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ABSTRACT
Progression of prostate cancer has been associated with EGFR and HER2 activation and to tumor-
initiating cells contribution toward chemotherapy resistance. We investigated the efficacy of a dual
intervention against EGFR and HER2 to deplete the tumor-initiating cells, optimize the chemotherapy
management and prevent the progression of castration-resistant prostate cancer (CRPC) cells. Using
DU145, PC3, and 22Rv1 CRPC cell lines, biochemical analysis revealed activation of EGFR, HER2, MAPK,
and STAT3 in DU145 and 22Rv1, and AKT and SRC in DU145 and PC-3. pSTAT3 nuclear staining was
observed in DU145 xenografts and in 12 out of 14 CRPC specimens. The in vivo dual targeting of ErbB
receptors with Cetuximab and Trastuzumab combined with chemotherapy caused an effective anti-
tumor response in DU145 xenografted mice displaying STAT3 activation; conversely PC-3 bearing mice
experienced tumor relapse. The potentiating of in vivo cytotoxic effect in DU145 model was accom-
panied by a significant decrease of prostatosphere-forming capacity assessed in vitro on residual tumor
cells. Additionally, combined treatment in vitro with Cetuximab, Trastuzumab and chemotherapy
negatively affected DU145 and 22Rv1 sphere formation, suggesting the critical function of ErbB
receptors for tumor-initiating cells proliferation; no effect on PC-3 clonogenic potential was observed,
indicating that other receptors than EGFR and HER2 may sustain PC3 tumor-initiating cells. These
findings provided the preclinical evidence that the dual inhibition of EGFR and HER2 by targeting tumor-
initiating cells may improve the efficacy of the current chemotherapy regimen, bringing benefits
especially to castration-resistant patients with activated STAT3, and preventing disease progression.
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Introduction

Prostate cancer (PC) is among the most common cancer
diagnosis and the second-leading cause of cancer-related
deaths in men.1,2 The standard care for clinically localized
PC includes surgery, anti-hormonal therapies, and radiother-
apy. By contrast, the advanced and metastatic PC forms are
mainly treated with androgen deprivation therapy (ADT).
Despite an early response to ADT, the majority of patients
generally develop castration-resistant prostate cancers (CRPC)
within few years. Despite docetaxel (taxotere)-based che-
motherapy confers a survival benefit in CRPC patients,3 med-
ian overall survival (OS) for patients affected by metastatic
CRPC is less than 20 months supporting the need to identify
events crucial in tumor progression.

Among the mechanisms supporting the progression of
CRPCs, several studies have indicated the aberrant expression
and activation of ErbB1 (EGFR) and ErbB2 (HER2)
receptors.4–10 The physiologic significance of HER2 in CRPC
is also corroborated by studies showing an increased HER2
expression or activity in CRPC clinical samples11-13 and the
positive association between the expression of the receptor
and the aggressiveness of primary untreated PC.14 Similarly,

the overexpression and activation of EGFR during the CRPC
development15 and the disease progression16 has been
reported.

The theoretical cancer stem cell (CSC) model postulates
a hierarchical organization of human tumors, in which only
a subset of tumor cells is endowed with tumor-initiating and
long-term tumor propagating activity. These cells exhibit
phenotypic and functional features typical of normal stem
cells and are involved in tumor initiation, metastatic spread-
ing, and drug resistance,17 providing the basis for disease
relapse following initial tumor response to the standard ther-
apeutic regimen.

EGFR and HER2 module plays pivotal functions in the
rapid clonal expansion of progenitor cells derived from
CSCs.18 This scenario is especially relevant to solid tumors.
Opportunities for drug interventions against EGFR and HER2
could precisely and timely eliminate very small populations of
tumor-initiating cells and block tumor progression.
Accordingly, the use of selective inhibitors against EGFR
and Hedgehog increased the cytotoxicity of Taxotere-based
chemotherapy in CRPC, thus reducing disease relapse.19

In the present study, we aimed to investigate the role of
EGFR and HER2 in sustaining tumor-initiating cells in three
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CRPC cell lines DU145, PC-3 and 22Rv1 responsive to doc-
etaxel. We also evaluated whether co-targeting EGFR and
HER2 in combination with docetaxel (Taxotere)-based ther-
apy might perturbate the pool of CSCs and enhance the
efficacy of the current chemotherapeutic regimen.

Results

EGFR and HER2 are expressed and activated in
hormone-independent prostate carcinoma cells

As the first step to explore the involvement of EGFR and
HER2 in CRPC progression, the expression and activation
status of EGFR and HER2 and of key molecules downstream
of the two receptors were investigated by Western blot in
three-CRPC cell lines: DU145 and PC-3 both lacking
Androgen Receptor (AR) expression and 22Rv1 expressing
AR. As shown in Figure 1a, all cell lines expressed activated
EGFR and HER2 and in keeping with their activation, MAPK,
and STAT3 were almost exclusively activated in DU145 and
22Rv1, while AKT and SRC were phosphorylated in DU145
and PC-3 (Figure 1a). IHC analysis of formalin-fixed paraffin-
embedded (FFPE) blocks from 14 hormone-independent
prostate carcinomas all expressing AR showed a focal staining
of pSTAT3 in 12 cases. Moreover, the expression of EGFR
and HER2 in pSTAT3-positive tumors was detectable in 6 out

of 10 specimens in which analysis of ErbB receptors was
possible (Figure 1b and Supplementary Table 1). Normal
prostate counterpart of CRPCs showed AR and EGFR posi-
tivity and lack of HER2 and pSTAT3 expression
(Supplementary Figure 1).

Based on evidence indicating that EGF-induced STAT3
phosphorylation promotes prostate cancer cell progression
through TWIST1 expression and prostate cancer cell epithe-
lial/mesenchimal transition20 and our previous results show-
ing that EGFR through STAT3 sustains tumor-initiating cell
proliferation in squamous cell carcinomas,21 we speculated
that EGFR-HER2 module could sustain the progression of
CRPC cells by maintaining tumor stemness through STAT3
activation.

