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Summary Ibrutinib (formerly PCI-32765) is a specific, irre-
versible, and potent inhibitor of Burton’s tyrosine kinase
(BTK) developed for the treatment of several forms of blood
cancer. It is now an FDA-approved drug marketed under the
name ImbruvicaTM (Pharmacyclics, Inc.) and successfully
used as an orally administered second-line drug in the treat-
ment of mantle cell lymphoma. Since BTK is predominantly
expressed in hematopoietic cells, the sensitivity of solid tumor
cells to Ibrutinib has not been analyzed. In this study, we
determined the effect of Ibrutinib on breast cancer cells. We
demonstrate that Ibrutinib efficiently reduces the phosphory-
lation of the receptor tyrosine kinases ErbB1, ErbB2 and
ErbB3, thereby suppressing AKT and MAPK signaling in
ErbB2-positive (ErbB2+) breast cancer cell lines. Treatment
with Ibrutinib significantly reduced the viability of ErbB2+
cell lines with IC50 values at nanomolar concentrations, sug-
gesting therapeutic potential of Ibrutinib in breast cancer.
Combined treatment with Ibrutinib and the dual PI3K/
mTOR inhibitor BEZ235 synergistically reduces cell viability
of ErbB2+ breast cancer cells. Combination indices below
0.25 at 50 % inhibition of cell viability were determined by

the Chou-Talalay method. Therefore, the combination of
Ibrutinib and canonical PI3K pathway inhibitors could be a
new and effective approach in the treatment of breast cancer
with activated ErbB receptors. Ibrutinib could thus become a
valuable component of targeted therapy in aggressive ErbB2+
breast cancer.
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Introduction

Breast cancer is the most common non-cutaneous cancer in
Western countries, accounting for nearly one in three malig-
nancies diagnosed in women [1]. Human epidermal growth-
factor receptor 2 (ErbB2/HER2) is amplified in approximately
25 % of breast cancers and ErbB2-positive tumors represent
an aggressive subtype of breast cancer [2, 3]. ErbB2 is a
transmembrane tyrosine-kinase receptor belonging to the fam-
ily of ErbB receptors, including ErbB1/EGFR, ErbB2/HER2,
ErbB3/HER3 and ErbB4/HER4 [4, 5]. Aberrant expression of
the ErbB2 receptor activates multiple downstream signaling
cascades including the PI3K/AKT/mTOR pathway that is
associated with poor prognosis and endocrine therapy resis-
tance of breast cancer cells [6]. ErbB2 is the therapeutic target
for the anti-ErbB2 antibody trastuzumab (Herceptin®) but
resistance to Herceptin therapy is frequently observed. There-
fore, new therapeutic approaches are in development for the
improved treatment of ErbB2+ breast cancer including small
molecular inhibitors directly targeting the tyrosine kinase
activity of ErbB2 (lapatinib, neratinib, afatinib), monoclonal
antibodies directed against epitopes of the extracellular do-
main of ErbB2 (pertuzumab) not targeted byHerceptin as well
as antibody-drug conjugates (trastuzumab-DM 1) [7–9]. The
majority of tyrosine kinase inhibitors (TKIs) developed thus
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far target the ATP-binding site of the enzyme, which is highly
conserved across the human protein kinases [10]. ATP-
competitive compounds inhibit the catalytic activity in a re-
versible manner, binding to the kinase domain of the target
through weak interactions (hydrogen-bonds, van der Waals
and hydrophobic interactions). In the past decade, much prog-
ress has been made in the development of a new class of
potent and selective tyrosine kinase inhibitors that irreversibly
inhibit their target protein via the formation of covalent bonds
[11–14]. Covalently binding tyrosine kinase inhibitors carry
an electrophilic functionality (warhead) that covalently inter-
acts with a nucleophilic cysteine residue located near the ATP
binding pocket [15]. As a result, the pharmacodynamic be-
havior of such a compound is coupled to the half-life and
turnover of the target protein rather than to pharmacokinetic
properties. This is an advantage for covalent inhibitors over
ATP-competitive inhibitors.

