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ABSTRACT

Src regulates cell adhesion, invasiveness, motility and
growth in cancer cells. In melanoma, accumulating
data show that Src inhibition can be effective and
may enhance the effects of other agents. Increased
Src expression and activity thus has recently become
a target for drug therapy. Several melanoma cell lines
were exposed to inhibitors of Src activity despite their
broad specificity. To examine the particular activity
of Src in human melanoma cells, we used SU6656, the
selective inhibitor of Src family protein kinases. The
activity of Src and cell proliferation were suppressed
in HBL human cells, wild type melanoma cells and in
SK-MEL-5 human melanoma cells harboring mutant
BRAF V600E, upon their treatment with SU6656.
The suppression of Src kinase activity had not in-
hibitory effects on Akt/PKB activity in SK-MEL-S
cells, which we have previously found in HBL cells.
This may indicate that changes of Src involvement in
the control of Akt/PKB activity and its downstream
signaling could be induced by BRAF V600E mutation
in SK-MEL-5 cells.
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1. INTRODUCTION

Acquired resistance that is often developed to targeted
therapies, has become a great clinical problem and is
currently in the center of intensive clinical and basic
research. Inhibitors of several protein kinase cascades in
intracellular signaling serve as the therapeutic agents and
some of them participate in various feedback loops that
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may induce drug resistance.

The drug rapamycin is a specific and efficient inhibitor
of the mTOR-dependent signaling. Hyperactivation of
the mTOR-dependent signaling pathway occurs in many
human diseases, and rapamycin and its synthetic analogs,
are currently used in cancer therapy. However, the
inhibition of mMTORC1 by rapamycin was shown also to
induce phosphorylation and activation of Akt/PKB and
its downstream signaling in some cancer cells [1], indicating
the induction of a negative feedback mechanism that
may reduce the anti-tumor effects of mTOR inhibition
and develop drug resistance [2].

Another efficient inhibitor, vemurafenib is a small-
molecule drug that inhibits BRAF [3] and achieves clinical
responses in patients with Braf—mutant melanoma. Over
50% of melanomas harbor activating V600OE mutations
in Braf gene (BRAF V600E), an oncogene known to be
critical for the proliferation and survival of melanoma
cells through activation of the RAF/MEK/MAPK pathway
[4]. Despite the impressive initial responses, however, most
patients treated with vemurafenib develop resistance after
a relatively short period of treatment. Also other BRAF
inhibitors may induce invasion and cell proliferation
through paradoxical activation of MAPK pathway in
melanoma cells [5,6].

The mitogen activated protein kinase (MAPK) are serine-
threonine kinases activated by phosphorylation catalyzed
by MEK, the MAPK kinase. MEKs are phosphorylated
and activated by the RAF protein kinases. The RAF
family is composed of three members (ARAF, BRAF,
and CRAF) that exhibit a high degree of homology
within three conserved regions. RAF family members are
intermediate molecules in the MAPK signaling pathway
that has been implicated in the development of 60% to
90% of melanomas, activating BRAF mutations playing
the most prominent role in this process.
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Activation of the BRAF/MEK/MAPK pathway has
been shown to increase tumor cell proliferation, survival,
invasion, and tumor angiogenesis [7]. It is a signal tran-
sduction pathway that conveys extracellular signals from
the cell membrane to nucleus through a series of pho-
sphorylation events and leads to the expression of genes
associated with cell growth and survival. Suppression of
BRAF expression in cultured melanoma cells inhibits the
MAPK cascade and leads to growth arrest and promo-
tes apoptosis in vitro and inhibits tumor development in
animals [8].

We have recently found that pharmacological disrup-
tion of the Src tyrosine kinase activity in HBL melanoma
cells, the wild type cells for BRAF mutation, resulted in
the inhibition of mTORCI signaling, similarly as by ra-
pamycin treatment [9]. Moreover, unlike rapamycin, the
inhibition by SU6656, a selective inhibitor of Src kinase
activity [10], was not accompanied by the activation of
Akt/PKB, but, on the contrary, by its inhibition in HBL
melanoma cells [9].

SU6656, which is 2-0x0-3-(4,5,6,7-tetrahydro-1 H-indol-
2-ylmethylene)-2,3-dihydro-1H-indole-5-sulfonic acid dime-
thylamide, was developed as a selective inhibitor of the
ubiquitously expressed Src family kinases (Sre, Fyn, and
Yes). It has proved to be a useful tool to study Src
protein function in cells without having to resort to
transfection or microinjection systems. SU6656 had the
same in vivo effects as other inhibitors of Src family kinases,
such as dominant-negative constructs and neutralizing
antibodies, at least in NIH 3T3 cells [10].

