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a b s t r a c t

Drug resistance remains to be a big challenge in applying anti-HER2 monoclonal antibody
Trastuzumab for treating breast cancer with HER2 overexpression. Amplification of insu-
lin-like growth factor I receptor (IGF-IR) and deletion of tumor suppressor phosphatase
and tensin homolog (PTEN) are implicated in Trastuzumab resistance, however, the under-
lying mechanisms have not been clearly defined. Activation of Rac1, a member of Rho
GTPase family, is capable of causing cytoskeleton reorganization, regulating gene expres-
sion and promoting cell proliferation. To investigate the mechanism of Trastuzumab resis-
tance, PTEN knockdown and IGF-IR overexpressing stable cell lines were generated in HER2
overexpression human breast cancer SKBR3 cells. Rac1 was highly activated in PTEN defi-
cient and IGF-IR overexpressing Trastuzumab-resistant cells in a HER2-independent
manner. Inactivation of Rac1 by using a Rac1 inhibitor NSC23766 or siRNA knocking down
the expression of Tiam1, a guanine nucleotide exchange factor for Rac, significantly
reduced Trastuzumab resistance in SKBR3 cells. Inhibition of Rac1 had no effect on the lev-
els of phosphor-HER2 and phosphor-Akt, but significantly decreased the levels of cyclin D1
in Trastuzumab-resistant cells. Inhibition of Akt with an Akt inhibitor also significantly
reduced Trastuzumab resistance. However, simultaneous inhibition of both Rac1 and Akt
resulted in a significantly more decrease of Trastuzumab resistance than inactivation of
Rac1 or Akt alone. These results suggest that Rac1 activation is critically involved in Trast-
uzumab resistance caused by PTEN deletion or IGF-IR overexpression. Simultaneous inhi-
bition of Rac1 and Akt may represent a promising strategy in reducing Trastuzumab
resistance in HER2 overexpression breast cancer.

� 2011 Elsevier Ireland Ltd. All rights reserved.
1. Introduction

Human epidermal growth factor receptor-2 (HER2 or
ERBB2) is overexpressed in approximately 15–25% of
and Ltd. All rights reserved.
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human breast cancers and HER2 overexpression is associ-
ated with poor prognosis [1,2]. Trastuzumab (Herceptin) is
the first rationally designed anti-HER2 monoclonal anti-
body approved for the treatment of breast cancers with
HER2 overexpression. While wide applications of Trast-
uzumab achieved clinical therapeutic efficacy in some
patients with HER2 overexpression, a large portion of
selected patients did not respond well to Trastuzumab
treatment. It was reported that the overall response rate to
Trastuzumab treatment as a single agent was 23–26%
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[3,4]. When used in combination with adjuvant chemother-
apies, about 40% response rate was observed and Trast-
uzumab significantly improved disease-free survival
among women with HER2 overexpression breast cancers
[5,6]. However, despite the very promising therapeutic ef-
fects at the beginning, resistance to Trastuzumab developed
within about 1 year in the majority of patients who initially
respond [7–9].

The mechanism of Trastuzumab resistance in HER2
overexpression breast cancer has not been completely
understood. Two kinds of Trastuzumab resistance have
been observed: primary resistance occurring in those pa-
tients who never respond to Trastuzumab treatment as a
single agent; and acquired resistance occurring in the pa-
tients who initially show good responses but develop resis-
tance after repeated Trastuzumab treatment. It has been
suggested that overexpression of human epidermal growth
factor receptor-1 (HER1 or EGFR), Her3, c-Met, insulin-like
growth factor I receptor (IGF-IR), or loss of tumor suppres-
sor phosphatase and tensin homolog (PTEN) may contrib-
ute to primary and acquired Trastuzumab resistance,
though the involved mechanisms have not been clearly de-
fined [7–9]. One common feature of those proposed events
that are implicated in Trastuzumab treatment resistance is
that they all can lead to Rac1 activation [10–13].

