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Abstract

Prostate cancer stem-like cells (PCSCs) are being intensely investigated largely owing to their contributions towards prostate
tumorigenesis, however, our understanding of PCSC biology, including their critical pathways, remains incompletely
understood. While epidermal growth factor (EGF) is widely used in maintaining PCSC cells in vitro, the importance of EGF-
dependent signaling and its downstream pathways in PCSC self-renewal are not well characterized. By investigating DU145
sphere cells, a population of prostate cancer cells with stem-like properties, we report here that epidermal growth factor
receptor (EGFR) signaling plays a critical role in the propagation of DU145 PCSCs. Activation of EGFR signaling via addition
of EGF and ectopic expression of a constitutively-active EGFR mutant (EGFRvIII) increased sphere formation. Conversely,
inhibition of EGFR signaling by using EGFR inhibitors (AG1478 and PD168393) and knockdown of EGFR significantly
inhibited PCSC self-renewal. Consistent with the MEK-ERK pathway being a major target of EGFR signaling, activation of the
MEK-ERK pathway contributed to EGFR-facilitated PCSC propagation. Modulation of EGFR signaling affected extracellular
signal-related kinase (ERK) activation. Inhibition of ERK activation through multiple approaches, including treatment with
the MEK inhibitor U0126, ectopic expression of dominant-negative MEK1(K97M), and knockdown of either ERK1 or ERK2
resulted in a robust reduction in PCSC propagation. Collectively, the present study provides evidence that EGFR signaling
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promotes PCSC self-renewal, in part, by activating the MEK-ERK pathway.
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Introduction

Prostate cancer is the most common male malignancy and the
second leading cause of cancer-related deaths in males in Western
countries [1,2]. During the process of prostate tumorigenesis,
oncogenic signaling pathways promote the progression of
hormone-dependent carcinomas to hormone refractory prostate
cancer (HRPC), the major contributing factor in prostate cancer
fatalities [3,4]. Although the exact mechanisms responsible for the
initiation and progression of prostate cancer remain largely
unknown, prostate cancer stem-like cells (PCSCs) are widely
regarded as being critical in prostate tumorigenesis and its
development towards HRPC disease [5-7].

Despite the mounting evidence suggesting the existence of
PCSCs, identification of human PCSCs in vivo has appeared to be
a challenging task. This challenge is largely due to the
heterogeneous nature of prostate cancer and the limited samples
available from clinical sources. Our limited understanding of
PCSCs has also contributed to the inability to isolate and
propagate PCSCs from human primary carcinomas. To advance
our knowledge of PCSCis, several research groups, including ours,
have enriched for PCSCs from human prostate cancer cell lines.
This is largely attributable to the demonstration that cancer stem
cells (CSCs) can be studied using the sphere culture assay under
serum-free (SF) media conditions. This assay has been used to
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derive and propagate CSCs from brain [8], breast [9], colon [10]
and prostate cancer cells [11-16] in vitro. More importantly, the
sphere culture approach has allowed the propagation of prostate
cancer stem-like cells that display CSC properties of self-renewal
and the ability to initiate tumor formation in vivo [11,12,15,17].

Sphere culture commonly involves propagating stem-like cells in
SF media supplemented with epidermal growth factor (EGF) and
basic fibroblast growth factor (bFGF) [8-13]. Although the
presence of both EGF and bFGF allows the generation of spheres
from DU145 cells [11,12,17], whether this is the ideal condition
for sphere generation and PCSC maintenance for a prolonged
period of time remains unclear. In our recent investigation, we
have shown that EGF plays a critical role in long-term
propagation of DU145 PCSCs, and that these stem-like cells were
capable of initiating tumors with a significantly enhanced ability in
non-obese, diabetic/severe combined immunodeficient (NOD/
SCID) mice [11]. However, the role of EGFR signaling, along
with its downstream pathways that are required for DU145 PCSC
propagation remain to be characterized.

In our effort to advance this knowledge, we demonstrate here
that the EGFR-ERK connection plays an important role in the
propagation of DU145 PCSCs. Although these PCSCs are able to
propagate in the absence of exogenous EGF, activation of EGFR
signaling is critical for the maintenance of DU145 PCSCs as
experimental manipulation of EGFR signaling affected DU145
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PCSC propagation. Additionally, modulation of EGFR signaling
in DU145 PCSCs profoundly affected ERK activation. Further-
more, inhibition of ERK activation through the use of a MEK
inhibitor, ectopic expression of dominant-negative MEK1(K97M),
and knockdown of endogenous ERKI1 or ERK2, collectively
reduced the propagation of DU145 PCSCs. Taken together, these
results highlight a contribution of MEK-ERK signaling for EGFR-
mediated PCSCs self-renewal.

Materials and Methods

Cell Culture and Propagation of DU145 PCSCs

DUI145 human prostate cancer cells and 293T human
embryonic kidney cells were obtained from American Type
Culture Collection (ATCC, Manassas, VA, USA), and were
cultured according to ATCC instructions.

DU145 human prostate cancer stem-like cells were isolated and
propagated as previously published [11]. Briefly, DU145 mono-
layer cells were enzymatically-dissociated into single cells using
phenol red-free TrypLE Express solution (Life Technologies,
Calsbad, CA, USA) and 40 um cell strainers (BD Biosciences,
Franklin Lakes, NJ, USA), and subsequently resuspended at a sub-
clonal (5 cells/ul) density in serum-free (SF) media (DMEM/F12
at a 3:1 mixture) (Life Technologies) containing 0.4% bovine
serum albumin (BSA) (Bioshop Canada Inc., Burlington, ON,
Canada) and 0.2 x B27 lacking Vitamin A (Life Technologies) in
T75 flasks (15 ml total volume) designated for suspension cell
culture (Sarstedt Inc., Newton, NC, USA). When examining the
effect of EGF treatment on sphere formation, recombinant EGF
(Sigma-Aldrich, St. Louis, MO, USA) was added at a concentra-
tion of 10 or 20 ng/ml. Typical spheres formed in 10 to 12 days.
Sphere cells were sub-cultured by enzymatic dissociation, strained,
and then resuspended in the above medium at sub-clonal density.

Sphere Formation Assays

To evaluate the formation of primary spheres, DU145 cells
from sub-confluent (~80%) monolayer cultures were resuspended
in the above SF media at a density of 2.5x10? cells into individual
wells of a 24-well culture plate (3 wells per treatment) (Corning,
Corning, NY, USA). Cells were seeded in a volume of 0.5 mL/
well, unlike 1 ml/well as previously published [11]. The spheres
that formed after 12 days of culture were counted. To measure the
sphere-forming capacity of secondary or established spheres,
spheres cells were individualized by enzymatic dissociation,
strained, and then plated at a density of 5x107 or 1x10° cells/
well in 24-well plates (3 wells per treatment), unless otherwise
specified. The spheres that formed were counted after 12 days of
culture.

