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Abstract

Ewing Sarcoma is an aggressive malignancy of bone and soft tissue affecting children and
young adults. Ewing Sarcoma is driven by EWS/Ets fusion oncoproteins, which cause wide-
spread alterations in gene expression in the cell. Dysregulation of receptor tyrosine kinase
signaling, particularly involving IGF-1R, also plays an important role in Ewing Sarcoma
pathogenesis. However, the basis of this dysregulation, including the relative contribution of
EWS/Ets-dependent and independent mechanisms, is not well understood. In the present
study, we identify variable expression of two modifiers of PI3K signaling activity, PIK3R3
and PTEN, in Ewing Sarcoma, and examine the consequences of this on PI3K pathway reg-
ulation and oncogenic phenotypes. Our findings indicate that PIK3R3 plays a growth-
promotional role in Ewing Sarcoma, but suggest that this role is not strictly dependent on
regulation of PI3K pathway activity. We further show that expression of PTEN, a well-
established, potent tumor suppressor, is lost in a subset of Ewing Sarcomas, and that this
loss strongly correlates with high baseline PI3K pathway activity in cell lines. In support of
functional importance of PTEN loss in Ewing Sarcoma, we show that re-introduction of
PTEN into two different PTEN-negative Ewing Sarcoma cell lines results in downregulation
of PI3K pathway activity, and sensitization to the IGF-1R small molecule inhibitor OSI-906.
Our findings also suggest that PTEN levels may contribute to sensitivity of Ewing Sarcoma
cells to the microtubule inhibitor vincristine, a relevant chemotherapeutic agent in this can-
cer. Our studies thus identify PIK3R3 and PTEN as modifiers of oncogenic phenotypes in
Ewing Sarcoma, with potential clinical implications.

Introduction

Ewing Sarcoma is the second most common bone and soft tissue malignancy in children and
young adults [1]. Ewing Sarcoma is driven by recurrent EWS/Ets oncogenic fusions, which,
through gain-of-function transcriptional activity, and possibly other mechanisms, result in
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dysregulation of expression of many genes, as well as non-coding RNAs [2-5]. As in all can-
cers, the ultimate outcome of oncogene-driven dysregulation of gene expression is promotion
of the malignant phenotype. However, as also true in all cancers, the precise mechanistic con-
nections between oncogene-driven gene expression changes and phenotypic output, as well as
the identity of key gene expression changes essential to specific malignant phenotypes, are less
well understood. It is also now appreciated that some Ewing Sarcomas manifest genetic alter-
ations other than an EWS/Ets oncogenic fusion, for example loss of function of p53 and the
p16INK4/p14ARF locus [6]. However, the occurrence and frequency of other such alterations,
and their potential contribution to the Ewing Sarcoma malignant phenotype, largely remain to
be characterized.

A variety of growth factor signaling pathways are known to be dysregulated in Ewing Sarco-
ma [2, 3]. The IGF signaling pathway is perhaps the most extensively studied and, to date, the
chief pathway pharmacologically drugged in this cancer [7]. Other important growth factor
signaling pathways upregulated in Ewing Sarcoma include members of the EGF [8], FGF [9]
and Ephrin [10] families, which share downstream molecular machinery, namely MAPK and
PI3K signaling cascades, with the IGF pathway. There is evidence that EWS/Ets fusion-driven
mechanisms contribute to the upregulation of growth factor signaling in Ewing Sarcoma
[11-13]. However, the frequently observed wide range of pathway activity among Ewing Sarco-
ma cell lines and tumors with the same oncogenic driver fusions suggests that EWS/Ets-
independent mechanisms also play a role [8-10]. EWS/Ets-independent mechanisms of signal-
ing pathway activation, in particular, could play an important role in differential biologic be-
havior and therapy response in Ewing Sarcoma, as recently demonstrated for a member of the
EGF family [8].

The PI3K signaling pathway has been shown to play a particularly important role in pheno-
types relevant to the aggressive biologic behavior of Ewing Sarcoma [14, 15]. Interestingly,
PI3K pathway activity in different Ewing Sarcoma cells lines is quite variable, suggesting an
EWS/Ets-independent component of regulation [16]. Activation of PI3K pathway signaling,
through loss of the pathway inhibitor PTEN and other mechanisms, is a common and well-
characterized pro-oncogenic mechanism in non-fusion driven cancers. Whether similar mech-
anisms are at play in Ewing Sarcoma largely remains to be defined. In the present manuscript,
we examine the expression and role of two regulatory components of the PI3K signaling path-
way, the activator PIK3R3 and the inhibitor PTEN, in Ewing Sarcoma.

