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Abstract

Canine oral mucosal melanoma is an aggressive malignant neoplasm and is characterized

by local infiltration and a high metastatic potential. The disease progression is similar to that

of human oral melanomas. Whereas human cutaneous melanoma is primarily driven by

activating mutations in Braf (60%) or Nras (20%), human mucosal melanoma harbors these

mutations much less frequently. This makes therapeutic targeting and research modeling

of the oral form potentially different from that of the cutaneous form in humans. Similarly,

research has found only rare Nras mutations and no activating Braf mutations in canine

oral melanomas, but they are still reliant on MAPK signaling. IQGAP1 is a signaling scaffold

that regulates oncogenic ERK1/2 MAPK signaling in human Ras- and Raf- driven cancers,

including melanomas. To investigate whether IQGAP1 is a potential target in canine mela-

noma, we examined the expression and localization of IQGAP1 in primary canine melano-

mas and canine oral melanoma cell lines obtained from the University of California-Davis.

Using CRISPR/Cas9 knockout of IQGAP1, we examined effects on downstream ERK1/2

pathway activity and assayed proliferation of cell lines when treated with a peptide that

blocks the interaction between IQGAP1 and ERK1/2. We observed that canine IQGAP1 is

expressed and localizes to a similar extent in both human and canine melanoma by qPCR,

Western blot, and immunofluorescence. Deletion of IQGAP1 reduces MAPK pathway acti-

vation in cell lines, similar to effects seen in human BrafV600E cell lines. Additionally, we dem-

onstrated reduced proliferation when these cells are treated with a blocking peptide in vitro.

Introduction

Using naturally occurring models of animal disease to study complex diseases, such as cancer,

allows researchers to better translate their findings, as genetically engineered mouse models

have severe limitations when attempting to translate therapy to human patients[1]. Canine

mucosal melanoma offers a unique model to study responses to signaling and therapeutics[2].

It is similar to human mucosal melanomas in that activating Braf and Nras mutations are very
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rare[3–5], in contrast to human cutaneous melanoma. Furthermore, canine oral melanomas

are dependent on AKT and MAPK signaling[6, 7] and have altered expression of tyrosinase,

p16, Pten and P53 similar to what is observed in human melanomas[8, 9]. The clinical progres-

sion of canine oral melanomas is also similar to that of human oral mucosal melanomas as

both are locally invasive and often metastasize through the lymphatic system. The prognosis of

oral melanomas in humans and dogs is poor because it often recurs even with multimodal

therapy including surgery, radiation, and chemotherapy[10].

IQGAP1 is a signaling scaffold that regulates oncogenic ERK1/2 MAPK signaling in human

cancer[11, 12]. We recently described a new therapeutic strategy for Ras/MAPK-driven can-

cers, which does not target the core pathway members, but instead targets the interaction

between IQGAP1 and ERK1/2. This therapeutic strategy inhibits cancer progression in a num-

ber of in vitro and in vivo models of cancer[11]. That research demonstrated therapeutic effi-

cacy either with genetic depletion of IQGAP1 or by an interfering peptide derived from the

IQGAP1 WW domain (Fig 1A) that disrupted association of ERK1/2 with full-length IQGAP1

[11]. Targeting IQGAP1 reduces ERK1/2 pathway activity in neoplastic cells while preserving

normal ERK1/2 MAPK function in physiologically normal cells, demonstrating a tumor-spe-

cific efficacy. More recently, additional investigators have reported the usefulness of targeting

kinase scaffolds in pancreatic cancer[13, 14] and melanoma[15], confirming that scaffold tar-

geting may represent a promising new general approach to cancer treatment. Our previous

work investigated IQGAP1 targeting in human and mouse models, but not in canine sponta-

neous cancer models. This manuscript expands the clinical translation of scaffold targeting

therapies into a clinical relevant model of mucosal melanoma by examining the expression of

IQGAP1, the effects on proliferation as well as modulation of the ERK1/2 MAPK pathway in

canine melanoma where IQGAP1 is deleted or targeted therapeutically.

Materials and methods

Cell line culture

Human cancer cell lines were maintained in DMEM (SK-Mel28, SK-Mel5, WM2664, A375) or

RPMI (Colo829) (Gibco) supplemented with 10% FBS according to recommendations from

ATCC. Canine melanoma cell lines CMM3 and CMM5 were obtained from one of the author’s

laboratory (MSK), from where they were derived, have been validated to be of canine origin

with no inter-species contamination (IDEXX), have been tested to be free of mycoplasma con-

tamination (AZ) and were immunologically typed as being positive for the following melanoma

specific markers: Melan-A, S-100, MITF and Tyrosinase[16]. They were maintained in RPMI

(Gibco) supplemented with 10% FBS. Primary human epidermal keratinocytes were isolated

from discarded neonatal surgical specimens and cultured as previously described[17].

