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Abstract

Cisplatin, a commonly used chemotherapeutic, is associated with ototoxicity, renal toxicity and neurotoxicity, thus
identifying means to increase the therapeutic index of cisplatin may allow for improved outcomes. A SNP (rs4343077) within
EPS8, discovered through a genome wide association study of cisplatin-induced cytotoxicity and apoptosis in
lymphoblastoid cell lines (LCLs), provided impetus to further study this gene. The purpose of this work was to evaluate
the role of EPS8 in cellular susceptibility to cisplatin in cancerous and non-cancerous cells. We used EPS8 RNA interference to
determine the effect of decreased EPS8 expression on LCL and A549 lung cancer cell sensitivity to cisplatin. EPS8 knockdown
in LCLs resulted in a 7.9% increase in cisplatin-induced survival (P=1.98x10"7) and an 8.7% decrease in apoptosis
(P=0.004) compared to control. In contrast, reduced EPS8 expression in lung cancer cells resulted in a 20.6% decrease in
cisplatin-induced survival (P=5.08x10"°). We then investigated an EPS8 inhibitor, mithramycin A, as a potential agent to
increase the therapeutic index of cisplatin. Mithramycin A decreased EPS8 expression in LCLs resulting in decreased cellular
sensitivity to cisplatin as evidenced by lower caspase 3/7 activation following cisplatin treatment (42.7%=*6.8% relative to
control P=0.0002). In 5 non-small-cell lung carcinoma (NSCLC) cell lines, mithramycin A also resulted in decreased EPS8
expression. Adding mithramycin to 4 NSCLC cell lines and a bladder cancer cell line, resulted in increased sensitivity to
cisplatin that was significantly more pronounced in tumor cell lines than in LCL lines (p<<0.0001). An EGFR mutant NSCLC
cell line (H1975) showed no significant change in sensitivity to cisplatin with the addition of mithramycin treatment.
Therefore, an inhibitor of EPS8, such as mithramycin A, could improve cisplatin treatment by increasing sensitivity of tumor

relative to normal cells.
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Introduction

Cisplatin is a platinum agent used for the treatment of head and
neck, ovarian, cervical, testicular, and lung cancers; however
severe toxicities and intrinsic/acquired resistance interfere with its
efficacy [1]. Understanding genetic and molecular mechanisms by
which this chemotherapeutic agent causes toxic side effects would
be of great benefit to patients. In particular, identification of genes
whose expression contributes to toxicity would allow for the
development of chemotherapy to circumvent toxic effects.

Our lab has developed a preclinical pharmacogenomic model
utilizing lymphoblastoid cell lines (LCLs) to identify genetic
variants associated with susceptibility to chemotherapeutics to
complement and enhance clinical pharmacogenomic studies [2—
5]. Importantly, variants identified in the cell-based approach have
been shown to be associated with response in ovarian cancer [6],
lung cancer [7], head and neck cancer [8], and paclitaxel-induced
peripheral neuropathy in breast cancer patients [9], providing
confidence in the cell-based model for identifying clinically
relevant variants.

For most LCL studies, drug-induced cell growth inhibition was
the pharmacologic phenotype measured, however this is a broad
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phenotype that includes cellular processes leading to necrosis, cell
death through apoptotic and non-apoptotic pathways, cell cycle
arrest, and damaged cells undergoing DNA repair [10]. Apoptosis,
a more specific phenotype, might shed light on relevant single
nucleotide polymorphisms (SNPs) associated with cisplatin re-
sponse in patients, since cisplatin is known to cause cell death
through an apoptotic pathway [11]. Therefore, in a previous study
we treated HapMap LCLs with cisplatin and measured caspase 3/
7 activation as well as cell growth inhibition [12]. A GWAS
revealed 2449 SNPs and 1629 SNPs suggestively associated with
cisplatin-induced apoptosis and cytotoxicity (P<0.001), respec-
tively, with 19 overlapping SNPs [12]. One of the common SNPs,
rs4343077, in which the minor allele had lower cisplatin induced
apoptosis (P=0.0007) and higher survivial (= 0.0007) is also an
expression quantitative trait locus (eQTL) associated with the
baseline gene expression levels of 28 genes at P<10~* [12]. This
SNP is in an intron of epidermal growth factor receptor pathway
substrate 8 (EPS8).

Interestingly, PS8 has been specifically linked to cisplatin- and
paclitaxel-induced drug response, where cervical cancer cells
became more sensitive to drug treatment following EPS8
knockdown [13]. Recently, £PS8 was also found to be overex-
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pressed in human malignant gliomas and promoted their cellular
growth [14]. Studies have reported increased expression of EPS8
in other various human tumors including ovarian, colorectal, lung,
pituitary and oral cancers [15]. As a result, ZPS8 attenuation has
been shown to affect cell migration and cellular proliferation in
cancer cells [15].