Plasmids and Virus Production

EGFRvII/pLNCX was kindly provided by Dr. Khalid Al-
Nedawi (Hamilton Centre for Kidney Research, Hamilton, ON,
Canada). EGFR(K721A)/pLHCX was kindly provided by Dr.
Joan Krepinsky (Hamilton Centre for Kidney Research). Con-
struction of MEKI1(K97M)/pLHCX has been previously de-
scribed [18]. Short-hairpin ERK1 and ERK2 targeting (shERK1
and shERK2, respectively) vectors were constructed by annealing
and subcloning the previously published targeting sequences
(ERKI1: GCCATGAGAGATGTCTACA; ERK2: GAGGATT-
GAAGTAGAACAG) [19] as a hairpin into the pRIH retroviral
vector, according to our published conditions [18]. The short-
hairpin control (shLacZ) vector contains a sequence targeting
Escherichia coli B-galactosidase (shLacZ target sequence: GCAGT-
TATCTGGAAGATCA). High titres of empty vector (EV)/
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pLNCX, EGFRvVII/pLNCX, EV/pLHCX, EGFR(K721A)/
pLHCX, MEKI1(K97M)/pLHCX, shLacZ/pRIH, shERKI1/
pRIH and shERK2/pRIH retrovirus were produced using 293T
cells, as previously described [18]. DU145 cells were subsequently
infected with the specific retrovirus, and infected cells were
selected i hygromycin (0.5 mg/ml; Life Technologies) for
pLHCX and pRIH-based infections, or G418 (1 mg/ml; Sigma-
Aldrich) for pLNCX-based infections. Ectopic EGFRvIII and
MEKI1(K97M) expression, or knockdown of endogenous ERK1 or
ERK2, were verified by Western blot analysis.

Short-hairpin EGFR targeting lentiviral vectors were purchased
from Sigma-Aldrich, with the targeting sequences (shEGFRI:
GCTGCTCTGAAATCTCCTTTA; shEGFR2: GCCACAAAG-
CAGTGAATTTAT) cloned as a hairpin in the pLKO.1 vector,
while a non-specific ShRNA (plasmid 1864; Addgene, Cambridge,
MA, USA) was used as a control (shCTRL). Production of
shEGFR and shCTRL lentivirus was carried out by co-transfect-
ing each shRNA plasmid (10 pg) with plasmids (10 pg each)
necessary for third-generation lentiviral production (pRSV-REV,
pCMV-VSV-G, pMDLg/pRRE) [20], kindly provided by Dr.
Bryan E. Strauss (University of Sao Paulo School of Medicine, Sao
Paulo, Brazil), into 293T cells using the calcium phosphate
method. Sixty hours (h) post-transfection, the supernatants
containing VSV-G pseudotyped, replication-incompetent lenti-
viral particles were collected, filtered through a 0.45 pm filter and
centrifuged for 2 h at 48,000 g. Viral pellets were resuspended in
I ml of media containing 10 pg/ml polybrene (Sigma-Aldrich)
and added to monolayer cells for 2 h in a humidified 37°C
incubator, with periodic mixing at 20 min intervals, to allow for
cell infection. Infection was selected with puromycin (1 pg/ml;
Sigma-Aldrich).

For infection of sphere cells, the shEGFR2 and shCTRL
lentivirus pellets were resuspended in 2 ml of serum-free media
containing 0.4% BSA, 0.2x B27 (lacking Vitamin A) and 10 ug/
ml polybrene and added to individualized (3 x10°) cells for 2 h in
a humidified 37°C incubator, with periodic mixing at 20 min
intervals, to allow for cell infection. Sphere cells were subsequently
seeded at a density of 10* cells/ml in T75 flasks designated for
suspension cell culture (Sarstedt Inc.). Puromycin (1 pug/ml) was
added to the sphere cultures at 48 hours post-infection.

Anchorage-Independent Growth Assay

DU145 sphere cell cultures were plated in individual wells of
six-well plates at a density of 10* cells/well as previously described
[11]. After 8 weeks, phase contrast images were taken in 5 random
fields per well using the Zeiss Axiovert 200 M microscope
(AxioVision 3.1 software) at 25X magnification, and the colonies
consisting of =50 cells were counted. Phase contrast images were
subsequently processed using CorelDRAW Graphics Suite X4
software (Corel, Ottawa, ON, Canada).

EGFR and MEK Inhibition Studies

The EGFR inhibitors AG1478 and PD168393 (Calbiochem,
Darmstadt, Hesse, Germany) and the MEK inhibitor U0126
(Promega, Madison, WI, USA) were dissolved in dimethylsulfoxide
(DMSO; Sigma-Aldrich) and used at the concentrations indicated.
DMSO was administered at an identical volume as a control
(mock treatment). EGFR inhibitor (AG1478 or PD168393), MEK
(U0126) or DMSO (mock) treatment was administered at the time
of seeding sphere cells. Sphere formation was quantitated as
previously indicated. Inhibition of EGFR and MEKI kinase
activity (as determined by EGFR and ERK1/2 phosphorylation
status, respectively) was verified by Western blot analysis.
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Antibody-based EGFR function blocking experiments on
sphere cells were carried out as previously described [21]. Briefly,
azide-free EGFR blocking mouse monoclonal (Ab-1, clone 528)
antibody (Thermo Fisher Scientific, Waltham, MA, USA) or
mouse IgG2a isotype control antibody (R&D Systems, Minnea-
polis, MN, USA) were added to sphere cells (at the time of seeding)
at a concentration of 4 ug/ml in the presence or absence of
recombinant EGF (10 ng/ml). Spheres were allowed to form and
were quantitated as previously indicated.