Drug treatments and inhibitors

GSK1120212 (Trametinib) was purchased from SelleckChem (#S2673) and resuspended in

DMSO as per manufacturer recommendations to a stock of 10mM. WW and Scr peptide were

obtained from CS Bio Co., manufactured as described previously and reconstituted to a stock

of 2.5mM in water[11].

Canine melanoma samples

Four primary canine mucosal melanomas and two samples of normal canine oral mucosa

were obtained from biopsy tissue collected under IACUC approved protocol 18749 at the Uni-

versity of California Davis School of Veterinary Medicine.

IQGAP1 is an oncogenic target in canine melanoma
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Quantitative RT-PCR (qRT-PCR)

RNA was harvested from melanoma cell lines by treatment using the RNeasy kit (Qiagen). The

following primers were used for this study:

Human 18s: forward, 5’-GCAATTATTCCCCATGAACG-3’ and reverse, 5’- GGCCTCACTA
AACCATCCAA-3’;

IQGAP1: forward, 50-TTCGCCACTACCCAGACCTTGTTT-30 and reverse, 50-CCTGTCTTGG
ATGTGGCCTTTGG-30;

Canine HPRT: forward, 5’- AAGGACCCCTCGAAGTGTTG-3’, reverse 5’- ACTAAGCAGAT
GGCCACAGAA-3’

Canine IQGAP1: forward, 5’- AGAAGTGGCCCAGCATTACC-3’, reverse 5’- CAGCTGACT
CGTCCTGTGTT-3’

RT-PCR conditions: 95˚C for 5min, 45 cycles of 95˚C for 10s, 58˚C for 30s, 72˚C for 30s.

RT-PCR was performed on a Roche Lightcycler 480.

IQGAP1 CRISPR

For CRISPR-Cas9 infections, cells were infected with PLenti-CRISPR virus with four sgRNAs

targeting IQGAP1. sgRNA sequences were based on published sequences for human IQGAP1

sgRNAs[18] and altered to match the equivalent canine sequence based on sequence align-

ments. Cells were selected for 3 days in puromycin and tested by immunoblot for loss of

IQGAP1 protein expression.

sgRNA guide sequences:

IQ1: AGGACATTCGGAATCAGCGG

IQ4: TGGTTGGATGAAATTCAAGG

IQ5: GATGGAGTCTCAGACGGGAGA

IQ7: GATGGAGTCTCAGACGGGAGA

Protein expression analysis

Immunoblots were performed with the following antibodies: rabbit antibody to ERK1/2

(1:1,000, Cell Signaling, 9102), rabbit antibody to pERK1/2 (Thr202/Tyr204; 1:1,000, Cell Sig-

naling, 9101), rabbit antibody to IQGAP1 (1:500, Abcam, 86064), rabbit antibody to RSK1

(1:1000, Cell Signaling 9333), rabbit monoclonal antibody to phospho-p90RSK (1:1000, Cell

Signaling 8753), and mouse monoclonal antibody to β-actin (1:10,000, Sigma, A1978).

Immunofluorescence

Cell lines were grown on chamber slides, fixed and permeabilized by incubation 4% parafor-

maldehyde for 10 minutes followed by blocking in 10% horse serum in PBS for 1 hour. Tissue

sections were then incubated with primary antibodies, followed by Alexafluor-488 conjugated

Fig 1. Canine IQGAP1 is more highly conserved than mouse IQGAP1, particularly within the WW domain. (A) Schematic of function of WW peptide

interruption of binding between IQGAP1 and ERK1/2. (B) IQGAP1 genomic locus with mouse and canine conservation tracks. Specific amino acid alignments

of the WW domain [inset]. (C) Diagram of WW peptide mutations. (D) Immunoblot of primary human keratinocytes infected with either the full-length WW

domain, one with two mutated central YY residues, a 5’ truncation missing 5AA and a 3’ truncation missing 3AA. (E) Histology and IQGAP1 immunohistochemistry

from normal canine oral mucosa and primary canine mucosal melanoma. Scale bar = 100μm.

https://doi.org/10.1371/journal.pone.0176370.g001
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goat anti-mouse secondary antibodies (Molecular Probes). The following antibodies were

used: IQGAP1 (1:100, Santa Cruz sc-376021). Tissue was counterstained with Hoescht to visu-

alize cell nuclei.