In this study, we used the small-molecule inhibitor
SU6656, to analyze a role of Src tyrosine kinase activity
in the deregulation of intracellular signaling in SK-MEL-5
human melanoma cells, harboring mutant BRAF V600E.

2. MATERIALS AND METHODS

All general reagents were from Sigma (St. Louis, MO)
unless otherwise stated. ECL Prime WB detection reagent
was obtained from GE Healthcare Bio-Sciences (Uppsala,
Sweden). All primary and secondary antibodies were
purchased from Cell Signaling Technology (Danvers, MA).

2.1. Cell Culture and Preparation of Cell
Extracts

Human melanoma cell lines used in this study were de-
scribed previously [11]. HBL cells were cultivated in
Dulbecco’s Modified Eagle’s Medium containing 10%
fetal bovine serum (FBS), antibiotics, and L-glutamine.
SK-MEL-5 cells were grown in Eagle’s minimal essen-
tial medium containing 10% FCS, antibiotics, L-gluta-
mine, sodium pyruvate and non-essential amino acids.
Normal human melanocytes were purchased from Cascade
Biologics (Invitrogen, Carlsbad, CA) and maintained in
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the supplemented 254 medium as recommended by the
manufacturer. Cells were brought to quiescence by an
overnight incubation with 2% FCS and then treated with
the inhibitor rapamycin or SU6656 added to a final con-
centration of 20 nM and 5 uM (DMSO solution diluted
in a medium, 1:10°), respectively, or DMSO carrier alone
for time periods as indicated. The cell lysates were pre-
pared in ice-cold extraction buffer [SO mM TRIS pH 7.4,
100 mM NaCl, 2 mM EDTA, 1% Triton X-100, 40 mM
[S-glycerophosphate, proteinase inhibitors aprotinin, leu-
petin and pepstatin (0.4 pg/ml each), 1 mM PMSF and
PhosSTOP (Roche, Mannheim, Germany)]. Cell debris
was pelleted by centrifugation at 20,000 g for 10 minutes,
and supernatants were assayed for protein concentration.

2.2. SDS-PAGE and Western Blot Analysis

SDS-PAGE followed by immunoblot analysis were per-
formed as described [12]. Briefly, 5x Laemmli sample
buffer was added to clear cell lysates (15 pg). Samples were
resolved on 10% or 12% SDS gels and proteins were
transferred to Immobilon P (Millipore, Bedford, MA, USA).
The membranes were blocked in TBS-T (TBS containing
0.1% Tween-20) with 5% milk, incubated with the in-
dicated antibody, washed in TBS-T, incubated with re-
levant horseradish peroxidase-conjugated secondary an-
tibody, washed again in TBS-T and revealed by enhan-
ced chemiluminiscence followed by film exposure.

2.3. Proliferation Rates

HBL and SK-MEL-5 melanoma cells were seeded in
triplicate wells, grown for periods of time as indicated,
fixed in 3% paraformaldehyde in PBS for 10 min. Then
they were stained with 0.1% crystal violet for 30 min,
washed and unstained. The dye was quantified by pho-
tometry, absorbance was measured at 600 nm.

3. RESULTS

Elevated tyrosine kinase activity of the protein product
of c-src protooncogene was found in a number of human
tumors, also in melanoma cell lines and in melanoma
tumors in vivo. Increased Src expression and activity thus
have become a target for drug therapy. Several mela-
noma cell lines were exposed to inhibitors of Src activity
alone or in combination with standard chemotherapy
agents, despite of broad specificity of these inhibitors. To
examine activity of Src in paticular, we used SU6656,
the selective inhibitor of the Src family protein kinases
[10] in our studies.

Inhibitory effects of SU6656 in HBL human cells, the
wild type melanoma cells, and in SK-MEL-5 human
melanoma cells harboring mutant BRAF V600E, are
demonstrated in Figure 1. Activity of Src was suppressed
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in both cell types upon their treatment with SU6656 as
indicated by the decreased binding of phospho-specific
antibodies to the Src catalytic Tyr416 amino acid resi-
dues in these cells (Figure 1(a)).

Also growth of the analyzed cells was sensitive to
SU6656. Exposure of HBL and SK-MEL-5 cells to SU6656,
caused inhibition of the cells proliferation at 2.5 uM, 5
uM and 10 uM SU6656. The suppression of HBL cells
proliferation by SU6656 shown to be more effective than
the growth inhibition of SK-MEL-5 cells (Figure 1(b)).

