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Abstract
GAB2 is a scaffold protein with diverse upstream and downstream effectors. MAPK and PI3K
signaling pathways are known effectors of GAB2. It is amplified and overexpressed in a variety of
human tumors including melanoma. Here we show a previously undescribed role for GAB2 in
NRAS-driven melanoma. Specifically, we found that GAB2 is co-expressed with mutant NRAS in
melanoma cell lines and tumor samples and its expression correlated with metastatic potential. Co-
expression of GAB2WT and NRASG12D in melanocytes and in melanoma cells increased
anchorage independent growth by providing GAB2-expressing cells a survival advantage through
upregulation of BCL-2 family of anti-apoptotic factors. Of note, collaboration of GAB2 with
mutant NRAS enhanced tumorigenesis in vivo and led to an increased vessel density with strong
CD34 and VEGFR2 activity. We found that GAB2 facilitiated an angiogenic switch by
upregulating HIF-1α and VEGF levels. This angiogenic response was significantly suppressed
with the MEK inhibitor PD325901. These data suggest that GAB2-mediated signaling cascades
collaborate with NRAS-driven downstream activation for conferring an aggressive phenotype in
melanoma. Second, we show that GAB2/NRAS signaling axis is non-linear and non-redundant in
melanocytes and melanoma, and thus are acting independent of each other. Finally, we establish a
link between GAB2 and angiogenesis in melanoma for the first time. In conclusion, our findings
provide evidence that GAB2 is a novel regulator of tumor angiogenesis in NRAS-driven
melanoma through regulation of HIF-1α and VEGF expressions mediated by RAS-RAF-MEK-
ERK signaling.
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Introduction
The main function of scaffold proteins is to bring other proteins together to form complexes.
GAB2 is a scaffold protein that lacks enzymatic activity (1). Once it is activated it becomes
phosphorylated on tyrosine residues providing binding sites for multiple proteins involved in
signal transduction (2). It is a key mediator for the regulation of cellular processes such as
proliferation, survival, migration, differentiation, and morphogenesis (3). There are three
paralogues of GAB proteins in vertebrates, GAB1, GAB2, and GAB3 that are conserved
throughout evolution. Receptor tyrosine kinases (EGFR, KIT, MET, FGFR, PDGFR,
NGFR), cytokine receptors, Fc receptors, T and B cell antigen receptors, and G-coupled
receptors act as upstream regulators of GAB2 (4–11). It can also be activated by various
fusion oncoproteins such as BCR-ABL and has key functions in transformation of
hematopoietic stem cells and leukemogenic signaling (12). GAB2 recruits proteins that
serve as downstream effectors. MAPK and PI3K-AKT signaling represent two major
effector pathways regulated by GAB2 that have been extensively studied. Binding of GAB2
to SHP2 activates ERK signaling, whereas its binding to the p85 subunit of PI3K leads to
AKT activation, and subsequent biological responses (1). Additionally, PLCγ directly binds
to GAB2. It has multiple consensus binding sites for the Crk adaptor proteins. 14-3-3
isoforms associate with GAB2 and attenuate its function. Thus, association with these
molecules is critical for the function of GAB2 in mediating intracellular signaling from the
receptors. There is growing body of evidence implicating GAB2 in oncogenic
transformation, tumor progression and metastasis. The candidacy of GAB2 as a potential
oncogenic event comes from studies in breast (13–15) and ovarian cancer (16), leukemia
(12, 17) and melanoma (18, 19). 11q13.5-q14.1 that includes the GAB2 gene is amplified in
~10–15% of human malignancies (13). Functional studies implicate GAB2 as a driving
event.

Melanoma results from transformation of melanocytes that are primarily located in the skin.
There are more than 68,000 estimated new cases of invasive and 53,000 in situ melanoma
cases in the United States annually resulting in over 8,700 deaths (20, 21). Early melanoma
is typically cured by surgery whereas metastatic melanoma is an aggressive disease with a
poor prognosis. NRAS and BRAF are bona fide oncogenes in melanoma critical for tumor
initiation (22). In NRAS and BRAF-driven oncogenesis, progression to melanoma and
metastasis requires silencing of tumor suppressor genes including PTEN, INK4A and/or
ARF (23). There are three RAS (HRAS, KRAS, NRAS) and three RAF (ARAF, BRAF,
CRAF) genes in humans (24). Gain-of-function mutations in NRAS (~25%) or BRAF
(~40%) are found in melanoma in a mutually exclusive fashion. NRAS mutations involve
codons 12, 13, and 61 (NRASG12/G13/Q61). More than 90% of BRAF mutations are valine to
glutamic acid substitutions at codon 600 (BRAFV600E) (24). Oncogenic mutations in NRAS
can activate both MAPK and PI3K-AKT pathways, whereas mutant BRAF activates the
MAPK pathway. Co-expression of NRASQ61R and BRAFV600E results in a senescent
phenotype in melanoma cells, thus explaining the epistatic relationship due to selection
against double mutant cells (25). A role for RAS mutations in melanoma initiation has been
confirmed through generation and analysis of transgenic animal models. Activated HRAS
expression on an INK4A, ARF, or p53 mutant background promotes non-metastatic
melanoma in mice whereas NRAS expression in INK4A/ARF deficiency promotes
metastatic melanoma (26–28). BRAFV600E cannot transform human melanocytes due to
induction of senescence, but transforms murine melanocytes that are ARF deficient (29).
RAS mutants transform melanocytes more efficiently than BRAF possibly due to the PI3K-
AKT component (29, 30). BRAFV600E in the presence of PTEN suppression results in PI3K-
AKT activation, and leads to full transformation to melanoma in vivo (31). Although several
genetic events cooperating with NRAS and BRAF in melanoma have been identified, full
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characterization of collaborating partners has not yet been established. Moreover, the role of
scaffold proteins in NRAS- and BRAF-driven tumorigenesis is unknown.