Due to the importance of £PS8 in response to cisplatin in tumor
cells [13] and our identification of a SNP within EPS8 (rs4343077)
assoclated with both cisplatin cytotoxicity and apoptosis [12], we
further evaluated the relevance of £PS8 in sensitivity to cisplatin.
To this end, we used siRNA against £PS8 and a known EPS8
inhibitor, mithramycin. Downregulation using siRNA and/or
inhibition of EPS8 by mithramycin resulted in decreased greater
cell growth inhibition in non-EGFR mutant lung cancer cells and
a bladder cell line following cisplatin treatment. Our study
identifies the importance of EPSS in cisplatin-induced cytotoxicity.

Materials and Methods

Cell lines

Nine LCLs (GM6991, GM7348, GMI10838, GM11994,
GM12239, GM10859, GM11830, GM 11840, GM12156) derived
from individuals of Northern and Western European ancestry
(HapMap CEU) were maintained in RPMI 1640 media contain-
ing 15% fetal bovine serum (Hyclone, Logan, Utah, USA) and
20 mM L-glutamine. Cell lines were diluted 3 times a week to a
concentration of 350,000 cells/ml. A549, NCI-H1437, NCI-
H1563 and NCI-H1975 (human non-small-cell lung carcinoma
cell lines) were maintained in RPMI 1640 containing 10% fetal
bovine serum. NCI-H2126 (human non-small-cell lung carcinoma
cell line) was maintained in DMEM:F12 containing 0.005 mg/ml
insulin, 0.01 mg/ml transferrin, 30 nM sodium selenite, 10 nM
hydrocortisone, 10 nM beta-estradiol, extra 2 mM L-glutamine
and 5% fetal bovine serum (medium suggested by ATCC). HTB9
(urinary bladder grade II carcinoma cell line) was maintained in
RPMI 1640 and 10% fetal bovine serum. All cell lines were stored
in a 37°C incubator with 5% CQ,. Cancer cells, medium and
components were purchased from ATCC (Manassas, Virginia,
USA), Cellgro (Herndon, Virginia, USA) or Sigma-Aldrich Co.
(St. Louis, Missouri, USA).

Drugs

Cisplatin and mithramycin A were purchased from Sigma-
Aldrich Co. Dimethyl sulfoxide was used to dilute cisplatin to a
20 mM stock, whereas mithramycin was diluted to a stock
concentration of 0.06 uM using phosphate buffered saline.

Correlation between EPS8 and phenotypes

Genome-wide gene expression data were generated in our lab
with Affymetrix GeneChip Human Exon Array 1.0 ST Array [16]
and all raw exon array data have been deposited into Gene
Expression Omnibus (accession no. GSE7761). EPS8 gene expres-
sion levels were correlated to 5 pM cisplatin induced cytotoxicity
and apoptosis [12] in CEU LCLs (n=77). Linear regression
analyses between EPS8 levels and each phenotype were performed
using GraphPad Prism 4.

RNA interference

Knockdown experiments were conducted to demonstrate the
effects of lower EPS8 levels on cisplatin-induced cytotoxicity and
apoptosis. Using Lonza Cell Line 96-well Nucleofector Kit SF
(Lonza Inc, Basel, Switzerland), LCLs and A549 were nucleo-
fected 24 hrs after being seeded at 5.5x10° cells/ml and 4.0x10°
cells/ml, respectively. Cells were centrifuged at 90x g for
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10 minutes at room temperature and resuspended at a concen-
tration of 1x10° cells/20 pl in SF/supplement solution and 2 uM
final concentration of AllStars Negative Control siRNA labeled
with AlexaFluor488 (Qiagen Inc., Valencia, CA, USA) or a pool of
Hs_EPS8 (SI00380737, SI03109302, SI00380751, SI100380744)
FlexiTube siRNA (Qiagen). Program DN-100 was used for LCL
nucleofection and CM-130 for A549. Cells were given 10 minutes
rest prior to the addition of RPMI media, then plated for
cytotoxicity or apoptosis and incubated overnight.

Cytotoxicity following siRNA or treatment with
mithramycin

An alamarBlue cellular growth inhibition assay was used to
measure cytotoxic effects of cisplatin and mithramycin [17]. For
EPS8 siRNA experiments, LCLs (GM6991, GM7348, GM 10838,
GM11994 and GM12239) were treated with 5 pM cisplatin 5 hrs
post nucleofection, while A549 was treated with 5 pM cisplatin
24 hrs after nucleofection. Following drug treatment cells were
incubated for 24 hrs. AlamarBlue was then added and plates were
incubated for an additional 24 hrs before being read at
wavelengths of 570 and 600 nm using the Synergy HT (Biotek,
Winooski, VT) and percent survival was calculated [12]. To
observe cytotoxic response with FEPS8 knockdown through
mithramycin, cells (GM10859, GM11830, GM11840,
GM12156, A549, H1437, H1563, H1975, H2126 and HTBY)
were plated and treated with either mithramycin alone (0 and
0.01 uM), cisplatin alone (0, 1, 2.5, 5, 10 20, 25 and 50 uM) or
cisplatin at various concentrations combined with 0.01 uM of
mithramycin. Mithramycin treatment occurred immediately after
plating. Cells were then treated with cisplatin 6 hrs post
mithramycin addition and 10% of the total well volume of
alamarBlue was added 24 hrs after cisplatin treatment. Following
an additional 24 hr incubation period, plates were read as stated
above. All experiments for percent survival measurements were
plated in triplicate with a minimum of two separate experiments.