Materials and Methods

The human tissue sample research in this study was approved by the Colorado Multiple Insti-
tutional Review Board, which waived the need for specific donor or next of kin consent.

Celllines and drugs

The cell lines A673, SK-ES-1, SK-N-MC, TC71 and EWS502, and corresponding culture condi-
tions, have been described previously [12]. SK-PN-DW cells were obtained from ATCC.
A4573 cells, described in [17], were obtained from Dr Timothy Triche. All cell lines were au-
thenticated by STR profiling, performed at our institution, and determined to be mycoplasma-
free. SK-PN-DW and A4573 cell lines were cultured in DMEM supplemented with 10% fetal
bovine serum, Pen/Strep, 1 mM sodium pyruvate, 10 mM Hepes and 1X MEM nonessential
amino acids. Drugs used were: actinomycin-D (Sigma, #A9415), doxorubicin (Sigma, #D1515),
etoposide (CalBiochem, #341205), vincristine (Sigma, #V8879) and OSI-906 (Selleckchem,
#51091).
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Protein expression analysis

Quantification of protein expression levels in cell lines was performed by immunoblotting, as
previously described [12]. Primary antibodies used were: PIK3R3 (1:1000, Cell Signaling,
#11889), PTEN (1:1000, Cell Signaling, #9552), pAkt (Ser473, 1:500, Cell Signaling, #4060L),
Akt (1:1000, Cell Signaling, #9272), and tubulin (1:20000, Sigma, T5168). Secondary antibodies
used were: goat anti-mouse IgG-HRP conjugate (1:5000, BioRad, #170-6516), goat anti-rabbit
IgG-HRP conjugate (1:5000, BioRad, #170-6515).

Gene expression silencing

shRNA-mediated gene expression silencing via lentiviral delivery was performed as previously
described [12]. The control, non-targeting sShRNA consisted of a scrambled sequence (Addgene
plasmid 1864; [18]). ShARNAs 1 and 2 for PIK3R3 correspond to TRCN0000195144 and
TRCN0000197032 (Sigma Mission shRNA, distributed via the University of Colorado Cancer
Center Functional Genomics Core Facility).

Ectopic protein expression

Full-length PTEN cDNA, with a C-terminal Myc/DKK epitope tag, was subcloned from
pCMV6 (Origene) into the pPCDH-Puro lentiviral expression vector (System Biosciences)
using standard molecular techniques and fully sequence-verified. Preparation of replication-
incompetent, VSV-G pseudotyped, infectious lentivirus, transduction of Ewing Sarcoma cells,
and Puromycin selection (1 pg/mL) were performed as previously described [12].

Growth assays

Clonogenic and soft agar anchorage-independent growth assays were performed as previously
described [19].

Drug sensitivity assays

Cells were plated in 96-well plates in triplicate. Plating cell numbers (optimized to ensure log-
phase growth during the drug exposure) were: 2.25 x 10* for A673, A4573, SK-N-MC and
EWS502 cells; 1.5 x 10” for SK-ES-1 and SK-PN-DW cells; and 3.75 x 10° for TC71 cells. 24
hours after plating, drug or vehicle control was added at the indicated concentration. The cells
were then cultured for an additional 48 hours, at which point cell survival was measured using
an MTT assay, as described [20]. IC50 values were determined via a non-linear regression plot
performed using the GraphPad statistical software package.