In number of melanoma cell lines we have found a
highly elevated activity of the mTOR-dependent signal-
ing pathway, in contrast to normal human melanocytes
(not shown). Treatment of HBL melanoma cells with
rapamycin, the specific inhibitor of mTORCI signaling
pathway, inhibited the hyperactivity of mTORCI signal-
ing. However, rapamycin also increased phosphoryla-
tion of the regulatory amino acid residues, Ser473 and
Thr308, in the Akt molecule and thus stimulation of
Akt/PKB activity in HBL cells [9]. Similarly, increased

SK-MEL-5

phosphorylation of Akt/PKB at Ser473 and Thr308, and
thus activation of Akt upon prolonged rapamycin treat-
ment for 1 and 2 hrs, is shown in SK-MEL-5 cells (Fig-
ures 2(a) and (b)), indicating that a negative feedback
mechanism has been induced by rapamycin treatment in
melanoma cells independently on BRAF mutation.

We have previously demonstrated an important impli-
cation of Src tyrosine kinase activity in the regulation of
the mTOR signaling pathway in v-src-transformed ham-
ster fibroblasts [12] and in HBL human melanoma cells
[9]. Treatment of these cells with SU6656 resulted in the
decreased phosphorylation of signaling proteins in the
mTORCI1-dependent pathway and also strongly decrea-
sed phosphorylation of Akt at Ser473 and Thr308 in
these cells. In SK-MEL-5 cells that carry BRAF V600E
mutations, however, the suppression of Src kinase acti-
vity had not such inhibitory effects on Akt/PKB activity.
Phosphorylation of Akt at Ser473 and Thr308 was not
significantly inhibited in SK-MEL-5 cells upon SU6656
treatment, as shown in Figure 2.
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Figure 1. The inhibitory effects of the Src inhibitor SU6656 on Src phosphorylation (a) and proliferation rate (b) of SK-MEL-5 and
HBL melanoma cells. (a) Phosphorylation of Src at Tyr416 in SK-MEL-5 and HBL cells. Western blots of the crude cell extracts (15
pg) of the melanoma cells SK-MEL-5 and HBL that were incubated with SU6656 (5 uM) (+) or with vehicle, DMSO (), for periods of
time as indicated. Phosphorylation of Src was examined using the specific anti-phosphoTyr416-Src antibody; (b) Cell proliferation rate
of SK-MEL-5 cells and HBL cells. SK-MEL-5 and HBL cells were grown in the presence of DMSO (e), 2.5 uM SU6656, (V) 5 uM
SU6656 (m) or 10 uM SU6656 (o) for the time periods as indicated. The relative cell number was estimated by staining as described in
Materials and Methods. The values are means of two experiments performed in triplicates + SE.
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Figure 2. Phosphorylation of Akt/PKB at Ser473 and Thr308 in SK-MEL-5 cells that were treated
with rapamycin or SU6656. Crude extracts (15 pg) of SK-MEL-5 melanoma cells that were incubated
with SU6656 (5 uM) (+) or with rapamycin (20 nM) (+) or with vehicle, DMSO (-), for periods of
time as indicated, were analyzed by Western blotting. (a) Phosphorylation of Akt/PKB at Ser473 and
Thr308 was examined using the specific anti-phospho Ser473-Akt antibody and anti-phospho Thr308-
Akt antibody. (b) Densitometric evaluation of the relevant protein bands. Data are the means of at least
three independent experiments + SE, from which one experiment is depicted.
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Figure 3. Changes in the phosphorylation of PRAS 40, MEK,
MAPK, p90rsk, in SK-MEL-5 cells upon treatment with SU6656.
Crude extracts (15 pg) of SK-MEL-5 melanoma cells that were
incubated with SU6656 (5 uM) (+) or with vehicle, DMSO (-)
for periods of time as indicated were analyzed by Western blot-
ting. Phosphorylation of PRAS 40, MEK, MAPK (p44/42) and
p90rsk was examined using the specific anti-phospho Thr246-
PRAS40 antibody, anti-phospho Ser217/221-MEK anti-body,
anti-phospho Thr202/Tyr204-MAPK (p44/p42) anti-body and
anti-phospho Thr359/Ser363-p90rsk antibody. One experiment
is depicted from at least three similar independent experiments.
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Consequently, phosphorylation of Thr246 at PRAS40,
one of the direct downstream targets of Akt [2], was un-
changed by treatment of SK-MEL-5 cells with SU6656
(Figure 3). On the other hand, phosphorylation of MEK
and their substrates, MAPK and protein kinase p90rsk,
significantly decreased upon SU6656 treatment, indicat-
ing regulatory effects of Src tyrosine kinase activity on
MEK/MAPK/p90rsk signaling in SK-MEL-5 melanoma
cells carrying mutant BRAF V600E.

