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Summary

Treatment response rates to current anticancer therapies for HER2 overexpressing breast cancer are limited and are associated
with severe adverse drug reactions. Tyrosine kinases perform crucial roles in cellular processes by mediating cell signalling
cascades. Ibrutinib is a recently approved Tyrosine Kinase Inhibitor (TKI) that has been shown be an effective therapeutic option
for HER2 overexpressing breast cancer. The molecular mechanisms, pathways, or genes that are modulated by ibrutinib and the
mechanism of action of ibrutinib in HER2 overexpressing breast cancer remain obscure. In this study, we have performed a
kinome array analysis of ibrutinib treatment in two HER2 overexpressing breast cancer cell lines. Our analysis shows that
ibrutinib induces changes in nuclear morphology and causes apoptosis via caspase-dependent extrinsic apoptosis pathway with
the activation of caspases-8, caspase-3, and cleavage of PARP1. We further show that phosphorylated STAT3Y7%° is upregulated
and phosphorylated p217'* is downregulated upon ibrutinib treatment. We propose that STAT3 upregulation is a passive
response as a result of induction of DNA damage and downregulation of phosphorylated p21 is promoting cell cycle arrest
and apoptosis in the two HER2 overexpressing cell lines. These results suggest that inhibitors of STAT3 phosphorylation may be
potential options for combination therapy to help increase the efficacy of ibrutinib against HER2-overexpressing tumors.
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Introduction

Allan Boyao Yang is awardee of an NSERC Undergraduate Student

Research Awards (USRA) In Canada, breast cancer affects 1 in 8 women and contributes

to 13% of all cancer-related deaths in women (http://www.
cancer.ca/en/cancer-information/cancer-type/breast/
statistics/?region=on). In 2017, approximately 5,000 women
died from breast cancer, and for many, metastatic breast cancer
(MBC) is a significant contributing factor (diagnosed in nearly
30% of breast cancer patients) to patient mortality (90% of
deaths) [1].

MBC is essentially incurable and existing treatments cause
adverse events/side-effects [2, 3]. 25-30% of MBC patients
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overexpress epidermal growth factor receptor 2 (HER2) and
this is associated with aggressive disease and poor prognosis
[4].

Current targeted therapies for HER2-amplified breast can-
cer include trastuzumab, pertuzumab, and lapatinib.
Trastuzumab (Herceptin) is a humanised IgG; antibody ap-
proved for the treatment of breast cancer (BC) cases that
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overexpress HER2. A combination of trastuzumab with
taxanes or anthracyclins shows improved efficacy and surviv-
al benefits [5, 6]. However, about 20—50% of patients initially
selected for trastuzumab therapy do not respond to treatment
and 70% of initial responders acquire resistance to
trastuzumab (refractory disease) [7, 8]. Pertuzumab is a
HER2 antibody that inhibits HER3 signalling by blocking
ligand induced HER2-HER3 heterodimerization [9].
However, as with most antibodies their therapeutic benefits
in preclinical and clinical studies have been modest and resis-
tance is widespread [10].

Multi-target therapies, which modulate multiple key pro-
cesses of cancer cell proliferation, migration, metabolism,
anti-apoptotic signalling and drug resistance, have been
shown to be effective in treating MBC [11]. A notable class
of cancer targets are tyrosine kinases [12, 13], which mediate
important cell signalling cascades. The tyrosine kinase inhib-
itors (TKIs) inhibit the aberrant tyrosine kinase signalling
pathways in cancer (including breast cancer) [14]. Although
marketed as inhibitors of a specific tyrosine kinase, TKIs nor-
mally have multiple kinase targets with different inhibitory
potency [15]. Several TKIs like Neratinib, Sunitinib,
Axitinib and Pazopinib have been implicated in the treatment
of HER2 overexpressing BC either alone or in combination
with Trastuzumab, other TKIs or chemotherapeutic agents,
and each has its own limitations and advantages as they dif-
ferentially target overlapping and non-overlapping cytoplas-
mic signalling pathways and proteins therein [16]. Hence,
there is a continuing need to expand the array of TKIs as
treatment options for HER2 overexpressing BC.