GAB2 is expressed at significantly higher levels in metastatic melanomas as compared to
benign melanocytic nevi and primary melanomas (18). Melanoma is a heterogeneous cancer
consisting of different subgroups. GAB2 is amplified in the acral and mucosal melanoma
subset with ~10% frequency (melanomas arising from melanocytes on palms, soles and
mucous membranes), suggesting oncogenic potential (19). To date, the role of GAB2 in
melanocyte transformation has not been examined. In cell culture systems, GAB2 promotes
migration and invasion. Importantly, GAB2 accelerates tumorigenic potential and metastatic
capability in vivo (18).

In this study, we examined the potential cooperative activity of GAB2 in NRAS-driven
melanoma. We found that this collaboration increases anchorage independent growth by
providing GAB2-expressing cells a survival advantage, enhances tumorigenesis in vivo, and
facilitates an angiogenic switch by upregulating HIF-1α and VEGF in tumors with mutant
NRAS. These findings support a role for GAB2 in NRAS-driven melanoma and provide, for
the first time, a model to study the role of GAB2 in melanoma tumorigenesis.

Results
GAB2 is overexpressed in melanomas harboring NRAS or BRAF mutations, and its
expression correlates with metastatic potential

Primary tumor thickness and primary tumor ulceration are parameters that are accepted as
independent predictors of survival (prognostic markers) for patients affected with melanoma
by the American Joint Committee on Cancer (32, 33). To evaluate whether GAB2 correlates
with prognostic markers for melanoma and to determine its impact on patient survival, we
examined its protein expression in a cohort of 128 primary cutaneous melanoma samples.
Ninety-nine of the 128 cases were informative for GAB2 protein expression by
immunofluorescence assay. High GAB2 levels were found in 58 out of 99 cases (59%).
Tumors displaying a positive phenotype were notably thicker (mean 5.87 mm, median 3.63
mm) as compared tumors displaying low or undetectable GAB2 levels (mean 2.43 mm,
median 1.01 mm). GAB2 expression correlated significantly with tumor thickness
(p<0.0001) and tumor ulceration (p=0.016) (Figures 1a and b, Supplemental Table 1).
Notably, when the cohort was stratified by tumor thickness in three categories; thin (<1.0),
intermediate thick (1.0–4.0) and thick (>4.0), the 2-year survival was significantly worse in
patients with GAB2 expressing primary melanomas of intermediate thickness (p=0.045).
Taken together, clinical correlative studies on human primary melanoma samples presented
in this study show that GAB2 is a molecular correlate for melanoma prognostic markers
underscoring its impact in melanoma progression and metastatic potential.

To determine the activation status of GAB2 in metastatic disease, we next examined its
expression in a panel of metastatic melanoma cell lines. We also extended these translational
studies by analyzing metastatic tumors from patients with melanoma harboring gain-of-
function mutations in NRAS or BRAF. We have previously reported that GAB2 is
overexpressed in a subset of BRAF mutant metastatic melanoma cell lines (18). Here we
report that a subset of NRAS mutant cell lines including WC119, WC00125, WC00126,
MM415, MM485, and Mel501 also have high levels of GAB2 expression relative to human
melanocytes by western blotting (Figure 1c). MeWo cell line that is wild type for NRAS and
BRAF but has GAB2 amplification and high GAB2 protein levels (18) was used for
comparison. In metastatic melanoma tumor specimens, GAB2 was overexpressed in 20 out
of 25 (80%) NRAS mutant, and 21 out of 28 (75%) BRAF mutant cases (Figure 1d and
Supplemental Figure 1). These data show that GAB2 is co-expressed with the melanoma
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oncogenes NRAS or BRAF in metastatic disease suggesting potential cooperative function.
Based on these observations, we sought to investigate its role in NRAS mutant melanomas.