4. DISCUSSION

Mutant V60OE is the most common activating BRAF
mutation in melanoma. It is critical for tumor initiation
and growth because BRAF gene mutations occur early
during tumor progression and were shown to increase
melanoma cell survival under hypoxic conditions [13].
Selective BRAF inhibitors potently suppress RAF-MEK-
MAPK signaling in BRAF-mutant melanoma cells. How-
ever, despite clinical efficacy of BRAF inhibitors, the
same inhibitors unexpectedly activate RAF-MEK-MAPK
signaling pathway in some different types of melanoma
cells [14].

It has been recently reported that binding of BRAF
inhibitors to wild-type BRAF in cells that carry an on-
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cogenic mutation in the KRAS gene as well as in the
cells in which the RAS-RAF-MEK-MAPK pathway is
activated by other oncogenes such as HER2 [4] promotes
formation of dimeric RAF complexes enhanced by the
presence of an oncogenic (RAS or HER2) mutation [15].
It was suggested that the inhibitor might induce confor-
mational changes in BRAF, which specifically impairs
BRAF binding to other RAF kinases. Thus, inhibitors
thought to be selective for mutant BRAF can activate
wild CRAF, through the formation of dimeric RAF com-
exes, and consequently the MEK-MAPK pathway.

To improve effectivity of the BRAF selective inhibitors,
combining therapy with other inhibitors of cellular signaling
was used. Combined treatment with IGF-1R/PI3K and
MEK inhibitors induced death of BRAF inhibitor-re-
sistant cells [16], and Src and MEK inhibitors cooperated
to block invasion in drug-sensitive melanoma cells [17].
The growth of resistant cells was blocked by a combina-
tion of EGFR and BRAF inhibitors in vitro and in vivo
[18]. The EGFR-STATS3 signaling pathway was shown
to mediate resistance to vemurafenib, the BRAF selec-
tive inhibitor, in BRAF-mutant melanomas, and BRAF
and EGFR or SFK (Src family tyrosine kinases) inhibit-
tion blocked proliferation and invasion of the resistant
tumors [18,19].

The SFKs probably play a key role in mediating resis-
tance to BRAF inhibitors in melanoma cells, as sug-
gested by previous studies linking Src to BRAF inhibitor
resistance in cell lines [20-22]. Activation of SFKs was
found in a resistant tumor and dasatinib, the broad-
specificity tyrosine kinase inhibitor, blocked the growth
and metastasis of this tumor in immunocompromised
mice, and also in the resistant cells in vitro and in vivo
[23]. Preclinical evaluation of dasantinib shows that it
has anti-proliferative, pro-apoptotic and anti-invasive
effects in some melanoma cell lines, and combining da-
satinib with chemotherapeutic agents improved respon-
se in melanoma cell lines [24].

It has been suggested that broad-specificity tyrosine
kinase inhibitors—such as dasatinib—that target both
non-receptor and receptor tyrosine kinases, could over-
come some forms of drug resistance [18]. Src regulates
cell adhesion, invasiveness and motility in cancer cells
and specific inhibition of Src by small-molecule inhibi-
tors or by genetic manipulation may induce cell death
and/or reduce growth.

In this study we used the specific small-molecular in-
hibitor of Src kinase activity, SU6656 [9,10,12,25], to
examine the role of Src kinase activity in the signaling in
SK-MEL-5 melanoma cells carrying BRAF V600E as-
sociated mutation. We have found that unlike in HBL
cells (wild-type melanoma cells), the disruption of Src
activity did not result in the inhibition of Akt/PKB
phosphorylation in BRAF mutated SK-MEL-5 cells. On
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the other hand, activity of the signaling pathway MEK/
MAPK was reduced upon treatment with SU6656 in both
HBL (wild) and SK-MEL-5 (mutated) melanoma cells.
This may indicate that changes of Src involvement in the
control of Akt/PKB activity and its downstream signal-
ing were induced by BRAF V600E mutation in SK-
MEL-5 cells and probably might contribute to drug re-
sistance. Therefore, it would be especially important to
establish the exact role of Src inhibition at the growth-
promoting signaling pathways in different types of me-
lanoma cells.
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