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ABSTRACT

Background: It is known that active Src kinase promotes survival of ovarian cancer cell lines and inhibition of c-Src
has been shown to restore sensitivity of drug-resistant human ovarian cancer cells to cisplatin. In this study we exam-
ined the effects of a 10 mer peptide on proliferation of human colon and ovarian cancer cells when used alone and in
combination with cisplatin. Materials and Methods: 4 10 mer peptide, RSKAKNPLYR, derived from a 15 mer ERK?2
binding sequence present on the cytoplasmic domain of the 6 integrin subunit was tested for its effect on proliferation
of HT29 colon cancer cells under serum-free conditions by means of the MTT assay. Cell proliferation studies to exam-
ine the effects of cisplatin combined with peptide were conducted in serum-containing medium using the 10 mer peptide
fused to a hydrophobic signal peptide sequence. Drug combination studies were performed on HT29 cells and a cis-
platin-resistant cell line (ADDP) derived from an ovarian cancer cell line A2780. The effects of peptides on Src kinase
activity were assessed in a cell-free in vitro kinase assay. Results: The 10 mer peptide was as effective as the 15 mer
parent compound at inhibiting proliferation of HT29 cells. Exposure of HT29 and ADDP cells to a combination of cis-
platin and the fusion peptide resulted in synergistic inhibition of cell growth. Both the 10 mer peptide alone and when
fused to the signal peptide sequence inhibited Src kinase activity. Conclusion: Our findings raise the possibility of com-
bination therapy comprising peptide and cisplatin for cisplatin-resistant ovarian cancers and other cancers that are
high expressors of c-Src.
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1. Introduction of antisense Src increases susceptibility of the cells to
anoikis [4]. Conversely, the enforced expression of acti-

Tumor chemotherapy with platinum-based compounds  vated Src in the colon cancer cell line, SW480 (that has

has met with mixed success. Cis-diamminedichloropla-
tinum (I)(cisplatin) is a long established anticancer drug
with activity in a variety of solid tumor types including
head and neck cancer, ovarian cancer and non-small cell
lung cancer. However, major disadvantages of cisplatin
include relapse in most tumors after an initial response [1]
and the observed resistance to cisplatin as seen with co-
lon cancer cells [2].

Inhibition of Src tyrosine kinase has been shown to
enhance the cytotoxicity of cisplatin and restore sensitiv-
ity in drug-resistant cells [3]. Moreover, in colon cancer
decreased Src expression in the cell line HT29 (that has
high constitutive Src expression and activity) by means
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low intrinsic Src expression and activity) increases resis-
tance of the cells to anoikis [4]. Src kinases are cellular
homologues of the products of the Rous sarcoma virus
gene (v-Src) which is the mutated and activated version
of a normal cellular gene (c-Src). Src tyrosine kinase is
the prototypical member of the Src family of cytoplasmic
membrane-associated non-receptor tyrosine kinases and
Src family members are critical mediators of multiple
signaling pathways that regulate all stages of cancer pro-
gression. For example, Src family kinases are required
for the endomembrane activation of the growth-
promoting Ras-MAPK pathway where they phosphory-
late and activate PLC-gammal leading to Ras activation

JCT



296 Synergistic Anti-Tumor Effect of Cisplatin When Combined with an Anti-Src Kinase Integrin-Based Peptide

[5].

C-Src activation has been documented in upwards of
50% of tumors derived from the colon, liver, lung, breast
and pancreas [6,7]. C-Src activity increases with pro-
gressive stages of disease in colon cancer and is thought
to be predictive of poor clinical prognosis suggesting that
c-Src activation confers growth and/or survival advan-
tages to metastatic colon tumor cells [8-10]. It has been
postulated that c-Src activation may contribute to colon
tumor progression and metastasis by activating Akt-
mediated survival pathways that decrease sensitivity of
detached cells to anoikis [4]. C-Src has also been shown
to be over-expressed and activated in a high proportion
of ovarian cancers [11] and inhibition of c-Src sensitizes
ovarian cancer cells to chemotherapeutic agents such as
paclitaxel and cisplatin [3].