Ibrutinib is a recently approved TKI marketed as an irre-
versible inhibitor of Bruton’s tyrosine kinase (BTK) for the
treatment of B cell malignancies [17]. BTK functions as an
important regulator of cell proliferation and cell survival and
is pivotal in B cell receptor (BCR) signalling and other impor-
tant signalling pathways [18]. A novel isoform of BTK has
been shown to be over expressed in breast cancer cells and
protect them from apoptosis [19]. Hendriks et al. highlighted
the importance of BTK in various signalling pathways in the
context of its therapeutic inhibition [18]. In a recent report,
ibrutinib was shown to efficiently reduce the phosphorylation
of HER 1, HER2 and HER3 receptor tyrosine kinases in vitro
underscoring the possibility of ibrutinib usage in HER2 over-
expressing breast cancer therapeutics [20]. Ibrutinib in com-
bination with Anti-PD-L1 (Anti-Programmed Death —L.1) an-
tibodies has been reported to have therapeutic effect in solid
tumor animal models (mice) of triple negative breast cancer
[21]. Recently, Chen et al. reported that ibrutinib functions as
an irreversible inhibitor of HER2 and suggested that ibrutinib
might enhance its own direct activity against HER2/EGFR via
modulation of ITK and/or BTK [22]. Interestingly, it was
recently shown that the effects of ibrutinib on HER2-
positive breast cancer cells were not mitigated by NRG1
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or EGF stimulation (as in the case of lapatinib) [23].
Also, the phosphorylation of HER2, BTK, AKT, and
ERK and histone H3 was reduced by ibrutinib and
cleaved caspase-3 signals were increased in breast can-
cer cells on treatment with ibrutinib [23].

Apart from the isolated reports on the effects of ibrutinib on
HER?2 overexpressing breast cancer and the role of ibrutinib in
modulating EGFR signalling pathways, none of the studies on
breast cancer demonstrate the molecular mechanisms, path-
ways, or genes that are modulated by ibrutinib and the mech-
anism of action of ibrutinib in HER2 overexpressing breast
cancer remains obscure.

Phosphorylation is the predominant mechanism of post-
translational modification for the regulation of protein func-
tion. With central roles in virtually every cellular process, and
strong linkages with many diseases, there is a considerable
interest in defining global cellular kinase activity (kinome).
Within kinome analysis, peptide arrays have demonstrated
considerable potential as a cost-effective, high-throughput ap-
proach for defining phosphorylation- mediated signal trans-
duction activity.

Here, we use a novel and extensive peptide kinome array to
study the effect of ibrutinib on two HER2 overexpressing
breast cancer cells lines. This array provides information on
cancer-associated pathways, proteins and phosphorylation
events and queries 1290 phosphorylation events in major can-
cer signalling pathways. The peptides showing significant
changes in the level of phosphorylation were further analysed
computationally for gathering information on gene ontology
and pathways. Selected proteins of interest were validated by
western blot. The data on our investigations is presented.

Materials and methods
Antibodies and reagents

Monoclonal Antibodies against p-STAT3Y %%, p-p21™'*, cas-
pase 8, casapse3 and PARP1 were purchased from Abcam
Inc., MA, USA. Antibodies against GAPDH and AKT were
purchased from Cell Signaling Technologies, MA, USA. BTK
siRNA and transfection reagents were purchased from Santa
Cruz Biotechnology Inc., CA, USA. 4,5-dimethylthiazol-2-
yl-2,5-diphenyltetrazolium bromide (MTT), Annexin V-
FITC kit were purchased from Sigma Aldrich, USA.
VECTASHIELD® Antifade Mounting Medium with DAPI
was purchased from Vector Labs, USA. Ibrutinib (PCI-
32765) was purchased from Selleckchem, TX, USA.
Roswell Park Memorial Institute (RPMI) 1640 medium with
L -glutamine, McCoy 5A medium, Phosphate Buffered Saline
(1X PBS), and 0.25% Trypsin were purchased from HyClone,
UT, USA. Fetal Bovine Serum (FBS) was obtained from
Gibco Laboratories, MD, USA.
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Cell lines and culture conditions

Cell lines were obtained from American Type Culture
Collection (ATCC MD, USA). Human BT474 breast carcino-
ma cells were maintained in RPMI medium containing 10%
Fetal Bovine Serum (FBS) and 2 mM L-glutamine at 37 °C
and 5% CO,. SKBR3 cells were maintained in RPMI medium
containing 10% Fetal Bovine Serum (FBS) and 2 mM L-
glutamine at 37 °C and 5% CO,. Cultures were replenished
with fresh medium every 2 to 3 days and passage 1:3 when
they reached 80% confluence. The cells were regularly
checked for Mycoplasma contamination.

MTT cell viability assay

The anti-proliferative effect of ibrutinib was assessed by MTT
assay. MTT is a yellow colored tetrazole that is reduced to
purple formazan in living cells. 5% 10° cells per well
(BT474 and SKBR3) were seeded in 96 well plates and incu-
bated for 24 h individually. After incubation, the cells were
treated with the desired concentration of Ibrutinib dissolved in
Dimethyl sulfoxide (DMSO) for 72 h. Cells treated with
DMSO were used as vehicle control and the growth medium
was used as background (Blank) control. After treatment the
cells were incubated with 100 pl of medium containing 4,5-
dimethylthiazol-2-yl-2,5-diphenyltetrazolium bromide
(MTT) with 5 mg/ml concentration at 37 °C for 4 h. This
was followed by addition of 100 ul of DMSO to dissolve
the formazan crystals, and the plates were read in synergy
BioTek HT microplate reader at 570 nm. The experiment
was performed in triplicate and mean value + SD was calcu-
lated for each concentration. Cell viability was described as
the ratio of absorbance (As;onm) of treated cells versus the
ratio of absorbance (As;onm) of control cells [24, 25]. ICsq
that is the concentration of ibrutinib needed to reduce 50% of
absorbance relative to the vehicle (DMSO)-treated control
was calculated using graph-pad Prism6 software.