Patient tumor samples and immunohistochemistry

For the analysis of PTEN expression in Ewing Sarcoma tumors, we adapted a recently pub-
lished protocol for PTEN immunostaining in pathologic samples [21]. We first validated the
staining protocol using our PTEN-positive and PTEN-negative cell lines, using the same speci-
men processing approach as described ([21] and as detailed below). We then stained formalin-
fixed, paraffin-embedded tumor tissue specimens from 20 different patients, all verified as
EWS/Ets fusion-positive Ewing Sarcomas during diagnostic work-up by the Children’s Hospi-
tal Colorado (CHC) Pathology Department, using the identical protocol. For PTEN immuno-
histochemical staining, antigen was heat-retrieved in 10 mM Tris, 1 mM EDTA, pH 9.0, for 5
minutes at 125°C. PTEN antibody (Cell Signalling, #9559) was used at 1:100 dilution or 0.11
pg/mL; negative control primary antibody was rabbit IgG (Vector, #1-1000), also used at 0.11
pg/mL. Envision (anti-rabbit polymer, Dakocytomation) was used for detection. CD99
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immunohistochemical staining was performed on a Ventana automated stainer, using an es-
tablished diagnostic protocol in the CHC Pathology Department. CD99 antibody (Dakocyto-
mation, #M3601) was used at 1:50 dilution; the negative control was mouse ascites fluid
(Sigma, #M8273), used at 1:200 dilution. The iView DAB kit (Ventana) was used for detection.
The studies were approved by our institutional IRB committee.

Results

The regulators of PI3K signaling, PIK3R3 and PTEN, are variably
expressed in Ewing Sarcoma

Our laboratory had previously identified regulation of expression of components of the IGF
signaling pathway by EWS/Flil-controlled microRNAs in Ewing Sarcoma [12]. While evaluat-
ing candidate miR targets, we noted differential expression of two regulators of the PI3K arm
of tyrosine kinase signaling, PIK3R3 and PTEN. PIK3R3, a positive regulator of PI3K signaling,
has recently been shown to be tumor-promoting in other cancers [22, 23], while PTEN, a nega-
tive regulator of this pathway, is an established tumor suppressor [24]. Examination of a panel
of Ewing Sarcoma cell lines revealed approximately 3-fold variation in PIK3R3 protein levels
(Fig. 1). Moreover, we noted loss of PTEN protein expression in one cell line (EWS502), which
was associated with striking upregulation of baseline PI3K pathway activity (as determined by
degree of AKT phosphorylation on serine 473; Fig. 1). These observations prompted us to un-
dertake further studies of the potential roles of PIK3R3 and PTEN in the regulation of PI3K
pathway activity and oncogenic phenotypes in Ewing Sarcoma.
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Figure 1. Expression of PTEN and PIK3R3, and degree of Akt phosphorylation, in Ewing Sarcoma cell
lines. The indicated Ewing Sarcoma cell lines (TC71, SK-N-MC, SK-ES-1, EWS502 and A673) were cultured
in their respective media, and harvested at similar confluence (~70%) for protein extract preparation.
Expression levels of PIK3R3, PTEN, pAkt (Ser473) and (total) Akt were determined using immunoblotting,
with tubulin as the loading control; PIK3R3/tubulin ratios were determined by densitometry, with the ratio in
TC71 cells arbitrarily setto 1.

doi:10.1371/journal.pone.0116895.9001
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PIK3RS3 exerts growth-promotional effects in Ewing Sarcoma

To determine whether PI3KR3 plays a pro-oncogenic role in Ewing Sarcoma, as recently shown
in other cancers [22, 23], we examined the effects of its depletion in Ewing Sarcoma cells. We
selected SK-ES-1 cells for these experiments, as this cell line showed robust PIK3R3 expression
and readily measurable baseline Akt phosphorylation (Fig. 1). We achieved stable depletion of
PIK3R3 in SK-ES-1 cells using lentiviral delivery of two different targeting shRNAs (Fig. 2A).
PIK3R3 depletion resulted in inhibition of growth in both a clonogenic assay (Fig. 2B, top pan-
els) and a soft agar assay of anchorage-independent growth (Fig. 2B, bottom panels), in a man-
ner that was proportional to the degree of PIK3R3 mRNA and protein knock-down (Fig. 2A).
Interestingly, stable depletion of PIK3R3 had a variable effect on baseline Akt phosphorylation
(Fig. 2C). Indeed, over multiple experiments, we did not observe a consistent decrease in the
pAkt/Akt ratio in PIK3R3 depleted cells (Fig. 2C). Together, our findings indicate that PIK3R3
plays a growth-promotional role in Ewing Sarcoma, and suggest that this role is not strictly de-
pendent on regulation of PI3K pathway activity. Of note, PI3K pathway-independent mecha-
nisms have previously been reported for PIK3R3 in other cancers [25, 26].