Western Blot Analysis

Whole cell lysates were prepared in a lysis buffer containing
20 mM Tris (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1 mM
EGTA, 1% Triton X-100, 25 mM sodium pyrophosphate, 1 mM
NaF, 1 mM B-glycerophosphate, 0.1 mM sodium orthovanadate,
1 mM PMSF, 2 ug/ml leupeptin and 10 pug/ml aprotinin. For
each sample, a total of 50 pg of whole cell lysate was used unless
otherwise specified. Resolved lysates (10% SDS-polyacrylamide
gels) were transferred onto Amersham Hybond-ECL membranes
(GE Healthcare, Little Chalfont, Buckinghamshire, United King-
dom). The membranes were blocked with 5% w/v non-fat dry
skim milk at room temperature for 1 h, and then incubated with
the indicated primary antibodies in 10 ml of antibody dilution
buffer (Ix Tris-buffered saline containing 0.1% Tween-20
(TBST), and 5% BSA) with gentle rocking at 4°C overnight.
Primary antibodies used for probing were as follows: rabbit anti-
human phospho-EGFR  (Tyr1068) (Sigma-Aldrich, E6154,
1:1000), rabbit anti-human EGFR (#4267, 1:1000), rabbit anti-
human phospho-AKT (Ser473) (#4058, 1:1000), rabbit anti-
human phospho-ERK1/2 (Thr202/Tyr204) (#9101, 1:1000),
rabbit anti-human ERK1/2 (#9102, 1:1000), rabbit anti-human
phospho-STAT3 (Tyr705) (#9145, 1:2000), mouse anti-human
STATS3 (#9139, 1:1000) from Cell Signaling Technology
(Danvers, MA, USA), goat anti-human AKT (C-20, 1:1000),
mouse anti-human MEKI1 (H-8, 1:1000) and mouse anti-human
o-tubulin (TU-02, 1:500) from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). Membranes were subsequently washed with 1 x
TBST solution and incubated (1 h at room temperature) with
either donkey anti-goat-IgG-horse radish peroxidase (HRP) (Santa
Cruz Biotechnology, sc-2033, 1:3000), donkey anti-mouse-IgG-
HRP (GE Healthcare, NA931V, 1:3000) or donkey anti-rabbit-
IgG-HRP (GE Healthcare, NA934V, 1:3000) conjugated second-
ary antibodies. Immunoblot signals were detected using Amer-
sham ECL Western blotting detection reagents (GE Healthcare)
and then exposed to x-ray film (Thermo Fisher Scientific). The
quantification of immunoblot band densities was determined using
Image] software (version 1.43u; W. Rasband, National Institute of
Health).

Statistical Analysis

All quantitative data are presented as mean * S.E.M. and
comparisons were made using two-tailed independent Student’s +
tests. A p-value <0.05 was considered statistically significant.

Results

DU145 Spheres Propagated in the Absence of Exogenous
Mitogens Display EGFR Signal Activation

We have previously reported that while EGF supplementation
significantly promoted the generation and propagation of DU145
spheres, the formation of spheres did not require the addition of
exogenous EGF [11] suggesting that EGFR signaling may be
activated in the absence of exogenous EGF. To investigate this
possibility, we have generated spheres from DU145 cells in the
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absence (-EGF) and presence of EGF (10 or 20 ng/ml EGF;
10EGF or 20EGF, respectively) and subsequently propagated
these established spheres for three passages, under the identical
conditions in which primary spheres were generated, prior to
evaluating their sphere-forming capacity. Spheres generated in the
-EGF media condition can be maintained in a consistent manner
for at least three passages. Furthermore, the ability to generate and
maintain spheres in the -EGF condition (Figure 1A) suggests that
propagation under EGF-free (also without the addition of other
external growth factors) media conditions is an intrinsic property
of DU145 PCSCs. This possibility is supported by the fact that the
number of spheres maintained after seeding 5x 10 cells/well was
approximately half of that propagated after seeding 1x10 cells/
well (Figure 1A). Furthermore, this possibility is also in line with
our recent observation that -EGF spheres have been propagated in
-EGF media for more than 15 consecutive passages, in the
consistent manner as indicated in Figure 1A, by the time this
manuscript was prepared (data not shown). Although EGF
enhanced sphere propagation compared to sphere cells grown in
-EGF media (10EGF and 20EGF compared to -EGF), 20EGF did
not further stimulate sphere number in comparison to the 10EGF
treatment. This suggests that an EGF-induced threshold exists
(Figure 1A).

To examine whether spheres generated and maintained in the -
EGF media condition respond to EGFR signal activation, we have
cultured established, EGF-free spheres in the presence of
exogenous EGF. Not only did these EGF-free sphere cells respond
to exogenous EGF treatment when seeded at sub-clonal densities
of 5x10% and 1x10° cells/well (1x10* and 2x10% cells/ml,
respectively) (Figure 1B), but they also respond to EGF to the same
level as those spheres generated and maintained in EGF-contain-
ing media (comparing Figure 1B with Figure 1A). These
observations indicate that in the absence of exogenous EGF,
spheres may be able to activate EGIFR signaling. In support of this
possibility, phosphorylation of EGFR at tyrosine (Y) 1068 (EGFR-
P), a commonly used surrogate marker of EGFR signal activation
[22], was readily detected in -EGF and +EGF (10EGF and
20EGF) sphere cells (Figure 1C). Taken together, the above
observations support the notion that EGFR signaling plays an
important role in the propagation of DU145 PCSCs.

Enforced EGFR Signal Activation Renders DU145 PCSCs
Non-responsive to EGF Treatment

To further ascertain the role of EGFR signal activation in
DU145 PCSCs, the constitutively-active EGFR mutant, EGFR
variant III (EGFRvII) [23], was overexpressed in DUI145
monolayer cells (Figure 2A). EGFRvIII-expressing cells displayed
elevated levels of Tyr1068 phosphorylation (EGFR-P) and ERK
activation (Thr202/Tyr204 phosphorylation on ERK1/2; ERK1/
2-P) in SF media (Figure 2A), demonstrating that ectopic
EGFRVIII expression resulted in constitutive EGFR signaling. In
comparison to empty vector (EV) transduced DU145 cells, DU145
EGFRvIII-expressing cells generated more primary spheres in -
EGF media (Figure 2B). Furthermore, EGF supplementation
promoted the generation of primary spheres from DU145 EV cells
but not EGFRvIII-expressing cells (Figure 2B). However,
EGFRvIII-expressing sphere cells can form primary spheres in -
EGF media at a similar level as DU145 EV sphere cells
propagated in the presence of exogenous EGF (Figure 2B).
Therefore, DU145 EGFRvIII-expressing cells possess a compara-
ble capacity for primary sphere generation as DU145 EV cells
stimulated with recombinant EGF (Figure 2B). Similar observa-
tions were also obtained in sphere propagation (i.e. the production
of secondary spheres upon sceding 10” cells/well) (Figure 2C).
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Figure 1. Formation and maintenance of DU145 spheres occurs independently of exogenous mitogens, with EGF treatment
enhancing sphere formation. A) EGF enhances sphere formation independent of the cell seeding density. DU145 spheres were generated and
maintained in serum-free media containing 0.4% BSA and 0.2x B27 (SF), and supplemented with or without EGF (10 or 20 ng/ml; 10EGF or 20EGF,
respectively) for three passages to establish EGF-free (-EGF) and EGF-stimulated sphere cultures prior to experimentation. Sphere cells were seeded at
a density of 5x10% and 1x10 cells/well (1x10° and 2x10? cells/ml, respectively) in 24-well plates (three replicates per treatment). Six experiments
were conducted. Spheres maintained in EGF-supplemented SF media display enhanced sphere numbers compared to -EGF sphere cultures. Spheres
maintained in SF media containing >10 ng/ml EGF do not display additional increases in sphere-forming capacity. B) Treatment of -EGF spheres with
increasing concentrations of EGF (+10EGF or +20EGF, respectively) increased sphere formation, and C) enhanced activation of EGFR signaling (EGFR
phosphorylation at Tyr1068; EGFR-P). Sphere numbers are displayed as mean = S.E.M. of four independent experiments (¥*p<<0.05 in comparison to

the respective -EGF media condition; two-tailed independent Student’s t-test).

doi:10.1371/journal.pone.0061716.g001

Collectively, these results support our hypothesis that EGFR
signaling contributes to the propagation of DU145 PCSCs.