A functional interaction between activation of c-Src
and integrins is well-recognised. Integrins comprise a
family of cell adhesion receptors composed of alpha/beta
heterodimeric subunits that provide a functional and
structural bridge between the extracellular matrix and
intracellular signaling molecules [12]. For example, it
has been suggested that binding of the c-terminal portion
of the cytoplasmic tail of the 3 integrin subunit to the
c-Src SH3 domain can disrupt the auto-inhibitory inter-
actions between the SH3 and SH2 domains of Src [13].

Expression of the avf6 integrin in ovarian cancers
may contribute to the invasive potential of ovarian can-
cers [14] and expression of the avf6 integrin in colon
cancer has been identified as an independent prognostic
indicator for worse outcome in patients suffering from
this disease [15]. We have previously reported that a se-
quence of 15 amino acids, RSKAKWQTGTNPLYR,
located within the cytoplasmic tail of the g6 integrin
subunit binds to extracellular signal-regulated kinase 2
(ERK2) and proposed that this contributes to tumor
growth [16]. Moreover, a non-naturally occurring peptide,
RSKAKNPLYR, derived from this binding sequence
also binds with equal affinity to ERK2 [17]. In the pre-
sent study we examined the effect of the 10 mer peptide
on in vitro growth of human colon and ovarian cell lines
in the absence and presence of cisplatin.

2. Materials & Methods
2.1. Cell Lines and Culture Conditions

The human colon cancer cell line HT29, an ovarian can-
cer cell line, A2780, and its cisplatin resistant subline,
ADDP, were used for the in vitro studies. The cis-
platin-resistant cell subline, ADDP, was developed from
long term exposure of the ovarian cancer cell line, A2780,
to cisplatin [18] and both cell lines were obtained with
kind permission from Dr G.J. Peters, Amsterdam, Neth-
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erlands [19]. Cell lines were cultured at 37°C, under air
containing 5% CO, and passaged regularly for optimal
growth. Cells were maintained in DMEM medium con-
taining 10% fetal bovine serum. All culture medium
preparations were further supplemented with penicillin/
streptomycin (100 pg/ml), and glutamine (2 mM).

2.2. Peptides

All peptides were synthesized by Auspep, Melbourne,
Australia. For cell growth assays performed in the
presence of serum, the 10 mer RSKAKNPLYR, was
linked at its amino terminus to a modification of the hy-
drophobic signal peptide from the Kaposi fibroblast
growth factor, AAVALLPAVLLALLAP [20] that lacked
the c-terminal proline (AAVALLPAVLLALLA) and the
fused peptide was designated 1K2 (AAVALPAVLL-
ALLARSKAKNPLYR).

2.3. In Vitro Growth Inhibition Assay

Cells in logarithmic growth were transferred to 96-well
plates in 100 pl medium at a density of 2500 cells per
well for serum-containing experiments and at a density
of 4000 cells per well for serum free medium (SFM) ex-
periments. For serum-containing experiments, 100 pl
medium with or without the test agent (50 pl single agent
with 50 pl medium or 50 pl of both agents for combina-
tion studies) were added to each well in triplicate 24
hours after plating, while for SFM experiments the pre-
viously added serum-containing medium was removed
and 200 pl SFM medium with or without the test agent
added to each of triplicate wells. Drug exposure experi-
ments were carried out on cell lines using varying con-
centrations of agents: peptides (50 nM - 100 uM), cis-
platin (0.5 uM - 100 pM) as single agents, and for com-
bination studies a fixed concentration of 1K2 (30 pM)
was added to varying concentrations of cisplatin (in trip-
licate) for 48 hr in serum-containing medium. For single
agent peptide studies, cells were exposed to peptides for
72 - 96 hours in serum-free culture medium.
Growth-inhibitory effects were evaluated using the
MTT (3-[4,5-dimethylthiazol-2-yl] 2,5-diphenyl-
tetrazolium bromide) cell growth assay and absorbance
read at 540 nm. Growth of control cells was exponential
during the whole incubation period. The growth inhibi-
tory effect (Glsp), calculated as the drug concentration at
which cell growth was inhibited by 50%, was compared
with untreated control cells and determined for both sin-
gle agents and for peptide/cisplatin combinations for
each cell line. Mean surviving fractions +SEM values
(minimum of 3 separate experiments) were determined
for each peptide/cisplatin concentration. The observed
inhibitory effects on cell growth for peptide combined
with cisplatin were compared with the calculated effects

JCT



Synergistic Anti-Tumor Effect of Cisplatin When Combined with an Anti-Src Kinase Integrin-Based Peptide 297

to be expected based on percentage inhibition of cell
growth in the presence of peptide alone multiplied by the
inhibition of cell proliferation for cisplatin alone at each
concentration of cisplatin for both HT29 and ADDP cells
(termed “additive” in the graphed data shown). Growth
inhibition in compound combination studies that ex-
ceeded the calculated additive effect was indicative of a
synergistic effect.