PTEN expression is lost in a subset of Ewing Sarcoma cell lines and
patient tumors

Our observation of the loss of PTEN, a known, potent, tumor suppressor, in a Ewing Sarcoma
cell line (Fig. 1) was unexpected. We first sought to determine whether PTEN loss occurred in
other Ewing Sarcoma cell lines. This analysis identified the additional cell lines A4573 and SK-
PN-DW as also lacking PTEN protein expression (Fig. 3). As observed for EWS502 cells, both
A4573 and SK-PN-DW cells also showed markedly higher levels of baseline Akt phosphoryla-
tion, in comparison to PTEN expressing lines (Fig. 3). Next, we sought to verify that loss of
PTEN expression occurs in patient tumors. To do this, we adapted a recently published proto-
col for PTEN immunostaining of formalin-fixed, paraffin-embedded tissue [21]. We first vali-
dated this protocol in our laboratory using our panel of PTEN-positive and PTEN-negative
Ewing Sarcoma cell lines (S1 Fig.). We then examined PTEN expression in a panel of 20 EWS/
Ets oncogenic fusion-verified patient tumor samples available at our institution (Children’s
Hospital Colorado). Nineteen of the twenty specimens demonstrated PTEN expression in
tumor cells (the results for one such representative tumor are shown in Fig. 4, top panels; black
arrowhead in the top right panel highlights a PTEN-positive tumor cell). One of the twenty tu-
mors, however, demonstrated loss of PTEN expression in tumor cells (Fig. 4, bottom panels;
note normal PTEN expression in vascular endothelium [white arrowhead, bottom right panel],
but absence of PTEN expression in tumor cells [black arrow head, bottom right panel]. Thus,
PTEN loss occurs in a subset of Ewing Sarcomas.

Effects of PTEN re-expression in Ewing Sarcoma cell lines lacking
endogenous PTEN

To determine the functional consequences of loss of PTEN in Ewing Sarcoma, we stably re-
introduced ectopic PTEN into two different PTEN-negative cell lines, EWS502 and A4573,
using a lentiviral expression system (Fig. 5). The PTEN expression levels achieved were lower
than those of endogenous PTEN in PTEN-positive lines (compare signal for A673 cells in the
same blot; Fig. 5), presumably due to negative selection against high-level expression of a po-
tent tumor suppressor. This partial PTEN re-expression was sufficient to enforce >50% down-
regulation of Akt
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Figure 2. PIK3R3 depletion results in inhibition of clonogenic and anchorage-independent growth of Ewing Sarcoma cells. (A) Stable depletion of
PIK3R3 protein in Ewing Sarcoma SK-ES-1 cells was achieved using lentiviral delivery of two different targeting shRNAs (PIK3R3-sh1 and 2, described in
Methods; shControl: cells expressing non-targeting scrambled sequence RNA, also described in Methods). PIK3R3 RNA levels were determined by qRT-
PCR, as described previously [19], using specific primers to PIK3R3, and U6 as an endogenous control. PIK3R3 protein levels were determined by
immunoblotting with PIK3R3 antibody, normalized to tubulin and quantified by densitometry. Mean and standard deviation are plotted at top, and a
representative immunoblot is shown below. Mean values in the control groups are set to 1; *p<0.05, relative to corresponding control, using the student
t-test. (B) Colony growth of control and PIK3R3-depleted SK-ES-1 cells as determined using a clonogenic assay (top panels and graph on left) and a soft
agar assay of anchorage independent growth (bottom panels and graph on right). Representative images of individual wells from one experiment are shown.
Quantifications represent the mean and standard error of the mean (SEM) of colony counts from independent experiments, each performed in triplicate
(colony numbers in controls are set to 1; *p<0.05, relative to control, using the student t-test). (C) Levels of pAkt>®™73 and total Akt were determined using
immunoblotting as in Fig. 1, and quantified by densitometry. Plot shows relative pAkt>®™73/Akt ratios from multiple experiments in control and PIK3R3-
depleted SK-ES-1 cells; to facilitate comparison among different experiments, one value from control cells in each experiment is arbitrarily set to 1; bars show
mean and standard deviation for each group. Statistical analyses did not reveal significant differences among the groups.