EGFR Blockade Reduces the Self-renewal Capacity of
DU145 PCSCs

To turther investigate the requirement of EGFR signaling in the
propagation (self-renewal) of DU145 PCSCs, we examined the
effect of EGFR signal inhibition on sphere maintenance. Sphere
cells were treated with increasing concentrations of AG1478
(Tyrphostin), a selective inhibitor of EGFR (ErbB1) kinase activity
that functions by sequestering it in its inactive form [24]. AG1478
treatment was examined at 24 h post-treatment, as EGF treatment
achieved the highest levels in EGFR-P in sphere cells at this time
point (Figure S1). AG1478 treatment reduced EGFR activation in
a dose-dependent fashion in sphere cells, with and without the
addition of exogenous EGF (Figure 3A). Furthermore, AG1478
dose-dependently reduced sphere propagation, as the number of
spheres generated from established sphere cell cultures was
reduced by AG1478 treatment, irrespective of whether exogenous
EGF was present (Figure 3B). Similar observations were also

obtained using the EGIR inhibitor PD168393 [25] (Figure 3C).
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This demonstrates that inhibition of EGFR signaling blocks the
self-renewal capacity of DU145 PCSCs.

To further address whether loss of EGFR signaling affects the
ability of DU145 PCSCs to maintain themselves, DU145 mono-
layer cells were infected with sShRNA constructs targeting EGFR.
These constructs efficiently knocked-down EGFR, with slightly
variations in the levels of EGFR knockdown within the respective
stable cell lines (Figure 4A). The shEGFR construct #2
(shEGFR2) achieved a greater knockdown than shEGFR1 (95%
vs 70%, respectively) (Figure 4A). Stable EGFR knockdown cell
lines could be maintained in complete media. However, ectopic
expression of EGFR(K721A), an EGFR mutant lacking protein
tyrosine kinase activity [26], resulted in cell death and prevented
the generation of a stable cell line (data not shown). By using these
stable EGFR knockdown cell lines, we were able to show that
EGFR knockdown in DUI45 cells reduced their capacity to
generate primary spheres compared to shC'TRL cells (Figure 4B).
The ability of EGFR knockdown to affect sphere maintenance was
also examined. Stable EGFR knockdown in sphere cells
(Figure 4C) reduced the number of subsequent spheres formed
in the -EGF media condition (Figure 4D).
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Figure 2. Expression of constitutively-active EGFRvIIl enhances DU145 sphere formation and maintenance. A) Western blot analysis of
EGFRuvIIl expression and activation (Tyr1068 phosphorylation; EGFR-P) in DU145 parent (monolayer) cells grown in serum-supplemented (10% FBS)
and serum-free (SF) media. EGFRVIIl expression in DU145 cells activates ERK signaling. ERK activation was determined by examining the
phosphorylation of ERK1 and ERK2 proteins at Thr202 and Tyr204 residues, respectively (ERK1/2-P). B) Primary (1°) and C) secondary (2°) sphere
formation following EGFRVIII expression in DU145 cells compared to empty vector (EV) control cells. Cells were seeded in serum-free media
containing 0.4% BSA, 0.2x B27 and lacking exogenous growth factors (-EGF), or with EGF supplemented (10 ng/ml; 10EGF), at a density of 2.5x10°
(1° sphere formation) or 1%10° cells/well (2° sphere formation) in 24-well plates (0.5 ml/well; three replicates per treatment). Experiments were
conducted in triplicate. Sphere numbers are displayed as mean = S.E.M. (the p values for the indicated comparisons were obtained by two-tailed

independent Student’s t-test).
doi:10.1371/journal.pone.0061716.g002

An important feature of cellular transformation in vitro, which
closely correlates with in vivo tumorigenicity in immunocompro-
mised mice [27-29], is the ability of tumorigenic cells to propagate
under anchorage-independent conditions. To address whether the
loss of EGFR expression affects the anchorage-independent
growth of DU145 PCSCs, established EGFR knockdown sphere
cells were seeded in serum-supplemented, soft agar-containing
media. EGFR knockdown in sphere cells resulted in fewer soft
agar colonies compared to shCTRL sphere cells under differen-
tiating (ie. serum-supplemented) conditions (Figure 4E). Taken
together, we demonstrated that EGFR signaling is critical for
maintaining DU145 PCSC propagation, which is consistent with
the observed reduction in soft agar colony numbers following
EGFR knockdown.

MEK-ERK Signaling Regulates the Self-renewal Properties

of DU145 PCSCs
After the demonstration that EGFR signaling is critical in the
generation and maintenance of PCSCs, we further examined the
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downstream mechanisms responsible for the observed EGFR
activity. EGFR signaling is well known to initiate signaling events
involving the activation of the PI3K-AK'T and Raf-MEK-ERK
(mitogen activated protein kinases; MAPK) pathways [30]. In
addition, EGFR signaling has been shown to activate signal
transducer and activator of transcription proteins (STAT) [31],
particularly STATS3-mediated signaling [32]. Activation of
STAT3 involves phosphorylation at Tyr705 [33], and STAT3
has been shown to be activated in prostate cancers [34,35]. Our
previous work has suggested that in our system, other downstream
signaling proteins, rather than AKT, must be critical for EGF-
enhanced DUI45 sphere formation [I11]. While AKT may
contribute to DUI145 sphere propagation, we have further
expanded on our previous report to examine the contributions
of the ERK pathway towards EGFR-dependent propagation of
DU145 PCSCs.