GAB2 cooperates with oncogenic NRAS to promote anchorage independence
To investigate the consequences of activated GAB2 signaling in the context of oncogenic
NRAS, we co-expressed GAB2WT with NRASG12D in mouse melanocytes (melan-a cells).
Melan-a is a non-transformed mouse line that retains many of the characteristics of normal
melanocytes that is CDKN2A-deficient (34–36). CDKN2A deficiency allows bypassing
senescence in primary melanocytes and is frequently inactivated in human melanoma (37).
We stably expressed vector, FLAG-epitope tagged GAB2WT and HA-epitope tagged
NRASG12D alone or in combination in melan-a melanocytes. Selection was carried out in
the absence of 12-O-tetradecanoyl phorbol 13-acetate (TPA). Melanocytes require TPA for
growth and therefore survival in the absence of TPA is a hallmark for transformation.
Vector- and GAB2WT-expressing melanocytes grown in medium lacking TPA ceased to
proliferate whereas those expressing NRASG12D and GAB2WT+NRASG12D continued to
grow and exhibited transformed morphology (Figure 2a). Expression levels of exogenous
wild type GAB2 and oncogenic NRAS were determined using immunofluorescence staining
and western blotting (Figures 2b and 3a). GAB1 levels remained unchanged in all of the
three cell lines. Melanocytic origin of the cells was confirmed using melanocyte-specific
markers, S100 and MITF, both of which were expressed in vector, NRASG12D and
GAB2WT+NRASG12D cells (Figures 2c and 2d). To examine whether GAB2 overexpression
induces genomic instability, we performed aCGH on the xenograft tumors injected with the
transformed cells, and compared NRASG12D tumors with GAB2WT+NRASG12D. Whole
genome DNA copy number profile did not exhibit differentially lost or gained regions
between the groups, suggesting that GAB2 does not lead to genomic instability in
transformed GAB2WT+NRASG12D mouse melanocytes (Supplemental Figure 2).

Since both GAB2 and NRAS can activate PI3K and MAPK signaling (2, 3), we examined
downsteam effectors, AKT and ERK, respectively. As expected, NRASG12D expressing
melanocytes showed increased phosphorylation of AKT and ERK as compared to vector
expressing cells (Figure 3a). AKT and ERK levels were higher in cells expressing
GAB2WT+NRASG12D compared to NRASG12D alone. Silencing of GAB2 in MM415
melanoma cells reduced AKT and ERK phosphorylation (Figure 3d). Although PI3K
signaling was activated upon GAB2 overexpression in NRAS mutant melanocytes, its
negative regulator PTEN levels remained unchanged. These results suggest that GAB2
potentiates both PI3K and MAPK signaling in melanocytes and melanoma cells.

Since growth in anchorage independent conditions is essential for tumor cell transformation
as well as for metastatic potential (38), we examined growth characteristics of these cells in
soft agar. We found that GAB2WT+NRASG12D melanocytes resulted in larger and three
times as many colonies in soft agar as NRASG12D cells (Figures 3b and c). Similarly,
silencing of GAB2 in an NRAS mutant (MM415) melanoma cell line resulted in significant
decrease of soft agar colonies (Figures 3d–f). Enhanced colony formation was associated
with increased survival of GAB2WT+NRASG12D expressing melanocytes and melanoma
cells as observed in three-dimensional (3D) collagen. Annexin-V staining and propidium
iodide uptake (PI) of GAB2WT+NRASG12D expressing cells grown in 3D collagen showed
significantly less apoptosis than NRASG12D cells (Figures 4a and b), suggesting that GAB2
provides a specific survival benefit under anchorage-independent conditions in oncogenic
NRAS-driven tumorigenesis. In order to gain mechanistic insight, we next examined
expression of BCL-2 family of anti-apoptotic proteins such as MCL-1, BCL-2 and BCL-XL.
In GAB2WT+NRASG12D expressing melanocytes, expression of MCL-1, BCL-2 and BCL-
XL were elevated when compared with NRASG12D and vector expressing cells. Expression
of proapoptotic PUMA remained unchanged and p53 phosphorylation was decreased
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(Figure 3a). We next identified two NRAS mutant metastatic melanoma cell lines (MM415
and MM485) with increased levels of BCL-2 family of prosurvival proteins. Silencing of
GAB2 in these cells resulted in significant decrease of MCL-1, BCL-2, and BCL-XL in 2D
culture conditions (Figure 4c). We then transfected MM415 and MM485 cells with control
or siGAB2 followed by plating the cells in 3D collagen for 48 hours in serum-free medium.
We noted significant increase of apoptosis upon GAB2 silencing in these conditions
(Figures 4d and e), suggesting that GAB2-mediated survival advantage in NRAS mutant
tumorigenesis is in part mediated by upregulation of BCL-2 family of anti-apoptotic factors.
Taken together, these data support our hypothesis that GAB2-mediated signaling cascades
collaborate with NRAS-driven downstream activation for conferring an aggressive
phenotype in melanoma. Importantly, it underscores that GAB2/NRAS signaling axis is
non-linear and thus non-redundant in melanocytes and melanoma, suggesting that NRAS
and GAB2 are acting independent of each other and their effects are additive to a certain
degree.