Immunohistochemistry

Immunohistochemistry was performed as previously described[19] with mouse antibody to

IQGAP1 (1:100, Santa Cruz sc-376021). Secondary staining with biotinylated horse secondary

to mouse IgG at 1:1000 for 1hour (Vector Laboratories). Negative control samples were stained

using the same protocol without addition of primary antibody. Antibody was tested for speci-

ficity using cell lines with IQGAP1 depletion using CRISPR-Cas9 as described above.

Cell viability assay

Cancer cell lines were seeded in equivalent, low-density cultures in duplicate in 24-well plates.

Twenty-four hours after seeding, the medium was removed and replaced with 500μl of a 5:1 mix-

ture of cell medium and cell titer blue reagent (Promega). Cultures were incubated with this mix-

ture for 2h at 37˚C in the dark. Fluorescence (560nm/590nm (emission/excitation) for 100 μl in

triplicates for each sample was recorded. Values plotted correspond to readings taken while con-

trol samples were still growing exponentially. For IC50 assays, cells were seeded into 96-well

plates. Twenty-four hours after seeding, serial dilutions of GSK1120212 were prepared in DMSO

and added to cells, yielding final drug concentrations ranging from 0 to 30μM. Cells were treated

daily and incubated for 72h after the addition of drug. Data from growth-inhibition assays were

modeled using a nonlinear regression curve fit with a sigmoid dose response. Cell proliferation

curves were generated graphically as % control +/- SEM using the following formula:

(A = absorbance; TREAT = treatment group; CON = control or untreated; ini = initial;

fin = final)

Percent control growth: 100% � (ATREAT − ACONini) / (ACONfin − ACONini)

Percent standard error of the mean: 100% � (SEMTREAT/(ACONfin − ACONini)),

where the SEM = (SDEV/ n ^ 0.5), n = number of replicates).

Half-maximal inhibitory concentration (IC50) values were generated using Prism 5

(GraphPad).

Statistics

Each data panel is representative of at least three independent replicate experiments or biologi-

cal replicates using different cell lines. Analysis of statistical significance for the proliferation

assays was performed using Student’s t tests. A p-value of< 0.05 was considered statistically

significant.

Results

Canine IQGAP1 is more highly conserved than mouse IQGAP1,

particularly within the WW domain

Examination of the canine IQGAP1 locus reveals many similarities to human IQGAP1, partic-

ularly within the portion that has been targeted as a cancer therapeutic, the WW region (Fig

1B–lower panel). This contrasts with the degree of dissimilarity between human and mouse

IQGAP1 evident in the upper UCSC track and in the WW domain highlighted in red (Fig 1B–

upper and lower panel). Within this 33-amino acid region, there are only 2 amino acids that

IQGAP1 is an oncogenic target in canine melanoma
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differ between the two species (29D and 32P). Previous experiments performed in normal

human keratinocytes during initial peptide testing determined that these C-terminal amino

acids of the WW domain are not necessary for the peptide mimic to reduce ERK1/2 phosphory-

lation (Fig 1C and 1D). This is compared to mutation of two central YY residues, which are nec-

essary for the reduction of ERK1/2 phosphorylation, as observed by alanine substitution at these

residues. This indicates the 2 amino acid difference between the human and canine IQGAP1

sequence is most likely not required for the specific interaction with ERK1/2. With the observa-

tion of the largely conserved IQGAP1 sequence, we hypothesized that targeting IQGAP1 in the

canine melanoma model should be an effective therapy in controlling neoplastic cell populations.

Using spontaneously occurring primary canine mucosal melanoma samples (n = 4) from

previously non-treated animals and normal canine mucosal samples for comparison (n = 2)

we performed IQGAP1 immunohistochemistry (Fig 1E). Negative control for IQGAP1 immu-

nohistochemistry is shown in S1 Fig. These studies reveal a similar expression pattern to what

is observed in multiple human cancer types[20–23]. Staining is primarily cytoplasmic and dif-

fuse, with more prominent IQGAP1 staining at the periphery of tumors.

Canine melanoma lines are dependent on ERK1/2 and express IQGAP1

similar to human BrafV600E melanoma lines

We initially determined that two canine melanoma cell lines responded to ERK1/2 MAPK

inhibition similarly to human melanoma cell lines using GSK1120212, a specific MEK1/2

kinase inhibitor that is currently being tested in human cancer clinical trials[24]. These studies

confirm that the canine melanoma cell lines used for our preliminary trials respond strongly

to ERK1/2 MAPK inhibition with a reduction in pERK1/2 as well as pRSK, a canonical sub-

strate of ERK1/2 (Fig 2A). Growth inhibition curves for GSK1120212 treatment in two canine

melanoma lines (CMM3 and CMM5) as well as for a human BrafV600E mutated melanoma line