In this effort, we were able to show that EGF stimulation of
EGF-free DU145 sphere cells resulted in ERK activation, but not
STAT3 activation, in a time-dependent manner (Figure S1).
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Figure 3. EGFR signaling blockage reduces the self-renewal activity of DU145 PCSCs. A) Western blot analysis of whole cell lysates
following 24 hour treatment of DU145 spheres with DMSO (D) or increasing concentrations of AG1478 (0.1-20 UM concentration range), in the
presence or absence of exogenous EGF (10 ng/ml; 10EGF). Sphere formation of EGF-free sphere cells was inhibited following treatment with EGFR
inhibitors B) AG1478 or C) PD168393 at various doses in the presence (10EGF) or absence (-EGF) of exogenous EGF (10 ng/ml). Sphere cells were
seeded at a density of 2x 10> cells/well (0.5 ml/well; three replicates per treatment). EGFR inhibitor (AG1478 or PD168393) or DMSO (mock) treatment
was administered at the time of seeding. Spheres that formed were counted 12 days post-seeding. Sphere numbers are displayed as mean * S.E.M.
(the p values for the indicated comparisons were obtained by two-tailed independent Student’s t-test).

doi:10.1371/journal.pone.0061716.g003

Furthermore, the MEK inhibitor, U0126 [36], dose-dependently dominant-negative MEK1(K97M) [37] in DU145 cells (Figure 5B).
reduced the self-renewal capacity of DU145 PCSCs (Figure 5A). MEKI1(K97M) cells displayed reduced ERK activation compared
As expected, U0126 inhibited ERK activation in DU145 PCSCs to empty vector (EV) control cells following FBS-stimulation (10%)
(Figure S2). To consolidate the results implicating MEK-ERK of serum-deprived cells (Figure 5B). In comparison to EV cells,
signaling in DU145 PCSC propagation, we have expressed the MEK1(K97M) cells displayed a significant reduction in generating
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Figure 4. EGFR knockdown reduces the sphere-forming capacity and self-renewal activity of DU145 PCSCs. A) DU145 monolayer cells
were infected with EGFR shRNA lentiviral constructs and selected with puromycin in order to generate stable cell lines. Western blot analysis of
various EGFR knockdown (shEGFR) cells was carried out to evaluate the EGFR knockdown efficiency relative to the non-specific shRNA control
(shCTRL) cell line. B) Stable EGFR knockdown cells form fewer primary (1°) spheres compared to shCTRL cells. Cells were seeded at a density of
2.5x10° cells/well (0.5 ml/well; three replicates per treatment). Sphere numbers are displayed as mean = S.E.M. of three independent experiments
(*p<<0.05 in comparison to the respective -EGF media condition for each cell line; two-tailed independent Student’s t-test). C) Efficient EGFR
knockdown in established DU145 spheres can also be achieved. Cells from EGF-free (-EGF) spheres were infected with shCTRL and shEGFR2 lentivirus.
Loss of EGFR protein expression significantly reduces the D) number of DU145 spheres grown under EGF-free media conditions. EGFR knockdown
(shEGFR2) and shCTRL sphere cells were seeded at a density of 1x10° cells/well (three replicates per cell line). The number of spheres that formed
was counted 12 days post-seeding. Sphere number is displayed as mean * S.EM. of three independent experiments (**p<<0.01; two-tailed
independent Student’s t-test). E) EGFR knockdown in DU145 sphere cells significantly reduced their in vitro anchorage-independent growth. The total
number of colonies in 5 random fields (at 25X magnification) was counted and represented as mean = S.E.M. of three independent experiments
(**p<<0.01; two-tailed independent Student’s t-test). Representative phase contrast images of colonies are shown at 50X magnification (inset). Scale
bar is equal to 100 pm.

doi:10.1371/journal.pone.0061716.9g004

primary spheres (Figure 5C). In support of MEK-ERK signaling Discussion
being critical to EGFR-mediated generation of DU145 PCSCs, ) .
exogenous EGF was incapable of further enhancing primary Cancer stem cells (CSCs) are widely regarded to play a major

sphere formation of MEK1(K97M) cells (Figure 5C). role in. cancer progression. In order .to better understand CSQS, an
essential aspect of GSC research is to develop the capacity to

faithfully propagate CSCs. The established system in this domain
is to culture CSCs as spheres under SF media conditions
supplemented with specific growth factors (GIs) [39]. In terms
of PCSC propagation, the commonly used GFs are EGF and
bFGF. While the combination of both of these GI's was capable of
generating spheres from DU145 cells [11,12,17], the presence of
bFGF actually reduced EGI’s ability to promote the propagation
of DU145 spheres [11]. Therefore, evidence suggests that EGFR
signaling is critical in maintaining the self-renewal capacity of
DU145 PCSCs.

Our research reported here further supports the critical
contribution of EGIR signaling to DU145 PCSC self-renewal.
While propagation of DU145 PCSCs does not require the
presence of exogenous EGF, activation of EGFR signaling
occurred in this condition and more importantly, the activation
of EGFR was also functionally important. This was based on the

To further consolidate the notion that ERK signaling directly
influences PCSC propagation, we have knocked-down either
ERKI or ERK2 in DU145 cells using specific shRNAs (Figure 6A).
These ERK1 and ERK2 shRNA target sequences have previously
been verified to efficiently knockdown either ERK1 or ERK?2 in
human multiple myeloma cells [19] and MCF7 breast cancer cells
[38]. Knockdown of endogenous ERK1 or ERK2 was capable of
significantly reducing primary sphere formation compared to
shRNA control (shLacZ) cells (Figure 6B). Moreover, EGF
treatment was still capable of enhancing sphere formation when
either ERK1 or ERK2 was knocked-down, but not when MEK 1
kinase activity was compromised (Figure 5). This suggests that
redundancy in ERK1 and ERK2 function likely compensates in
EGF-mediated enhancement of sphere formation when either
ERKI1 or ERK2 is knocked-down.
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Figure 5. MEK1-dependent signal blockage inhibits DU145 sphere formation. A) Inhibition of ERK signaling following treatment of DU145
sphere cells with increasing concentrations (M) of U0126 (MEK inhibitor) reduces their capacity to form subsequent spheres. U0126 or DMSO (mock)
treatment was administered at the time of seeding. Sphere cells were seeded at a density of 1x10° cells/well (0.5 ml/well; three replicates per
treatment). The number of spheres (mean = S.E.M.) that formed after 12 days of culture was counted (**p<<0.01 compared to DMSO control; two-
tailed independent Student’s t-test). B) Dominant-negative MEK1(K97M) (pLHCX) cells display reduced ERK1/2 activation compared to empty vector
(EV; pLHCX) control cells. DU145 EV and MEK1(K97M) cells were serum-starved for 12 h, and subsequently stimulated with serum-supplemented (10%
FBS) or serum-free (SF) media for 60 min. C) MEK1(K97M) cells display reduced primary (1°) sphere-forming capacity compared to EV cells when
seeded in serum-free media lacking EGF (-EGF) or containing 10 ng/ml EGF (10EGF). Cells were seeded at a density of 2.5%x10% cells/well (three
replicates per treatment). Sphere numbers are displayed as mean = S.E.M. of three independent experiments (the p values for the indicated
comparisons were obtained by two-tailed independent Student’s t-test).