GAB2 promotes angiogenesis in NRAS mutant melanoma
To determine whether GAB2 upregulation in the context of oncogenic NRAS can lead to
increased tumorigenesis in vivo, we injected vector, NRASG12D, or GAB2WT+NRASG12D

expressing cells into nude mice subcutaneously and analyzed tumor growth. Expression of
exogenous wild type GAB2 (FLAG) and oncogenic NRAS (HA) in the tumor xenografts
were confirmed (Supplemental Figure 3). GAB2WT+NRASG12D expressing cells formed
significantly larger, soft, pink-red tumors compared to smaller, firm, brown-black tumors in
NRASG12D group and no tumors in vector controls (Figure 5a). Histologic examination of
GAB2WT+NRASG12D xenografts revealed marked pleomorphism and multinucleation of
tumor cells together with increase in vascular structures (~4–6 fold difference) as compared
to NRASG12D tumors (Figures 5b and c). In GAB2WT+NRASG12D tumors, vessel numbers
were significantly increased as well as vessel length, lumina were markedly dilated, and
vessels showed strong CD34 and VEGFR2 staining. These results suggest that GAB2-
mediated signaling cascades not only lead to increased tumorigenesis but also significant
angiogenic response in NRAS mutant melanocytes. Since the transcription factor HIF-1α
regulates genes involved in tumor angiogenesis, we examined its expression by
immunohistochemistry. We found that HIF-1α protein expression is markedly increased in
xenograft tumors expressing GAB2WT+NRASG12D whereas minimal staining was noted in
NRASG12D-induced tumors (Figure 5b). HIF-1α activity leads to angiogenesis through
VEGF. VEGF directly stimulates endothelial cell proliferation, migration, and survival. We
therefore examined VEGF levels by ELISA in NRASG12D and GAB2WT+NRASG12D-
expressing xenografts and found that GAB2 expression led to significantly higher levels of
VEGF (13 times higher) in these tumors (Figure 5d, left panel). In order to determine
whether hypoxia was the driving force for VEGF expression, we measured VEGF levels in
NRASG12D and GAB2WT+NRASG12D-expressing melanocytes cultured in 2D conditions
and found that GAB2 led to higher levels of VEGF under these conditions as well (2.5 times
higher) (Figure 5d, right panel). We next evaluated the behavior of these cells in a lung
seeding assay which showed increased tumor cell invasion into the lung parenchyma and
prominent vascular density in GAB2WT+NRASG12D expressing cells as compared with
NRASG12D cells (Supplemental Figure 3). These data confirm the angiogenic response upon
GAB2 upregulation in oncogenic NRAS-driven tumorigenesis.

To obtain further mechanistic insight and to examine the therapeutic relevance of our
findings, we compared MEK inhibitor (PD325901) with a dual PI3K/mTOR inhibitor
(NVP-BEZ235) for their ability to decrease tumor burden in GAB2WT+NRASG12D-
expressing tumors. We established xenografts by subcutaneous injection of melanocytes
expressing GAB2WT+NRASG12D and mice were treated with vehicle, 20 mg/kg/day of
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PD325901 once a day, or 20 mg/kg/day of NVP-BEZ235 once a day by oral gavage for two
weeks. PD325901 treatment inhibited primary tumor growth significantly relative to the
vehicle control (p<0.01), whereas NVP-BEZ235 had no effect (Figures 6a–c). The tumors in
vehicle and NVP-BEZ235 treated groups were amelanotic with increased vasculature
whereas those treated with PD325901 showed increase in pigmentation (Figure 6c). Early
lethality of mice in the combined group (PD325901+NVP-BEZ235) in this model made it
difficult to detect any effect of combined MEK and PI3K pathway inhibition. Taken
together, these findings indicate that GAB2 mediates angiogenic response and increases
tumor growth via induction of MEK but not PI3K signaling in GAB2/NRAS-driven
tumorigenesis.

Since VEGF levels were significantly elevated in GAB2WT+NRASG12D-expressing tumors,
we treated mice with vehicle or 5mg/kg/day of Bevacizumab (VEGF inhibitor) twice a week
via intraperitoneal injection for two weeks. Mice treated with Bevacizumab had mild to
moderate reduction in tumor growth as compared to vehicle treated group (Figure 6e, upper
panel). Similarly, SRC inhibitor Dasatinib (15mg/kg/day) resulted in mild to moderate
reduction in tumor growth as well that did not reach statistical significance (Figure 6e, lower
panel).

GAB2 enhances HIF-1α protein expression and VEGF transcription in NRAS mutant
melanoma

To determine how GAB2 regulates HIF-1α and its target VEGF expression, we examined
messenger RNA (mRNA) levels of melanocytes expressing NRASG12D and
GAB2WT+NRASG12D using qRT-PCR. Hypoxia condition was established by CoCl2
treatment of the cells. As expected, CoCl2 treatment led to an increase of HIF-1α and VEGF
mRNA levels in both cell lines (Figure 7a). Although there was no elevation of HIF-1α
mRNA levels when GAB2WT+NRASG12D cells were compared to NRASG12D cells, its
protein expression was significantly increased upon CoCl2 treatment as determined by
western blotting (Figure 7b). Silencing of GAB2 in MM415 melanoma cells did not affect
HIF1-α mRNA levels but led to decrease in protein expression in CoCl2 treated cells (Figure
7a and b). Taken together, these data suggest that GAB2 modulates HIF-1α at the post-
transcriptional level in NRAS mutant melanocytes.