Ibrutinib (formerly PCI-32765) is an orally administered,
irreversible, and potent inhibitor of Bruton’s tyrosine kinase
(BTK). BTK is a member of the cytoplasmic non-receptor
tyrosine kinase family of TEC kinases, predominantly
expressed in hematopoietic cells. BTK plays a key role in
the B-cell receptor signaling pathway and is a mediator of pro-
inflammatory signals [16]. Inhibition of BTK is a promising
strategy for the treatment of B-cell malignancies and autoim-
mune disease [17, 18]. BTK belongs to a group of 11 tyrosine
kinases, including the TEC family kinases, EGFR, ErbB2,
ErbB4, Jak3 and BLK that contain a conserved cysteine
residue adjacent to the ATP-binding site, critical for covalent
inhibition by tyrosine kinase inhibitors [14, 19]. Ibrutinib
binds covalently to the cysteine-481 residue at the active site
of BTK, resulting in potent inhibition of kinase activity, with
an IC50 of 0.5 nM for more than 24 h [20]. Since November
2013, Ibrutinib is approved by the FDA, marketed under the
name Imbruvica (Pharmacyclics Inc.) and is successfully used
for second line treatment of mantle cell lymphoma [21]. In this
study, we performed an initial analysis of the effect of
Ibrutinib on breast cancer cells. We found that Ibrutinib is an
effective inhibitor of ErbB receptor phosphorylation and of
the viability of ErbB2+ breast cancer cells, suggesting thera-
peutic use of Ibrutinib in breast cancer.

Materials and methods

Cell culture and reagents

The human breast cancer cell lines MCF-7, T-47D, HCC-
1954, SKBR-3, BT-474, SUM-159PT and MDA-MB 231
were kindly provided by Peter K. Vogt and cultured by stan-
dard conditions as described and recommended by ATCC.
MDA-MB 468 and BT-20 cells were kindly provided by
Klaus Pantel (Institute of Tumor Biology, University Medical

Center Hamburg Eppendorf, Germany) and cultured by stan-
dard conditions as described and recommended by ATCC.
Murine Balb-neuT-derived ErbB2-positive breast cancer cell
line C4 was established, characterized and cultured as de-
scribed previously [22]. All media and supplements were
purchased from Invitrogen (USA). All inhibitors were sup-
plied by Selleckchem (USA) and have been diluted in DMSO
(Sigma, USA) as recommended.

Cell viability assay

For the alamar blue cell viability assay, 5×103 cells were
seeded per 96 well and allowed to adhere overnight followed
by treatment with the corresponding inhibitor for the indicated
time and concentrations or DMSO as a control. Prior to
measurement, the medium was removed, and 100 μl medium
containing 5 ng/ml Resazurin (Sigma, USA) was added to
each well. Cells were incubated for 60–240 min at 37 °C in a
humified atmosphere. Fluorescence based absorption was
measured at 540 nm on a micro plate reader (Tekan,
Switzerland).

Western blot analysis and immunoprecipitation

For Western blot analysis and immunoprecipitation (IP), pro-
tein lysates were prepared by solubilizing cells in cell lysis
buffer (Cell Signaling, USA). Proteins were resolved by SDS-
polyacrylamide gel electrophoresis and were transferred to
nitrocellulose paper (GE Healthcare, USA). Membranes were
probed wi th the fo l lowing pr imary ant ibodies :
pSTAT3(Y705), STAT3, pAKT(S473), AKT, EGFR,
pEGFR(Y1068) , ErbB2, pErbB2(Y877) , ErbB3,
pErbB3(Y1289), pGSK3β(S9), pMAPK and GAPDH (Cell
Signaling, USA), phospho-tyrosine, MAPK, HSC70 (Santa
Cruz, USA) and BMX (Abgent, USA) followed by probing
with secondary antibodies (GE Healthcare, USA). Western
blots were developed using standard procedures. Direct im-
munoprecipitation was carried out by coupling of 2.5 μg of
the corresponding antibody for 2 h, rotating at 4 °C to 40 μl of
equilibrated 50:50 slurry of protein G-Sepharose beads (GE
Healthcare, USA). Beads were washed twice in cell lysis
buffer before 100 μg of protein from whole cell lysates in a
total volume of 500 μl was added. Proteins were precipitated
overnight, rotating at 4 °C. Beads were washed four times in
cell lysis buffer. Sample loading buffer was added to beads
and probes were heated 5 min at 100 °C. Whole samples were
analyzed by western blot technique probed with the indicated
antibodies. Subsequently, nitrocellulose membrane was incu-
bated with secondary antibody (GE Healthcare, USA), either
anti-rabbit or anti-mouse, dependent on the antibody used in
the IP to detect IgG levels for sample correction.
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Statistical analysis