2.4. C-Src Kinase Activity Assay

In vitro c-Src kinase activity assays were performed by
Upstate Kinase Profiling, Dundee, Scotland, according to
the manufacturer’s instructions. In brief, in a final reac-
tion volume of 25 pL, c-Src (h) (5 mU - 10 mU) was
incubated with 8 mM MOPS pH 7.0, 0.2 mM EDTA,
250 uM KVEKIGEGTYGVVYK (Cdc2 peptide), 10
mM MgAcetate and [Y-33P-ATP] (specific activity ap-
proximately 500 cpm/pmol). The reaction was initiated
by the addition of the MgATP mix. After incubation for
40 minutes at room temperature, the reaction volume was
stopped by the addition of 5 pL of a 3% phosphoric acid
solution. 10 pL of the reaction volume was then spotted
onto a P30 filtermat and washed three times for 5 min-
utes in 75 mM phosphoric acid and once in methanol
prior to drying and scintillation counting.

3. Results

The 10 mer peptide, RSKAKNPLYR, was as effective as
the 15 mer parent compound RSKAKWQTGTNPLYR at
inhibiting in vitro proliferation of HT29 cells cultured
under serum-free conditions as shown in Figure 1, Panel
A. Cleavage of amino acids from the amino terminus of
RSKAKNPLYR in the presence of serum enzymes (un-
published data) accounts for its lack of effect in the
presence of serum (see Figure 1, Panel B).

To enhance both metabolic stability and transmembrane
transport, the active peptide was fused to the hydrophobic
signal peptide sequence, AAVALLPAVLLALLA, de-
rived from Kaposi’s fibroblast growth factor [19]. As
shown in Figure 1, Panel B, the anti-proliferative effect
of RSKAKNPLYR on HT29 cells cultured in serum-
containing medium was restored when the 10 mer was
fused with the signal peptide sequence (AAVALL-
PAVLLALLARSKAKNPLYR, designated 1K2) and was
not accounted for by effects of the signal peptide itself
which was ineffective at inhibiting cell growth (Figure 1,
Panel B).

Exposure of HT29 and ADDP cells to a combination
of cisplatin and IK2 (30 uM) resulted in synergistic inhi-
bition of cell growth (thicker graphed lines for observed
inhibition of cell growth shown in Figure 1, Panels C
and D, respectively). The observed values for growth
inhibition at each cisplatin concentration in combined
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studies exceeded expected additive values at concentra-
tions of cisplatin above 10 puM for HT29 cells and 5 uM
for ADDP cells (Figure 1, Panels C and D, respectively).
The selection of a fixed concentration of 30 pM of 1K2
in combination studies was based upon the approximate
mean Glsy values for HT29 and ADDP cells in the pres-
ence of peptide alone as shown in Table 1.

The Glg, values for cells cultured under serum-
containing and serum-free conditions in the presence of
compounds alone and in combination are shown in Table
1. For ADDP cells, Glsy values for the combination of
compounds exceeded the values for the calculated addi-
tive effect of cisplatin and 1K2 alone (Table 1). However,
for HT?29 cells, the Gls; values for observed and additive
effects for combination of compounds overlapped at
lower concentrations of cisplatin and synergism was seen
only at concentrations above 10 pM of cisplatin. Notably,
as seen in Figure 1, Panels B, C and D, the surviving
fraction of cells exposed to IK2, IK2 plus cisplatin and
cisplatin alone, respectively, goes below zero at higher
concentrations indicating actual cell killing and not just
growth arrest or inhibition. In cell-free in vitro kinase
assays both the active peptide, RSKAKNPLYR, and the
fusion peptide, IK2, inhibited Src kinase activity to the
same degree (Figure 2).