doi:10.1371/journal.pone.0116895.g002

phosphorylation in both cell lines (Fig. 5). Surprisingly, in spite of downregulation of PI3K
pathway activity, PTEN re-expression failed to inhibit growth in a clonogenic assay or a soft
agar assay of anchorage-independent growth. In fact, partial PTEN re-expression resulted in a
modest (~50%), but statistically significant, augmentation of anchorage-independent growth
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Figure 3. PTEN-positive and PTEN-negative Ewing Sarcoma cell lines. The indicated cell lines were
cultured in their respective media, and harvested at similar confluence (~70%) for protein extract preparation.
Expression levels of PTEN, pAkt (Ser473) and (total) Akt were determined using immunoblotting, with tubulin
as the loading control.

doi:10.1371/journal.pone.0116895.9003

in soft agar (Fig. 6B; a smaller trend toward increased clonogenic growth was also seen in the
same experiments, but did not reach statistical significance [Fig. 6A]). While unexpected, this
effect was observed in independent experiments, using de novo lentiviral transductions, in
both cell lines.
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Figure 4. PTEN expression in patient tumor samples. PTEN immunohistochemical staining in a representative PTEN-positive tumor and a PTEN-
negative tumor. H+E histology and CD99 immunohistochemical staining are also shown. White arrowheads indicate representative vascular endothelial cells
(strongly PTEN+ and CD99-); black arrowheads indicate representative tumor cells (CD99+). Note that vascular endothelial cells in both tumors show strong
PTEN immunoreactivity of similar intensity (white arrowheads), but tumor cells only in the top tumor are PTEN immunoreactive (black arrowheads).

doi:10.1371/journal.pone.0116895.9004
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Figure 5. Re-expression of PTEN in PTEN-negative Ewing Sarcoma cell lines. PTEN re-expression was achieved using a stable lentiviral expression
system, and verified by immunoblotting with tubulin as loading control (C: control cells stably transduced with empty expression vector; P: cells stably
transduced with PTEN expression construct; for reference, levels of endogenous PTEN in A673 cells are shown in the same blot). Consequences of PTEN
re-expression on Akt phosphorylation (Ser473) are shown below, with quantification of pAktse"”s/Akt ratios from independent experiments shown on right
(mean and standard deviation; values in control cells set to 1; *p<0.05, relative to control, using the student t-test).

doi:10.1371/journal.pone.0116895.g005

We next examined the effects of PTEN status on drug response in Ewing Sarcoma. Re-
expression of PTEN in PTEN-negative cells would be predicted to sensitize to inhibition of re-
ceptor tyrosine kinase action, by re-instating, at least partially, negative regulation of down-
stream signaling. To test whether this holds true in Ewing Sarcoma, we compared the efficacy
of the IGF-1R small molecule inhibitor OSI-906 in PTEN-negative cells with and without ec-
topic PTEN expression. As shown in Fig. 7, we observed partial sensitization to OSI-906 upon
PTEN re-expression in both cell lines, indicating that PTEN status contributes to sensitivity of
Ewing Sarcoma cells to IGF-1R inhibition.

We additionally queried whether PTEN status affects the sensitivity of Ewing Sarcoma cells
to conventional chemotherapeutic agents in use for therapy of this cancer, including actinomy-
cin-D, etoposide, doxorubicin and vincristine. First, we asked whether drug response in our
cell line panel would segregate by PTEN status. As shown in S2 Fig. and Fig. 8A, we observed
such segregation for vincristine, but not the other agents. Namely, the PTEN-negative cell
lines, EWS502, SK-PN-DW and A4573, demonstrated greater resistance to vincristine com-
pared to the PTEN-positive lines. To determine whether PTEN indeed plays a causative role in
this difference in sensitivity, we compared vincristine response in control and PTEN re-
expressing EWS502 and A4572 cells. In both cell lines, re-introduction of PTEN resulted in a
trend toward greater vincristine sensitivity. We conclude from these findings that PTEN levels
may contribute to vincristine response in Ewing Sarcoma.