Drug interactions were analyzed based on the median
effect method of Chou and Talalay [23]. CalcuSyn

software (Biosoft, Cambridge, UK) was used to calcu-
late the combination index (CI) as described previously
[24]. IC50 values were calculated using GraphPad Prism
4.0 software.

Results

Ibrutinib potently inhibits cell viability of ErbB2+ breast
cancer cells

To analyze the effect of Ibrutinib on breast cancer cell viabil-
ity, ten breast cancer cell lines of different clinical subtypes i.e.
ER+, ErbB2+ and triple-negative (TN), were used (Table 1).
Cell viability of breast cancer cells was measured by the
alamar blue assay after 72 h of treatment with Ibrutinib at
the indicated concentrations. As shown in Fig. 1a, the viability
of ER+(MCF-7 and T-47D) and TN (SUM-159PT, MDA-
MB 231, MDA-MB 468 and BT-20) breast cancer cells was
not significantly attenuated after treatment with Ibrutinib at
increasing concentrations. Even at the highest applied

Table 1 IC50 of Ibrutinib for cell viability of ErbB2+ breast cancer cell
lines. Cell viability of breast cancer cell lines after 72 h of treatment with
Ibrutinib was measured by alamar blue assay. GraphPad Prism 4.0
software was used for normalization and transformation of the data to
calculate IC50

Clinical subtype Breast cancer cell line Ibrutinib IC50 [nM]
cell viability

ER positive MCF-7 > 6400

T-47D > 6400

Triple negative MDA-MB 231 > 6400

SUM-159PT > 6400

MDA-MB 468 > 6400

BT-20 > 6400

ErbB2 positive BT-474 2.0

SKBR-3 2.1

HCC-1954 180.2

C4 4.3

Fig. 1 Ibrutinib potently inhibits cell viability of ErbB2+ breast cancer cells. Cell viability of breast cancer cell lines was measured after 72 h of treatment
with Ibrutinib at the indicated concentrations by alamar blue assay. Shown are mean values (n≥3), +/− SD
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concentration of 6.4 μM of Ibrutinib, 50 % inhibition of cell
viability was not observed. In contrast, ErbB2+ (BT-474,
SKBR-3, HCC-1954 and C4) breast cancer cell lines were
highly sensitive to Ibrutinib treatment (Fig. 1a). While HCC-
1954 cells were slightly more resistant (IC50=180 nM), 50 %
reduction of cell viability of BT-474, SKBR-3 and C4 cells
was reached at doses below 5 nM (Fig. 1b and c). These data
show that Ibrutinib specifically and potently inhibits cell
viability of ErbB2+ breast cancer cells. IC50 values of 2.1,
2.0 and 4.3 nM were calculated for the ErbB2+ breast cancer
cell lines BT-474, SKBR-3, and C4, respectively (Fig. 1c and
Table 1).