Discussion
Approximately 30% of human tumors harbor somatic gain-of-function mutations in one of
the RAS genes. The mutations impair the GTPase activity of RAS, trapping it in the active
GTP-bound state and promoting tumorigenesis. In melanoma, NRAS is mutated in 20–25%
of cases whereas KRAS and HRAS are mutated with 2% and 1% frequency, respectively
(39). Despite significant effort over the past years there is no effective treatment for RAS-
driven tumors that is routinely used in clinical practice and thus they remain as one of the
most difficult cancers to treat. Many RAS effector pathways are comprised of kinase
cascades, providing multiple nodes for potential therapeutic intervention, such as the RAF-
MEK-ERK (MAPK) and PI3K signaling pathways (40). Several small molecule compounds
that potently and selectively inhibit the activity of MEK have been tested in clinical trials.
However, the success of early trials was limited in part due to dose-limiting toxicity of the
compounds thus necessitating the development of agents with improved pharmaceutical
properties. Although RAS mutant tumors depend on the activation of the PI3K pathway,
preliminary data suggest that RAS mutant tumors are insensitive to single agent PI3K
inhibitors but show promising results when combined with MEK inhibitors (40). In our
study we provide evidence that MEK but not PI3K inhibition alone is effective in GAB2/
NRAS-driven tumorigenesis.
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Our results establish that GAB2 signaling plays important roles in promoting VEGF
expression, angiogenesis and tumor progression. Angiogenesis, the formation of new blood
vessels from pre-existing vasculature, is a highly regulated process that is essential for tumor
progression and metastasis. In some cases tumor cells can line the vessels by a process
known as vascular mimicry (41) or putative cancer stem-like cells can generate tumor
endothelium (42). Angiogenesis involves survival, proliferation and migration of endothelial
cells, and tube formation (43). Multiple growth factors and cytokines contribute to
endothelial cell activation in tumor-associated angiogenesis, one of which is vascular
endothelial growth factor (VEGF) (44). At the surface of endothelial cells, VEGFR2 (Flt1)
is the major mediator of VEGF-dependent signaling and cellular activities (45). Oncogenes
such as RAS and BRAF are potent stimulators of VEGF expression (46). Immortalized
endothelial cells expressing mutant RAS form angiosarcomas in mice (47). VEGF and
VEGFRs are expressed and/or upregulated in most solid tumors, making this pathway a
feasible target for therapy. VEGF inhibition has been consistently shown to slow tumor cell
growth and angiogenesis (48). Bevacizumab, a humanized monoclonal antibody against
VEGF, is approved as single agent or in combination in the treatment of several
malignancies such as renal cell carcinoma, glioblastoma, colorectal carcinoma, and
nonsquamous cell lung cancer (49). In this study, we show that Bevacizumab leads to a mild
to moderate delay in tumor growth in GAB2/NRAS-driven tumorigenesis suggesting a
potential use in this setting. However, it is noteworthy mentioning that MEK inhibition led
to a more drastic effect in delaying tumor growth and decreasing vasculature than VEGF
inhibition alone.

There are three paralogues of GAB proteins in vertebrates; GAB1, GAB2, and GAB3.
GAB1 shares many biochemical properties with GAB2, has similar upstream and
downstream effectors, and similar biological effects in various cellular systems. GAB1 and
GAB2 are tyrosine phosphorylated upon VEGF stimulation of endothelial cells (50, 51).
Recent data suggest that these two proteins display non-redundant functions in endothelial
cells. GAB1 associates with VEGFR2 and promotes activation of the PLCγ, SRC, ERK, and
AKT pathways that are essential for the angiogenic responses. GAB1 is a mediator of
VEGF-induced endothelial cell migration and is required for in vitro capillary formation
(52). Similar to GAB1, GAB2 contributes to VEGF-mediated cell migration. GAB1 but not
GAB2 mediates endothelial cell survival induced by VEGF (51). Additionally, GAB1
expression within endothelial cells is required for developmental vasculogenesis.
Endothelium specific GAB1 knock out mice display defects in postnatal ischemia and
VEGF-induced angiogenesis (53). Pro- and anti-angiogenic factors enabling tumor cells to
elicit endothelial cell responses are well characterized, however the role of scaffold protein
signaling in this process is poorly defined. While it needs to be further determined whether
GAB2-mediated angiogenesis is dependent on its physical interaction with SHP2, p85
subunit of PI3K, and/or PLCγ, thus downstream effects of ERK, AKT, and/or PKC
activation, respectively, our findings support the conclusion that GAB2 signaling controls
the assembly of protein complexes within the tumor cells that are essential for an angiogenic
response. Moreover, it suggests that GAB2 may impact the development of vascular tumors
or anomalies of the vascular structures.

The biologic significance of scaffold adaptor proteins is not fully understood. Since adaptor
proteins have diverse upstream and downstream effectors, it is likely that the biological
activities are dependent on the specific receptor’s ability to signal to specific adaptor protein
in a cell-context manner. In this study, we found that GAB2 in collaboration with mutant
NRAS increases anchorage independent growth by providing GAB2-expressing cells a
survival advantage, enhances tumorigenesis in vivo, and facilitates an angiogenic switch by
upregulating HIF-1α and VEGF in melanocytes and melanomas with mutant NRAS.
Moreover, these findings suggest that MEK or VEGF inhibition may represent therapeutic
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approaches for NRAS mutant metastatic melanomas expressing high levels of GAB2. Future
work will focus on modeling NRAS/GAB2 in mouse models and determine the use of
combination regimens in this setting.