Combinatorial treatment of human prostate xenografted
tumors with taxotere, cetuximab, and trastuzumab
overcomes tumor relapse

To investigate the blockade of EGFR and HER2 in eradicating
tumor mass by inhibition of tumor-initiating cells, we per-
formed in vivo experiments on male SCID mice xenografted
with established subcutaneous DU145 or PC-3 tumors. In
keeping with in vitroresults shown in Figure 1a, PC-3 and
DU145 cells grown in SCID mice showed IHC staining of
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Figure 1. EGFR and HER2 are expressed and functional in prostate cancer cell lines and human tumors. (a) The expression levels and the activated (phosphorylated)
status of EGFR and HER2 and downstream molecules of signaling pathways, AKT, MAPK, STAT3 and SRC, in DU145, PC-3 and 22Rv1 cells evaluated by Western blot;
β-actin and vinculin were used as loading protein controls (data are representative of 2 independent experiments). (b) Representative IHC images of FFPE human
malignant prostate tissue specimen probed with an anti-HER2, anti-EGFR, anti-pSTAT3 or anti-AR antibody. All sections were analyzed under a microscope and
immunoreactivity was evaluated by dark brown staining. Upper panels: negative staining, lower panels: positive staining. Scale bar: 10 µm.
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EGFR and HER2, and focal nuclear labeling of pSTAT3 was
observed only in DU145 xenografts (Figure 2a). When tumor
volume reached the size of ~ 100 mm3 (day 22 in DU145
and day 15 in PC-3 xenografts), mice were randomized in 8
groups (4–5 mice/group) and treated i.p. with Trastuzumab,
a specific monoclonal antibody against HER2 (10mg/Kg) or
Cetuximab, a specific monoclonal antibody against EGFR
(1mg/Kg) administered alone or in combination, i.v. with
Taxotere (6.66mg/Kg) given alone or in combination with
Trastuzumab or Cetuximab or both; a control group was
treated with saline solution. Treatments were repeated on
days 30, 36, 44 and 50 in DU145, on days 21, 29, 37 and 43
in PC-3 and were all well tolerated. As shown in Figure 2b
and c, in DU145 model, tumors of mice treated with saline
solution or Trastuzumab grew progressively, while treatment
with Cetuximab, the bi-combination Trastuzumab plus
Cetuximab and Taxotere alone induced a significant tumor
regression as compared to saline-treated mice, but tumor
regrowth was observed in taxotere-treated mice from the
end of treatment (day 56). The addition of Trastuzumab or
Cetuximab to Taxotere-based therapy resulted in
a considerable tumor growth inhibition during treatment,
but tumor regrowth was observed from day 80 in mice treated
with Taxotere plus Trastuzumab, and from day 136 in mice
treated with Taxotere plus Cetuximab. Intriguingly, treatment

with the triple combination Taxotere, Trastuzumab and
Cetuximab markedly inhibited tumor growth (p = .0052 ver-
sus Taxotere alone), and at the end of the experiment (day
200) 4 out 5 mice (80%) resolved their tumor and became
tumor-free, whereas 1 out of 5 mice (20%) was with a barely
palpable tumor.

In sharp contrast, in PC-3 model lacking STAT3 activation as
already reported,22 treatment with Trastuzumab or Cetuximab
given alone or in combination did not inhibit the tumor progres-
sion. As expected, tumors were sensitive to Taxotere resulting in
a marked tumor regression. However, at the end of treatment mice
experienced the tumor regrowth. Despite the addition of
Trastuzumab, or Cetuximab or both to chemotherapy,mice experi-
enced an immediate tumor relapse (Figure 2b and c).

Hence, these results indicated that although both DU145
and PC-3 models express active EGFR and HER2, the simul-
taneous use of Cetuximab and Trastuzumab significantly
improved the outcome of the current conventional Taxotere-
based monotherapy only in DU145 models that displayed
activation of STAT3 (Figures 1a and 2a). Moreover, the over-
coming of tumor regrowth that normally occurs at the end of
drugs’ treatment, observed with the triple combination of
drugs was suggestive of the efficacy of a target-therapy against
EGFR and HER2 to eliminate the tumor-initiating cells and
completely eradicate the tumor in these xenografts.

Figure 2. Antitumor activity of Taxotere, Trastuzumab, and Cetuximab in DU145 and PC-3 xenografted models. (a) Representative IHC image of FFPE DU145 and PC-3
xenografts probed with an anti-HER2, anti-EGFR or anti-pSTAT3 antibody. Scale bar: 50 µm. (b) Male SCID mice bearing established (100mm3) DU145 or PC-3
xenograft models were treated with Trastuzumab (10mg/Kg) i.p., Cetuximab (1mg/mouse) i.p., Taxotere (6.66mg/Kg) i.v., given alone, in dual or triple combination;
control mice were treated with saline. Treatments were administered weekly for 5 consecutive weeks (arrow). Mean tumor volumes ± SD are shown (n = 4–5). (c)
DU145 and PC-3 tumor volumes 1 week after the end of treatments (at day 57 and day 50, respectively). ** p < .01, ***p < .001 by unpaired t-test.
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The in vivo treatment with taxotere, trastuzumab, and
cetuximab inhibits DU145 tumor-initiating cells