AKT and MAPK phosphorylation is reduced after treatment
with Ibrutinib in ErbB2+ breast cancer cells

In order to determine the mechanism of inhibition of cell
viability of ErbB2+ breast cancer cells by Ibrutinib, common

cancer related signaling pathways, including MAPK, AKT
and STAT3, were analyzed by Western blot after treatment
with Ibrutinib (10 μM for 24 h). Ibrutinib reduced phosphor-
ylation of MAPK in all investigated cell lines with the excep-
tion of the kras and braf mutated cell line MDA-MB 231,
whereas phosphorylation of AKT was significantly reduced
only in ErbB2+ breast cancer cell lines (Fig. 2a). In compar-
ison, the selective PI3K inhibitor GDC-0941 reduced PI3K-
mediated AKT phosphorylation in all investigated cell lines,
indicating that Ibrutinib specifically inhibits AKT phosphor-
ylation of ErbB2+ cell lines (Fig. 2a). There was no correla-
tion between sensitivity to Ibrutinib and phosphorylation sta-
tus of STAT3 (Fig. 2a). To further analyze the effect of
Ibrutinib on phosphorylation of AKT, lower doses of Ibrutinib
were tested and applied for 1 h to different breast cancer cell
lines (Fig. 2b). As shown in Fig. 2b, treatment with Ibrutinib
resulted in a concentration-dependent decrease of AKT phos-
phorylation in ErbB2+ cell lines BT-474 and C4 (Fig. 2b).

Fig. 2 AKT and MAPK phosphorylation is reduced after treatment with
Ibrutinib in ErbB2+ breast cancer cells. Breast cancer cells have been
treated with the PI3K inhibitor GDC-0941 or Ibrutinib at the indicated

concentrations for a 24 h or b 1 h. Cells have been lysed, subjected to
western blot analysis and probed with the indicated antibodies
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Similar results were obtained for the ErbB2+ breast cancer cell
lines SKBR-3 and HCC-1954 (Online Resource 1). In addi-
tion, phosphorylation of the AKT substrate GSK3β at serine
residue 9 decreased after treatment with Ibrutinib in a dose-
dependent manner, indicating that downstream signaling
events of AKT are also inhibited (Fig. 2b). In contrast,
Ibrutinib-resistant cell lines MCF-7 and BT-20 showed less
or no attenuation of AKT phosphorylation after treatment with
Ibrutinib (Fig. 2b). Similar results were observed for other
Ibrutinib resistant breast cancer cell lines (data not shown).
The phosphorylation of STAT3 at Y705 was not affected by a
1-h treatment with Ibrutinib (Online Resource 1). These data
indicate that Ibrutinib inhibits ErbB2-mediated activation of
AKT in ErbB2+ breast cancer cells but has no detectable
effect on the phosphorylation of STAT3.

Phosphorylation of ErbB1, 2 and 3 is reduced after treatment
with Ibrutinib in ErbB2+ breast cancer cells

We monitored the activity of ErbB2 in breast cancer cells by
determining the level of phosphorylation of this receptor tyro-
sine kinase after treatment with Ibrutinib and the PI3K inhibitor
GDC-0941 in ErbB2-positive HCC-1954 and SKBR-3 cells

and in ErbB2-negative MCF-7 cells (Fig. 3a). Treatment with
Ibrutinib resulted in reduced phosphorylation of ErbB2 in
HCC-1954 and SKBR-3 cells which show constitutive activa-
tion of ErbB2, whereas phosphorylated ErbB2 was not detect-
able in MCF7 cells (Fig. 3a). No significant reduction of
phosphorylation of ErbB2 was observed after treatment with
the PI3K inhibitor GDC-0941 (Fig. 3a). In ErbB2+ cells the
phosphorylation of ErbB2 was almost completely abrogated at
a concentration of 0.1 μM Ibrutinib, whereas the expression of
ErbB2 was not affected (Fig. 3b). For ErbB2-positive breast
cancer, hetero-dimerization of ErbB2 with its family member
ErbB3 is an essential event [25]. Therefore we also determined
the phosphorylation of ErbB3 after treatment with Ibrutinib
(Fig. 3b). In accordance with the observations on ErbB2,
ErbB3 phosphorylation was completely abolished after treat-
ment with Ibrutinib at a concentration of 0.1 μM. The phos-
phorylation of all three members of the EGFR family, ErbB1,
ErbB2 and ErbB3 was reduced by Ibrutinib in a dose-
dependent manner in all investigated cell lines that showed
activation of these receptors (Fig. 3c). These results demon-
strate that Ibrutinib is a potent inhibitor of ErbB1, 2 and 3
phosphorylation and downstream signaling at clinically achiev-
able concentrations of this compound.