Discussion

Dysregulation of growth factor signaling pathways makes an important contribution to Ewing
Sarcoma pathogenesis [2, 3], as true in many other cancers. However, in contrast to other can-
cers, the molecular basis of this dysregulation in Ewing Sarcoma is less well understood. Exist-
ing literature suggests that some degree of growth factor signaling pathway dysregulation can
be attributed to downstream effects of the hallmark driver oncogenic fusion, the EWS/Ets chi-
meric oncoprotein or its variants [11-13]. However, studies also suggest that other, apparently
EWS/Ets-independent, mechanisms also contribute [8-10]. Understanding such mechanisms
is of importance as it may help shed light on the divergent biologic and clinical behavior of tu-
mors bearing the same EWS/Ets oncogenic drivers. The PI3K signaling pathway illustrates this
paradigm: it plays a very important role in Ewing Sarcoma biology [14, 15]; and it shows
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Figure 6. Effects of PTEN re-expression on clonogenic and anchorage-independent growth of PTEN-negative Ewing Sarcoma cell lines.
Clonogenic and soft agar assays of anchorage-independent growth were performed as previously described [19]. Individual experiments were performed in
triplicate, with 500 cells/well plated for clonogenic assays and 1 x 104 cells/well for soft agar assays. Experiments were independently repeated with de novo
lentivirally transduced cells. Representative images of individual wells from one experiment are shown. Quantifications represent the mean and standard
error of the mean (SEM) of colony counts from independent experiments, each performed in triplicate (colony numbers in controls are setto 1; *: p<0.05,
using the student t-test).

doi:10.1371/journal.pone.0116895.g006

divergent activation across different cell lines bearing the same or similar fusions, the basis of
which is poorly understood [16]. In the present study, we asked how PIK3R3, a regulatory
component of the PI3 kinase complex, and the phosphatase and established tumor suppressor
PTEN, contribute to the control of PI3K pathway activity and oncogenic phenotypes in Ewing
Sarcoma.

Our studies support a tumor-promotional role for PIK3R3 in Ewing Sarcoma. PIK3R3 has
recently emerged as a tumor promoter in a number of malignancies, including glioblastoma
[22], ovarian and colorectal carcinoma [23, 27], and leukemia [28]. Interestingly, these studies
have identified multiple mechanisms that contribute to PIK3R3 tumor-promotional effects.
Namely, in addition to its ability to enhance PI3K pathway activity [22], PIK3R3 has been
shown to promote cell proliferation through interactions with the retinoblastoma protein (Rb)
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Figure 7. Effects of PTEN re-expression on the response to IGF-1R blockade in PTEN-negative Ewing
Sarcoma cell lines. Relative survival of control (dashed lines) and PTEN re-expressing (solid lines) cells in
response to the IGF-1R small molecule inhibitor OSI-906 was determined using an MTT assay, as described
in Methods. Results represent the mean and standard error of the mean of independent experiments, each
performed in triplicate; ¥*p<0.05, using the student t-test.

doi:10.1371/journal.pone.0116895.9007

[25, 26], and to boost angiogenesis through the NF-«xB pathway [27]. Our studies indicate that
PIK3R3 growth-promotional effects in Ewing Sarcoma are not strictly dependent on regulation
of PI3K pathway activity, and may operate through alternative mechanisms.

We further identify PTEN as a major determinant of PI3K pathway activation in Ewing Sar-
coma. Namely, cell lines lacking PTEN show markedly higher baseline Akt phosphorylation,
and reintroduction of PTEN, even at reduced levels compared to PTEN-positive cells, enforces
robust downregulation of Akt phosphorylation. Consistent with prediction, our studies sup-
port a role for PTEN as a sensitizer to IGF receptor blockade, a biotherapy in clinical trials
[29]. Interestingly, our studies also suggest that PTEN can modulate the sensitivity of Ewing
Sarcoma cells to the microtubule inhibitor vincristine, a relevant conventional chemotherapeu-
tic agent in this cancer. To our knowledge, effects of PTEN status on the response to microtu-
bule inhibitors in cancer have not been reported. However, published reports have established
a link between activated PI3K signaling via other mechanisms, and microtubule inhibitor resis-
tance. Specifically, constitutive Akt activity has been shown to promote resistance to microtu-
bule inhibitors through activation of mTOR [30, 31], and induction of multidrug resistance
pathways [32]. Similar mechanisms may contribute to the increased vincristine resistance ob-
served in our studies of PTEN-negative Ewing Sarcoma cells.