Methods
Cell lines, Plasmids and Transfection Protocols

Melan-a cells were obtained from D. Bennett (St. George’s, University of London) and
maintained in RPMI 1640 containing 10% fetal bovine serum, 200 nm 12-
Otetradecanoylphorbol- 13-acetate (TPA)(Sigma) and 300 pm cholera toxin (Sigma) at 37°C
and 10% CO2. Primary human melanocytes were isolated from the epidermis of neonatal
foreskin as previously described and maintained in melanocyte basal medium, MBM-4
(Lonza) (54). NRAS mutant metastatic cell lines, MM127, MM415, and MM485, were
purchased from Cell Bank of Australia; Mel 501 from ATCC; and WC00119 (WM3670),
WC00125 (WM3854), and WC00126 (WM3060) from Coriell Institute for Medical
Research. MeWo cell line that is wild type for both NRAS and BRAF was obtained from
ATCC. BRAF mutant metastatic melanoma cell lines, A2058 and G361, were purchased
from ATCC and cultured according to provider’s instructions.

For stable expression, Phoenix cells were transfected with pBABE-puro (Addgene),
pBABE-puro-GAB2WT-FLAG, or pBABE-zeo-HA-NRASG12D using Lipofectamine 2000
(Invitrogen). Selection was performed in either puromycin (2 µg/mL) or zeocin (500 µg/mL)
in the absence of TPA. To generate GAB2WT+NRASG12D cells, melanocytes stably
expressing GAB2 were infected with NRASG12D and selected in puromycin and zeocin in
the absence of TPA.

For transient knockdown of GAB2, melanoma cell lines MM415 and MM485 were
transfected with scrambled siRNA or GAB2 specific siRNA (ON-TARGETplus
SMARTpool GAB2, Dharmacon) using Lipofectamine (Invitrogen). For stable knockdown
of GAB2, 293 cells were transfected with pLKO.1 or shGAB2 pLKO.1 #1 and #2 (Open
Biosystems) using FuGENE 6 according to the manufacturer’s protocol (Promega). Viruses
were harvested, filtered, and used for infecting MM415 melanoma cells together with
polybrene. Selection was performed in puromycin.

Western blotting
Western blotting was performed as previously described (18). The following commercial
antibodies were used in this study: GAB2, GAB1, phospho-AKT (Ser-473), total AKT,
phospho-ERK, total ERK, FLAG, BCL-2, BCL-XL, and p53 (Cell Signaling); HA (Roche);
MITF (Thermo Fisher Scientific); MCL-1 and actin (Santa Cruz Biotechnology).

Immunohistochemistry and Immunofluorescence Analyses
For immunofluorescence staining in cell lines, cells were first plated on coverslips in 60-mm
culture dishes. Forty-eight hours later, they were washed twice with PBS followed by
incubation with 100% methanol for 15 minutes and 100% acetone for 2 minutes at -20°C.
Once the fixation process was completed cells were washed three times with PBS, incubated
with 1% Triton X-100 in PBS for 5 minutes, and blocked with 10% donkey serum
(Invitrogen) in PBS for 30 minutes at room temperature before the treatment with 50 µL of
the diluted primary antibodies for 2 hours at room temperature. The coverslips were then
double stained by incubation with 50 µL of diluted (1:100) Alexa Fluor 594 anti-mouse and
Alexa Fluor 488 anti-rabbit secondary antibodies (Invitrogen) for 1 hour. Coverslips were
washed three times with PBS and mounted with Vectashield mounting medium containing
DAPI (Vector). The following primary antibodies were used: FLAG (Cell Signaling), HA
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(Roche), S-100 (DAKO), and MITF (Thermo Fisher Scientific). For immunohistochemistry
and immunofluorescence in tissues, FLAG (Cell Signaling), HA (Roche), GAB2 and
VEGFR2 (Cell Signaling), CD34 (ABcam), and HIF-1α (R&D Systems) were used.

Assays for Anchorage Independence
For soft agar colony formation assay, 1×105 cells were resuspended in 0.35% agarose and
overlaid onto 0.7% agarose in growth medium containing 10% FBS with TPA in 6-well
plates. Fresh medium was added twice a week. Colonies were stained with thiazolyl blue
tetrazolium bromide (Sigma) and counted at 2 and 4 weeks after plating.

For apoptosis assay in 3D collagen, collagen solution was first prepared by mixing rat tail
collagen (BD Biosciences), PBS, dH2O and 1N NaOH followed by resuspension of 5×105

cells in collagen solution and overlaid onto a layer of polymerized collagen. Forty-eight
hours later collagen gels were dissolved in 1mg/mL collagenase (Sigma), cells were washed
with PBS and resuspended in 500 µL of binding buffer at a concentration of 1×106 cells/mL.
Cells were then incubated with Annexin V-FITC and PI (Beckman Coulter), diluted in
binding buffer and analyzed by flow cytometry.

VEGF immunoassay
VEGF levels were measured using the mouse VEGF immunoassay kit (R&D systems)
according to manufacturer’s instructions. In the final step, 100 µL of the stop solution was
added to each well and the optical density was determined within 30 minutes using a
microplate reader set to 450 nm with a wavelength correction of 540 nm.