doi:10.1371/journal.pone.0061716.9g005

observation that inhibition of EGFR signaling reduced DU145
sphere cell propagation in the absence of exogenous EGF
(Figures 3 and 4). Despite the mechanism leading to the activation
of EGFR signaling without the addition of exogenous EGF
requires further investigation, multiple possibilities can be envis-
aged, including the production of EGF or other ligands competent
in activating EGFR in an autocrine fashion, as well as ligand-
independent activation of EGFR. In our effort to determine
whether autocrine-derived EGF-like ligands are responsible for the
activation of EGFR in PCSCs, we examined the effect of treating
sphere cells with an EGFR blocking antibody [40]. This antibody
has been used to reduce EGFR-mediated self-renewal in human
brain tumor stem cells [21]. While this antibody reduced EGF-
enhanced formation of DU145 spheres, the antibody did not effect
DU145 sphere formation under the -EGF media condition (Figure
S3). In conjunction with the observation that the EGFR inhibitor
AG1478 potently inhibited sphere formation (Figure 3B), evidence

PLOS ONE | www.plosone.org

suggests the involvement of ligand-independent EGFR activity in
DU145 sphere propagation. Although we could not exclude the
possibility of autocrine production of EGF or other EGFR-
activating ligands (i.e. TGF-a), it is tempting to suggest that ligand-
independent activation of EGFR may contribute towards EGFR
activation in the -EGF media condition. Mutations in EGFR
resulting in its ligand-independent activation were reported in
prostate cancer. For instance, the EGFRvVIII mutant [41] and
a number of EGFR tyrosine kinase domain mutants [42] that
display activated EGFR signaling have been detected in prostate
cancer. These mutants enhanced EGFR signaling, cell pro-
liferation and transforming ability in the absence of EGF
stimulation [42]. However, future research is needed to identify
the mechanisms responsible for EGFR activation in DU145
PCSCs under the -EGF media condition.

Our finding that EGFR signaling is critical for DU145 PCSCis is
consistent with the emergence of results that support EGFR in
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Figure 6. DU145 sphere formation is significantly reduced by ERK1 and ERK2 knockdown. A) Western blot analysis of endogenous ERK1
and ERK2 (ERK1/2) protein levels following ERK1 or ERK2 knockdown in DU145 monolayer cells. B) ERK1 or ERK2 knockdown results in a significant
reduction in primary sphere formation compared to shRNA control (shLacZ) cells. Cells were seeded at a density of 2.5x10° cells/well (0.5 ml/well;
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test).
doi:10.1371/journal.pone.0061716.g006

playing an essential role in CSCs. Although EGFR is a prognostic
marker of various advanced stage carcinomas such as breast [43],
ovarian [44], prostate [45,46] and non-small cell lung cancers
[47], the role of EGFR expression and signaling in CSCs has only
recently been investigated. Enhanced levels of EGFR expression
have been associated with the stem cell population in prostate
cancer tissue [48]. In human brain cancer, exogenous EGF
significantly enhances the formation of neurosphere cultures, while
mhibition of EGFR tyrosine kinase activity potently inhibits sphere
formation [49]. EGFR expression identifies tumor-initiating cells
with different tumorigenic capacities in human glioblastoma
multiforme [50]; enforced EGFR expression in CSCs enhanced
their tumorigenic potential, while ectopic EGFR expression
increased the in vivo tumorigenic capacity of EGFR-negative
CSC lines. In addition, EGFR knockdown in EGFR* CSCs
decreased their tumorigenicity in vivo and promoted differentia-
tion of these cells. Furthermore, there is evidence suggesting that
EGFR-high expressing cells display stem cell characteristics [50].

While downstream of EGFR lies the PI3K-AKT, MEK-ERK
and STAT3 pathways, we define here that the MEK-ERK
pathway contributes to EGFR’s role in maintaining the “stem-
ness” of DU145 PCSCs. This is consistent with the inhibition of
self-renewal observed following MEK inhibition in human
glioblastoma cancer stem-like cells [51] and human breast
tumor-initiating cells [52]. While MEK-ERK activation is
necessary and sufficient to mediate Raf-induced androgen re-
ceptor (AR) downregulation in prostate cancer cell lines
irrespective of AR sensitivity [53], patients who have failed
hormone ablation therapy display elevated ERK1/2 signal
activation in recurrent tumors [54]. However, we like to stress
that our research does not exclude the possibility that the PI3K-
AKT pathway also contributes to the self-renewal of DUI145
PCSCs.

Supporting Information

Figure S1 EGF treatment of DU145 PCSCs promotes
EGFR signal and downstream MAPK (ERK) signal
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activation. Low passage DU145 spheres, which were cultured
and maintained in EGF-free serum-free media containing 0.4%
BSA and 0.2x B27 (-EGF), were treated with serum-free media
containing 10 ng/ml EGF (10EGT) and whole cell lysates were
prepared at different time points (hours; h) post-treatment.
Western blot analysis of EGIF treatment of spheres results in
EGFR (Tyr1068 phosphorylation; EGFR-P), ERK (Thr202/
Tyr204 phosphorylation; ERKI1/2-P) and STAT3 (Tyr705
phosphorylation; STAT3-P) signal activation. For each sample,
a total of 100 pg of whole cell lysate was used.

(TTF)

Figure S2 U0126 treatment reduces ERK activation in
DU145 PCSCs. Western blot analysis of whole cell lysates (50 pg
of lysate was used for each sample) following 24 hour treatment of
DU145 spheres with a 50 uM dose of U0126 (MEK inhibitor) or
dimethylsulfoxide (DMSO; mock treatment) at an equal volume.
ERK activation was determined by examining the phosphoryla-
tion of ERK1 and ERK2 proteins at Thr202 and Tyr204 residues,
respectively (ERK1/2-P).

(TTF)

Figure S3 Treatment of DU145 PCSCs with an EGFR
function blocking antibody inhibits EGF-enhanced
sphere formation. Individualized cells from EGF-free DU145
spheres were treated (at the time of seeding) with azide-free anti-
EGFR blocking mouse monoclonal antibody, or mouse IgG2
1sotype control antibody, at a concentration of 4 pg/ml. Sphere
cells were seeded at a density of 2x10% cells/well (0.5 ml/well;
three replicates per treatment) in serum-free media lacking EGF (-
EGF) or containing 10 ng/ml EGF (10EGF). The number of
spheres that formed was counted 12 days post-seeding. Sphere
numbers are displayed as mean = S.E.M. (¥<<0.05; two-tailed
independent Student’s ¢-test).

(TIF)

Acknowledgments

The authors like to thank Anthony Bruce for his assistance with the
interpretation of results and constructive input during the preparation of

April 2013 | Volume 8 | Issue 4 | e61716



this manuscript. We would also like to thank Dr. Khalid Al-Nedawi
(Hamilton Centre for Kidney Research, Hamilton, ON, Canada) for
providing the EGFRVIII/pLNCX construct, Dr. Joan Krepinsky (Hamil-
ton Centre for Kidney Research) for providing the EGFR(K721A)/
pLHCX construct, Dr. David Sabatini (Whitehead Institute for Biomedical
Research, Cambridge, MA, USA) for providing the non-specific shRNA
construct (Addgene plasmid 1864), and Dr. Bryan E. Strauss (University of

References

1.