Annexin V-propidium iodide analysis and flow
cytometry analysis

The level of apoptosis in cancer cells on treatment with
ibrutinib was assessed with Annexin V-propidium iodide Kkit.
BT474 and SKBR3 cells were seeded (1 x 10° cell/well) ina 6
well plate (9 cm?) individually to obtain 60~70% confluence
in standard culture medium for 24 h. After treatment with
Ibrutinib (IC50) for 72 h, the cells were trypsinized, washed,
and incubated with Annexin V-FITC solution for 15 min
(dark), as per manufacturer’s instructions (APOAF -
Annexin V-FITC Apoptosis Detection Kit, Sigma-Aldrich,
St Louis, MO). After washing, the cells were analysed by flow
cytometry immediately after propidium iodide solution was
added (Cytoflex, Cytexpert, Beckman Coulter).

BTK knockdown using siRNA

The BTK gene expression in BT474 and SKBR3 cells was
silenced (knock-down) using siRNA purchased from Santa
Cruz Biotechnology Inc., CA, USA. The BTK siRNAs were
transfected into cells according to the transfection protocol
provided by Santa Cruz. The expression levels of BTK were
determined using quantitative real time PCR. MTT assay (as
described above) for cell viability was also performed, to
check if silencing of BTK causes cell death and also to check
if BTK inhibition is the only reason for cell death on treatment
with ibrutinib.

Reverse transcription and quantitative real-time PCR

The expression level of BTK in the two HER2 overexpressing
cell lines BT474 and SKBR3 was analysed by quantitative
real time PCR (Applied biosystem Step one plus). Reverse
transcription was performed using High capacity cDNA
Reverse transcriptase kit (Applied Biosystem). The real time
PCR reactions were performed using Bioline SensiFast SYBR
green PCR Master Mix. forward primer sequence 5°-
GGTGGAGAGCACGAGATAAA-3" and reverse primer se-
quence 5’-CCGAGTCATGTGTTTGGAATAC-3" were used
to amplify BTK gene. GAPDH was used as the control [26].
The relative expression level of the gene of interest in different
cDNA samples was determined using the AACt method
(http://www.gene-quantification.net/livak-2001.pdf). Ct
value of the control (GAPDH) was subtracted from Ct value
of the corresponding mRNA to get ACt value. Relative ex-
pression was measured by calculating 2-AACt. Mean qRT —
PCR threshold cycle (Ct) value is defined as the number of
cycles required for the fluorescent signal to cross the threshold
(i.e. 0.5 SD above background levels).

Nuclear morphology analysis / DAPI staining

BT474 and SKBR3 cells were seeded at a cell density of 2 x
10° cells on 35-mm cell culture plate and treated with ICs, of
ibrutinib for 72 h. Following treatment, cells were fixed with
4% paraformaldehyde for 20 min, washed with PBS and
mounted in 20 pl of Vectashield mounting medium containing
4',6- diamidino-2 phenylindole (DAPI) (Vector Labs) for
10 min and the nuclei were observed using ZOE™
Fluorescence Cell Imager (Bio-Rad). DAPI is a blue coloured
fluorescent DNA stain that shows enhancement in fluores-
cence upon binding to AT region of DNA.

Kinome profiling
Array design This work utilizes a peptide array customized to

prioritize cancer-associated pathways, proteins and phosphor-
ylation events [27]. Briefly, the 1290 phosphorylation events
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represented on the array were derived from databases of ex-
perimentally defined phosphorylation events as well as phos-
phorylation events predicted by the software program
DAPPLE2 [28]. Peptide substrates were selected to represent
phosphorylation events known to be differentially regulated in
a variety of cancers [29-31] as well as inclusion of major
signaling pathways involved in proliferation, metabolism,
and apoptosis to enable a broader perspective on signaling
patterns.

Design, construction, and application of the peptide arrays
were based upon a previously reported protocol with the mod-
ification that cells were serum-starved by growing in 0.5%
FBS for 24 h prior to collection for kinome analysis [32,
33]. All data processing and analysis was done using the
Platform for Intelligent, Integrated Kinome Analysis
(PIIKA) software [33], which is freely available for non-
commercial use at http://saphire.usask.ca/saphire/piika.