Real-time RT-PCR
Total RNA was isolated using RNeasy kit (Qiagen). cDNA was synthesized using RNA to
cDNA EcoDry Premix (Oligo dT) (Clontech). SYBR Premix Ex Taq II (Tli RNaseH Plus)
(Takara) was used for quantitative RT-PCR. Amplification and real-time analysis was
performed with BioRad CFX96. Transcript levels were normalized to 18S subunit of rRNA
levels. The relative mRNA levels were calculated according to the comparative CT (Δ ΔCT)
method as described by the manufacturer.

Array Comparative Genomic Hybridization (a-CGH)
We performed aCGH analysis the mouse xenografts expressing NRASG12D or
GAB2WT+NRASG12D using the SurePrint G3 1×1M whole genome mouse microarrays
(Agilent Technologies). Segmentation was performed of the log2 ratios of CGH data using
Circular Binary Segmentation, followed by smoothing smaller fluctuations (<400,000bp).

In Vivo Studies
Five-week-old female NCR/Nude mice were purchased from Taconic, Inc. Tumor growth
was evaluated after subcutaneous injection of 1×106 melan-a melanocytes expressing vector,
NRASG12D, or GAB2WT+NRASG12D into the flanks of mice (n=8 in each group). Mice
were sacrificed when tumor surface area reached 1.5 cm2, tumors were harvested and
examined histologically. For therapeutic inhibition experiments, xenografts were established
in a similar manner, mice were treated with vehicle or inhibitor (PD325901, NVP-BEZ235,
Bevacizumab, or Dasatinib) for two weeks and tumor volumes were evaluated. For
experimental metastasis (lung seeding) assay, 5×106 melan-a melanocytes expressing
vector, NRASG12D, or GAB2WT+NRASG12D were injected into mice via the tail veins (n=8
in each group). Mice were sacrificed 3 weeks after inoculation, lungs were harvested and
examined histologically.
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Statistical Analysis
Pearson’s chi-square test was used for clinical correlative studies. Student’s t test was used
for soft agar colony formation assay, apoptosis assay in 3D collagen, VEGF immunoassay,
in vivo xenograft assays and vascular density analysis.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. GAB2 is co-expressed with mutant NRAS or mutant BRAF in metastatic melanoma
and its expression correlates with predictive markers for survival
(a) Formalin-fixed paraffin-embedded tumor sections from a cohort of primary cutaneous
melanomas (n=99) with annotated clinical and pathologic data were stained using an
antibody against GAB2 and counterstained with DAPI. The correlation of GAB2 expression
with melanoma prognostic markers such as tumor thickness and tumor ulceration was
analyzed using Pearson’s Chi Square test. ***p<0.001, **p<0.01, *p<0.05.
(b) Immunofluorescence analysis of representative primary melanoma cases expressing high
(top panels) and low levels, if any, (lower panels) of GAB2 protein is shown.
(c) Expression levels of GAB2 in normal human melanocytes, mouse melanocytes (melan-
a), and a panel of metastatic melanoma cell lines were assayed by Western blotting. NRAS
mutant metastatic cell lines include WC00119 (G12D), WC00125 (Q61L), WC00126
(Q61L), MM127 (G13R), MM415 (Q61L), MM485 (Q61R), and Mel501 (G12D). MeWo
cell line is wild type for both NRAS and BRAF.
(d) GAB2 expression was examined in tumor sections from patients with metastatic
melanomas harboring mutations in either NRAS (n=25) or BRAF (n=28) using
immunofluorescence staining. The bars show percentage of cases with positive or negative
GAB2 staining.
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Figure 2. Melanocytes co-expressing GAB2 and NRASG12D do not require TPA for survival
(a) Morphologic features of melan-a cells stably expressing empty vector alone, HA-tagged
NRASG12D, or those co-expressing FLAG-tagged GAB2WT + HA-tagged NRASG12D

grown in monolayer were examined on light microscopy. Cultures were grown in RPMI
1640 medium with 10% FBS in the absence of 12-O-tetradecanoyl phorbol 13-acetate
(TPA) with the exception of vector expressing melanocytes which required TPA for growth.
(b–d) Cells grown on cover slips in monolayer culture were fixed and examined for FLAG
(green) and HA (red) expression using double immunofluorescence staining. In addition,
expression of melanocyte markers, S-100 (red) and MITF (green), was assessed by
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immunofluorescence analysis. Nuclei were counterstained with DAPI. FLAG, HA, S-100,
and MITF are shown in the left and merged images on the right panels.