(SK-Mel-28) for comparison are presented in Fig 2B. We also calculated IC50s for all of these

lines using a dosing curve over 3 days of drug treatment. The IC50 for SK28 agrees with what

is published for known sensitive lines[25]. CMM5 is also considered sensitive with a 4.5 nM

IC50. CMM3 is less so with an IC50 of 173nM, but still does respond to treatment. Growth

inhibition studies performed in triplicate provide estimates of IC50 for this MEK inhibitor are

in the range of what are considered “sensitive” cells, although there is a distinct difference

between the canine lines (Fig 2C). For additional mechanistic studies, we focused on CMM5

since it was more responsive to ERK1/2 MAPK inhibition.

Canine melanoma lines express IQGAP1 similar to human BrafV600E

melanoma lines

We compared the RNA and protein expression of canine and human IQGAP1 in our cell lines

compared to a panel of human BrafV600E melanoma cell lines. Fig 3A shows a DNA gel show-

ing results from RT-qPCR amplifying IQGAP1 in human and canine cell lines. Housekeeping

genes (18s for human melanoma lines and HPRT for canine melanoma lines) are shown below

for normalization and the Ct values for IQGAP1 are provided in S2A Fig along with the value

for the housekeeping genes. RT-qPCR curves are presented in S2B Fig. The canine cell lines

appear to express IQGAP1 transcripts slightly more than the human cell lines. However, when

expression is examined by western blot (Fig 3B and 3C), the protein expression appears lower.

This may be due to differential protein expression or it may be that the IQGAP1 antibody does

not recognize the canine form with the same sensitivity. When we examine IQGAP1 localiza-

tion by immunofluorescence (Fig 3D), we see a similar cytoplasmic staining pattern for the

canine cells and the human melanoma line SK-Mel-28.
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IQGAP1 deletion or interruption of IQGAP1-ERK1/2 interaction reduces

ERK1/2 pathway signaling and proliferation in canine melanoma lines

We next examined ERK1/2 phosphorylation in the context of IQGAP1 depletion in the canine

melanoma line that was most sensitive to MEK-inhibition (CMM5). We utilized Cas9-CRISPR

targeting IQGAP1 and one of the same sgRNAs we used for the human lines as the target

sequence was identical. Immunofluoresence studies indicated that there is a reduction in

IQGAP1 protein expression (Fig 4A). The protein is also substantially reduced on immunoblot

(Fig 4B). When pERK1/2 is quantified on immunoblot and normalized to ERK1/2, we ob-

served an approximately 50% reduction in pERK1/2 in cells with IQGAP1 depletion, indicat-

ing a reduction in ERK1/2 pathway activation (Fig 4C).

We assessed proliferation in both canine melanoma cell lines with IQGAP1-targeting

Cas9-CRISPR and note a consistent and statistically significant decrease compared to empty

vector (EV) controls using four different sgRNAs in three biological replicates (Fig 4D).

Finally, we evaluated proliferation in both canine melanoma lines treated with WW peptide

over a 6-day time period. In both CMM5 and CMM3, we see a reduction in growth with the

active peptide treated at 10μM compared to scrambled control peptide (Fig 4E).

Discussion

This study explores the utility of expanding IQGAP1 targeted therapies to canine models of

melanoma. The advantage of characterizing this novel therapeutic target in an alternative

Fig 2. Canine melanoma lines are dependent on ERK1/2 similar to human BrafV600E melanoma lines. (A) Immunoblot for human BrafV600E melanoma

cells (SK28) and two canine mucosal melanoma cell lines (CMM3, CMM5) treated with DMSO or GSK1120212 (Trametinib) for 8hrs. (B) Growth curves for

two canine mucosal melanoma cell lines (CMM3, CMM5) and human BrafV600E melanoma cells (SK-mel-28) treated with GSK1120212 ranging from

0.0001μM to 30μM. Values represent 3 biological replicates for CMM lines and 2 biological replicates from SK-Mel-28. (C) IC50 values from 4-day proliferation

assays in cells as in (A).

https://doi.org/10.1371/journal.pone.0176370.g002
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cancer model is the ability to better predict and characterize potential human responses to

therapy compared to performing pre-clinical testing in conventional rodent models. Treating

naturally occurring cancers better models the clinical condition of human patients.