Apoptosis assay

Cisplatin- and mithramycin-induced apoptosis were measured
using Caspase-Glo 3/7 reagent from Promega Corporation
(Madison, WI) as previously described [12]. For FEPS§ siRNA
experiments, plated cells were treated with 5 pM cisplatin 5 hrs
post nucleofection and caspase 3/7 was measured 24 hrs after
cisplatin treatment. To evaluate EPS8 gene expression following
mithramycin exposure, cells were plated and immediately treated
with mithramycin (0 or 0.01 uM), then treated with 5 uM cisplatin
20 hrs after mithramycin addition. Caspase 3/7 activity was
measured 24 hrs after cisplatin and calculated as relative to control
(no drug addition). Results for apoptosis measurements represent
experiments plated in triplicate with a minimum of two
independent repeats.

Quantifying knockdown of EPS8

Cells were pelleted at 5, 29, and 53 hrs after nucleofection with
EPS8 siRNA and scrambled control, as well as 6 and 20 hrs
following mithramycin treatment. RNA was extracted using the
RNeasy Plus Mini kit and QIAcube (Qiagen) following the
manufacturer’s protocol. mRNA was then reverse transcribed to
c¢DNA yielding final concentrations of 25 or 50 ng/uL using the
High Capacity Reverse Transcription kit (Applied Biosystems, Life
Technologies, Grand Island, NY). The cDNA was used to perform
qRT-PCR to confirm the knockdown of the EPS8 [18]. Applied
Biosystem TagMan primer was used to quantify mRINA expres-
sion of EPS8 (Hs00610286_m1).
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Mixed effects model

The effect of EPS8 knockdown on cisplatin-induced apoptosis
and growth inhibition was modeled using the following mixed
effects model:

Y =fy+ piknockdown+ Brexperiment + Bscell line+ error

Experiment and cell lines were random effects allowing for
experiment specific and cell line specific intercepts and knockdown
status was considered a fixed effect. Y represents apoptosis or
growth inhibition. P values for knockdown effect were calculated
using the likelihood ratio test with models fit with REML set to
false. Goodness of fit of the models was assessed examining the
residuals’ distributions. R Statistical software (R Development
Core Team http://www.R-project.org/) and the lme4 package (R
package version 0.999375-42  http://CRAN.R-project.org/
package = Ime4) were used for analysis.

Interaction of mithramycin = cisplatin

To test the interaction effect of cell type (tumor vs LCL) and
mithramycin treatment on the cisplatin dose response curve we fit
a mixed effects. The final model was:

log(percent survival) ~ tumor * (trt+ cisdose+ I (cisdose2))

+ (1]exp) + (1]id)

where the natural logarithm of percent survival was the outcome
and tumor (status vs LCL status) and mithramycin treatment (trt)
were fixed effects with interaction term; exp indicated one of the
two biological replicates and was fitted as random effect; cisplatin
dose and its square were used to model the dose response curve
allowing to be different for tumor and LCL lines; cell line id was
added as a random effect to account for within cell line
correlation. When fitting the model the outcomes at zero
concentration of both drugs (rows where survival outcome =1
because of the way percent survival was computed) were excluded.
Log transformation was used to improve model fit. The coefficient
of the interaction term tumor:trt can be interpreted as the average
shift of the dose response curve when mithrmycin was added to
tumor lines relative to LCL lines.

Results

Successful knockdown of EPS8 through RNA interference

Five CEU LCLs and the A549 lung cancer cell line were utilized
for studies involving EPS8 knockdown. Cells were nucleofected
with either a scrambled control or siRNA of EPS8. Comparing to
the scrambled control, EPS8 knockdown was shown to be
successful across all 6 cell lines (Fig. 1A). The average percentages
of EPS8 across all LCLs at the 5, 29, and 53 h time points were
17.2 (£7.5), 19.0 (*£4.3), and 40.6% (£7.3), respectively. A549
achieved EPS8 knockdown to 7.4% and 10.5% compared to
scrambled control at 29 and 53 hours, respectively.