Rac1, a member of the Rho family small GTPases that
belong to Ras GTPase super family, is capable of regulating
cytoskeleton reorganization, promoting cell survival, pro-
liferation, transformation, migration and invasion [14,15].
Three Rac isoforms have been identified: Rac1, Rac2 and
Rac3. While Rac2 is exclusively expressed in hematopoietic
cells and Rac3 is mainly expressed in brain, Rac1 is ubiqui-
tously expressed. Like other small GTPases, Rac acts as a
molecular switch cycling between an active GTP-bound
state and an inactive GDP-bound state. It is the active form
of Rac (Rac-GTP) that interacts with the downstream effec-
tors and regulates a variety of important cellular functions.
Rac is activated by guanine nucleotide exchange factors
(GEFs), which can usually be activated by the overexpres-
sion of oncogenic tyrosine kinase receptors or deletion of
tumor suppressor PTEN [16,17].

Studies have shown that Rac GTPases are overexpressed
in human breast cancer [18,19]. Ours and other studies
have demonstrated crucial roles for Rac1 activation in pro-
moting breast cancer cell survival, proliferation and migra-
tion [10,20–23]. Although IGF-IR overexpression or PTEN
deletion are implicated in primary and acquired resistance
to Trastuzumab treatment, it is not known whether IGF-IR
overexpression or PTEN deletion increase Rac1 activation
in HER2 overexpression human breast cancer cells and
whether Rac1 activation contributes to Trastuzumab resis-
tance caused by IGF-IR overexpression or PTEN deletion. In
this study we found that Rac1 was highly activated in IGF-
IR overexpressing or PTEN deficient HER2 overexpression
human breast cancer SKBR3 cells in a HER2-independent
manner, and inactivation of Rac1 significantly reduced
Trastuzumab resistance. Our findings suggest that Rac1
activation is critically involved in multiple mechanisms-
caused Trastuzumab resistance and inhibiting Rac1 could
be efficient in reducing Trastuzumab resistance in HER2
overexpression breast cancer.
2. Materials and methods

2.1. Cell line and reagents

HER2 overexpression human breast cancer SKBR3 cell
was purchased from ATCC (Manassas, VA) and cultured
in DMED/F12 medium (Invitrogen, Carlsbad, CA) supple-
mented with 10% FBS at 37 �C in a humidified 5% CO2

atmosphere. Trastuzumab was generously provided by
Genentech, Inc. (South San Francisco, CA). The Rac1 inhib-
itor NSC23766 was obtained from Tocris Cookson, Inc. (Ell-
isville, MO). The Akt inhibitor VIII trifluoroacetate salt
hydrate and MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide) were purchased from Sigma (St.
Louis, MO). Control shRNA vector (pMKO.1-puro-shRNA)
and PTEN knockdown shRNA vector (pMKO.1-puro-PTEN
shRNA) were obtained from Addgene. Human full length
IGF-IR cDNA clone was purchased from Open Biosystems
(Huntsville, AL). Lentiviral expression vector pLenti7.3/
V5-DEST™ was obtained from Invitrogen.
2.2. Generation of PTEN knockdown and IGF-IR
overexpressing stable cells

To general shRNA Control and PTEN stable knockdown
cells, SKBR3 cells were transfected with Control shRNA vector
(pMKO.1-puro-shRNA) or PTEN knockdown shRNA vector
(pMKO.1-puro-PTEN shRNA), respectively, followed by puro-
mycin selection. Single colonies were picked up and propa-
gated. The PTEN protein levels in Control and PTEN
knockdown colonies were determined by Western blot. To
generate IGF-IR overexpressing stable cells, human full
length IGF-IR cDNA was cloned into pLenti7.3/V5-DEST™
vector using Gateway� cloning technology (Invitrogen)
following manufacturer’s instructions. Control (pLenti7.3)
and IGF-IR expressing (pLenti7.3-IGF-IR) lentiviral particles
were packaged using 293T cells as previously described
[24]. SKBR3 cells were transduced with GFP control (pLen-
ti7.3) or IGF-IR-expressing (pLenti7.3-IGF-IR) lentiviral
particles and subcultured 48 h after lentiviral particle trans-
duction. Fluorescence Activated Cell Sorting was performed
to sort GFP positive cells. IGF-IR overexpression was con-
firmed by Western blot.
2.3. Cell viability analysis