20.

21.

22.

23.

24.

. Moon C, Park JC, Chae YK, Yun JH, Kim S (2008)

Siegel R, Naishadham D, Jemal A (2012) Cancer statistics, 2012. CA
Cancer J Clin 62: 10-29.

. Williams H, Powell IJ (2009) Epidemiology, pathology, and genetics of prostate

cancer among African Americans compared with other ethnicities. Methods Mol

Biol 472: 439-453.

. Ross JS (2007) The androgen receptor in prostate cancer: therapy target in

search of an integrated diagnostic test. Adv Anat Pathol 14: 353-357.
Jurrent status of
experimental therapeutics for prostate cancer. Cancer Lett 266: 116-134.

. Tang DG, Patrawala L, Calhoun T, Bhatia B, Choy G, et al. (2007) Prostate

cancer stem/progenitor cells: identification, characterization, and implications.
Mol Carcinog 46: 1-14.

. Lawson DA, Witte ON (2007) Stem cells in prostate cancer initiation and

progression. J Clin Invest 117: 2044-2050.

. Kasper S (2008) Stem cells: The root of prostate cancer? J Cell Physiol 216: 332~

336.
Singh SK, Hawkins C, Clarke ID, Squire JA, Bayani J, et al. (2004)
Identification of human brain tumour initiating cells. Nature 432: 396-401.

. Ponti D, Costa A, Zaffaroni N, Pratesi G, Petrangolini G, et al. (2005) Isolation

and in vitro propagation of tumorigenic breast cancer cells with stem/progenitor
cell properties. Cancer Res 65: 5506-5511.

. Ricci-Vitiani L, Lombardi DG, Pilozzi E, Biffoni M, Todaro M, et al. (2007)

Identification and expansion of human colon-cancer-initiating cells. Nature 445:
111-115.

. Rybak AP, He L, Kapoor A, Cutz JC, Tang D (2011) Characterization of

sphere-propagating cells with stem-like properties from DU145 prostate cancer
cells. Biochim Biophys Acta 1813: 683-694.

. Dubrovska A, Kim S, Salamone R], Walker JR, Maira SM, et al. (2009) The

role of PTEN/Akt/PI3K signaling in the maintenance and viability of prostate
cancer stem-like cell populations. Proc Natl Acad Sci U S A 106: 268-273.

. Miki J, Furusato B, Li H, Gu Y, Takahashi H, et al. (2007) Identification of

putative stem cell markers, CD133 and CXCR4, in hTERT-immortalized
primary nonmalignant and malignant tumor-derived human prostate epithelial
cell lines and in prostate cancer specimens. Cancer Res 67: 3153-3161.

. Li H, Zhou J, Miki J, Furusato B, Gu Y, et al. (2008) Telomerase-immortalized

non-malignant human prostate epithelial cells retain the properties of multi-
potent stem cells. Exp Cell Res 314: 92-102.

. Rajasekhar VK, Studer L, Gerald W, Socci ND, Scher HI (2011) Tumour-

initiating stem-like cells in human prostate cancer exhibit increased NF-kappaB
signalling. Nat Commun 2: 162.

. Yamamoto H, Masters JR, Dasgupta P, Chandra A, Popert R, et al. (2012)

CD49f Is an Efficient Marker of Monolayer- and Spheroid Colony-Forming
Cells of the Benign and Malignant Human Prostate. PLoS One 7: ¢46979.
Salvatori L, Caporuscio F, Verdina A, Starace G, Crispi S, et al. (2012) Cell-to-
cell signaling influences the fate of prostate cancer stem cells and their potential
to generate more aggressive tumors. PLoS One 7: ¢31467.

. LiY, Wu D, Chen B, Ingram A, He L, et al. (2004) ATM activity contributes to

the tumor-suppressing functions of pI4ARF. Oncogene 23: 7355-7365.

. Chatterjee M, Stuhmer T, Herrmann P, Bommert K, Dorken B, et al. (2004)

Combined disruption of both the MEK/ERK and the IL-6R/STAT3 pathways
is required to induce apoptosis of multiple myeloma cells in the presence of bone
marrow stromal cells. Blood 104: 3712-3721.

Dull T, Zufferey R, Kelly M, Mandel RJ, Nguyen M, et al. (1998) A third-
generation lentivirus vector with a conditional packaging system. J Virol 72:
8463-8471.

Kelly JJ, Stechishin O, Chojnacki A, Lun X, Sun B, et al. (2009) Proliferation of
human glioblastoma stem cells occurs independently of exogenous mitogens.
Stem Cells 27: 1722-1733.

Rojas M, Yao S, Lin YZ (1996) Controlling epidermal growth factor (EGF)-
stimulated Ras activation in intact cells by a cell-permeable peptide mimicking
phosphorylated EGF receptor. J Biol Chem 271: 27456-27461.

Ekstrand AJ, Longo N, Hamid ML, Olson JJ, Liu L, et al. (1994) Functional
characterization of an EGF receptor with a truncated extracellular domain
expressed in glioblastomas with EGFR gene amplification. Oncogene 9: 2313~
2320.

Gan HK, Walker F, Burgess AW, Rigopoulos A, Scott AM, et al. (2007) The
epidermal growth factor receptor (EGFR) tyrosine kinase inhibitor AG1478
increases the formation of inactive untethered EGFR dimers. Implications for
combination therapy with monoclonal antibody 806. J Biol Chem 282: 2840
2850.

PLOS ONE | www.plosone.org

The EGFR-ERK Pathway Promotes PCSC Self-Renewal

Sao Paulo School of Medicine, Sdo Paulo, Brazil) for providing the third-
generation lentiviral packaging plasmids used in this study.

Author Contributions

Conceived and designed the experiments: APR AJI DT. Performed the
experiments: APR. Analyzed the data: APR DT. Contributed reagents/
materials/analysis tools: AJI DT. Wrote the paper: APR DT.

28.

29.

30.

34.

37.

38.

40.

41.

42.

43.

46.

47.

48.

. Fry DW, Bridges AJ, Denny WA, Doherty A, Greis KD, et al. (1998) Specific,

irreversible inactivation of the epidermal growth factor receptor and erbB2, by
a new class of tyrosine kinase inhibitor. Proc Natl Acad Sci U S A 95: 12022~
12027.

. Honegger AM, Dull TJ, Felder S, Van Obberghen E, Bellot F, et al. (1987) Point

mutation at the ATP binding site of EGF receptor abolishes protein-tyrosine
kinase activity and alters cellular routing. Cell 51: 199-209.