The capacity to form prostatospheres is a marker of cell
stemness and correlates to tumor-initiating capacity, thus
representing a reliable approach to carry out in vitro eva-
luation of tumor-initiating cells. At this regard, to demon-
strate that co-targeting EGFR and HER2 in vivo in
combination with Taxotere could have ameliorated the
effects of standard chemotherapy through the selective inhi-
bition of tumor-initiating cell subset, we tested the ability
of alive tumor cells isolated from residual tumors harvested
24 hr after the last treatment in vivo to form prostato-
spheres in vitro. The average volume of harvested tumors
ranged from >1500 mm3 in saline group to 20 mm3 in
Taxotere plus Cetuximab and Taxotere plus Cetuximab
and Trastuzumab groups. As shown in Figure 3a, the triple
combination Taxotere plus Trastuzumab and Cetuximab
led to a significant decrease of sphere-forming efficiency
(SFE) as compared to Taxotere alone and saline-treated
tumors (4- and 7.1-fold; p < .05 and p < .001, respectively)
Trastuzumab and Cetuximab alone or in combination
resulted to important decrease of prostatosphere formation
as compared to saline treated cells (2.5-, 2.5- and 4.9-fold;
p < .001, p < .01, respectively). These findings suggest that

either the complete tumor regression observed in vivo or
the significant prostatosphere-forming efficiency inhibition
in vitro upon treatment with the triple drug combination
can be explained through the elimination of either the
tumor bulk or the tumor-initiating cell sub-population.
Moreover, the strong decrease of prostatosphere-forming
efficiency assessed ex vivo strongly supports the hypothesis
of a pivotal role by EGFR and HER2 in the maintenance of
tumor-initiating cells that reportedly occurs during cyto-
toxic treatment.23 No different cell growth of cells derived
from xenografts in adherent condition as evaluated by MTT
(data not shown) indicated that the differences in SFE
efficiencies could depend on the reduction of tumor-
initiating cell sub-population upon treatments impairing
EGFR and/or HER2 signaling.

PC-3 cells obtained from different xenograft groups,
including saline one, did not form prostatospheres suggesting
that evaluation of tumor-initiating cells cannot be performed
by sphere methodology. Accordingly, further analyses per-
formed on PC-3 cells grown in vitro confirmed this hypoth-
esis. Indeed, PC-3 cells stained with PKH26 or PKH67 dyes
before seeding in nondifferentiating culture conditions, did
not form individual spheres homogeneously stained with
a single dye, as was the case of DU145 cells (Figure 3b),

Figure 3. Effects of in vivo Trastuzumab, Cetuximab, and Taxotere treatment on prostatosphere-forming efficiency in vitro. (a) DU145 xenografted mice were treated
with Trastuzumab (10mg/kg) i.p., Cetuximab (1mg/mouse) i.p., and Taxotere (6.66mg/kg) i.v. given alone or in combination, or left untreated. Drugs were
administered weekly for 5 consecutive weeks. 24 h after the last treatment, mice were sacrificed, residual tumors excised, tumor cells isolated and plated in vitro
under the serum-free condition to form prostatospheres. Sphere-forming efficiency, calculated as the ratio between the number of spheres counted in each well and
the number of single cells seeded each well, was evaluated after 96 h. Results (mean values ± S.D.) from triplicates for each treatment condition are shown. §§
p < .01; §§§ p < .001 against untreated tumor cells; *p < .05 against Taxotere-treated cells by Bonferroni’s Multiple comparison test. Abbreviations:
Cetux = Cetuximab; Trast = Trastuzumab; Taxo = Taxotere. (b) Fluorescence microscopy images from DU145 and PC-3 cells labeled with PKH-67 (green) and
PKH-26 (red) dyes, and plated under prostatosphere-forming conditions. After 4 days the capability to form prostatospheres from a single cell and characterized by
a homogeneous staining for PKH-67 or PKH-26 dye was evaluated.

466 A. ROSSINI ET AL.



confirming the impossibility of using sphere-forming assay to
investigate tumor-initiating cells in this PC model.

EGFR and HER2 sustain DU145-derived prostatosphere
proliferation

To further determine whether EGFR and HER2 were func-
tional for DU145 tumor-initiating cells proliferation, we
evaluated the activation of these receptors and downstream
molecules in cells grown in monolayer or in sphere-
forming conditions. As shown in Figure 4a, EGFR, HER2,
and STAT3 resulted more activated in cells grown as
spheres other than monolayer. To test the efficacy of tar-
geting selectively EGFR and HER2 with Cetuximab and
Trastuzumab, respectively, in inhibiting the prostatosphere
formation, single-cell suspensions were grown under pros-
tatosphere-forming or adherent conditions in the presence
or not of Trastuzumab, Cetuximab or both, and the

prostatosphere-forming efficiency was evaluated 96 h later.
Cetuximab treatment (25 or 100µg/ml) significantly inhib-
ited the SFE as compared to untreated cells and no differ-
ences were observed according to the dose. Similarly, upon
treatment with Trastuzumab, at the doses 25µg/ml, and
100µg/ml the SFE values decreased significantly as com-
pared to untreated cells with a higher inhibition at dose
100µg/ml. When Cetuximab (25µg/ml) was co-administered
with Trastuzumab (100µg/ml), the SFE decreased further as
compared to Cetuximab alone (25µg/ml) and Trastuzumab
alone (100µg/ml) (Figure 4b). In sharp contrast, results
from MTT assay revealed no effect on monolayer cell pro-
liferation by Cetuximab and Trastuzumab given alone or in
combination (Figure 4c). Together with the sphere-forming
efficiency inhibition observed upon treatment with anti-
EGFR and anti-HER2 antibodies in vivo (Figure 3a), these
results support the crucial role of EGFR and HER2 in
tumor-initiating cell proliferation.