Fig. 3 Phosphorylation of ErbB1, 2 and 3 is efficiently reduced after
treatment with Ibrutinib in ErbB2+ breast cancer cells. Breast cancer cells
have been treated with the PI3K inhibitor GDC-0941 or Ibrutinib at the
indicated concentrations for a, b 24 h or c 1 h. Cells have been lysed,

subjected to immunoprecipitation with the indicated antibodies followed
by western blot analysis a and b or c directly subjected to western blot
analysis and probed with the indicated antibodies
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Involvement of the TEC kinase family member BMX
in the reduction of ErbB receptor phosphorylation
after treatment with Ibrutinib in ErbB2+ breast cancer cells

The primary target of Ibrutinib is Burton’s tyrosine kinase, a
member of the TEC tyrosine kinase family. The TEC protein
family includes the ubiquitously expressed BMX kinase
which can be inhibited by Ibrutinib [26]. In order to test
whether the effect of Ibrutinib on ErbB proteins is mediated
by an inhibition of BMX, we analyzed the expression and
phosphorylation of this kinase after treatment with Ibrutinib
(Fig. 4a, b). Ibrutinib inhibited the phosphorylation of BMX
but this activity required a drug concentration of 1 μM, about
ten times the dose needed for inhibiting the phosphorylation
of the ErbB proteins. We conclude that the inhibition of ErbB
phosphorylation by Ibrutinib is not a consequence of reduced
BMX phosphorylation. BMX physically interacts with ErbB3
[27]; it is also able to phosphorylate receptor tyrosine kinases,
including the insulin receptor, resulting in full auto-
phosphorylation activity of these receptors [28]. In order to
further analyze the impact of BMX on the mechanism of
inhibition of cell viability of ErbB2+ breast cancer cells by
Ibrutinib, the interaction of BMX with ErbB receptors was
analyzed by co- immunoprecipitation. As shown in Fig. 4c,

BMX is co-precipitated with ErbB3 in MCF-7 cells. In con-
trast, only smaller amounts of BMXwere co-precipitated with
ErbB3 in ErbB2+ cell lines (Fig. 4c). Immunoprecipitation of
ErbB2 followed byWestern blot analysis with BMX antibody
suggests that there is no interaction between ErbB2 and BMX
(Fig. 4d). These results suggest that Ibrutinib inhibits ErbB
receptor phosphorylation without the involvement of inhibi-
tion of the TEC kinase BMX.

A combination of Ibrutinib and the dual PI3K/mTOR inhibitor
BEZ235 synergistically inhibits cell viability of ErbB2+
breast cancer cells

Since inhibition of PI3K/AKT signaling seems to be a key
mechanism by which Ibrutinib inhibits viability of ErbB2+
breast cancer cells, we analyzed whether the effect of Ibrutinib
can be increased by combining Ibrutinib with canonical PI3K
pathway inhibitors. We therefore combined Ibrutinib with the
AKT inhibitor MK-2206, the mTOR inhibitor Rapamycin, the
PI3K inhibitor GDC-0941 or the dual PI3K/mTOR inhibitor
BEZ235. The combination of Ibrutinib and BEZ235 was
highly synergistic in all investigated ErbB2+ breast cancer
cells (Fig. 5a). Combination indices were calculated by the
Chou-Talalay method for drug combination for HCC-1954,