For these studies, we use canine mucosal melanomas as these are the most common canine

melanoma presentations and currently available cell lines are of mucosal origin. These tumors

differ from human cutaneous melanomas in that Braf and Nras mutations are not frequently

observed. This is similar to what is found in human mucosal melanomas as well. However,

canine mucosal melanomas are reportedly sensitive to MAPK targeted therapies and have

upregulated levels of pERK1/2, suggesting that these tumors are reliant on MAPK signaling for

tumorigenesis. It is unknown if there are mutations elsewhere in the ERK1/2 MAPK pathway

Fig 3. Canine Melanoma lines express IQGAP1 similar to human BrafV600E melanoma lines. (A) Gel electrophoresis (top) from IQGAP1 RT-

qPCR for five human BrafV600E melanoma cell lines and and two canine mucosal melanoma cell lines (CMM3, CMM5). (B) IQGAP1 immunoblot

from cell lines as for the qPCR. (C) Quantitation of human and canine IQGAP1 protein expression normalized to actin from western blot in (B). (D)

Immunofluorescence for IQGAP1 in human BrafV600E melanoma cells (Skmel28) and two canine mucosal melanoma cell lines (CMM3, CMM5).

Scale bar = 50μm.

https://doi.org/10.1371/journal.pone.0176370.g003
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or if the increased pathway activation is primarily due to increased expression of pathway

components.

We initially characterized the presence and localization of IQGAP1 in primary canine

mucosal melanomas, observing that there does appear to be increased IQGAP1 expression,

particularly co-localizing with melanocytes as well as at the tumor edge. We additionally exam-

ined the expression and localization of IQGAP1 in two canine mucosal melanoma cell lines.

While there seems to be a modest difference in the absolute expression of IQGAP1 between

human and canine melanoma cell lines (human cell lines express higher levels), the localiza-

tion to the cytoplasm and the cell periphery is very similar based on immunofluorescence. It is

important to note that the antibody used for the immunohistochemistry studies was initially

validated in cell lines with IQGAP1 knockdown using CRISPR Cas9 to determine specificity.

Based on these observations, we then sought to confirm that the cell lines were sensitive to

MAPK targeted therapies, as this has generally been a good predictor as to which lines will also

respond to IQGAP1 targeted therapy. Western blot analysis, as well as IC50 curves, confirmed

that the lines respond to MEK inhibition with a downregulation in pERK1/2 and a significant

decrease in proliferation. The calculated IC50 values are higher than for a human melanoma

cell line used here for comparison, but still within the range of sensitive lines. It is interesting

to note that there is an almost 50-fold increase in IC50 between the human melanoma cell line

and the more resistant of the two canine lines tested. Reported IC50s range from 0.48nM to

0.52nm for BrafV600E mutant melanoma lines to up to 174nM for Kras mutant lines[25].

MAPK wild type lines are insensitive to MEK inhibition up to 10μM based on in-vitro testing

(SelleckChem). The canine lines used for these experiments are within the range of MAPK

mutated human cancer lines. It is known that these lines have wild type Braf, however, the

Nras mutational status is unknown[26].

Using a pLenti CRISPR Cas9 system, we were able to successfully deplete the expression of

IQGAP1 protein in a bulk population of cell line CMM5 (the more sensitive of the two lines

tested). To the authors’ knowledge, this is the first time that CRISPR Cas9 has been used to

delete genes in canine cancer cell lines. We confirmed knockdown using immunofluorescence

as well as Western blot. The lines in these experiments still exhibit some protein expression

because these are mixed cell populations and do not represent clonal populations. In these

mixed population cells, we observed an approximately 50% reduction in pERK1/2 compared

to WT cells, suggesting that we are, indeed, impacting ERK1/2 MAPK function. In CMM

cells with IQGAP1 CRIPSR, we notice a consistent and statistically significant reduction in

proliferation.

Finally, we performed proliferation assays to determine if treatment with the WW peptide

would result in decreased proliferation in the canine lines. This appeared to be a viable treat-

ment strategy based on the observation that the WW domain of IQGAP1 is the same between

canines and humans except for two residues in the C-terminal end of the protein. We have

demonstrated in human keratinocytes that the four C-terminal residues are not critical to

reducing signaling through IQGAP1-ERK1/2. We noted a significant decrease in proliferation

with the WW treated lines compared to Scr treated controls. Interestingly, we noted that WW

peptide treatment has a greater absolute effect on proliferation combined with the partial

knockout using IQGAP1 CRISPR. There may be several explanations for this observation,

Fig 4. IQGAP1 deletion or interruption of IQGAP1-ERK1/2 interaction reduces ERK1/2 pathway signaling and proliferation in canine melanoma

lines. (A) IQGAP1 Immunofluorescence in CMM5 melanoma cell line treated with either EV or IQGAP1 targeting sgRNA. Scale bar = 50μm. (B)