For hierarchical clustering of kinome data, the distance
metric used was (1 - Pearson correlation), while McQuitty
linkage was used as the linkage method. Colors indicate the
average (over nine intra-array replicates) normalized phos-
phorylation intensity of each peptide, with blue indicating
increased phosphorylation and white indicating decreased
phosphorylation. The intensity of the color corresponds to
the degree of increase or decrease [34].

Data analysis
Differential phosphoprotein expression

Data processing was performed in a web-based platform
PIIKA 2 package [33] that analyses the raw intensities with
background correction and computes the respective P-values
(Benjamin—Hochberg false discovery rate). Fold changes in
protein expression that correspond to changes in phosphory-
lation relative to control were calculated and subsequently
analysed for the Differential Expression in Phosphoproteins
(DEP) in comparison to respective control samples. DEPs
with P-values <0.05 were considered significantly differen-
tially expressed or modified relative to a control condition
(DEP).

Heat map clustering for DEPs was performed using
Heatmap.2 function in R/Bioconductor package “gplots”
(http://cran.there.org/web/packages/gplots/gplots.pdf).

Functional gene annotation (gene ontology)

The differentially expressed proteins were submitted to
the FunRich open access standalone enrichment analysis
tool [35]. The FunRich standalone tool and GeneAlaCart
package from Gene cards were used to derive information
on gene ontology and super families based on gene names
(provided in PIIKA array). FunRich analysis were
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performed to derive information on the biological pro-
cesses, molecular functions and cellular location of these
DEPs. GO terms with P value <0.05 were selected as
significantly enriched and plotted.

Pathway over-representation analysis and pathway mapping

Pathway over-representation analysis was performed with
InnateDB, a publicly available resource which, based on
levels of either differential expression or phosphorylation, pre-
dicts biological pathways based on experiment fold change
data sets [36]. Pathways were assigned a probability value
(P) based on the number of proteins present for a particular
pathway and the degree to which they were differentially
expressed or modified relative to a control condition.

The proteins in the significantly modulated pathways were
mapped on to the pathways using Pathview tool (KEGG path-
way database platform) for the identification of the location of
the protein the pathway [37] (data not shown).

Western blot analysis

After treatment of Ibrutinib, cells were trypsinized and washed
with PBS for protein isolation. Whole cell lysates were pre-
pared in lysis buffer (RIPA) containing 50 mM Tris (pH 8.0),
150 mM NacCl, 0.5 mM EDTA (pH 8.0), 1% Triton X-100,
0.5% Sodium deoxycholate and 0.1% SDS) enhanced with
complete™ ULTRA Tablets of Protease inhibitor (Roche
Applied Science) and phosphatase inhibitor (PhosStop,
Roche Applied Science). Cell lysates were centrifuged at
14,000 rpm for 20 min at 4 °C and the supernatant was
used for analyses of protein expression. Protein quantifi-
cation was performed by Pierce™ BCA Protein Assay Kit
(ThermoScientific, IL, USA). 25 pg of protein was loaded
into SDS-polyacrylamide gels (10%) and electrophoresed
at 100 V for 1.5 h. Following this, the proteins were
transferred onto PVDF membranes (GE Healthcare,
USA) for overnight and were then blocked using 5%
non-fat milk (w/v) in TBS-0.1% Tween-20 at room tem-
perature for 1 h. Membranes were incubated overnight at
4 °C with primary antibodies for anti p-STAT3Y’%3
(1:2000; Abcam), anti p—p21T145 (1:1000, Abcam), anti-
AKT (1:1000; Cell Signaling Technologies), anti-Caspase
8 (1:1000; Abcam), anti-Caspase3 (1:1000; Abcam), anti-
PARP1 (1:1000; Abcam) and anti-GAPDH (1:5000; Cell
Signaling Technologies), respectively. GAPDH was used
as a loading control. After probing, HRP conjugated sec-
ondary antibody was added and the membranes were in-
cubated at room temperature for 1 h. Protein bands were
developed using Clarity™ Western ECL blotting sub-
strates and visualized using BIORAD Imager.
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Results

Ibrutinib inhibits cell growth in breast cancer cell lines
expressing HER2+ receptor

BT474 and SKBR3 cells were exposed to ibrutinib concentra-
tions of 2, 5, 10, 30, and 50 nM for 24, 48 and 72 h, respec-
tively. The cytotoxic and antiproliferative effect of ibrutinib
was assessed by MTT dye reduction assay. The ICs, value for
BT474 and SKBR3 were found to be 9.94 nM and 8.89 nM,
respectively. We preferred to proceed with the respective ICsq
concentrations to see the effects of Ibrutinib on both the cell
lines. As shown in Fig. 1 cell numbers decreases in a dose-
dependent fashion.