Fig. 4 Involvement of the TEC kinase family member BMX in the
reduction of ErbB receptor phosphorylation after treatment with Ibrutinib.
a. Breast cancer cells have been lysed and subjected to western blot
analysis probed with the indicated antibodies. Phosphorylated proteins
were immunoprecipitated from whole cell lysates (WCL) with phospho-
tyrosine (pY) antibody followed by western blot analysis with BMX
antibody to detect phosphorylated BMX. b. SKBR-3 cells were treated

with Ibrutinib at the indicated concentrations, lysed, subjected to immu-
noprecipitation with pYantibody followed by western blot analysis with
BMX antibody. c. and d. Breast cancer cells were lysed, subjected to
immunoprecipitation with the indicated antibodies followed by western
blot analysis probed with the indicated antibodies (1stSN: first supernatant
after immunoprecipitation)
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SKBR-3 and BT-474 cells of 0.22, 0.14 and 0.001, respec-
tively at 50 % inhibition of cell viability (Fig. 5b). All other
drug combinations had no significant synergistic effect on cell
viability except for Ibrutinib and GDC-0941 which synergis-
tically affected a single cell line, HCC-1954 (Chou-Talalay
combination index of 0.57 at 50 % inhibition of cell viability,
data not shown). Our data suggest that a combination of
Ibrutinib with canonical PI3K pathway inhibitors like
BEZ235 offers superior cytocidal potency. These results could
form the basis for the development of new treatment strategies
for ErbB2+ breast cancer.

Discussion

ErbB2+ breast cancer occurs in about 25 % of human breast
cancer and is associated with a high metastatic potential and
poor prognosis. New targeted therapeutic approaches for en-
docrine and herceptine® resistant ErbB2+ breast cancer pa-
tients are urgently needed. Here, we demonstrate that the
FDA-approved BTK inhibitor Ibrutinib (ImbruvicaTM) po-
tently inhibits ErbB receptor phosphorylation and cell viabil-
ity of ErbB2+ breast cancer cells. For covalent inhibition of
tyrosine kinases (TKs) a cysteine residue located in close

proximity to the ATP binding pocket is critical [15, 29].
Among 100 TKs, encoded in the human genome, 11 share
this cysteine residue. These kinases include BTK, BMX,
EGFR, ErbB2 and ErbB4 [19, 30]. In vitro kinase activity
assays using Ibrutinib revealed IC50 values of 171 nM and 200
nM for inhibition of kinase activity of EGFR and ErbB2,
respectively [26]. However, our data demonstrate that
Ibrutinib is a highly effective and specific inhibitor of ErbB1,
ErbB2 and ErbB3 phosphorylation with IC50 values for inhi-
bition of cell viability in the lower nanomolar range of all
ErbB2+ cell lines investigated. This high sensitivity of
ErbB2+ breast cancer cells on cell viability might be ex-
plained by an addiction of these cells to survive and proliferate
via ErbB2/PI3K/AKT/mTOR signaling, as indicated by our
results.

Moreover, we have shown that the combination of Ibrutinib
with the dual PI3K/mTOR inhibitor BEZ235 synergistically
inhibits cell viability of ErbB2+ breast cancer cells. Recently,
a synergistic interaction between Ibrutinib and a wide range of
compounds targeting the PI3K/AKT/mTOR-signaling cas-
cade, including BEZ235, was demonstrated in an activated
B-cell-like subtype of diffuse large B-cell lymphoma [31].
The development of efficient drug combination regimes in
the treatment of cancer is a promising therapeutic strategy.
Collectively, our findings suggest a potential use of Ibrutinib

Fig. 5 Combination of Ibrutinib and the dual PI3K/mTOR inhibitor
BEZ235 synergistically inhibits cell viability of ErbB2+ breast cancer
cells. A. Cell viability of ErbB2+ breast cancer cells was measured by
alamar blue assay after 72 h of treatment with Ibrutinib, BEZ235 or in

combination with both as indicated. Shown are mean values (n≥3), +/−
SD. B. The combination indices (CI) were calculated by the Chou-Talalay
method for drug combination
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(ImbruvicaTM) in the treatment of ErbB2+ breast cancer.
Furthermore, the therapeutic potential of Ibrutinib in breast
cancer therapy might be increased by the combination of
Ibrutinib with canonical PI3K pathway inhibitors like
BEZ235. Future studies need to address a potential use of
Ibrutinib in the treatment of different tumor entities where
activation of ErbB receptors is frequently observed, i.e. lung
and colorectal cancer.
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