Figure 4. Effects of anti-EGFR and anti-HER2 monoclonal antibodies and chemotherapy treatment on prostatosphere-forming efficiency and adherent growth of
DU145 cells. (a) The expression levels and the activated (phosphorylated) status of EGFR and HER2 and downstream signaling molecules, AKT, MAPK, STAT3 and SRC,
were analyzed in cell line grown in adherent (Ad) and prostatosphere-forming (Sp) conditions by Western blot (one representative of two-independent experiments
is shown). β-actin was used as a loading control. (b) Dose–response assay on DU145 cells treated with escalating doses of Cetuximab, Trastuzumab alone or in
combination in serum-free medium and then plated under prostatosphere-forming conditions; the prostatosphere-forming efficiency was evaluated 96 h later and
calculated as the ratio between the number of spheres/well and the number of single cells seeded in each well. Results (mean values±S.D.) representing one of two
independent experiments, from triplicates for every treatment condition are shown. **p < .01; ***p < .001 (against control) by Bonferroni’s Multiple comparison test.
Abbreviations: Ctrl = control; Cetux = Cetuximab; Trast = Trastuzumab. (c) Dose–response assay on DU145 cells treated with escalating doses of Cetuximab,
Trastuzumab alone or in combination in serum-free medium under monolayer conditions. Results from MTT assay revealed no effect on cell proliferation by
Cetuximab and Trastuzumab given alone or in combination. Abbreviations: Ctrl = control; Cetux = Cetuximab; Trast = Trastuzumab. (d) Cells were treated with
Trastuzumab (100µg/ml), Cetuximab (25µg/ml), Taxotere (2.5nM) alone or in combination under adherent growth condition for 72 h, then trypsinized and seeded in
the serum-free medium; the prostatosphere-forming efficiency was evaluated after 96 h. Results (mean values ± S.E.M) from two independent experiments, from
triplicates for every treatment condition are displayed. **p< .01; *** p < .001 versus untreated cells, by Bonferroni’s Multiple comparison test. Abbreviations:
Ctrl = control; Cetux = Cetuximab; Trast = Trastuzumab; Taxo = Taxotere.
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To mimic the effects induced by in vivo treatments, DU145
monolayer cells were treated in vitro with Taxotere (2.5nM),
Cetuximab (25µg/ml) and or Trastuzumab (100µg/ml) for 72
h and the effects on prostatosphere-forming efficiency evalu-
ated after 96 h. As shown in Figure 4d, Taxotere alone
induced a significant SFE inhibition as compared to untreated
cells as similar as that induced by Trastuzumab, Cetuximab
given alone or in combination. The addition of Trastuzumab
or Cetuximab to Taxotere did not impair the SFE, except for
the triple combination of drugs for which the SFE values
further declined. In agreement with the SFE inhibition
observed ex vivo from in vivo treated-cells, these results sup-
port the pivotal role of EGFR and HER2 in sustaining the
growth of stem-like cells in DU145 model.

Since 22Rv1 cells that express AR along with activated
EGFR, HER2, and STAT3 showed the capability to form indi-
vidual spheres homogeneously stained with PKH26 or PKH67
(Figure 5a), the effect of inhibition of EGFR and HER2 in
combination or not with Taxotere was investigated in prostato-
sphere assay. 22Rv1 monolayer cells were treated in vitro with
Taxotere (1.25nM), Cetuximab (25µg/ml) and or Trastuzumab
(100µg/ml) for 72 h and the effects on prostatosphere-forming
efficiency evaluated after 96 h. Similarly to what observed in

DU145 cells, Taxotere, Trastuzumab, and Cetuximab alone
induced SFE inhibition as compared to untreated cells and
the addition of Trastuzumab or Cetuximab to Taxotere did
not further decrease SFE (Figure 5b). As observed in DU145
cells, the triple combination of drugs determined the highest
inhibition of prostatosphere growth.

EGFR and HER2 sustain the clonogenic capacity of
prostate tumor-initiating cells

Clonogenic growth is also an in vitro indicator of self-renewal
of normal and tumor-initiating cells. Therefore, since PC-3
cells did not form in vitro prostatospheres in adequate condi-
tions, we performed experiments aimed to modulate EGFR
and HER2 activation pathways in combination or not with
Taxotere, and explored the effects on the clonogenic potential
of prostate cancer cell lines. DU145, PC-3 and 22Rv1 grown
in monolayer conditions were treated for 72 h with
Trastuzumab (100μg/ml) or Cetuximab (25μg/ml), given
alone or in combination with Taxotere (2.5nM for DU145
and PC3 and 1.25nM for 22Rv1), and then plated in 96-well
plates at the seeding density of one cell per well and allowed
to grow for 15 days in serum-free medium. Figure 6a displays
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Figure 5. Effects of in vivo Trastuzumab, Cetuximab, and Taxotere treatment on 22Rv1 prostatosphere-forming efficiency in vitro. (a) Fluorescence microscopy images
from cells labeled with PKH-67 (green) and PKH-26 (red) dyes, and plated under prostatosphere-forming conditions. After 4 days the capability to form prostato-
spheres from a single cell and characterized by a homogeneous staining for PKH-67 or PKH-26 dye was evaluated. Scale bar: 50 µm. (b) Cells were treated with
Trastuzumab (100µg/ml), Cetuximab (25µg/ml), Taxotere (1.25nM) alone or in combination under adherent growth condition for 72 h, then trypsinized and seeded in
serum-free medium; the prostatosphere-forming efficiency was evaluated after 96 h. Results (mean values ± S.D.) from one representative of two-independent
experiments, respectively, from triplicates for every treatment condition are displayed. **p< .01; *** p < .001 versus untreated cells, by Bonferroni’s Multiple
comparison test. Abbreviations: Ctrl = control; Cetux = Cetuximab; Trast = Trastuzumab; Taxo = Taxotere.
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that in DU145 neither Trastuzumab nor Cetuximab alone did
reduce the colony formation (mean±SEM: 25.5%±1.56% for
Trastuzumab, 29.7%±1.56% for Cetuximab versus 25.0%
±1.04% for untreated cells), whereas the dual combination
Trastuzumab and Cetuximab did impair the clonogenic capa-
city to 19.3%±0.52%. Treating with Taxotere induced

a 2.7-fold reduction of clonogenic potential as compared to
untreated cells (9.38%±1.05% versus 25.0%±1.04%; p < .001),
that further decreased with the combination Taxotere plus
Trastuzumab and with Taxotere plus Cetuximab.
Interestingly, a remarkable reduction of clonogenic capacity
was observed with the triple combination Taxotere plus