4. Discussion

The c-Src oncogene is over-expressed and activated in a
high proportion of ovarian cancers [11]. Accordingly,
targeted therapy with the Src inhibitor dasatinib has been
shown to interact in a synergistic manner with plati-
num-based chemotherapy in ovarian cancer cells [21]. A
15 mer peptide, RSKAKWQTGTNPLYR, representing
the ERK2 binding sequence located within the $6 in-
tegrin tail has previously been reported to also inhibit
c-Src activity [22]. In the present report we show that a
deletion variant of this peptide, RSKAKNPLYR, lacking
the middle five amino acids (i.e., WQTGT) inhibits both
c-Src activity as well as cancer cell growth in vitro.
Moreover, the combination of this 10 mer peptide with
cisplatin results in synergistic inhibition of proliferation
of colon and ovarian cancer cells.

Although we have not specifically examined how rea-
dily the 10 mer peptide RSKAKNPLYR passes through
cell membranes, a FITC-labeled multimer of this se-
quence is detectable within the nucleus of HT29 colon
cancer cells within one hour of exposure to peptide (un-
published data). In the present study we coupled the 10
mer peptide to the cell-penetrating, hydrophobic signal
peptide sequence derived from Kaposi’s fibroblast
growth factor [20]. As shown by these investigators this
cell-permeable signal peptide sequence effectively ferries
its functional cargo peptide across the plasma membrane
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Figure 1. (a) Growth response curves for HT29 colon cancer cells cultured in the presence of peptides under serum-free con-
ditions for 72 hours. (b) Growth response curves for HT29 cells cultured in the presence of peptides in serum-containing me-
dium for 72 - 96 hours. (c) Growth response curves for HT29 cells cultured for 48 hours in the presence of either cisplatin or
peptide alone and in combination using a fixed concentration of peptide, 30 uM. (d) Growth response curves for ovarian can-
cer cells cultured for 48 hours in the presence of either cisplatin alone (A2780 cell line that is cisplatin-sensitive and the
ADDRP cell line that is cisplatin resistant), peptide alone (ADDP cells) and in combination using a fixed concentration of pep-

tide, 30 uM (ADDRP cells). Values are means + SEM.

Table 1. Glsyvalues (Mean = SEM) for cells cultured under serum-free and serum-containing medium exposed to single and

combination of compounds.

Mean + SEM (uM)

Serum- COMPOUNDS HT29 ADDP A2780
free RSKAKNPLYR 5.06 + 1.01
medium RSKAKWQTGTNPLYR 6.33+£2.18
AAVALLPAVLL,(AI\IIZ;A-RSKAKNPLYR 36.67 + 6.01 35.67 + 470
Serum- Cisplatin (CP) 16.33 £2.96 34.50 +4.38 140061
cotaining
medium Observed CP + 30 uM IK2 6.83 + 3.65
Additive CP + 30 uM 1K2 28.33 +8.82

of mammalian cells [23]. This is consistent with our own
unpublished observation that IK2 (signal peptide fused to
RSKAKNPLYR) is 10-fold more effective at inhibiting
proliferation of HT29 cells under serum-free culture
conditions, i.e., in the absence of peptide-degrading en-
zymes, than the 10 mer sequence alone.

Copyright © 2011 SciRes.

Cisplatin sensitivity has been reported to be reduced
approximately 17-fold for the cisplatin-resistant subline,
ADDP, compared with the parent cell line, A2780 [18].
Moreover, depending on duration of exposure to cisplatin
the sensitivity of ADDP cells to cisplatin is reduced by
20-40 fold compared with A2780 cells [19]. However,

JCT



Synergistic Anti-Tumor Effect of Cisplatin When Combined with an Anti-Src Kinase Integrin-Based Peptide 299

T
1 1 {

RSKAKNPLYR AAVALLPAVLLALLARSKAKNPLYR

(1k2)

Figure 2. Percentage inhibition of c-Src kinase activity by
peptides as determined by in vitro kinase assay. Values rep-
resent the mean percentage inhibition for three separate
assays + SEM.

there are no published data on comparative levels of
c-Src expression or activity between the cisplatin-
sensitive A2780 cell line and the cisplatin-resistant sub-
line ADDP. Cisplatin-sensitive A2780 cells are known to
be high expressors of Src [21] and whether Src deregula-
tion is further enhanced in A2780 cells with acquired
resistance to cisplatin such as the ADDP subline is not
known.