Ibrutinib inhibits cell proliferation by apoptosis

To elucidate whether the cytotoxic mode of action of ibrutinib
is apoptosis or necrosis, flow cytometry analysis was per-
formed on both BT474 and SKBR3 cells (treated at respective
ICsq concentrations of 9.94 nM and 8.89 nM) using annexin
V-FITC/PI. Simultaneous staining with annexin V-FITC and
PInon-vital dye helps distinguish between intact cells (stained
negative for both annexin V-FITC and PI), early apoptosis
(stained positive for annexin V-FITC and negative for PI),
and late apoptosis or cell death (stained positive for both and
annexin V-FITC and PI).

In untreated BT474 culture, 78.04% of the cells were via-
ble, 7.51% were in early apoptosis, and 11.33% were in the
late or final stages of apoptosis. However, in ibrutinib-treated
BT474 cells (72 h), 43.09% of the cells were viable, 37.76%
were in early apoptosis and 17.61% were in the late or final
stages of apoptosis. In SKBR3 untreated culture, 58.50% of
the cells were viable, 20.06% were in early apoptosis, and
15.67% were in the late or final stages of apoptosis.
However, in ibrutinib-treated SKBR3 cells (72 h), 32.23%
of the cells were viable, 40.74% were in early apoptosis and

150 -
—@— SKBR3
—- BT474
2 100+
2
E
]
S
S 50+
0 1 1 1 1 1
0.0 0.5 1.0 1.5 2.0 2.5

Log Conc (nM)

Fig. 1 ICsq values of Ibrutinib in two breast cancer cell lines
overexpressing HER2 — BT474 and SKBR3. Cell viability was measure
at exposure time of 72 h

23.92% were in the late or final stages of apoptosis (Fig. 2).
These results suggest that ibrutinib inhibits cell proliferation in
both the cell lines by apoptosis.

BTK is not the only target for ibrutinib

We performed quantitative RT-PCR and confirmed that stable
knockdown of BTK is established in both BT474 and SKBR3
cells.. Quantitative RT-PCR data show that there is reduction
in expression of BTK on treatment with siRNA for BTK.
Interestingly, when the cells are treated with ibrutinib, a reduc-
tion in the expression of BTK was observed. This suggests
that ibrutinib, an FDA approved BTK inhibitor, may also af-
fect the transcription of gene B7K via a yet to be identified
mechanism. However, when the cells were treated with
ibrutinib and siRNA together, we do not observe a significant
reduction in the expression of BTK (compared to individual
treatments with siRNA and ibrutinib) in BT474. The differ-
ence in expression of BTK on treatment with a combination of
ibrutinib and siRNA and siRNA and ibrutinib individually
was significant for SKBR3. (Fig. 3a). One possibility could
be that ibrutinib modulates a protein (kinase/non-kinase) that
is directly or indirectly involved in regulating transcription of
BTK in SKBR3 cells. Parallel investigations on cell viability
using MTT assay show that treatment with siRNA for BTK
alone does not cause a significant reduction in cell viability
suggesting that BTK is not a key gene for cell survival in these
two cell lines. Treatment with ibrutinib causes a significant
reduction in cell viability in both cell lines. This can be ex-
plained based on the fact that ibrutinib being a tyrosine kinase
inhibitor has multiple targets. Hence, inhibition of multiple
targets concurrently is likely leading to cell death in both
the cell lines. When the cells were treated with a combination
of siRNA and ibrutinib, not much change in cell viability is
observed in comparison to ibrutinib alone. This suggests that
the function is dominated by ibrutinib in the treatment of
breast cancer cells with a combination of ibrutinib and
siRNA for BTK. In concordance, the expression data from
The Cancer Genome Atlas (TCGA) shows that BTK is a not
a key gene, whose expression is low and almost unaltered in
Her2 overexpressing breast cancer. However, BTK is a key
gene in lymphoma and leukemia and hence ibrutinib is
marketed as a BTK inhibitor and a treatment option for B cell
cancer. Since, ibrutinib has multiple targets, we propose that
BTK is not the key target of ibrutinib in Her2 overexpressing
breast cancer cell lines. (Fig. 3b).

Ibrutinib causes changes in nuclear morphology
In order to determine whether ibrutinib induces cell death by
apoptosis, BT474 and SKBR3 cells were treated at ICs, con-

centrations of 9.94 nM and 8.89 nM at various time points
such as 6, 12, 24, 48 and 72 h respectively. DAPI staining was
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Fig. 2 Flow cytometry study of the effects of Ibrutinib on cell apoptosis and necrosis in BT474 and SKBR3 cells at exposure time of 72 h

performed to analyze the nuclear morphology for both the cell
lines. Contrary to the control cells, we observed changes in
nuclear morphology on treatment with ibrutinib at 48 and
72 h. Cell shrinkage, several condensed and fragmented nuclei
representing alteration in nuclear morphology were observed
in the ibrutinib treated cells in comparison to untreated control
cells. (Fig. 4). This is characteristic of apoptosis. These results
are in agreement with our Flow cytometry analyses.