A surprising observation in our studies was that reintroduction of PTEN into PTEN-
negative Ewing Sarcoma cells resulted in modest augmentation of anchorage-independent
growth, all in context of downregulation of Akt phosphorylation. The mechanistic basis of this
unexpected finding is unclear. One possibility is that intermediate levels of PI3K pathway activ-
ity are favorable to growth, but at higher activity levels, this advantage is relinquished in favor
of augmented function of other cancer hallmarks, or, as suggested by our studies, increased
drug resistance. Indeed, the cell state induced by partial PTEN restoration in our studies may
be similar to PTEN haploinsufficiency, a state known to be able to support many oncogenic
phenotypes, including increased cell proliferation [33]. It is also possible that, as in the case of
PIK3R3, PI3K pathway-independent mechanisms play a role. A number of such mechanisms
have now been described for PTEN, many involving nuclear functions [34-37], and it may be
that some of these mechanisms have opposing (ie: promotional) effects on biological processes
relevant to anchorage-independent growth in some contexts. Along similar lines, it is
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Figure 8. PTEN expression and response of Ewing Sarcoma cells to conventional chemotherapeutic agents. (A) Cell survival upon treatment with
the indicated agents was compared between PTEN-positive (PTEN+) and PTEN-negative (PTEN-) Ewing Sarcoma cell lines using an MTT assay (IC50
analysis based on data from S1 Fig.). IC50 values were determined using a non-linear regression plot. Data represent the mean and standard error of the
mean of independent experiments, each performed in triplicate; *p<0.05, using the student t-test. (B) Relative survival of control (dashed lines) and

PTEN-re-expressing (solid lines) cells in response to vincristine was determined using an MTT assay. Results represent the mean and standard error of the
mean of independent experiments, each performed in triplicate; *p<0.05, using the student t-test.

doi:10.1371/journal.pone.0116895.g008

interesting to note that a recent report has identified

transforming activity in a truncated form

of PTEN [38]. We should also note that, in contrast to our findings, a recently published study
by Patel, et al. observed inhibition of growth upon PTEN re-expression in Ewing Sarcoma
EWS502 cells [39]. The difference in the findings of Patel, et al. and our studies may be ex-
plained by differences in PTEN expression levels and/or timing of phenotypic analysis (our
studies, which used antibiotic selection prior to phenotypic analysis, may have selected for lev-
els of PTEN re-expression permissive to cell growth).

In support of the disease relevance of PTEN loss, our studies identify absence of PTEN pro-
tein expression in one of twenty Ewing Sarcoma patient tumors in our institutional collection.
While relatively low, this frequency is similar to the rate of p53 loss of function in Ewing Sarco-
ma (approximately one in ten tumors, across multiple studies) [40, 41]. Whether PTEN loss re-
sults in clinically more aggressive tumors, as suggested for p53 loss [40, 41], remains to be
determined. A related question of interest is whether PTEN loss could represent a cooperating
oncogenic event favoring Ewing Sarcoma initiation. Of note, since the present studies were un-
dertaken, other reports have observed loss of PTEN in Ewing Sarcoma [39, 42, 43].
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In summary, our studies identify a growth-promotional role for PIK3R3 in Ewing Sarcoma,
and provide evidence that loss of PTEN expression may diminish responsiveness to vincristine
and IGF-1R blockade. The latter observation may merit further investigation of PTEN as a po-
tential predictive biomarker in Ewing Sarcoma therapy.

Supporting Information

S1 Fig. Validation of PTEN antibody for immunohistochemical staining. Specificity of
PTEN immunohistochemical staining protocol was verified using formalin-fixed, paraffin-
embedded pellets of PTEN-positive and PTEN-negative Ewing Sarcoma cell lines (as deter-
mined in Fig. 3). See Methods for protocol details.

(TIF)

S2 Fig. Response of PTEN-positive and PTEN-negative Ewing Sarcoma cell lines to conven-
tional chemotherapeutic agents. (A-D) Cell survival upon treatment with the indicated agents
was compared between PTEN-positive (solid lines) and PTEN-negative (dashed lines) using an
MTT assay, as described in Methods.

(TIF)
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