The cause of clinical resistance to platinum com-
pounds remains unknown and is likely to reflect a mul-
ti-factorial problem that is not exclusively related to in-
creased c-Src activity or expression. For example, cis-
platin-resistant ovarian cancer cells have been shown to
be more effective at repairing cisplatin-DNA lesions and
effluxing cisplatin or preventing influx of the drug
[24,25]. Resistance to cisplatin has also been linked to
expression of Statl (signal transducer and activator of
transcription) in A2780 cells and to activation of the
phosphatidylinositol 3-kinase (PI3K)/Akt signaling
pathway in the ovarian cancer cell line OVCAR-3
[26,27]. Cell survival signals are mediated via PI3K/Akt
and the tumor suppressor phosphatase and tensin ho-
molog (PTEN) negatively regulates survival mediated by
the PI3K/Akt pathway [28]. Interestingly, levels of
PTEN in an A2780 subline with acquired resistance to
cisplatin have been found to be lower than in the parental
A2780 cell line [28]. Furthermore, the cellular response
to cisplatin involves activation of multiple signal trans-
duction pathways, including the mitogen-activated pro-
tein (MAP) kinase pathway [29]. For example, inhibition
of cisplatin-induced ERK activation using the MAP/ERK
kinase synthetic inhibitor PD98059 has been shown to

Copyright © 2011 SciRes.

enhance sensitivity to cisplatin in A2780 cisplatin-
sensitive and resistant cells [30].

We acknowledge several limitations of our study.
Firstly, we have not shown that peptide-enhanced sensi-
tivity to cisplatin in the A2780 cisplatin-resistant subline,
ADDRP, is a result of c-Src inhibition in these cells. Sec-
ondly, we cannot exclude the possibility that the 10 mer
peptide derived from the ERK2 binding sequence on the
cytoplasmic domain of the $6 integrin subunit acts by
inhibiting MAP kinase activation in ADDP cells in re-
sponse to cisplatin. Moreover, whether or not the 10 mer
peptide inhibits upstream kinases involved in MAP
kinase signaling remains to be determined by further in
vitro Kinase assays. Thirdly, we do not know whether the
6 integrin cytoplasmic domain binds directly to c-Src.
The 15 amino acid sequence on 6 that has been reported
to inhibit c-Src activity shares 53% - 60% homology with
the A3 and g5 integrin cytoplasmic domains across that
region [22]. Arias-Salgado and colleagues have recently
shown in direct binding assays that the interaction be-
tween the GST-c-Src SH3 domain and the cytoplasmic
tail of the A3 integrin subunit required the four car-
boxyl-terminal residues [13]. Interestingly, this short
amino acid sequence does not overlap with the homolo-
gous sequence on the cytoplasmic tail of the 6 integrin
subunit that inhibits c-Src activity.

Upon activation, c-Src is auto-phosphorylated at tyro-
sine residue 419 and phosphorylation of tyrosine 527
leads to an intra-molecular interaction between the SH2
and SH3 domains of c-Src that inhibits catalytic activity
[31]. It has been suggested that binding of the c-terminal
portion of the cytoplasmic tail of the 3 integrin subunit
to the c-Src SH3 domain can disrupt this auto-inhibitory
interaction between the SH3 and SH2 domains of Src
[13]. Possible mechanisms whereby integrin-derived
peptides may interfere with this process include competi-
tion between peptide and integrin cytoplasmic domains
for binding to c-Src or peptides themselves acting as in-
tra-molecular ligands that engage both SH2 and SH3
domains, thereby, reducing Src activity [31].

Given the absence of a common driving oncogene in
ovarian cancer the most promising treatment strategies
are those that target drivers of tumorigenesis and enhance
the activity of cytotoxic agents [32]. Drivers of tumori-
genesis that have been proposed as relevant in ovarian
cancer include receptor tyrosine kinases, non-receptor
tyrosine kinases, serine/threonine kinases, transferases,
proteases and deacetylases [32]. The non-receptor tyro-
sine kinase c-Src is an obvious therapeutic target in tu-
mors exhibiting increased c-Src activity. Our findings
raise the possibility of combining cisplatin with the pep-
tide reported herein to treat cisplatin-resistant ovarian
cancers and other cancers that are high expressors of
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c-Src.
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