisms of Drug Resistance and

Sensitivity. International journal of molecular sciences. 2020;21(3). Epub 2020/02/13. https://doi.org/10.

3390/ijms21031102 PMID: 32046099; PubMed Central PMCID: PMC7037308.

14. Chapman PB, Hauschild A, Robert C, Haanen JB, Ascierto P, Larkin J, et al. Improved survival with

vemurafenib in melanoma with BRAF V600E mutation. The New England journal of medicine. 2011;

364(26):2507–16. Epub 2011/06/07. https://doi.org/10.1056/NEJMoa1103782 PMID: 21639808;

PubMed Central PMCID: PMC3549296.

15. Flaherty KT, Puzanov I, Kim KB, Ribas A, McArthur GA, Sosman JA, et al. Inhibition of Mutated, Acti-

vated BRAF in Metastatic Melanoma. The New England journal of medicine. 2010; 363(9):809–19.

https://doi.org/10.1056/NEJMoa1002011 PMC3724529. PMID: 20818844

16. Su F, Viros A, Milagre C, Trunzer K, Bollag G, Spleiss O, et al. RAS mutations in cutaneous squamous-

cell carcinomas in patients treated with BRAF inhibitors. The New England journal of medicine. 2012;

366(3):207–15. Epub 2012/01/20. https://doi.org/10.1056/NEJMoa1105358 PMID: 22256804; PubMed

Central PMCID: PMC3724537.

17. Oberholzer PA, Kee D, Dziunycz P, Sucker A, Kamsukom N, Jones R, et al. RAS Mutations Are Associ-

ated With the Development of Cutaneous Squamous Cell Tumors in Patients Treated With RAF Inhibi-

tors. Journal of Clinical Oncology. 2012; 30(3):316–21. https://doi.org/10.1200/JCO.2011.36.7680

PMC3269955. PMID: 22067401

18. Balmain A, Yuspa SH. Milestones in skin carcinogenesis: the biology of multistage carcinogenesis. The

Journal of investigative dermatology. 2014; 134(e1):E2–7. Epub 2014/10/11. https://doi.org/10.1038/

skinbio.2014.2 PMID: 25302469.

PLOS ONE Loss of Tpl2 activates RTK bypass pathways

PLOS ONE | https://doi.org/10.1371/journal.pone.0266017 March 24, 2022 15 / 18

https://doi.org/10.3390/biomedicines9020171
http://www.ncbi.nlm.nih.gov/pubmed/33572373
https://doi.org/10.1001/jamadermatol.2015.1187
http://www.ncbi.nlm.nih.gov/pubmed/25928283
https://doi.org/10.1016/j.jaad.2015.03.028
http://www.ncbi.nlm.nih.gov/pubmed/26089053
https://doi.org/10.1172/JCI57415
http://www.ncbi.nlm.nih.gov/pubmed/22293185
https://doi.org/10.1158/1078-0432.ccr-14-1768
https://doi.org/10.1158/1078-0432.ccr-14-1768
http://www.ncbi.nlm.nih.gov/pubmed/25303977
https://doi.org/10.1158/1078-0432.CCR-14-1773
https://doi.org/10.1158/1078-0432.CCR-14-1773
http://www.ncbi.nlm.nih.gov/pubmed/25589618
https://doi.org/10.3390/ijms21082956
http://www.ncbi.nlm.nih.gov/pubmed/32331425
https://doi.org/10.1038/s41467-018-06027-1
http://www.ncbi.nlm.nih.gov/pubmed/30202019
https://doi.org/10.3389/fonc.2019.01088
http://www.ncbi.nlm.nih.gov/pubmed/31681616
https://doi.org/10.3390/cancers11101618
https://doi.org/10.3390/cancers11101618
http://www.ncbi.nlm.nih.gov/pubmed/31652660
https://doi.org/10.1038/sj.onc.1210409
https://doi.org/10.1038/sj.onc.1210409
http://www.ncbi.nlm.nih.gov/pubmed/17496913
https://doi.org/10.3390/ijms21031102
https://doi.org/10.3390/ijms21031102
http://www.ncbi.nlm.nih.gov/pubmed/32046099
https://doi.org/10.1056/NEJMoa1103782
http://www.ncbi.nlm.nih.gov/pubmed/21639808
https://doi.org/10.1056/NEJMoa1002011
http://www.ncbi.nlm.nih.gov/pubmed/20818844
https://doi.org/10.1056/NEJMoa1105358
http://www.ncbi.nlm.nih.gov/pubmed/22256804
https://doi.org/10.1200/JCO.2011.36.7680
http://www.ncbi.nlm.nih.gov/pubmed/22067401
https://doi.org/10.1038/skinbio.2014.2
https://doi.org/10.1038/skinbio.2014.2
http://www.ncbi.nlm.nih.gov/pubmed/25302469
https://doi.org/10.1371/journal.pone.0266017


19. Abel EL, Angel JM, Kiguchi K, DiGiovanni J. Multi-stage chemical carcinogenesis in mouse skin: Funda-

mentals and applications. Nature protocols. 2009; 4(9):1350–62. https://doi.org/10.1038/nprot.2009.