(a) (b)

(c)

Figure 6. Colony formation of prostate cancer cells. (a) DU145, (b) PC-3 and (c) 22Rv1 were treated with Trastuzumab (100µg/ml), Cetuximab (25µg/ml) alone and in
combination, and or with Taxotere (2.5nM and 1.25nM in 22Rv1) for 72 h in adherent conditions. Cells were then trypsinized, plated one cell/well in 96-well plates in
serum-free medium. The clonogenic capacity was evaluated after 2 weeks. Results (mean ± S.E.M.) from two independent experiments are represented (*p<.05;
**p<.01; ***p < .001 versus control; versus control, by Bonferroni’s Multiple comparison test). Abbreviations: Ctrl = control; Cetux = Cetuximab; Trast = Trastuzumab;
Taxo = Taxotere.
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Trastuzumab and Cetuximab as compared to control (mean
±SEM: 2.6%±0.53% versus 25.0%±1.04%; p = <0.0001).

In PC-3 cells (Figure 6b) the monoclonal antibodies anti-
EGFR and anti-HER2 alone or in combination did not
decrease the clonogenic capacity. Although Taxotere treat-
ment induced a 2-fold reduction of clonogenic potential as
compared to untreated cells (10.9%±0.52% versus 22.4%
±0.52%, p < .0001), the addition of Cetuximab and
Trastuzumab to Taxotere-based chemotherapy did not con-
tribute to impair the colony formation, resulting in percentage
values of clonogenic potential as similar as in Taxotere alone.
Regarding 22Rv1 cells, no reduction of clone formation was
observed upon Trastuzumab and Cetuximab alone or in com-
bination, while Taxotere treatment induced a 5-fold reduction
of clonogenic potential as compared to untreated cells (10%
±6% versus 49%±5%, p < .001). Only the addition of
Cetuximab to Taxotere further lowered the clonogenic capa-
city as compared to untreated cells (5%±3% versus 49%±5%,
p < .001) (Figure 6c).

Taken together, these results show that only taxotere heav-
ily impaired the formation of clones in all the three-cell lines,
while the blockade of EGFR and HER2 decreased colony
formation only in DU145 cells.

Discussion

Previous studies have indicated that the expression and activ-
ity of EGFR and HER2 receptors may contribute to the
emergence of castration resistance of prostate carcinoma
even after chemotherapy treatment. The model based on the
presence of cancer stem cells, playing a major role in cancer
formation, progression, and chemotherapy resistance,24–26

could provide an explanation for treatment failure and
tumor relapse, representing a promising target for therapeutic
interventions.

In this study, we used the castration-resistant AR negative
prostatic tumor cell lines DU145 and PC-3 and the AR-
positive 22Rv1 cell line responsive to docetaxel as it mainly
occurs in CRPC patients. Although EGFR and HER2 were
expressed in all the three prostate cell lines, the two receptors
as well as the downstream kinases resulted differently acti-
vated suggesting that EGFR and HER2 may diversely take part
in tumor cell safekeeping. Interestingly, the activation of
STAT3 observed in vitro mirrored the positivity for pSTAT3
detected in the majority of our prostate tumor samples
together with EGFR and HER2, suggesting a role of EGFR/
HER2/STAT3 module in CRPC growth.

To confirm this hypothesis we carried out in vivo experi-
ments on DU145 and PC-3 xenografted models, and we
demonstrated that only in DU145 model targeting EGFR
and HER2 receptors with Cetuximab and Trastuzumab,
respectively, alone and in combination, produced a favorable
antitumor activity with the exception for Trastuzumab alone.
However, despite the in vivo Trastuzumab treatment did not
inhibit the tumor growth, the prostatosphere-forming effi-
ciency from residual tumor cells considerably decreased as
compared to saline-treated tumors. The reduced presence of
tumor-initiating cells in Trastuzumab-treated mice may
depend on their higher sensitivity to Trastuzumab than bulk

tumor population and explain the lack of a large tumor
debulking as that induced by chemotherapy. The higher
expression of EGFR than HER2 in xenografts could be at
the base of Cetuximab capability to inhibit in vivo tumor
growth by targeting the bulk tumor population in addition
to tumor-initiating cells.

Intriguingly, cotreatment with Taxotere, Cetuximab, and
Trastuzumab led to a greater and more durable tumor growth
inhibition than that observed with the single agents or when
administered in dual combination. Therefore, according to
the preferential dimerization of EGFR with HER2 as
a proposed mechanism associated with the CRPC growth27

our data confirmed the role of EGFR and HER2 in prostate
tumor growth and clearly indicated that the inhibition of both
the two receptors might represent a rational therapeutic
approach for CRPC. Conversely, PC-3 tumors resulted insen-
sitive to both the anti-EGFR and anti-HER2 treatments and,
upon an initial response to chemotherapy combined or not
with Cetuximab and Trastuzumab, mice experienced an
immediate tumor regrowth, suggesting that PC-3 tumor
growth is sustained by other receptors than EGFR and
HER2 as c-MET that is reportedly relevant in these tumor
cells28 The favorable potentiation of Taxotere anti-tumor
activity by Cetuximab and Trastuzumab in DU145 model
shown in our in vivo experiment could indicate that the
activation of both EGFR and HER2 may have contributed to
the proliferation of residual chemotherapy-resistant tumor
cells, referred as tumor-initiating cells, favoring the tumor
regrowth after chemotherapy debulking effect. This observa-
tion would explain the failure of clinical trials using ErbB
signaling inhibitors as monotherapy in patients that experi-
enced progression after taxane-based chemotherapy,29–33

highlighting the clinical need of a combination therapy target-
ing both EGFR and HER2 receptors to achieve an effective
therapeutic intervention through the disruption of the tumor-
initiating cell pool.