Kinome Array - differential phosphoprotein
expression

Kinome array shows that 404 proteins show significant
change in phosphorylation in BT474 and 281 proteins show

siRNA gene expression

[RET—
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. - — ——

Control SIBTK Ibrutinib SIBTK +Ibrutinib

Fig. 3 a RT-PCR analysis of BTK knockdown efficiency in BT474 and
SKBR3 cell lines, respectively. Data represent the means +S.D. of three
independent experiments. **P <0.01, ***P<0.001, compared with
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°
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significant change in phosphorylation in SKBR3 at a P value
<0.05. The BT474 and SKBR3 share 209 DEPs. Interestingly,
BT474 has 195 unique DEPs and SKBR3 has 72 DEPs. The
volcano plots and Heatmap (Hierarchical clustering) are
shown in Fig. 5. The proteins showing fold changes (FC) of
< —1.00 and > 1.0 in phosphorylation when compared to the
control are plotted against their corresponding P values using
volcano plot (Fig. Sa) which is a scatterplot with FC on the x-
axis and P value on the y-axis. The P value corresponds to the
statistically significant difference between the phosphoryla-
tion level in the treatment and the phosphorylation level in
the control and the fold-change (FC) value corresponds to
the magnitude of the difference between the phosphorylation
level in the treatment compared to the control (Fig. 5a).

MTT assay

120

mSKBR3  mBT474

| 1P

Control SiBTK Ibrutinib Ibrutinib+siBTK

siRNA control. b MTT Assay showing cell viability after BTK knock-
down and/or Ibrutinib treatment

Cell viability %
3

°
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BT474

Control 48 hrs 72 hrs

SKBR3

Control 48 hrs 72 hrs

Fig. 4 Ibrutinib treatment induces DNA fragmentation and apoptosis. DAPI-stained micrographs for control, 48 h and 72 h drug exposure in BT474 and
SKBR3 cells using a ZOE fluorescent cell imager. Arrows indicate condensed and fragmented nuclei

Hierarchical clustering

a BT474 SKBR3
12 012
0.1 0.1
3. : VR
. 0.08 & vae rare skers

0.
®
0.08 q
0.06 ] K g 0.06
®
b3
°® 004 o 0.04 .
0.02 ® 0.02
’S
0 . ) 0 L
-4 -2 0 4 -4 -3 -2 -1 L] 1 2 3 4
Fold Change (log2) Fold change (log 2)
BT474

Fig. 5 a Volcano plots showing the distribution of the fold changes in Venn diagram represent the DEPs that are common and unique in the two
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The proteins showing fold changes (FC) of <—1.00 and >
1.0 and shared and unique across the two breast cancer cell
lines under investigation are also represented using a Venn
diagram (Fig. 5b).

Heat map allows for visualisation in the difference between
the phosphorylation level in the treatment compared to the
control and across the two cell lines using a color code gradi-
ent. (Fig. 5¢).

Gene ontology and pathway analyses

We analyzed the GO terms for all the DEPs in both the cell
lines BT474 and SKBR3 using FunRich (Supplementary —
Figure - Sla and S1b). The analysis revealed that protein
phosphorylation (79), signal transduction (66), and positive
regulation of transcription from RNA polymerase II promoter
(57) are the most common GO categories (P < 0.05) represent-
ed in biological processes; ATP binding (139), protein kinase
binding (50), and metal ion binding (47) are the most common
GO categories in molecular function and cytoplasm (160),
plasma membrane (159), and nucleus (158) are the most com-
mon categories in cellular location in BT474. The analysis
revealed that protein phosphorylation (50), signal transduc-
tion(47), and negative regulation of apoptotic process (38)
are the most common GO categories (P <0.05) represented
in biological processes; protein binding (218), protein kinase
activity (32), and metal ion binding (30) are the most common
GO categories in Molecular function and plasma membrane
(123), cytoplasm (122), and nucleus (118) are the most com-
mon categories in cellular location in SKBR3.

Pathway enrichment

The proteins showing fold changes (FC) of <—1.00 and>1.0 in
BT474 and SKBR3 were classified into superfamilies. This al-
lows for categorising the proteins into different biological path-
ways. The top 10 significant biological pathways for both BT474
and SKBR3 are shown in Supplementary — Figure S2a and S2b.
The top four most represented biological pathways are EPO
signaling pathway, IL-7 signaling pathway, VEGF signaling
pathway and JAK-STAT. Since, JAK-STAT pathway was of
our interest, the genes in the JAK-STAT pathway are shown in
a Circos plot (R Package). Circos plot illustrates the genes in the
chosen pathway and their associated GO terms. (Fig. 6).