Yang et al. Page 15

Oncogene. Author manuscript; available in PMC 2014 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. Co-expression of GAB2WT with NRASG12D promotes anchorage independence in
melanocytes
(a) Melanocytes stably expressing empty vector, NRASG12D (HA-tagged), or
GAB2WT+NRASG12D (FLAG- and HA-tagged, respectively) were cultured and protein
lysates were assayed by Western blotting. PI3K and MAPK activation were examined by
measuring phospho-AKT and phospho-ERK levels, respectively. Expression of PUMA, p53
and BCL-2 family of anti-apoptotic proteins, MCL-1, BCL-2 and BCL-XL, were also
evaluated. Tubulin was used as loading control.
(b) and (c) Quantification and representative images of soft agar colony formation assay of
melanocytes expressing vector, NRASG12D, and GAB2WT+NRASG12D are shown. Briefly,
1×105 cells were resuspended in 0.35% agarose and overlaid onto 0.7% agarose in growth
medium containing 10% FBS in 6-well plates. Colonies were stained with thiazolyl blue
tetrazolium bromide and counted at 4 weeks after plating. Experiments were performed in
triplicates. Error bars indicate ± standard error. *p<0.05, **p<0.01, and ***p<0.001.
(d–f). MM415 is a mutant NRAS melanoma cell line with GAB2 overexpression. GAB2
was silenced with scrambled (control) or siRNA and GAB2-dependent signal transduction
pathways were analyzed by western blotting. Stable knockdown of GAB2 was achieved by
infecting cells with control, Sh1 and Sh2. Quantification and representative images of soft
agar colony formation assay of melanomas expressing control and shGAB2 are shown.
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Colonies were counted two weeks after plating. Experiments were performed in triplicates.
Error bars indicate ± standard error. *p<0.05, **p<0.01.
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Figure 4. GAB2 knockdown sensitizes NRAS mutant melanoma cells to apoptosis
(a) and (b). Melanocytes stably expressing NRASG12D and GAB2WT+NRASG12D were
plated onto 3D collagen gels for 24 hours in serum-free medium and analyzed for Annexin-
V staining and PI uptake. Experiments were performed in triplicates. Error bars indicate ±
standard error. *p<0.05.
(c) MM415 and MM485 are NRAS mutant whereas A2058 and G361 are BRAF mutant
melanoma cell lines that overexpress GAB2. These melanoma cells were transfected with
control or GAB2 siRNA. Forty-eight hours later cell lysates were analyzed for MCL-1,
BCL-2, BCL-XL by Western blotting. Tubulin was used as loading control.
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(d) and (e). Forty-eight hours following transfection with control and siGAB2, MM415,
MM485, A2058, and G361 cells were replated onto 3D collagen for 48 hours in serum-free
medium. Harvested cells were analyzed for Annexin-V staining and PI uptake. Bar graphs
indicate percentage of Annexin-V positive cells. Representative traces from one of three
experiments are shown. *p<0.05, **p<0.01, and ***p<0.001.
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Figure 5. GAB2 enhances tumorigenesis and induces angiogenesis in vivo
(a). 1×106 melan-a melanocytes stably expressing vector, NRASG12D,
GAB2WT+NRASG12D were injected into nude mice subcutaneously (n=8 mice per group).
Primary tumor growth was examined by measuring tumor volume every other day.
(b). At four weeks, xenograft tumors were analyzed histologically using hematoxylin and
eosin staining as well as for GAB2, CD34, VEGFR2, and HIF1α, using
immunohistochemistry. Representative micrographs of NRASG12D and
NRASG12D+GAB2WT expressing tumors are shown.
(c). CD34 or VEGFR2-staining vasculature was quantified by measuring the vessel areas
(20× per field, 4 fields per section) using the Image J software. Error bars indicate ±
standard error. *p<0.05, **p<0.01.
(d). Proteins were extracted from xenografts (left panel) or cells cultured in 2D conditions
(right panel) expressing either NRASG12D or GAB2WT+NRASG12D, and VEGF levels were
measured by ELISA. Experiments were performed in duplicates. Error bars indicate ±
standard error. **p<0.01, ***p,0.001.
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Figure 6. Therapeutic efficacy of MEK, PI3K, VEGF and SRC inhibition in NRAS and GAB2-
driven tumorigenesis
(a–d). 1×106 melan-a melanocytes stably expressing GAB2WT+NRASG12D were injected
into nude mice subcutaneously. Treatment began when tumors reached a volume of 0.1cm3.
Mice were treated with vehicle (n=4), PD325901 (MEK inhibitor, n=6) or NVP-BEZ235
(PI3K/mTOR inhibitor, n=6) every day via oral gavage for two weeks. Tumor volume and
weight were analyzed. Xenografts were dissected after treatment and analyzed histologically
with H&E staining and VEGFR2 immunohistochemistry.
(e). Mice with xenografts expressing GAB2WT+NRASG12D were treated with vehicle (n=8)
or Bevacizumab (n=8) twice a week via intraperitoneal injection for two weeks. Tumor
volumes were analyzed (upper panel). Similarly, mice were treated with vehicle (n=8) or
Dasatinib (n=8) everyday via oral gavage for two weeks and tumor volumes were measured
(lower panel).
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Figure 7. Effects of GAB2 on HIF-1α transcriptional activity and protein expression
(a) Melanocytes expressing NRASG12D and GAB2WT+NRASG12D or MM415 melanoma
cells with stable knockdown of GAB2 (Sh1 and Sh2) were treated with DMSO or CoCl2
(100 µM) for 24 hours. Total RNA from these cells was analyzed for mRNA expression by
qRT-PCR. qRT-PCR experiments were performed in triplicate. Error bars indicate ±
standard error **p<0.01.
(b) Cell lysates from these cells were examined for HIF-1α protein expression by western
blotting. Tubulin was used as loading control.
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