. Colburn NH, Bruegge WF, Bates JR, Gray RH, Rossen JD, et al. (1978)

Correlation of anchorage-independent growth with tumorigenicity of chemically
transformed mouse epidermal cells. Cancer Res 38: 624-634.

Shin SI, Freedman VH, Risser R, Pollack R (1975) Tumorigenicity of virus-
transformed cells in nude mice is correlated specifically with anchorage
independent growth in vitro. Proc Natl Acad Sci U S A 72: 4435-4439.
Freedman VH, Shin SI (1974) Cellular tumorigenicity in nude mice: correlation
with cell growth in semi-solid medium. Cell 3: 355-359.

McCubrey JA, Steelman LS, Abrams SL, Lee JT, Chang I, et al. (2006) Roles of
the RAF/MEK/ERK and PISK/PTEN/AKT pathways in malignant trans-
formation and drug resistance. Adv Enzyme Regul 46: 249-279.

Quesnelle KM, Boechm AL, Grandis JR (2007) STAT-mediated EGFR signaling
in cancer. J Cell Biochem 102: 311-319.

Grandis JR, Drenning SD, Chakraborty A, Zhou MY, Zeng Q, et al. (1998)
Requirement of Stat3 but not Statl activation for epidermal growth factor
receptor- mediated cell growth In vitro. J Clin Invest 102: 1385-1392.

. Kaptein A, Paillard V, Saunders M (1996) Dominant negative stat3 mutant

inhibits interleukin-6-induced Jak-STAT signal transduction. J Biol Chem 271:
5961-5964.

Ni Z, Lou W, Leman ES, Gao AC (2000) Inhibition of constitutively activated
Stat3 signaling pathway suppresses growth of prostate cancer cells. Cancer Res
60: 1225-1228.

. Dhir R, Ni Z, Lou W, DeMiguel F, Grandis JR, et al. (2002) Stat3 activation in

prostatic carcinomas. Prostate 51: 241-246.

. Favata MF, Horiuchi KY, Manos EJ, Daulerio AJ, Stradley DA, et al. (1998)

Identification of a novel inhibitor of mitogen-activated protein kinase kinase.
J Biol Chem 273: 18623-18632.

Mansour SJ, Matten WT, Hermann AS, Candia JM, Rong S, et al. (1994)
Transformation of mammalian cells by constitutively active MAP kinase kinase.
Science 265: 966-970.

Wei F, Xie Y, Tao L, Tang D (2010) Both ERK1 and ERK2 kinases promote
G2/M arrest in etoposide-treated MCF7 cells by facilitating ATM activation.
Cell Signal 22: 1783-1789.

. Visvader JE, Lindeman GJ (2008) Cancer stem cells in solid tumours:

accumulating evidence and unresolved questions. Nat Rev Cancer 8: 755-768.
Gill GN, Kawamoto T, Cochet C, Le A, Sato JD, et al. (1984) Monoclonal anti-
epidermal growth factor receptor antibodies which are inhibitors of epidermal
growth factor binding and antagonists of epidermal growth factor binding and
antagonists of epidermal growth factor-stimulated tyrosine protein kinase
activity. J Biol Chem 259: 7755-7760.

Olapade-Olaopa EO, Moscatello DK, MacKay EH, Horsburgh T, Sandhu DP,
et al. (2000) Evidence for the differential expression of a variant EGF receptor
protein in human prostate cancer. Br J Cancer 82: 186-194.

Cai CQ, Peng Y, Buckley MT, Wei J, Chen F, et al. (2008) Epidermal growth
factor receptor activation in prostate cancer by three novel missense mutations.
Oncogene 27: 3201-3210.

Livasy CA, Karaca G, Nanda R, Tretiakova MS, Olopade OI, et al. (2006)
Phenotypic evaluation of the basal-like subtype of invasive breast carcinoma.

Mod Pathol 19: 264-271.

. Nielsen JS, Jakobsen E, Holund B, Bertelsen K, Jakobsen A (2004) Prognostic

significance of p53, Her-2, and EGFR overexpression in borderline and
epithelial ovarian cancer. Int J Gynecol Cancer 14: 1086-1096.

Shah RB, Ghosh D, Elder JT (2006) Epidermal growth factor receptor (ErbB1)
expression in prostate cancer progression: correlation with androgen in-
dependence. Prostate 66: 1437-1444.

Schlomm T, Kirstein P, Iwers L, Daniel B, Steuber T, et al. (2007) Clinical
significance of epidermal growth factor receptor protein overexpression and
gene copy number gains in prostate cancer. Clin Cancer Res 13: 6579-6584.
Garcia de Palazzo IE, Adams GP, Sundareshan P, Wong AJ, Testa JR, et al.
(1993) Expression of mutated epidermal growth factor receptor by non-small cell
lung carcinomas. Cancer Res 53: 3217-3220.

Mimeault M, Johansson SL, Batra SK (2012) Pathobiological implications of the
expression of EGFR, pAkt, NF-kappaB and MIC-1 in prostate cancer stem cells
and their progenies. PLoS One 7: €31919.

April 2013 | Volume 8 | Issue 4 | e61716



49.

50.

51.

Soeda A, Inagaki A, Oka N, Tkegame Y, Aoki H, et al. (2008) Epidermal growth
factor plays a crucial role in mitogenic regulation of human brain tumor stem
cells. J Biol Chem 283: 10958-10966.

Mazzoleni S, Politi LS, Pala M, Cominelli M, Franzin A, et al. (2010) Epidermal
growth factor receptor expression identifies functionally and molecularly distinct
tumor-initiating cells in human glioblastoma multiforme and is required for
gliomagenesis. Cancer Res 70: 7500-7513.

Sunayama J, Matsuda K, Sato A, Tachibana K, Suzuki K, et al. (2010) Crosstalk
between the PI3K/mTOR and MEK/ERK pathways involved in the
maintenance of self-renewal and tumorigenicity of glioblastoma stem-like cells.
Stem Cells 28: 1930-1939.

PLOS ONE | www.plosone.org

1

53.

54.

The EGFR-ERK Pathway Promotes PCSC Self-Renewal

. Chang CJ, Yang JY, Xia W, Chen CT, Xie X, et al. (2011) EZH2 promotes

expansion of breast tumor initiating cells through activation of RAFl-beta-
catenin signaling. Cancer Cell 19: 86-100.

Hong SK, Kim JH, Lin MF, Park JI (2011) The Raf/MEK/extracellular signal-
regulated kinase 1/2 pathway can mediate growth inhibitory and differentiation
signaling via androgen receptor downregulation in prostate cancer cells. Exp
Cell Res 317: 2671-2682.

Gioeli D, Mandell JW, Petroni GR, Frierson HF Jr, Weber MJ (1999) Activation
of mitogen-activated protein kinase associated with prostate cancer progression.
Cancer Res 59: 279-284.

April 2013 | Volume 8 | Issue 4 | e61716