Effect of ibrutinib on STAT3-p21 axis
and the apoptotic pathway

The JAK-STAT pathway has 76 and 54 proteins that show
changes in phosphorylation levels on treatment with ibrutinib
in BT474 and SKBR3 cell lines, respectively. p-STAT3Y"% is
an important protein involved in transcription and isolated reports
suggest on its apoptotic activity. Since we observed apoptotic cell

@ Springer

death (flow cytometry) and changes in nuclear morphology
(DAPI), we estimated the changes in the expression of p-
STAT3Y"* and p-p21™*° and the proteins bringing about apo-
ptosis (Caspase 3, 8 and PARP1) (Fig. 7). There was increase in
the expression of p-STAT3Y 7% and decrease in the expression
level of p- p21™'*° in a time dependent manner. This is consistent
with previous reports [22]. It was observed that the level of
expression of pro-caspase-8, pro-caspase-3, and PARP1 are de-
creased on treatment with ibrutinib. (Fig. 7).

Discussion

Treatment response rates to current anticancer therapies for
HER?2 overexpressing breast cancer (BC) are disappointingly
low and have undesirable side effects [38]. Hence, there is a
need to find new treatment options for HER2 overexpressing
breast cancer. Tyrosine kinases mediate cell signalling cas-
cades and perform crucial roles in cellular processes like
growth, differentiation, metabolism and apoptosis, and hence
TKIs (Tyrosine Kinase Inhibitors) impose important therapeu-
tic effects in complex diseases like HER2 overexpressing BC.
Ibrutinib is a recently approved TKI for BTK. It covalently
binds to the cysteine residue (Cys-481) near the ATP-binding
pocket of BTK and irreversibly inhibits BTK [39].
Interestingly, statistically significant association of expression
of BTK with HER2 expression has also been reported [23].
Recently, Chen et al. performed a high-throughput screening
of'ibrutinib for growth inhibitory activity against two panels of
tumor cell lines, a 230-cancer cell panel and the NCI-60 panel
and other breast cancer cell lines (MDA-MB-453, SKBR3,
and UACC-893) [22]. It was reported that breast cancer lines
with HER2 overexpression (except MDA-MB-361) were
most significantly inhibited by ibrutinib (<100 nM) with the
ICso lower than that of lapatinib and dacomitinib [22].
Although, the BTK inhibitor ibrutinib has been reported to
be effective in HER2 overexpressing cell lines and studies
suggest that it reduces the phosphorylation of the receptor
tyrosine kinases HER1, HER2 and HER3 in HER2 overex-
pressing breast cancer cell lines, its exact mode of action is not
known. Sequence alignment results have been reported to
show that 10 kinases in the human genome could be potential
targets of ibrutinib as they have a cysteine residue at an anal-
ogous position to the cysteine residue (Cys-481) near the
ATP-binding pocket of BTK. These are Blk, Btk, Bmx,
EGFR, HER2, ErbB4, Itk, Jak3, Tec, and Txk [23]. Ibrutinib
has been shown to cause reduction of phosphorylation of
HER2, BTK, AKT, ERK and histone H3 and increase in
cleaved caspase-3 signals resulting in inhibition of growth in
a HER2 overexpressing xenograft model [23]. Ibrutinib has
also been reported to inhibit PLCy1, PLCy2, AKT, and ERK
phosphorylation, and cause increase in cleavage of PARP1 in
HER2 overexpressing BT474 cell line [23]. PARPI is a
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nuclear protein and is the key enzyme associated with the
repair of damaged DNA [40]. Since our flow cytometry anal-
ysis showed apoptosis as a mechanism of cell death, we
embarked on elucidating and analysing the mechanism of ap-
optosis. A diverse array of physiological and pathological
stimuli and conditions can initiate apoptosis. DAPI staining
of ibrutinib treated and control cells showed changes in nucle-
ar morphology, which can be attributed to apoptosis as apo-
ptosis can cause changes and morphological alterations of the
cell nucleus. It has been reported that ibrutinib treatment
causes an increase in caspase 3 cleavage, suggesting caspase
medicated apoptosis. Here, we showed that ibrutinib induced
apoptosis via caspase-dependent extrinsic apoptosis pathway
showing changes in expression of pro-caspases-8, pro-cas-
pase-3, and PARPI. Since (PARP) Poly (ADP-ribose) poly-
merase (PARP) family of proteins play important roles in cel-
lular processes such as DNA repair, genomic stability, and

BT474 Molecular function

BT474 Cellular components

(clockwise) in order of their fold change starting from most down-
regulated on treatment with ibrutinib in BT474 and SKBR3 cells

programmed cell death, the results suggest that ibrutinib has
anticancer effects with respect to its ability to affect the DNA
repair mechanism and activate the effector caspase through
extrinsic pathway which may be one of the factors leading
to apoptosis.