Cell viability was determined by MTT assays. Briefly,
cells were plated in 96-well plates. After overnight culture,
different concentrations of Trastuzumab (0.05–1.0 lg/ml)
and/or Rac1, Akt inhibitors were added to wells and incu-
bated for 7 days. At the end of treatment, the culture med-
ium was replaced with 50 ll of MTT-serum-free fresh
medium (MTT final concentration: 0.5 mg/ml) followed
by a 4 h incubation; 200 ll of dimethylsulfoxide (DMSO)
was then added to dissolve the formazan crystals. Absor-
bance was measured with a microplate reader Spectra
Max plus (Molecular Devices, Sunnyvale, CA) at a wave-
length of 570 nm.
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Fig. 1. Rac1 is highly activated in PTEN stable knockdown and IGF-IR overexpressing Trastuzumab-resistant SKBR3 cells. (A) Phosphor-Akt and Rac1-GTP
levels are increased in PTEN stable knockdown and IGF-IR overexpressing SKBR3 cells. PTEN knockdown and IGF-IR overexpressing stable cells were
generated as described in Section 2. Cells were cultured in DMEM/F12 supplemented with 10% FBS and collected at about 70–80% confluence for Western
blot analysis of PTEN, IGF-IR and phosphor-Akt levels. Rac1-GTP levels were determined using GST-PBD pull-down assay as described in Section 2. (B)
Densitometric analysis of Rac1-GTP levels normalized to the corresponding total Rac1 levels. Data are presented as means ± standard deviations (n = 3).
�p < 0.05, compared with parental SKBR3 or vector control SKBR3 cells. (C and D) PTEN stable knockdown SKBR3 cells (C) and IGF-IR stable overexpressing
SKBR cells (D) are resistant to Trastuzumab. Cells were cultured in 96-well plates and treated with vehicle control (0 lg/ml) or various concentrations of
Trastuzumab (0.05–1.0 lg/ml) for 7 days. Cell viability (%) was determined using MTT assay as described in Section 2 and expressed relative to vehicle
control treatment. Inhibition of cell viability (%) was calculated using the formulae: 100% – vehicle control- or Trastuzumab-treated cell viability (%). Data
are presented as means ± standard deviations (n = 8). �p < 0.05, compared with the same concentration of Trastuzumab-treated parental or vector control
SKBR3 cells. Similar results were obtained in two additional experiments.
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2.4. Rac-GTP pull-down assays

Cells were plated to 10 cm tissue culture dishes and
allowed to grow to 70–80% confluence. Cells were then
treated with vehicle control (DMSO), Rac1 inhibitor
NSC23766, or Akt inhibitor VIII for 24 h in culture medium
with 0% FBS. Rac-GTP levels were determined with a pull-
down assay using the GST-p21-binding domain (PBD) of
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Fig. 2. Inhibition of Rac1 reduces Trastuzumab resistance in PTEN deficient and IGF-IR overexpressing SKBR3 cells. (A) Inhibition of Rac1 activation by a
Rac1 inhibitor NSC23766. Cells were cultured in DMEM/F12 supplemented with 10% FBS and allowed to grow to about 70–80% confluence. Cells were then
treated with vehicle control or different concentrations of NSC23766 (NSC) in the absence of FBS for 24 h. Rac1-GTP levels were determined using GST-PBD
pull-down assay as described in Section 2. (B) Inhibition of Rac1 reduces Trastuzumab resistance. PTEN stable knockdown or IGF-IR overexpressing cells
were cultured in 96-well plates and treated with vehicle control, Trastuzumab (1.0 lg/ml), NSC (25 lM), or Trastuzumab (1.0 lg/ml) plus NSC (25 lM) for
7 days. Cell viability (%) was determined using MTT assay as described in Section 2 and expressed relative to vehicle control treatment. Inhibition of cell
viability (%) was calculated using the formulae: 100% – vehicle control- or Trastuzumab-treated cell viability (%). Data are presented as means ± standard
deviations (n = 8). �p < 0.05, compared with vehicle control-treated cells; #p < 0.05, compared with vehicle control-, Trastuzumab alone- and NSC alone-
treated cells. Similar results were obtained in two additional experiments.
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p21-activated kinase (PAK), as described previously [10,20,
21], and using an anti-Rac1 antibody for Western blot
detection.
2.5. Western blot analysis