120 PMC3213400. PMID: 19713956

20. DiGiovanni J. Multistage carcinogenesis in mouse skin. Pharmacology & therapeutics. 1992; 54(1):63–

128. Epub 1992/01/01. https://doi.org/10.1016/0163-7258(92)90051-z PMID: 1528955.

21. Fujiki H, Suganuma M, Yoshizawa S, Kanazawa H, Sugimura T, Manam S, et al. Codon 61 mutations

in the c-Harvey-ras gene in mouse skin tumors induced by 7,12-dimethylbenz [a] anthracene plus oka-

daic acid class tumor promoters. Molecular carcinogenesis. 1989; 2(4):184–7. Epub 1989/01/01.

https://doi.org/10.1002/mc.2940020403 PMID: 2508660

22. Roop DR, Lowy DR, Tambourin PE, Strickland J, Harper JR, Balaschak M, et al. An activated Harvey

ras oncogene produces benign tumours on mouse epidermal tissue. Nature. 1986; 323(6091):822–4.

Epub 1986/10/05. https://doi.org/10.1038/323822a0 PMID: 2430189

23. Yuspa SH. The pathogenesis of squamous cell cancer: lessons learned from studies of skin carcino-

genesis—thirty-third G. H. A. Clowes Memorial Award Lecture. Cancer research. 1994; 54(5):1178–89.

Epub 1994/03/01. PMID: 8118803

24. Gantke T, Sriskantharajah S, Ley SC. Regulation and function of TPL-2, an IκB kinase-regulated MAP

kinase kinase kinase. Cell research. 2011; 21(1):131–45. Epub 2010/12/08. https://doi.org/10.1038/cr.

2010.173 PMID: 21135874; PubMed Central PMCID: PMC3193413.

25. Bonan NF, Kowalski D, Kudlac K, Flaherty K, Gwilliam JC, Falkenberg LG, et al. Inhibition of HGF/MET

signaling decreases overall tumor burden and blocks malignant conversion in Tpl2-related skin cancer.

Oncogenesis. 2019; 8(1):1. Epub 2019/01/12. https://doi.org/10.1038/s41389-018-0109-8 PMID:

30631034; PubMed Central PMCID: PMC6328619.

26. Decicco-Skinner KL, Trovato EL, Simmons JK, Lepage PK, Wiest JS. Loss of tumor progression locus

2 (tpl2) enhances tumorigenesis and inflammation in two-stage skin carcinogenesis. Oncogene. 2011;

30(4):389–97. Epub 2010/10/12. https://doi.org/10.1038/onc.2010.447 PMID: 20935675; PubMed Cen-

tral PMCID: PMC3460638.

27. DeCicco-Skinner K, Jung S, Tabib T, Gwilliam J, Alexander H, Goodheart S, et al. Tpl2 knockout kerati-

nocytes have increased biomarkers for invasion and metastasis. Carcinogenesis. 2013; 34(12):2789–

98. https://doi.org/10.1093/carcin/bgt319 PMID: 24067898

28. DeCicco-Skinner KL, Nolan SJ, Deshpande MM, Trovato EL, Dempsey TA, Wiest JS. Altered Prosta-

noid Signaling Contributes to Increased Skin Tumorigenesis in Tpl2 Knockout Mice. PLoS ONE. 2013;

8(2):e56212. https://doi.org/10.1371/journal.pone.0056212 PMID: 23457529

29. Belich MP, Salmeron A, Johnston LH, Ley SC. TPL-2 kinase regulates the proteolysis of the NF-kap-

paB-inhibitory protein NF-kappaB1 p105. Nature. 1999; 397(6717):363–8. Epub 1999/02/09. https://

doi.org/10.1038/16946 PMID: 9950430.

30. Matsumoto K, Umitsu M, De Silva DM, Roy A, Bottaro DP. Hepatocyte growth factor/MET in cancer pro-

gression and biomarker discovery. Cancer science. 2017; 108(3):296–307. Epub 2017/01/09. https://

doi.org/10.1111/cas.13156 PMID: 28064454; PubMed Central PMCID: PMC5378267.

31. Cataisson C, Michalowski AM, Shibuya K, Ryscavage A, Klosterman M, Wright L, et al. MET signaling

in keratinocytes activates EGFR and initiates squamous carcinogenesis. Science signaling. 2016; 9

(433):ra62. Epub 2016/06/23. https://doi.org/10.1126/scisignal.aaf5106 PMID: 27330189.

32. Wee P, Wang Z. Epidermal Growth Factor Receptor Cell Proliferation Signaling Pathways. Cancers.

2017; 9(5). Epub 2017/05/18. https://doi.org/10.3390/cancers9050052 PMID: 28513565; PubMed Cen-

tral PMCID: PMC5447962.

33. Kennedy SP, Hastings JF, Han JZ, Croucher DR. The Under-Appreciated Promiscuity of the Epidermal

Growth Factor Receptor Family. Front Cell Dev Biol. 2016; 4:88. Epub 2016/09/07. https://doi.org/10.

3389/fcell.2016.00088 PMID: 27597943; PubMed Central PMCID: PMC4992703.
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