Phenotypic changes with EPS8 siRNA

After confirming knockdown of EPS8, we evaluated the changes
in sensitivity to cisplatin as measured by percent survival and
caspase 3/7 activation. The correlation between EPS8 expression
and cisplatin-induced cytotoxicity indicated lower levels of EPS8
expression significantly correlated to greater percent survival at
5 uM cisplatin (P=0.047); however cisplatin induced apoptosis
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did not reach significance (P=0.499) (Fig. S1). Using a mixed
effects model combining all cell lines, £PS8 RNA interference
showed an increased survival of cisplatin-treated LCLs by an
average of 7.9% (P=1.98x10"7) and decreased apoptosis by an
average of 8.7% (P=0.004) (Fig. 1B). These results reveal that
lower levels of EPS8 in LCLs decrease cellular sensitivity to
cisplatin as evidenced by increased cell survival and reduced
apoptotic activity when treated with cisplatin. Thus, decreased
EPS8 in LCLs confers resistance to cisplatin toxicity. In contrast,
EPS8 downregulation in A549 caused greater sensitivity to
cisplatin - with a  20.6% decrease in percent survival
(P=5.08x1077) (Fig. 1B).

Mithramycin reduces expression of EPS8 in cancer lines
and LCLs

Levels of EPS8 expression were measured 6 and 20 hrs
following treatment with mithramycin (0.01 pM). Levels of EPS8
expression decreased across all 4 LCLs tested, with an average of
74.4% (£3.4) at 6 hrs and 29.8% (£3.7) at 20 hrs relative to
control following mithramycin exposure (Iig. 2A). Mithramycin
also decreased EPS8 expression levels in 5 NSCLC cell lines and
bladder cancer cell line to an average of 95.7% (£3.4) at 6 hrs and
59.9% (*14.7) at 20 hrs of exposure, compared to no drug
treatment control (Fig. 2B). These measurements confirm that the
treatment of mithramycin (0.01 uM) results in lower expression of
EPS8 in cancerous lung and bladder cells as well as in
noncancerous LCLs.

Mithramycin decreases sensitivity of LCLs to cisplatin
We then determined the effect of mithramycin on sensitivity of
LCLs to cisplatin-induced caspase 3/7 activation. The average
apoptosis levels across the 4 LCLs following cisplatin alone was
5.94 (*£0.9) relative to control, in comparison to cisplatin plus
mithramycin which decreased the average caspase 3/7 levels to
3.38 (£0.5) (Fig. 3). Caspase 3/7 activity after mithramycin alone
(0.01 uM) resulted in an average of 3.41 (*0.4) across the 4 LCLs.
Even though mithramycin and cisplatin separately induce
apoptosis, there was an average decrease of 42.7% (*6.8
P=0.0002) in caspase 3/7 activation by combining mithramycin
with cisplatin compared to cisplatin alone, suggesting a protective
effect of mithramycin in terms of apoptosis. Lung and bladder
cancer cells were also tested for apoptosis with cisplatin (5 uM) in
the presence and absence of mithramycin; however caspase 3/7
activation levels for these cells were not above baseline.

Mithramycin enhances sensitivity of tumor cells to
cisplatin

In addition to testing apoptosis levels with cisplatin and
mithramycin in LCLs and cancer cells, we also measured cell
growth inhibition. Five NSCLC cell lines with diverse mutation
statuses were chosen for study; the effect of mithramycin alone
varies for these cancer cell lines ranging from 59.7 to 92.9% cell
growth inhibition (Table 1). Sensitivity to cisplatin was found to
increase with mithramycin treatment in 4 molecularly distinct
NSCLC cells (Fig. 4). H1975 with an EGFR mutation, experi-
enced no significant change. Since cisplatin is also used for the
treatment of bladder cancer, we also chose to measure cisplatin
and mithramycin effects in a bladder tumor line to see whether the
effect would emulate NSCLC results; we observed 59.6% survival
with mithramycin treatment alone (Fig. 4).

However, when examining the effect of mithramycin on
sensitivity of LCLs to cisplatin, we did not observe the same
degree of enhanced cell growth inhibition. Mithramycin alone
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Figure 1. Percent of £PS8 expression compared to scrambled control with standard error of the mean is shown for 5 LCLs tested at
5, 29 and 53 hrs after nucleofection and cell line A549 at 29 and 53 hrs after nucleofection (A). Values include 2 independent
experiments with gRT-PCR run in duplicate. Cell line changes in percent survival (P=1.98x10"7) and caspase 3/7 activity (P=0.004) for all LCLs and
A549 (P=5.08x10"") at 5 uM cisplatin due to EPS8 knockdown are shown with standard error of the mean using 6 replicates from 2 independent

experiments (B).
doi:10.1371/journal.pone.0082220.g001

across 4 LCLs caused an average cell growth inhibition of 63.1%
(£12.8) at 0.01 uM (Fig. S2). The dose response curve for LCLs
was shifted downward on average about 17% when mithramycin
was added. For tumor lines the dose response curve shifted
downwards roughly 26% on average. The p-value of the
interaction term was P<<0.0001. This, along with apoptosis results,
supports the notion that reduced expression of EPS§ via
mithramycin is not equally harmful to LCL survival as it is for
cancerous cell lines. Mithramycin causes greater sensitivity in
NSCLC cells without EGFR mutation and possibly other cancer
tissue types as seen by our results in bladder tumor cell line,
HTB9.
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Discussion