Cells were lysed using tris-sodium dodecyl sulfate (SDS)
as described by Yang et al. [10] and subjected to SDS–poly-
acrylamide gel electrophoresis (PAGE) (10–30 lg of
protein/lane). The following primary antibodies were used:
anti-Rac1 (Millipore, Billerica, MA); anti-cyclin D1 (BD
Pharmingen, Bedford, MA); anti-HER2, anti-phospho-HER2
(Tyr877), anti-phospho-HER2 (Tyr1221/1222), anti-Akt,
anti-phosphor AKT (Ser473), anti-PTEN, anti-IGF-IRb
(Cell Signaling Technology, Beverly, MA); anti-Tiam1 (Santa
Cruz Biotechnology, Inc., Santa Cruz, CA); and anti-b-actin
(Sigma, St. Louis, MO).
2.6. Tiam1 and HER2 knockdown using small interfering RNAs
(siRNAs)

Negative Control and ON-TARGETplus SMARTpool siR-
NA for Her2 were obtained from Thermo Scientific Dharm-
acon (Lafayette, CO). Tiam1 siRNA and Control siRNA were
purchased from Santa Cruz Biotechnology, Inc. SiRNA
duplexes (100 nM) were transfected into cells using
Lipofectamine 2000 (Invitrogen) in serum-free medium
following the manufacturer’s instructions. Twenty-four
hour after transfection, cells were collected and plated to
96-well plates. After overnight culture, cells were then
treated with Trastuzumab for cell viability analysis. For
analyzing Rac-GTP levels, Rac-GTP pull down assays were
performed 72 h after siRNA transfection. Successful knock-
down of Tiam1 or Her2 was confirmed by Western blot.

2.7. Statistic analysis

The statistical analyses for the significance of differences
in numerical data (means ± standard deviations) were per-
formed using two-tailed t-tests for comparison of two data
sets or one-way analysis of variance (ANOVA) for multiple
data sets. A p value of <0.05 was considered statistically
significant.

3. Results

3.1. Rac1 is highly activated in PTEN deficient and IGF-IR overexpressing
Trastuzumab-resistant SKBR3 cells

Transfection with control shRNA vector (pMKO.1-puro-shRNA)
showed no effect on PTEN protein levels in SKBR3 cells, three randomly
selected clones were pooled together and used as shRNA vector control
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Fig. 3. SiRNA knocking down the expression of Tiam1 impairs Rac1 activation and reduces Trastuzumab resistance in PTEN deficient and IGF-IR
overexpressing SKBR3 cells. (A) SiRNA knocking down the expression of Rac-GEF Tiam1 impairs Rac1 activation in Trastuzumab-resistant SKBR3 cells. Cells
were transfected with control or Tiam1 siRNA as described in Section 2. Forty-eight hour after siRNA transfection, cells were cultured in the absence of FBS
for 24 h. Rac1-GTP levels were then determined using GST-PBD pull-down assay as described in Section 2. Tiam1 protein levels were detected by Western
blot analysis. (B and C) SiRNA knocking down the expression of Rac-GEF Tiam1 reduces Trastuzumab resistance. PTEN stable knockdown (B) or IGF-IR
overexpressing (C) cells were transfected with control or Tiam1 siRNA in 6-cm tissue culture dishes. Twenty-four hour after siRNA transfection, cells were
detached by trypsinization and cultured into 96-well plates and treated with vehicle control or different concentrations of Trastuzumab (0.05–1.0 lg/ml)
for 7 days. Cell viability (%) was determined using MTT assay as described in Section 2 and expressed relative to vehicle control treatment. Inhibition of cell
viability (%) was calculated using the formulae: 100% – vehicle control- or Trastuzumab-treated cell viability (%). Data are presented as means ± standard
deviations (n = 8). �p < 0.05, compared with the same concentration of Trastuzumab-treated control siRNA-transfected cells. Similar results were obtained
in two additional experiments.
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cells (SKBR3-pMKO.1) (Fig. 1A). After Western blot screening of 30 single
clones obtained from PTEN shRNA knockdown vector transfection, several
single clones with more than 70% knockdown of PTEN protein levels were
obtained. PTEN knockdown was confirmed by Western blot analysis and
two single PTEN shRNA knockdown clones (SKBR3-PTEN-sh13 and
SKBR3-PTEN-sh19) were used in this study (Fig. 1A). Control (SKBR3-
pLenti7.3) and IGF-IR overexpressing (SKBR3-IGF-IR) cells were pooled-
population generated by fluorescence activated cell sorting after lentiviral
transduction of SKBR3 cells with plenti7.3 or pLenti7.3-IGF-IR particles.
IGF-IR overexpression in SKBR3 cells was confirmed by Western blot
analysis (Fig. 1A).