Immunoblot for pERK1/2 and IQGAP1 in cells from (A). (C) Quantitation of human and canine pERK1/2 protein expression in IQGAP1 CRISPR canine

melanoma cells normalized to ERK1/2 from western blot in (B). (D) Six-day proliferation assays in CMM3 or CMM5 with IQGAP1-targeting CRISPR, ** p-

val <0.01. (E) Six-day proliferation assays in CMM5 (left) or CMM3 (right) cells treated with either Scr or WW peptide, ** p-val <0.01.

https://doi.org/10.1371/journal.pone.0176370.g004
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including incomplete deletion of IQGAP1 in this pooled CRISPR population, potential effects

of IQGAP1 deletion on additional signaling pathways, effects WW peptide treatment on other

ERK1/2 interactions or other “off-target” effects that have not been fully characterized.

These data together provide a preliminary justification for investigating the use of the WW

peptide in canine mucosal melanomas, as a model of human disease and for the purpose of

treating canine patients. The findings in this manuscript further support canine oral mela-

noma model as a relevant spontaneous research model for human melanomas.

Supporting information

S1 Fig. Negative control IQGAP1 immunohistochemistry. (A) Immunohistochemistry of a

canine mucosal melanoma sample from same sections as in Fig 1D processed without primary

IQGAP1 antibody. Scale bar = 200μm.

(TIF)

S2 Fig. RT-qPCR amplification curves for IQGAP1 in human and canine melanoma. (A)

Quantitation of the qPCR based on Ct values, with house-keeping genes for human and canine

shown for comparison. (B) Amplification curves for two canine melanoma lines (CMM) and

five human melanoma lines (HM). Housekeeping genes TBP and HRPT1 were used for the

CMM lines and 18s was used for the HM lines.

(TIF)

Author Contributions

Conceptualization: AMZ BHL MSK.

Formal analysis: AMZ BHL.

Investigation: AMZ BHL PHN.

Methodology: AMZ BHL.

Project administration: AMZ.

Resources: AMZ MSK.

Supervision: AMZ.

Validation: AMZ BHL.

Visualization: BHL AMZ.

Writing – original draft: BHL AMZ.

Writing – review & editing: AMZ BHL MSK PHN.

References

1. Kol A, Arzi B, Athanasiou KA, Farmer DL, Nolta JA, Rebhun RB, et al. Companion animals: Transla-

tional scientist’s new best friends. Science translational medicine. 2015; 7(308):308ps21. https://doi.

org/10.1126/scitranslmed.aaa9116 PMID: 26446953

2. Simpson RM, Bastian BC, Michael HT, Webster JD, Prasad ML, Conway CM, et al. Sporadic naturally

occurring melanoma in dogs as a preclinical model for human melanoma. Pigment cell & melanoma

research. 2014; 27(1):37–47. PubMed Central PMCID: PMC4066658.

3. Mayr B, Schaffner G, Reifinger M, Zwetkoff S, Prodinger B. N-ras mutations in canine malignant mela-

nomas. Veterinary journal. 2003; 165(2):169–71.

IQGAP1 is an oncogenic target in canine melanoma

PLOS ONE | https://doi.org/10.1371/journal.pone.0176370 April 26, 2017 11 / 13

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0176370.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0176370.s002
https://doi.org/10.1126/scitranslmed.aaa9116
https://doi.org/10.1126/scitranslmed.aaa9116
http://www.ncbi.nlm.nih.gov/pubmed/26446953
https://doi.org/10.1371/journal.pone.0176370


4. Gillard M, Cadieu E, De Brito C, Abadie J, Vergier B, Devauchelle P, et al. Naturally occurring melano-

mas in dogs as models for non-UV pathways of human melanomas. Pigment cell & melanoma

research. 2014; 27(1):90–102.

5. Liu LS, Colegio OR. Molecularly targeted therapies for melanoma. International journal of dermatology.

2013; 52(5):523–30. https://doi.org/10.1111/j.1365-4632.2012.05829.x PMID: 23590367

6. Fowles JS, Denton CL, Gustafson DL. Comparative analysis of MAPK and PI3K/AKT pathway activa-

tion and inhibition in human and canine melanoma. Veterinary and comparative oncology. 2015; 13

(3):288–304. https://doi.org/10.1111/vco.12044 PMID: 23745794

7. Kent MS, Collins CJ, Ye F. Activation of the AKT and mammalian target of rapamycin pathways and the

inhibitory effects of rapamycin on those pathways in canine malignant melanoma cell lines. American

journal of veterinary research. 2009; 70(2):263–9. PubMed Central PMCID: PMC4169881. https://doi.