In this study, we evaluated EPS8 as a potential target for
combination therapy with cisplatin. £PS8 was chosen based on
previous preclinical GWAS results using multiple cellular pheno-
types: cisplatin-induced cytotoxicity and cisplatin-induced apop-
tosis as measured by caspase 3/7 activation. The SNP (intronic to
EPS8), rs4343077, was associated with cisplatin-induced cytotox-
icity and apoptosis as well as baseline expression of 28 target genes.
Upon knockdown of EPS8 expression in 5 LCLs, we observed a
significant decrease in cellular sensitivity to cisplatin as measured
by cell growth inhibition and caspase 3/7 activation
(P=1.98x10"7 and P=0.004, respectively) across LCLs. Litera-
ture evidence suggested EPS8 knockdown in tumor cell lines
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doi:10.1371/journal.pone.0082220.g002

increased cellular sensitivity to cisplatin [13,15]. Our results agree
with these findings, showing that EPS8 downregulation sensitizes
Ab549 lung cancer cells to cisplatin treatment. We extended our
studies to other molecularly defined lung cell lines and a bladder
cell line as well as LCLs. EPS8 knockdown in LCLs following
mithramycin treatment resulted in a decrease in apoptotic activity
when mithramycin was combined with cisplatin compared to
cisplatin alone. Although cell cytotoxicity measurements indicated
a small increase in sensitivity of LCLs to cisplatin following
mithramycin exposure, sensitivity of cancerous cell lines was
significantly greater with mithramycin addition compared to
LCLs. The exception was the NSCLC cell line H1975 with an
EGFR mutation. This implies knockdown of EPS8 through either
siRNA or use of an inhibitor such as mithramycin may be a
strategy to increase tumor sensitivity to cisplatin.
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EPS8 is an oncoprotein contributing to malignant transforma-
tion in tumor cells [12,19]. It is a substrate of epidermal growth
factor receptor (EGFR) and participates in EGFR signaling
through Rac, and trafficking through Rab5 [20]. Its tri-complex
relationship with SOSI and ABII has been found to be an essential
component for lysophosphatidic acid-stimulated cell migration
and Rac activation, which has been found to play an important
role in ovarian cancer metastasis [21]. Levels of EPS8 have also
been implemented as a prognostic tool for patients during early
stages of cervical cancer [13]. Patients having higher expression of
EPS8 tend to experience parametrial invasion, lymph node
metastasis and a decrease in survival rate.

Initially, Yang et al. (2010), investigated mithramycin, an
antibiotic from the Streptomyces species, as a potential inhibitor of
EPSS. They determined that mithramycin reduces the mRNA and
protein levels of EPS8 in a human colorectal adenocarcinoma
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epithelial cell line and a human lung carcinoma epithelial cell line.
Furthermore, EPS8 downregulation, through mithramycin treat-
ment, causes a significant decrease in cancer cell growth and
migration ability [22].

Mithramycin has been an approved clinical anticancer drug
since 1970 [23] and used in the United States for clinical treatment
of Paget’s disease, testicular carcinoma, and hypercalcemia in
patients who experience malignancy-associated bone lesions [24—
28]. However, its use in therapy treatment has diminished
throughout the years due to its adverse effects and narrow
therapeutic index [29]. Patients treated with mithramycin, for
these diseases, have been seen to experience gastrointestinal,
hepatic, renal and bone marrow toxicities, resulting in nausea,
vomiting, and bleeding [30]. Despite its severe side effects, there
has been a renewed interest in mithramycin now that under-
standing of its interactions at the molecular level is evolving [29].

Mithramycin has been found to interact with GC-rich DNA
regions located at the minor groove of DNA [29,31-33], which is
currently thought to prevent transcription factor specificity protein
1 (Spl) from binding to a variety of promoters of proto-oncogenes.
However, Sp1 binding sites that are unrelated to a subset of proto-
oncogenes seem to remain unaffected, such as promoter p21°P!
wall 199]. Therefore, mithramycin may not be specific to Spl
inhibition and could potentially target an oncogene upstream of
Spl interaction. It has been previously discovered that mithra-
mycin also decreases expression of ¢-myc, c-myb, c-src, c-met, and
FOXMI1 [22,34]; however, mithramycin increases levels of
FOXO3A [34], a transcription factor which regulates the DNA
damage response. There may be a possibility that these genes are
interrelated in a pathway downstream of mithramycin’s target.