Since PTEN is a negative regulator of phosphoinositide 3-kinase
(PI3K)/Akt pathway and high IGF-IR expression enhances PI3K/Akt activa-
tion, increased levels of phosphor-Akt were observed in PTEN knockdown
and IGF-IR overexpressing SKBR3 cells (Fig. 1A). Comparing with parental
or vector control SKBR3 cells, PTEN stable knockdown and IGF-IR over-
expressing cells had significantly higher active Rac1 (Rac1-GTP) levels
(Fig. 1A). Densitometric analysis of Rac1-GTP levels that were normalized
to the corresponding total Rac1 levels revealed 2.5- to 4.5-fold increases
of Rac1 activation in PTEN stable knockdown and IGF-IR overexpressing
cells (Fig. 1B).
Trastuzumab treatment caused decreases of SKBR3 cell viability in a
dose-dependent way. However, PTEN stable knockdown and IGF-IR over-
expressing cells displayed significantly higher viability in each corre-
sponding Trastuzumab treatment (Fig. 1C and D). Inhibition of cell
viability by 1 lg/ml of Trastuzumab treatment was reduced from �60%
in parental and shRNA vector control cells to �40% in PTEN stable knock-
down cells; and from �59% in pLenti7.3 vector control cells to �45% in
IGF-IR overexpressing cells (Fig. 1C and D). Together, these results indi-
cate that Rac1 was highly activated in PTEN stable knockdown and IGF-
IR overexpressing SKBR3 cells, which became resistant to Trastuzumab
treatment.
3.2. Inactivation of Rac1 reduces Trastuzumab resistance in PTEN deficient
and IGF-IR overexpressing SKBR3 cells

We next wanted to determine whether inhibiting Rac1 reduces Trast-
uzumab resistance. We first used a small molecule Rac1 inhibitor
NSC23766 to inhibit Rac1 activation. NSC23766 is a selective inhibitor
of Rac-specific guanine nucleotide exchange factors (Rac-GEFs) TrioN
and Tiam1 (IC50: �50 lM), preventing Rac activation without affecting
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the activity of closely related Cdc42 and RhoA Rho GTPases [25].
NSC23766 (NSC) dose-dependently and efficiently inhibited Rac1 activa-
tion in SKBR3 cells (Fig. 2A). A complete inhibition of Rac1 activation in
both PTEN stable knockdown and IGF-IR overexpressing cells was
achieved with 25 lM or a higher concentration of NSC treatment for 24 h.

To examine the role of Rac1 activation in PTEN deletion- or IGF-IR
overexpression-caused Trastuzumab resistance, cells were treated with
Trastuzumab (1 lg/ml), NSC (25 lM), or both (Trastuzumab, 1 lg/
ml + NSC, 25 lM). While treatment with Trastuzumab or NSC alone sig-
nificantly reduced the viability of PTEN stable knockdown and IGF-IR
overexpressing SKBR3 cells, combined treatment with both Trastuzumab
(1 lg/ml) and NSC (25 lM) further significantly decreased cell viability
more than any of either single treatments (Fig. 2B). Inhibition of cell via-
bility was increased from �30% by 1 lg/ml of Trastuzumab treatment
alone to �63% by 1 lg/ml of Trastuzumab plus NSC treatment in PTEN
stable knockdown cells; and from �36% by 1 lg/ml of Trastuzumab treat-
ment alone to �62% by 1 lg/ml of Trastuzumab plus NSC treatment in
IGF-IR overexpressing cells (Fig. 2B).

To exclude the potential non-specific effect of Rac1 inhibitor
NSC23766, we used another approach to inhibit Rac1 activation by knock-
ing down a Rac-GEF Tiam1, a target of NSC23766. SiRNA knocking down
the expression of Tiam1 impaired Rac1 activation in PTEN stable knock-
down and IGF-IR overexpressing SKBR3 cells (Fig. 3A). As a result, Trast-
uzumab treatment was capable of significantly more efficiently reducing
the viability of Tiam1-knocked down SKBR3-PTEN-sh13 and SKBR3-IGF-
IR cells than control siRNA-transfected cells (Fig. 3B and C). These results
indicate that Rac1 was activated mainly by Rac-GEF Tiam1 in SKBR3 cells;
Rac1 activation contributed to PTEN deletion- or IGF-IR overexpressing-
caused Trastuzumab resistance; and inhibition of Rac1 activation signifi-
cantly reduced Trastuzumab resistance.
Total Rac1