In support of this possibility, we assessed in vitro the
prostatosphere-forming ability of cells isolated from residual
tumors at the end of treatments. Our results clearly indicated
that the in vivo targeting of EGFR and HER2 alone and in
combination, and more markedly in association with che-
motherapy, led to a decreased prostatosphere-forming
efficiency suggestive of an efficient elimination of tumor-
initiating cell subset. Our observation providing evidence of
the direct involvement of EGFR and HER2 in the prolifera-
tion of DU145 tumor-initiating cells is consistent with the
contribution attributed to EGFR and HER2 module in sus-
taining the rapid clonal expansion of progenitor cells derived
from CSCs.18 With regard to this, EGFR reportedly promotes
survival of prostate tumor-initiating cells and circulating
tumor cells that metastasize, while HER2 supports the growth
of prostate cancer cells once they are established at the meta-
static site.34 Conversely, in vitro clonogenic assay of PC3 cells
showed that targeting of EGFR and HER2 did not improve
the therapeutic effect of taxotere consistently with in vivo
data, supporting that tumor-initiating cells do not exclusively
depend on EGFR and HER2 in this cell line and other recep-
tors (e.g. cMET) could be responsible for cancer stem cell
properties and therapy resistance.28
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It is important to note that contrary to what observed in
sphere formation assay in which the blockade of EGFR and
HER2 alone or in combination significantly inhibited the SFE
in DU145 and 22Rv1 cells, in clonogenic assay only taxotere
significantly impaired the growth of all the three cell lines,
supporting that initiating and tumor bulk cells mighty equally
give rise to clones.

Additional evidences sustaining the functional role of
EGFR/HER2/STAT3 in DU145 tumor-initiating cell prolifera-
tion were the biochemical analysis on cells grown in prostato-
sphere-forming and monolayer conditions that revealed
higher levels of these activated molecules in the former than
in latter cellular growth condition. Consistently, the dose-
dependent inhibitory effect induced by the in vitro treatment
with Cetuximab and Trastuzumab on prostatosphere-forming
capability and not on adherent growth (Figure 4) confirmed
the contribution of ErbB signaling in the biology of prostate
tumor-initiating cells. Furthermore, the inhibitory effects on
the prostatosphere-forming ability induced by the triple com-
bination of Taxotere, Trastuzumab, and Cetuximab adminis-
tered on DU145 cells grown in adherent conditions,
resembling the in vivo tumor bulk condition, and then
grown under undifferentiating conditions, extended the role
of EGFR and HER2 signaling in the proliferation of che-
motherapy-resistant cells. These in vitro results are reminis-
cence of the effects observed on prostatosphere-forming assay
performed on residual tumors treated in vivo with the combo-
therapy (Figure 3). Similarly, the inhibitory effects observed
upon treatment with Taxotere and, more conspicuously, with
the addition of Cetuximab and Trastuzumab in experiments
evaluating the effects of combo-therapy on the clonogenic
potential of DU145 further pointed to the role of EGFR and
HER2 on the stemness-related properties of DU145 model.
Since Taxotere per se significantly impaired the clonogenic
potential of tumor bulk population enriched in progenitor
cells, and the addition of Cetuximab and Trastuzumab
strongly negatively regulated the clonogenic capacity, it is
conceivable that the activation of EGFR and HER2 signaling
may be an effort to rescue from the chemotherapy-mediated
tumor debulking.

The low activity of Trastuzumab as a single agent in redu-
cing tumor growth of DU145 xenografts is likely due to the
fact that these cells are not addicted to HER2 oncogene to
grow. Thus, HER2 inhibition by Trastuzumab is not sufficient
to stop tumor proliferation, as also observed in in vitro experi-
ments, and/or to induce apoptosis of tumor cells. The in vitro
SFE results, instead, highlight the relevance of HER2 in stem
cell maintenance/proliferation as already demonstrated.35 36

Stem cells need HER2 to enter the cell cycle to form sphere
in vitro. Thus, stem cells derived from trastuzumab treated
tumors are inhibited in forming prostatosphere because they
lack HER2 activity. It is also possible that trastuzumab treat-
ment in vivo reduced the number of stem cells that are
dependent on HER2 and thus the reduced number of ex
vivo prostatospheres could derive by a lower amount of resi-
dual stem cells in tumors of mice treated with trastuzumab.

Interestingly, SFE evaluations performed in AR-positive
22Rv1 cells showed that similarly to what observed in
DU145 cells, Taxotere, Trastuzumab, and Cetuximab induced

a significant inhibition of sphere formation and the triple
combination of drugs further improved the effect. Thus,
despite the presence of AR in this CRPC cells, EGFR and
HER2 likely play a relevant role in sustaining tumor-initiating
cells. Since AR negatively regulates STAT3,37 pSTAT3-
positive cells in human CRPCs are potentially those with
low AR levels and sustained by EGFR/HER2/STAT3 axis
leading to stemness features. Although we are aware that
our CRPC cohort is small and that a new large case series
deserves to be further investigated, in the analyzed specimens,
all expressing AR, pSTAT3 staining always resulted focal and
pSTAT3 positivity did not exceed 20% of tumor cells, sup-
porting the stemness survival through EGFR/HER2/STAT3
axis.

Considering the tremendous efficacy of anti-EGFR -HER2
therapy in combination with Taxotere in CRPC cells with
activated STAT3, analysis of pSTAT3 as well as EGFR and
HER2 in human tumor specimens may represent a valid
approach to identify CRPC patients who benefit from the
addition of Cetuximab and Trastuzumab to chemotherapy
protocol.