For instance, £PS8 has also been shown to upregulate FOXM]1
[35], an important factor in the development and progression of
certain cancers [36] which is known to directly bind with Spl
[37,38]. Spl and FOXMI1 have been shown to transactivate
promoters of ¢-myc synergistically [38]. Furthermore, EPS8
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attenuation has been found to decrease levels of Sre, She and
FAK (also known as PTK2), an intracellular tyrosine kinase
participating in cell adhesion and motility [39]. FOXO3A may
also be regulated by the presence or absence of EPSS through
various pathways, either through PISK/AKT/mTOR signaling
[40] or via the Ras-Raf-MEK-ERK pathway [41]. Shiota et al.
(2010) investigated cisplatin resistance and determined that
cisplatin resistant cells became sensitized to treatment through
the induction of FOXO3A by mithramycin [34]. A decrease in
AKT signaling activates FOXO3A and induces apoptosis [36];
therefore, it is possible that a reduction in EPS8 levels decreases
AKT, triggering phosphorylation of FOXO3A and cancer cells to
undergo apoptosis instead of continued proliferation.

Taking a collective look at the literature and our results it seems
interesting that the lung cancer cell line which did not experience
increased cell death with mithramycin (H1975) has an EGFR
mutation. Lung tumor cell line H1975 has a point mutation in the
activation loop causing a change from leucine to arginine (L858R)
in exon 21 as well as a secondary point mutation, T790M, altering
normal EGFR activity [42]. EGFR tyrosine inhibitors are typically
used to sensitize EGFR mutated tumor types to platinum agents,
however EGFR wild-type tumors rarely response to these
inhibitors [43]. Potentially, the addition of a mithramycin regimen
may be beneficial to patients with wild-type EGFR to become
sensitized to platinum treatment through inhibition of EPS8 and
downstream targets which play a large role in tumor cell
proliferation, adhesion and motility. A mithramycin dose large
enough to inhibit certain oncogenes, yet low enough not to cause
additional adverse effects, would allow the chemotherapeutic
agent to more effectively cause cellular death of tumor cells.

In conclusion, our results validate EPS8 involvement in cell
response to cisplatin treatment. Although we tested mithramycin,
there may be more specific inhibitors of EPS8 that result in a
greater differential between cancer cells and normal cells.
Mithramycin’s ability to decrease levels of EPS8 caused less
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absence of mithramycin. Square shape represents cisplatin concentrations alone, while the triangle represents cisplatin with the addition of
mithramycin (0.01 uM). Curves represent two independent experiments done in triplicate with standard error of the mean.

doi:10.1371/journal.pone.0082220.g004

apoptotic activity in LCLs than with cisplatin treatment alone.
Reduced expression of £EPS8 through treatment with mithramycin
is less harmful to normal cells (as measured in LCLs) compared to
cancer cells. Collectively, our data provides further confirmation of
the role and importance of £PS8 in cisplatin-induced toxicity and
as a promising target for improving cisplatin therapy.

Table 1. Effect of mithramycin on sensitivity of molecularly
distinct non-small-cell lung carcinoma cell lines.

NSCLC Cell Mithramycin
Line KRAS TP53 EGFR STK11 (0.01 uM)
A549 mt + + 59.7%

H1437 + mt + 65.0%

H1563 + + + + 78.9%

H1975 + mt mt + 92.9%

H2126 + mt + mt 81.2%

+ : Wild-type mt : Mutant.
*Mutation status of each cell line was provided from ATCC (Manassas, Virginia).
doi:10.1371/journal.pone.0082220.t001
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Supporting Information

Figure S1 Correlation between EPS8 expression levels
and CEU LCL log transformed percent survival
(P=0.047, r*=0.05, top) and caspase 3/7 activity
(P=0.499, r*=0.006, bottom).

(TIFF)

Figure S2 LCLs are shown at various concentrations of
cisplatin with the presence and absence of mithramycin.
Square shape represents cisplatin concentrations alone, while the
triangle represents cisplatin with the addition of mithramycin
(0.01 uM). Curves represent two independent experiments done in
triplicate with standard error of the mean.

(TIFF)

Acknowledgments

The authors are grateful to the Pharmacogenomics of Anticancer Agents
Cell Line Core at the University of Chicago for assistance in ordering and
receiving these cell lines.

Author Contributions

Conceived and designed the experiments: LKG ALS MED. Performed the
experiments: LKG ALS SSW. Analyzed the data: LKG HEW HKI. Wrote
the paper: LKG ALS HEW SSW HKI MED.

December 2013 | Volume 8 | Issue 12 | €82220



References

1.

2.

20.

21.

22.

Rabik CA, Dolan ME (2007) Molecular mechanisms of resistance and toxicity
associated with platinating agents. Cancer Treat Rev 33: 9-23.

Huang RS, Duan S, Shukla SJ, Kistner EO, Clark TA, et al. (2007)
Identification of genetic variants contributing to cisplatin-induced cytotoxicity
by use of a genomewide approach. Am J Hum Genet 81: 427-437.