Fig. 4. Rac1 activation in PTEN deficient and IGF-IR overexpressing SKBR3
cells is independent of HER2 overexpression. (A) Knocking down HER2
expression reduces Rac1 activation in parental SKBR3 cells. Cells were
transfected with control or HER2 siRNA as described in Section 2. Forty-
eight hour after siRNA transfection, cells were cultured in the absence of
FBS for 24 h. Rac1-GTP levels were then determined using GST-PBD pull-
down assay as described in Section 2. HER2 protein levels were detected
by Western blot. (B) Rac1 activation in PTEN stable knockdown and IGF-IR
overexpressing Trastuzumab-resistant cells is independent of HER2
overexpression. Cells were transfected with control or HER2 siRNA as
described in Section 2. Forty-eight hour after siRNA transfection, cells
were cultured in the absence of FBS for 24 h. Rac1-GTP levels were then
determined using GST-PBD pull-down assay as described in Section 2.
HER2 protein levels were detected by Western blot analysis. Similar
results were obtained in two additional experiments.
3.3. Rac1 activation in PTEN deficient and IGF-IR overexpressing SKBR3 cells is
independent of HER2 overexpression

It has been proposed that alternative cell signaling from other abnor-
mally-expressed and/or activated molecules contributes to Trastuzumab
resistance in HER2 overexpression breast cancer. To further determine
the mechanism of Trastuzumab resistance caused by PTEN deletion or
IGF-IR overexpressing in SKBR3 cells, we next examined whether Rac1
activation depended on HER2 overexpression in PTEN stable knockdown
and IGF-IR overexpressing SKBR3 cells. As shown in Fig. 4, although siRNA
knocking down HER2 expression significantly decreased Rac1 activation
in parental SKBR3 cells (Fig. 4A), HER2 knockdown showed no effect on
Rac1 activation in PTEN stable knockdown and IGF-IR overexpressing
SKBR3 cells (Fig. 4B). These results indicate that while Rac1 activation
in parental SKBR3 cells depended on HER2 overexpression, Rac1 activa-
tion in PTEN deficient or IGF-IR overexpressing Trastuzumab-resistant
SKBR cells did not rely on HER2 overexpression anymore.
3.4. Inhibition of Rac1 has no effect on the levels of phosphor-HER2 and
phosphor-Akt but decreases the level of cyclin D1

We next examined how inactivation of Rac1 may reduce Trastuzumab
resistance. We first determined whether inhibition of Rac1 had an effect
on the levels of phosphor-HER2 and total HER2. Western blot analysis re-
vealed that there were no significant differences of phosphor-HER2
(Tyr877 and Tyr1221/1222) levels between vector control cells and PTEN
stable knockdown cells or IGF-IR overexpressing cells (Fig. 5). A 24 h
treatment with the Rac1 inhibitor at a concentration (NSC, 25 lM) that
reduced Rac1 activation and Trastuzumab resistance (Fig. 2) showed no
effect on phosphor-HER2 levels (Fig. 5). Similarly, nor did inhibition of
Rac1 affect total HER2 levels (Fig. 5). Since increased levels of phos-
phor-Akt were detected in PTEN stable knockdown cells and IGF-IR over-
expressing cells (Fig. 1A), we also determined whether inhibition of Rac1
had an effect on the levels of phosphor-Akt. As shown in Fig. 5, neither the
levels of phosphor-Akt nor the levels of total Akt were changed by the
24 h treatment with the Rac1 inhibitor. These results indicate that inhibi-
tion of Rac1 had no effect on the activation of HER2 and Akt.

Ours and other previous studies showed that Rac1 activation
increased cyclin D1 expression and promoted breast cancer cell prolifer-
ation [20,21,26]. We then investigated whether inhibition of Rac1 had an
effect on cyclin D1 levels. Treatment with the Rac1 inhibitor (NSC, 25 lM)
for 24 h not only diminished cyclin D1 expression in vector control SKBR3
cells, but also significantly decreased cyclin D1 protein levels in PTEN sta-
ble knockdown cells and IGF-IR overexpressing cells (Fig. 5). Given the
crucial role of cyclin D1 in breast cancer cell survival and proliferation,
these results suggest that down-regulation of cyclin D1 expression may
contribute to reduced Trastuzumab resistance resulting from inhibition
of Rac1.