org/10.2460/ajvr.70.2.263 PMID: 19231960

8. Phillips JC, Lembcke LM, Noltenius CE, Newman SJ, Blackford JT, Grosenbaugh DA, et al. Evaluation

of tyrosinase expression in canine and equine melanocytic tumors. American journal of veterinary

research. 2012; 73(2):272–8. https://doi.org/10.2460/ajvr.73.2.272 PMID: 22280389

9. Koenig A, Bianco SR, Fosmire S, Wojcieszyn J, Modiano JF. Expression and significance of p53, rb,

p21/waf-1, p16/ink-4a, and PTEN tumor suppressors in canine melanoma. Veterinary pathology. 2002;

39(4):458–72. https://doi.org/10.1354/vp.39-4-458 PMID: 12126149

10. Proulx DR, Ruslander DM, Dodge RK, Hauck ML, Williams LE, Horn B, et al. A retrospective analysis of

140 dogs with oral melanoma treated with external beam radiation. Veterinary radiology & ultrasound:

the official journal of the American College of Veterinary Radiology and the International Veterinary

Radiology Association. 2003; 44(3):352–9.

11. Jameson KL, Mazur PK, Zehnder AM, Zhang J, Zarnegar B, Sage J, et al. IQGAP1 scaffold-kinase

interaction blockade selectively targets RAS-MAP kinase-driven tumors. Nature medicine. 2013; 19

(5):626–30. PubMed Central PMCID: PMC4190012. https://doi.org/10.1038/nm.3165 PMID: 23603816

12. Johnson M, Sharma M, Henderson BR. IQGAP1 regulation and roles in cancer. Cellular signalling.

2009; 21(10):1471–8. https://doi.org/10.1016/j.cellsig.2009.02.023 PMID: 19269319

13. Luan Z, He Y, Alattar M, Chen Z, He F. Targeting the prohibitin scaffold-CRAF kinase interaction in

RAS-ERK-driven pancreatic ductal adenocarcinoma. Molecular cancer. 2014; 13:38. PubMed Central

PMCID: PMC3938031. https://doi.org/10.1186/1476-4598-13-38 PMID: 24568222

14. Kurenova E, Liao J, He DH, Hunt D, Yemma M, Bshara W, et al. The FAK scaffold inhibitor C4 disrupts

FAK-VEGFR-3 signaling and inhibits pancreatic cancer growth. Oncotarget. 2013; 4(10):1632–46.

PubMed Central PMCID: PMC3858551. https://doi.org/10.18632/oncotarget.1365 PMID: 24142503

15. Kurenova E, Ucar D, Liao J, Yemma M, Gogate P, Bshara W, et al. A FAK scaffold inhibitor disrupts

FAK and VEGFR-3 signaling and blocks melanoma growth by targeting both tumor and endothelial

cells. Cell cycle. 2014; 13(16):2542–53. https://doi.org/10.4161/15384101.2015.941760 PMID:

25486195

16. Aina OH, Maeda Y, Harrison M, Zwingenberger AL, Walker NJ, Lam KS, et al. Canine malignant mela-

noma alpha-3 integrin binding peptides. Veterinary immunology and immunopathology. 2011; 143(1–

2):11–9. PubMed Central PMCID: PMC4169883. https://doi.org/10.1016/j.vetimm.2011.05.018 PMID:

21722969

17. Ridky TW, Chow JM, Wong DJ, Khavari PA. Invasive three-dimensional organotypic neoplasia from

multiple normal human epithelia. Nature medicine. 2010; 16(12):1450–5. PubMed Central PMCID:

PMC3586217. https://doi.org/10.1038/nm.2265 PMID: 21102459

18. Shalem O, Sanjana NE, Hartenian E, Shi X, Scott DA, Mikkelsen TS, et al. Genome-scale CRISPR-

Cas9 knockout screening in human cells. Science. 2014; 343(6166):84–7. PubMed Central PMCID:

PMC4089965. https://doi.org/10.1126/science.1247005 PMID: 24336571

19. Scholl FA, Dumesic PA, Barragan DI, Harada K, Bissonauth V, Charron J, et al. Mek1/2 MAPK kinases

are essential for Mammalian development, homeostasis, and Raf-induced hyperplasia. Developmental

cell. 2007; 12(4):615–29. https://doi.org/10.1016/j.devcel.2007.03.009 PMID: 17419998

20. Jin J, Lee JW, Rha KS, Kim DW, Kim YM. Expression pattern of IQGAP1 in sinonasal inverted papillo-

mas and squamous cell carcinomas. The Laryngoscope. 2012; 122(12):2640–6. https://doi.org/10.