. O’Donnell PH, Gamazon E, Zhang W, Stark AL, Kistner-Griffin EO, et al.

(2010) Population differences in platinum toxicity as a means to identify novel
genetic susceptibility variants. Pharmacogenet Genomics 20: 327-337.

. Wheeler HE, Gamazon ER, Stark AL, O’Donnell PH, Gorsic LK, et al. (2013)

Genome-wide meta-analysis identifies variants associated with platinating agent
susceptibility across populations. Pharmacogenomics J 13: 35-43.

. Cox NJ, Gamazon ER, Wheeler HE, Dolan ME (2012) Clinical translation of

cell-based pharmacogenomic discovery. Clin Pharmacol Ther 92: 425-427.

. Huang RS, Johnatty SE, Gamazon ER, Im HK, Ziliak D, et al. (2011) Platinum

sensitivity-related germline polymorphism discovered via a cell-based approach
and analysis of its association with outcome in ovarian cancer patients. Clin

Cancer Res 17: 5490-5500.

. Tan XL, Moyer AM, Fridley BL, Schaid DJ, Niu N, et al. (2011) Genetic

variation predicting cisplatin cytotoxicity associated with overall survival in lung
cancer patients receiving platinum-based chemotherapy. Clin Cancer Res 17:

5801-5811.

. Ziliak D, O’Donnell PH, Im HK, Gamazon ER, Chen P, et al. (2011) Germline

polymorphisms discovered via a cell-based, genome-wide approach predict
platinum response in head and neck cancers. Transl Res 157: 265-272.

. Wheeler HE, Gamazon ER, Wing C, Njiaju UO, Njoku C, et al. (2013)

Integration of cell line and clinical trial genome-wide analyses supports a
polygenic architecture of Paclitaxel-induced sensory peripheral neuropathy. Clin
Cancer Res 19: 491-499.

. Ricei MS, Zong WX (2006) Chemotherapeutic approaches for targeting cell

death pathways. Oncologist 11: 342-357.

. Roos WP, Kaina B (2012) DNA damage-induced apoptosis: From specific DNA

lesions to the DNA damage response and apoptosis. Cancer Lett.

. Wen Y, Gorsic LK, Wheeler HE, Ziliak DM, Huang RS, et al. (2011)

Chemotherapeutic-induced apoptosis: a phenotype for pharmacogenomics
studies. Pharmacogenet Genomics 21: 476-488.

. Chen Y], Shen MR, Maa MC, Leu TH (2008) Eps8 decreases chemosensitivity

and affects survival of cervical cancer patients. Mol Cancer Ther 7: 1376-1385.

. Ding X, Zhou F, Wang I, Yang Z, Zhou C, et al. (2013) Eps8 promotes cellular

growth of human malignant gliomas. Oncol Rep 29: 697-703.

. Liu PS, Jong TH, Maa MC, Leu TH (2010) The interplay between Eps8 and

IRSp53 contributes to Src-mediated transformation. Oncogene 29: 3977-3989.

. Zhang W, Duan S, Bleibel WK, Wisel SA, Huang RS, et al. (2009) Identification

of common genetic variants that account for transcript isoform variation
between human populations. Hum Genet 125: 81-93.

Shukla SJ, Duan S, Badner JA, Wu X, Dolan ME (2008) Susceptibility loci
involved in cisplatin-induced cytotoxicity and apoptosis. Pharmacogenet
Genomics 18: 253-262.

. Wen Y, Gamazon ER, Bleibel WK, Wing C, Mi S, et al. (2012) An eQTL-based

method identifies CTTN and ZMAT3 as pemetrexed susceptibility markers.
Hum Mol Genet 21: 1470-1480.

. Matoskova B, Wong WT, Salcini AE, Pelicci PG, Di Fiore PP (1995)

Constitutive phosphorylation of eps8 in tumor cell lines: relevance to malignant
transformation. Mol Cell Biol 15: 3805-3812.

Lanzetti L, Rybin V, Malabarba MG, Christoforidis S, Scita G, et al. (2000) The
Eps8 protein coordinates EGF receptor signalling through Rac and trafficking
through Rab5. Nature 408: 374-377.

Chen H, Wu X, Pan ZK, Huang S (2010) Integrity of SOS1/EPS8/ABII tri-
complex determines ovarian cancer metastasis. Cancer Res 70: 9979-9990.
Yang TP, Chiou HL, Maa MC, Wang CJ (2010) Mithramycin inhibits human
epithelial carcinoma cell proliferation and migration involving downregulation
of Eps8 expression. Chem Biol Interact 183: 181-186.

PLOS ONE | www.plosone.org

23.

24.

26.

27.

28.

29.

31.

32.

33.

34.

38.

39.

40.

41.

42,

43.