3.5. Simultaneous inhibition of both Rac1 and Akt significantly further
reduces Trastuzumab resistance in PTEN deficient and IGF-IR overexpressing
SKBR3 cells

Increased Akt activation is implicated in Trastuzumab resistance in
HER2 overexpression breast cancer and inhibition of Akt may reduce
Trastuzumab resistance [27]. Since phosphor-Akt levels were increased
in PTEN stable knock down and IGF-IR overexpressing Trastuzumab-
resistant SKBR3 cells (Figs. 1A and 5), and treatment with Rac1 inhibitor
that reduced Trastuzumab resistance did not alter phosphor-Akt levels
(Fig. 5), we then wanted to determine whether simultaneous inhibiting
both Rac1 and Akt will further reduce Trastuzumab resistance. Akt inhi-
bition was achieved by treating cells with an Akt kinase inhibitor VIII tri-
fluoroacetate salt hydrate (AKTi). As shown in Fig. 6A, AKTi treatment
dose-dependently and efficiently reduced phosphor-Akt levels in both
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vector control cells and PTEN stable knockdown and IGF-IR overexpress-
ing cells. However, AKTi treatment showed no effect on Rac1 activation in
PTEN stable knockdown and IGF-IR overexpressing cells (Fig. 6A).

To simultaneously inhibit both Rac1 and Akt, cells were treated with
both NSC (25 lM) and AKTi (5 lM). As shown in Fig. 6B, comparing with
Trastuzumab alone treatment, Trastuzumab plus Rac1 inhibitor NSC
treatment or Trastuzumab plus Akt inhibitor AKTi treatment had signifi-
cantly stronger inhibitory effect on the viability of Trastuzumab-resistant
SKBR3 cells. The inhibition of cell viability was increased from �28–34%
by Trastuzumab alone treatment to �56–61% by Trastuzumab plus NSC
or Trastuzumab plus AKTi. However, Trastuzumab plus both NSC and
AKTi treatment showed the strongest inhibition on cell viability. The inhi-
bition of cell viability was increased from �56–61% by Trastuzumab plus
NSC or Trastuzumab plus AKTi treatment to �80–83% by Trastuzumab
plus NSC and AKTi (Fig. 6B). These results indicate that simultaneous inhi-
bition of both Rac1 and Akt further reduced Trastuzumab resistance.

4. Discussion

Trastuzumab is the first approved monoclonal antibody
against HER2 and its wide application in HER2 overexpres-
sion breast cancer treatment represents a milestone in
rationally designed targeted therapy. However, despite
very promising therapeutic effects at the beginning, resis-
tance occurred in the majority of patients who initially
responded to Trastuzumab. Moreover, there was also a
large portion of patients who never responded to Trast-
uzumab. The mechanism underlying the occurrences of
Trastuzumab resistance has not been clearly defined.
Therefore, it is imperative to elucidate the mechanism of
resistance and identify additional molecular targets for
improving Trastuzumab therapeutic efficacy. We found in
this study that Rac1 was highly activated in PTEN stable
knockdown and IGF-IR overexpressing Trastuzumab-resis-
tant SKBR3 cells in a HER2-independent manner, and inac-
tivation of Rac1 resulted in a significant decrease of
resistance to Trastuzumab. Moreover, we also found that
simultaneous inhibition of both Rac1 and Akt led to a fur-
ther significant reduction of Trastuzumab resistance in
PTEN deficient and IGF-IR overexpressing SKBR3 cells. This
study alone with a previous report showing that Rac1 acti-
vation contributes to Trastuzumab resistance in SKBR3
cells selected from long term repeated Trastuzumab treat-
ment [28] indicate that Rac1 activation is critically in-
volved in multiple mechanisms-caused Trastuzumab
resistance, and inhibition of Rac1 may significantly im-
prove the therapeutic efficacy in a large number of HER2
overexpression breast cancer patients with primary and/
or acquired Trastuzumab resistance.