Although the ErbB-specific therapeutics we used in this
study previously showed a low benefit in the clinical
setting,38–40 our results showing the crucial role of EGFR
and HER2 in the proliferation and response to chemotherapy
insult of prostate tumor-initiating cells, suggest the usefulness
in targeting selectively EGFR and HER2 with Cetuximab and
Trastuzumab in combination with Taxotere-based che-
motherapy for eradicating either bulk tumor cell population
or the subset of tumor-initiating cells and improving the
clinical response to the current chemotherapy regimen.

Eventually, it should be taken into account that STAT3 is
also downstream of the activated cytokine receptors (e.g. IL6/
IL6R) in prostate cancer cells41 and may positively control IL6
production as reported in fibroblasts.42 Therefore, the invol-
vement of cytokine and growth factor receptors in maintain-
ing prostate cancer stemness deserves to be further
investigated.

Materials and methods

Cell lines and culture

The castration-resistant human prostate cancer cell lines
DU145, PC-3 and 22Rv1 were obtained from the American
Type Culture Collection (ATCC® HTB-81, ATCC® CRL1435
and ATCC® CRL-2505, respectively). Cell lines were main-
tained in RPMI 1640 medium (Lonza, catalog number BE12-
702F) supplemented with 10% (v/v) FBS (Gibco by Life
Technologies, catalog number 16000–044) in a humidified 5%
CO2 atmosphere at 37°C. Cell lines were routinely tested for
mycoplasma and cellular contamination or misidentification
using STR analysis (DNA analysis).

Patients

Samples from 14 human hormone-independent prostate car-
cinomas obtained from patients diagnosed in 2002–2003 were
collected in our institute (Fondazione IRCCS Istituto
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Nazionale dei Tumori). All patients gave written consent for
the use of their biological materials for future investigations
and research purposes, and the presented analysis was
approved by the Ethics Committee of Fondazione IRCCS
Istituto Nazionale dei Tumori (INT). All data were analyzed
anonymously, and all experiments complied with the
Declaration of Helsinki.

Drugs

Taxotere, Trastuzumab and Cetuximab were purchased from
Sanofi Aventis (Italy, EU), Genentech/Roche (Basel,
Switzerland) and Merck Serono (Darmstadt, Germany, EU),
respectively.

Western blot analysis and antibodies

Cells were harvested, washed with ice-cold PBS and solubilized
with lysis buffer (50 mM Tris-HCl, pH 6.8, 150 mM NaCl, 0.5%
Triton-X100, 0.5% ß−octoglucoside, 10% glycerol, 10 mM
iodoacetamide, 10 mM NEM, 10 μg/ml leupeptin, 10 μg/ml
aprotinin, 2 mM PMSF, 1 mM benzamidine, 10 mM NaF, and
2 mM sodium orthovanadate). Whole-cell lysates were heated,
electrophoresed on NuPage precast 4-12% polyacrylamide gels
(Invitrogen, catalog number NP0335BOX), and transferred to
PVDF membranes (Merck Millipore, catalog number
IPVH00010). The membranes were blocked in TBS containing
0.1% Triton X-100 and 5% skim milk powder for 1 h at RT, and
incubated with the appropriate primary antibodies in Tris Buffer
solution containing 0.1% Tween-20 (TBS-T) and 3% skim milk
powder with gentle shaking at 4°C overnight. After hybridization
with horseradish peroxidase-conjugated secondary antibody,
Western blots were developed using the enhanced chemilumi-
nescence method (GE Healthcare Bio-Sciences, catalog number
RPN2108). Blotting analysis was performed using the following
antibodies: rabbit anti-human EGFR (clone sc-1005; 1:1000),
rabbit anti-human STAT3 (1:200), mouse anti-human phospho-
STAT3 antibody (Y705); (clone B-7, 1:1000), rabbit polyclonal
anti-human phospho-HER2 p-Neu (Tyr1248) (0.5 mg/ml), rab-
bit polyclonal anti-human phospho- EGFR (Tyr 845) (1:200)
from Santa Cruz Biotechnology; mouse anti-human HER2
(clone Ab3; 1:300) from Calbiochem; mouse anti-human SRC
(clone GD11; 1:300), rabbit polyclonal anti-human AKT
(1:1000), rabbit polyclonal anti-human phospho-p44/42 MAPK
(Erk1/2; Thr201/Tyr204) (1:2000), rabbit polyclonal anti-human
p44/42 MAPK (Erk1/2; 1:1000), rabbit monoclonal anti-human
phospho-AKT (Ser473) (clone D9E; 1:1000) and rabbit polyclo-
nal anti-human phospho-SRC (Tyr416) (1:1000) from Cell
Signaling Technology, mouse monoclonal anti-human phos-
pho-EGFR (Tyr1173) (clone 9H2; 1:200) from Nanotools,
monoclonal anti-human actin (clone AC-40; 0.4 μg/ml) and
anti-human vinculin (clone hVIN-1; 1:1000) from Sigma
Aldrich. Equal sample loading was confirmed by measuring
amounts of β-actin and vinculin. Autoradiographic signals
were measured using a Bio-Rad scanning densitometer (Bio-
Rad; ChemiDoc/XRS, Bio-Rad). Data were acquired using
ImageJ software and densitometry was performed in Quantity
One 4.6.6 (Bio-Rad, Hercules, CA).

Immunohistochemistry (IHC)

Formalin-fixed, paraffin-embedded tumors were sectioned at
4 µm, dewaxed, hydrated, and stained with hematoxylin and
eosin or processed for IHC with: rabbit polyclonal anti-
human HER2 (1:150, DAKO) after antigen retrieval with
citrate buffer, pH 6.0, at 95°C for 6 min, rabbit monoclonal
anti-phosphoSTAT3 (clone D3A7, 1:400, Cell Signaling
Technology) after antigen retrieval with EDTA 1mM, pH 8.0
at 95°C for 15 min, with mouse monoclonal anti-EGFR (clone
E30; 1:25, DAKO) upon treatment with proteinase K at 37°C
for 5 min, and with mouse monoclonal anti-AR (clone
AR441; 1:25, DAKO) after antigen retrieval with PTLink
EDTA (DAKO) 15 min at 96°C.