Increasing Sensitivity to Cisplatin through EPS8

Newman DJ, Cragg GM (2007) Natural products as sources of new drugs over
the last 25 years. J Nat Prod 70: 461-477.

Majee S, Dasgupta D, Chakrabarti A (1999) Interaction of the DNA-binding
antitumor antibiotics, chromomycin and mithramycin with erythroid spectrin.

Eur J Biochem 260: 619-626.

. Elias EG, Evans JT (1972) Mithramycin in the treatment of Paget’s disease of

bone. J Bone Joint Surg Am 54: 1730-1736.

Brown JH, Kennedy BJ (1965) Mithramycin in the Treatment of Disseminated
Testicular Neoplasms. N Engl J Med 272: 111-118.

Ryan WG, Schwartz TB, Perlia CP (1969) Effects of mithramycin on Paget’s
disease of bone. Trans Assoc Am Physicians 82: 353-362.

Robins PR, Jowsey J (1973) Effect of mithramycin on normal and abnormal
bone turnover. J Lab Clin Med 82: 576-586.

Nunez LE, Nybo SE, Gonzalez-Sabin J, Perez M, Menendez N, et al. (2012) A
novel mithramycin analogue with high antitumor activity and less toxicity
generated by combinatorial biosynthesis. ] Med Chem 55: 5813-5825.

. Remsing LL, Gonzalez AM, Nur-e-Alam M, Fernandez-Lozano M]J, Brana AF,

et al. (2003) Mithramycin SK, a novel antitumor drug with improved
therapeutic index, mithramycin SA, and demycarosyl-mithramycin SK: three
new products generated in the mithramycin producer Streptomyces argillaceus
through combinatorial biosynthesis. ] Am Chem Soc 125: 5745-5753.

Barcelo F, Scotta C, Ortiz-Lombardia M, Mendez C, Salas JA, et al. (2007)
Entropically-driven binding of mithramycin in the minor groove of C/G-rich
DNA sequences. Nucleic Acids Res 35: 2215-2226.

Barcelo F, Ortiz-Lombardia M, Martorell M, Oliver M, Mendez C, et al. (2010)
DNA binding characteristics of mithramycin and chromomycin analogues
obtained by combinatorial biosynthesis. Biochemistry 49: 10543-10552.

Lee TJ, Jung EM, Lee JT, Kim S, Park JW, et al. (2006) Mithramycin A
sensitizes cancer cells to TRAIL-mediated apoptosis by down-regulation of
XIAP gene promoter through Spl sites. Mol Cancer Ther 5: 2737-2746.
Shiota M, Yokomizo A, Kashiwagi E, Tada Y, Inokuchi J, et al. (2010) Foxo3a
expression and acetylation regulate cancer cell growth and sensitivity to cisplatin.
Cancer Sci 101: 1177-1185.

. Wang H, Teh MT, Ji Y, Patel V, Firouzabadian S, et al. (2010) EPS8

upregulates FOXMI1 expression, enhancing cell growth and motility. Carcino-
genesis 31: 1132-1141.

. Myatt SS, Lam EW (2007) The emerging roles of forkhead box (Fox) proteins in

cancer. Nat Rev Cancer 7: 847-859.

. Petrovic V, Costa RH, Lau LF, Raychaudhuri P, Tyner AL (2010) Negative

regulation of the oncogenic transcription factor FoxM1 by thiazolidinediones
and mithramycin. Cancer Biol Ther 9: 1008-1016.

Wierstra I, Alves J (2007) FOXMlc and Spl transactivate the P1 and P2
promoters of human c-myc synergistically. Biochem Biophys Res Commun 352:
61-68.

Maa MC, Lee JC, Chen YJ, Chen YJ, Lee YC, et al. (2007) Eps8 facilitates
cellular growth and motility of colon cancer cells by increasing the expression
and activity of focal adhesion kinase. J Biol Chem 282: 19399-19409.

Singh A, Ye M, Bucur O, Zhu S, Tanya Santos M, et al. (2010) Protein
phosphatase 2A reactivates FOXO3a through a dynamic interplay with 14-3-3
and AKT. Mol Biol Cell 21: 1140-1152.

Yang JY, Zong CS, Xia W, Yamaguchi H, Ding Q, et al. (2008) ERK promotes
tumorigenesis by inhibiting FOXO3a via MDM2-mediated degradation. Nat
Cell Biol 10: 138-148.

Freeman DJ, Bush T, Ogbagabriel S, Belmontes B, Juan T, et al. (2009) Activity
of panitumumab alone or with chemotherapy in non-small cell lung carcinoma
cell lines expressing mutant epidermal growth factor receptor. Mol Cancer Ther
8: 1536-1546.

Gaughan EM, Costa DB (2011) Genotype-driven therapies for non-small cell
lung cancer: focus on EGFR, KRAS and ALK gene abnormalities. Ther Adv
Med Oncol 3: 113-125.

December 2013 | Volume 8 | Issue 12 | €82220