Superfamily distribution data for the DEP shows that pro-
teins in EPO signalling superfamily, IL-7 immune system su-
perfamily, VEGF signaling and JAK-STAT signalling super-
family are most highly represented in the ibrutinib kinome
array in both the cell lines. Chen et al. have reported that
ibrutinib inhibits cell growth by downregulating phosphoryla-
tion on HER2 and EGFR and their downstream targets, p-
AKT and ERK [22]. Here, for the first time we report on the
role of STAT3 pathway in the anti-proliferative activity of
ibrutinib in breast cancer cell lines BT474 and SKBR3.

A complex array of activities and functions in tumorigen-
esis are modulated by STAT3. [41]. STAT3 activation is
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Fig. 7 Changes in expression of p-STAT3, p-p21, AKT, pro-caspase-3, pro-caspase-8, PARP1 proteins in BT474 and SKBR3 cells upon treatment with
0.1 pM Ibrutinib for 6 h, 12 h, 24 h, 48 h and 72 h. respectively. GAPDH is used as loading control

known to rely on the phosphorylation of a tyrosine residue
(Y705) that induces its dimerization, nuclear translocation,
and DNA binding [22]. Y705-phosphorylation of STAT3
was observed to be significantly upregulated upon ibrutinib
treatment in our kinome array and western blot analyses.

Phosphorylated STAT3Y7% has transcriptional activity and
modulates the expression of several genes involved in cancer
etiology, such as tumor immune surveillance, metastasis, tu-
mor angiogenesis, and oncogenic cell signalling [42].
Although activated STAT3 is involved in biochemical
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Fig. 8 Schematic representation showing proposed mechanism of action of Ibrutinib
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aberrancy of cancer cells and contributes to tumorigenesis,
several recent studies indicate that STAT3 may exert tumor
suppressor effects under specific conditions [43—47]. It has
been reported that tumor cells exposed to DNA damage in-
crease the expression and secretion of IL-6 and the phosphor-
ylation of JAK1 and STAT3. STAT3Y 7% has been reported to
inhibit growth recovery from DNA damage-induced arrest.
This STAT3 phosphorylation and modulation of JAKI1—
STAT3 signalling pathway acts as a passive response and pro-
motes growth recovery after DNA damage [48].

DNA damage has been reported to induce cell cycle arrest.
Interestingly, Chen et al. have reported that ibrutinib treatment
in HER2 overexpressing breast cancer cell lines causes growth
inhibition by arresting the cells in G1 phase of cell cycle [22].
It is known that both G1 and G2 checkpoints are modulated by
transcriptional targets of p53 [49] p2/WAF1/CIPI (hereafter
referred to as p21) can be induced by both p53-dependent and
pS3-independent mechanisms and is also a universal inhibitor
of cyclin-dependent kinases [50]. It is also one of the target
genes activated by the JAK-STAT cascade. Our investigations
show that T145-phosphorylation of p21 was downregulated
upon ibrutinib treatment. Interestingly, p21 can function both
as a tumor suppressor and an oncogene, depending primarily
on its subcellular location [51]. The tumor-suppressive activ-
ities of p21 are associated with its nuclear localization, where-
as cytoplasmic p21 contributes to its oncogenic effects. T145
phosphorylation can induce the relocalization of p21 from
nucleus to cytosol [52]. Cytoplasmic localization of p21 after
T145 phosphorylation has also been reported to be associated
with anti-apoptotic activity of p21 [53]. Since our data shows
decrease in phosphorylated p21 on treatment with ibrutinib, it
is an indicator of apoptotic activity of p21. However, the exact
mechanism needs further elucidation [54-57]. Nonetheless,
the mechanisms by which p21 promotes apoptosis has been
suggested to be related to its interaction with DNA repair
machinery [58]. Thus, we propose (hypothesise) that STAT3
upregulation is a passive response as a result of an induction of
DNA damage on treatment of ibrutinib and downregulation of
phosphorylated p21 promotes cell cycle arrest and apoptosis
in the two HER2 overexpressing cell lines under investigation
(Fig. 8). As shown earlier, this apoptosis is mediated by cas-
pase-3, caspase-8, and PARPI1 cleavage. However, this
hypothesised pathway needs to be validated by further
experiments.

Interestingly, STAT3 phosphorylation inhibitors have
been shown to exhibit potent growth suppressive activity
in pancreatic and breast cancer cells [59]. Also relation-
ship between, pSTAT3 and trastuzumab resistance in
HER2-positive primary breast cancers has also been re-
ported [60]. unphosphorylated form of STAT3 has been
reported to bind to regulatory regions of proapoptotic
genes and prevents their expression in prostate tumor cells
but not normal cells [61]. These results suggest that

inhibitors of STAT3 phosphorylation may be potential op-
tion as a promising strategies for combination therapy to
help increase the efficacy of ibrutinib against HER2-
overexpressing tumors.
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