Overexpression of EGFR, HER3, c-Met, IGF-IR or depletion
of PTEN are implicated in primary and/or acquired Trast-
uzumab resistance in HER2 overexpression breast cancer.
However, it may not be useful or practical to target afore-
mentioned each individual molecules in order to decrease
Trastuzumab resistance because they share some common
signaling pathways. Instead, the strategies targeting a com-
mon downstream key signaling molecule may reduce Trast-
uzumab resistance more efficiently. For example, it is
believed that HER2 overexpression causes PI3K/Akt activa-
tion, which promotes breast cancer cell survival, prolifera-
tion, migration and invasion. Alternative signaling from
either overexpression of other oncogenic tyrosine kinase
receptors (EGFR, HER3, c-Met, IGF-IR, etc.) or deletion of tu-
mor suppressor PTEN in HER2 overexpression breast cancer
cells also causes PI3K/Akt activation, which is thought to
play a critical role in Trastuzumab resistance. Therefore, it
has been proposed to inhibit PI3K or Akt to reduce Trast-
uzumab resistance in HER2 overexpression breast cancer
[27]. Interestingly, a recent study reported that the non-
receptor tyrosine kinase Src was also commonly activated
by overexpression of HER2 or other oncogenic tyrosine
kinase receptors or deletion of PTEN [29]. Inhibition of Src
significantly reduced Trastuzumab resistance in cell culture
and mouse xenograft tumor model studies using HER2 over-
expression human breast cancer cells [29].

The small Rho GTPase Rac1 is another important
downstream signaling molecule that is usually activated
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by overexpression of various oncogenic tyrosine kinase
receptors or PTEN deletion via PI3K-dependent and –
independent mechanisms [30,17]. Animal model studies
showed that gene targeting (knockout) of Rac1 and Rac2
abrogated chronic myelogenous leukemia (CML) develop-
ment in mice [31]. Therefore, Rac GTPases have been pro-
posed as novel molecular targets for cancer therapy [32–
35]. The specific small molecular inhibitors for Rac GTPas-
es have been developed [25,36]. Treatment of mice with
the Rac1 inhibitor NSC23766 suppressed the tumor
growth in human CML cell mouse xenograft tumor model
studies [31]. Our findings that Rac1 was highly activated
in PTEN deficient and IGF-IR overexpressing Trast-
uzumab-resistant SKBR3 cells and inactivation of Rac1
significantly reduced Trastuzumab resistance provide
additional strong rationale for developing new generation
and clinically applicable Rac1 inhibitors. Combination of
Trastuzumab treatment with a Rac1 inhibitor may repre-
sent another promising strategy for improving Trast-
uzumab efficacy in HER2 overexpression breast cancer.



62 Y. Zhao et al. / Cancer Letters 313 (2011) 54–63
Another interest finding from this study is that neither
inactivation of Rac1 affected phosphor-Akt levels nor did
inhibition of Akt affect Rac1 activation. However, inhibit-
ing either Rac1 or Akt reduced Trastuzumab resistance.
These findings suggest that Rac1 and Akt may work sepa-
rately to promote Trastuzumab resistance resulting from
PTEN deletion or IGF-IR overexpression. Indeed, only lim-
ited success of application of Akt inhibitors in reducing
Trastuzumab resistance were observed in recent clinical
trials [37]. It is thus likely to achieve a better Trastuzumab
efficacy by combination with simultaneous inhibition of
both Rac1 and Akt. In this study we found that treatment
with Trastuzumab plus a Rac1 inhibitor NSC and an Akt
inhibitor AKTi achieved a significantly stronger inhibition
of cell viability than treatment with Trastuzumab plus
NSC or AKTi alone. These findings provide further rationale
for developing more efficient and less toxic Rac1 and Akt
inhibitors for future combined application to fight better
against Trastuzumab resistance.

In summary, we found that the small GTPase Rac1 was
highly activated in PTEN deficient and IGF-IR overexpress-
ing Trastuzumab-resistant SKBR3 cells in a HER2-indepen-
dent manner. Inactivation of Rac1 significantly reduced
Trastuzumab resistance. Simultaneous inhibition of both
Rac1 and Akt resulted in a significantly more decrease of
Trastuzumab resistance. These findings provide new evi-
dence indicating that Rac1 activation is critically involved
in multiple-mechanisms-caused Trastuzumab resistance.
Combinational treatment of Trastuzumab with clinically
applicable Rac1 and Akt inhibitors may achieve a better
outcome for a large portion of breast cancer patients with
HER2 overexpression.
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