1002/lary.23541 PMID: 22833392

21. Hayashi H, Nabeshima K, Aoki M, Hamasaki M, Enatsu S, Yamauchi Y, et al. Overexpression of

IQGAP1 in advanced colorectal cancer correlates with poor prognosis-critical role in tumor invasion.

International journal of cancer. 2010; 126(11):2563–74. https://doi.org/10.1002/ijc.24987 PMID:

19856315

22. Nabeshima K, Shimao Y, Inoue T, Koono M. Immunohistochemical analysis of IQGAP1 expression in

human colorectal carcinomas: its overexpression in carcinomas and association with invasion fronts.

Cancer letters. 2002; 176(1):101–9. PMID: 11790459

IQGAP1 is an oncogenic target in canine melanoma

PLOS ONE | https://doi.org/10.1371/journal.pone.0176370 April 26, 2017 12 / 13

https://doi.org/10.1111/j.1365-4632.2012.05829.x
http://www.ncbi.nlm.nih.gov/pubmed/23590367
https://doi.org/10.1111/vco.12044
http://www.ncbi.nlm.nih.gov/pubmed/23745794
https://doi.org/10.2460/ajvr.70.2.263
https://doi.org/10.2460/ajvr.70.2.263
http://www.ncbi.nlm.nih.gov/pubmed/19231960
https://doi.org/10.2460/ajvr.73.2.272
http://www.ncbi.nlm.nih.gov/pubmed/22280389
https://doi.org/10.1354/vp.39-4-458
http://www.ncbi.nlm.nih.gov/pubmed/12126149
https://doi.org/10.1038/nm.3165
http://www.ncbi.nlm.nih.gov/pubmed/23603816
https://doi.org/10.1016/j.cellsig.2009.02.023
http://www.ncbi.nlm.nih.gov/pubmed/19269319
https://doi.org/10.1186/1476-4598-13-38
http://www.ncbi.nlm.nih.gov/pubmed/24568222
https://doi.org/10.18632/oncotarget.1365
http://www.ncbi.nlm.nih.gov/pubmed/24142503
https://doi.org/10.4161/15384101.2015.941760
http://www.ncbi.nlm.nih.gov/pubmed/25486195
https://doi.org/10.1016/j.vetimm.2011.05.018
http://www.ncbi.nlm.nih.gov/pubmed/21722969
https://doi.org/10.1038/nm.2265
http://www.ncbi.nlm.nih.gov/pubmed/21102459
https://doi.org/10.1126/science.1247005
http://www.ncbi.nlm.nih.gov/pubmed/24336571
https://doi.org/10.1016/j.devcel.2007.03.009
http://www.ncbi.nlm.nih.gov/pubmed/17419998
https://doi.org/10.1002/lary.23541
https://doi.org/10.1002/lary.23541
http://www.ncbi.nlm.nih.gov/pubmed/22833392
https://doi.org/10.1002/ijc.24987
http://www.ncbi.nlm.nih.gov/pubmed/19856315
http://www.ncbi.nlm.nih.gov/pubmed/11790459
https://doi.org/10.1371/journal.pone.0176370


23. Nakamura H, Fujita K, Nakagawa H, Kishi F, Takeuchi A, Aute I, et al. Expression pattern of the scaffold

protein IQGAP1 in lung cancer. Oncology reports. 2005; 13(3):427–31. PMID: 15706411

24. NIH-supported clinical trials [cited 2016 May 26th]. Available from: http://www.cancer.gov/about-

cancer/treatment/clinical-trials/search.

25. Yamaguchi T, Kakefuda R, Tajima N, Sowa Y, Sakai T. Antitumor activities of JTP-74057

(GSK1120212), a novel MEK1/2 inhibitor, on colorectal cancer cell lines in vitro and in vivo. International

journal of oncology. 2011; 39(1):23–31. https://doi.org/10.3892/ijo.2011.1015 PMID: 21523318

26. Shelly S, Chien MB, Yip B, Kent MS, Theon AP, McCallan JL, et al. Exon 15 BRAF mutations are

uncommon in canine oral malignant melanomas. Mammalian genome: official journal of the Interna-

tional Mammalian Genome Society. 2005; 16(3):211–7.

IQGAP1 is an oncogenic target in canine melanoma

PLOS ONE | https://doi.org/10.1371/journal.pone.0176370 April 26, 2017 13 / 13

http://www.ncbi.nlm.nih.gov/pubmed/15706411
http://www.cancer.gov/about-cancer/treatment/clinical-trials/search
http://www.cancer.gov/about-cancer/treatment/clinical-trials/search
https://doi.org/10.3892/ijo.2011.1015
http://www.ncbi.nlm.nih.gov/pubmed/21523318
https://doi.org/10.1371/journal.pone.0176370