In vivo experiments

Experimental protocols used for animal studies were approved
by the Ethics Committee for Animal Experimentation of INT
and the Ministry of Health in accordance with Italian
guidelines.43 Six-week-old male SCID mice from Charles River
s.r.l., Calco, Italy, EU) were housed in our facilities at constant
temperature and humidity with food and water given ad libitum.
Mice were xenografted with 5 × 106 cells/mouse of DU145 or
PC-3 injected subcutaneously (s.c.) in the right flank. In presence
of palpable tumors (mean tumor volume = 100mm3), mice were
randomly divided in 8 groups and treated intraperitoneally (i.p)
with Trastuzumab (10mg/kg), Cetuximab (1mg/mouse) admi-
nistered alone or in combination, and intravenously (i.v.) with
Taxotere (6.66mg/kg) injected alone or in combination with
Trastuzumab or Cetuximab or with both of them. Control
mice were treated with saline solution. Drugs were administered
weekly for 5 weeks. Mice were monitored once a week for tumor
size and body weight. Tumors were measured with calipers and
tumor volume calculated as (D × d2)/2, where D and d represent
the longest and shortest diameters, respectively.

Prostatosphere formation assay

DU145 and 22Rv1 monolayer cells were enzymatically disso-
ciated in trypsin/EDTA and then plated (3 × 103/well) in
6-well low attachment plates (Corning, catalog number
3471). DU145 cells were grown in a serum-free mammary
epithelium basal medium (MEBM) (Lonza, catalog number
CC-3151) supplemented with the human epidermal growth
factor (EGF) (20ng/ml) (Peprotech, catalog number 100–47),
human FGF-basic (b-FGF) (20ng/ml) (Peprotech, catalog
number 100-18B), B27 supplement (Gibco by Life
Technology Ltd, catalog number A3582801), and heparin
(3000 U.I./ml) (PharmaTex, catalog number B01AB01).
22Rv1 were grown in complete MammoCult medium
(StemCell Technologies) SFE was calculated as the number
of spheres formed in 4 days divided by the number of single
cells seeded and expressed as a percentage (± SD).

The SFE was also evaluated on tumor cells isolated from the
residual tumors at the end of in vivotreatments. Tumors were
excised and then enzymatically desegregated with 250 U
Collagenase IV/mg of tumor (Worthington Biochemical
Corporation, catalog CLSPA) for 1 h at 37°C. After two washes,
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the same number of viable cells recovered from residual tumors
upon different treatments were seeded under sphere-forming
conditions as above described.

PKH-67 and PKH-26 assay

DU145, PC-3, and 22Rv1 cell lines were dissociated in tryp-
sin/EDTA, resuspended in serum-free medium and stained
for 5 min at 37°C with PKH-67 or PKH-26 dyes (1:500)
(Sigma-Aldrich, catalog PKM67-1KT and PKM26GL-1KT,
respectively), blocked with FBS, washed twice with complete
medium and twice with serum-free medium, and then seeded
by mixing PKH-67 and PKH-26-labeled cells (ratio 1:1) to
obtain prostatospheres. Images were analyzed after 4 days on
a fluorescence microscopy.

Clonogenic assay

To examine the effects on the clonogenic potential of DU145,
PC-3 and 22Rv1 cells by Taxotere, Trastuzumab and
Cetuximab administered as single agents or in combination,
cells were plated on 6-well plates and treated with Taxotere
(2.5nM or 1.25nM), Trastuzumab (100μg/ml) and Cetuximab
(25μg/ml). After 72 h, cells were trypsinized and single cells
plated in 200 µl of serum-free medium in 96-well plates. The
colony number was assessed after 2 weeks. The clonogenic
capacity was calculated as the number of colonies grown
divided by the number of wells seeded at single cell-dilution.
The mean±SEM of two biological replicates was calculated.

In vitro experiments

The effects of Trastuzumab and Cetuximab on SFE were evalu-
ated in dose–response experiments performed on DU145 cells.
To this aim, 106 cells were suspended in serum-free medium in
presence of Trastuzumab (25–100 μg/ml), Cetuximab (25–-
100 μg/ml) or both of them and incubated for 2 h at 37°

C. Then, cells were divided in two aliquots. The first one was
seeded to grow as spheres and analyzed for SFE after 4 days.
The second one was analyzed for adhesion growth ability using
MTT colorimetric assay after 4-days.

The effects induced by Taxotere, Trastuzumab and
Cetuximab, administered alone or in combination, on the
SFE were evaluated on DU145 and 22Rv1 cells. Cells were
seeded on 6-well plates (1.8x105/well) in a total volume of
2.0 ml of culture medium. After 4 h, Taxotere (2.5nM or
1.25nM), Trastuzumab (100μg/ml) and Cetuximab (25μg/
ml), alone or in combination, were added to the culture
medium. After 72 h, cells were enzymatically dissociated
with trypsin/EDTA and plated in the absence of drugs to
grow as spheres. SFE was evaluated 96 h later.

Statistical analysis

Data were expressed as the mean±S.D. and mean±S.E.M. and
analyzed for statistical significance using Students’ t-test
(unpaired and two-tailed) and one-way analysis of variance
(Anova). Post hoc tests were performed by Bonferroni’s multi-
ple comparison test. All analyses were done using GraphPad

Prism Software (GraphPad Prism Software Inc., San Diego,
CA, USA). A p value <.05 was considered to be significant.
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