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Abstract

Purpose: To investigate the pharmacological role of the Bruton tyrosine kinase (BTK) inhibitor, ibrutinib,
in tumour cell-platelet crosstalk in lung cancer.

Methods: Human lung cancer cells A549 were treated with ibrutinib or DMSO. mRNA expression was
assessed using reverse transcription-quantitative polymerase chain reaction (RT-PCR), and while
western blotting was used to determine protein expression levels. Small interfering RNA (SIRNA)
transfection was performed to suppress the expression of galectin-3. Colony formation and Transwell®
assays were used to determine cell viability, cell invasiveness and migratory ability.

Results: Co-culture of A549 cells and platelets induced activation of BTK/PLCy2 signalling and
subsequent release of PDGF, VEGF and TGFB1 from de-granulated platelets. However, knocking down
of galectin-3 inhibited A549-induced platelet activation. Conversely, platelet activation upregulated the
expression of galectin-3 via the release of PDGF. Moreover, ibrutinib significantly (p < 0.05) inhibited
cell viability, migration, and invasion.

Conclusion: These results suggest that ibrutinib may be a novel therapeutic treatment for lung cancer.
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INTRODUCTION

Lung cancer is one of the most serious
malignancies with fast-growing morbidity and
mortality. Despite significant treatment advances
in the past decades, the prognoses for patients
with lung cancer remain very poor [1]. Limitations
including drug resistance, adverse side effects,
and low response have presented problems
when using traditional treatments [2]. Therefore it

is urgent to characterize the molecular

pathogenesis of lung cancer.

Tumour cells interact and communicate with
various components of the circulating system,
including platelets. Platelets arising from the
cytoplasm of megakaryocytes are the smallest
circulating haematopoietic cells [3]. The crosstalk
between platelets and tumour cells has been
extensively studied for more than 100 years [4].
The contribution of circulating platelets to cancer
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progression has been suggested to be an
organized process [5]. Moreover, tumours have
the ability to induce activation and aggregation of
platelets [6]. More effective treatments for lung
cancer may be developed based on the
interaction between platelets and tumour cells

Bruton tyrosine kinase (Btk) belongs to the Tec
family of cytoplasmic tyrosine kinases. It is
expressed in all cell lineages of the
haematopoietic system, except for T-cells [7].
Given Btk is a critical molecular factor in B-cell
receptor signalling, it has become an important
target for the treatment of B-cell malignancies.
Ibrutinib is a first in class Btk inhibitor with high
potency and good oral bioavailability. Ibrutinib
has high clinical activity and favourable safety
profile, so it has been approved for treating
several B-cell lymphomas including mantle-cell
lymphoma, Waldenstrém’s macro-globulinaemia
and chronic lymphocytic leukaemia [8]. In
addition to its essential regulatory role
downstream of BCR, Btk can also interact with,
and be activated by other cell type specific
receptors [9]. Furthermore, Btk is involved in
important signalling pathways in platelets through
the collagen receptor glycoprotein VI (GPVI).
Emerging evidence has shown that Btk is
involved in not only B-cell malignancies, but also
in solid tumours [10]. However, the precise
mechanism underlying the anti-tumour effects of
Btk has not been fully elucidated.

In the present study, we investigated the role of
Btk in tumour-platelet interaction in lung cancer
and explored the possible molecular mechanism
of this interaction.

EXPERIMENTAL
Cell culture

Human lung cancer cell lines including NCI-
H358, A549, and Calu-6 were purchased from
the American Type Culture  Collection
(Manassas, VA, USA). The cells were cultured in
Dulbecco’'s modified Eagle’s medium (DMEM;
GIBCO-BRL; Invitrogen, Carlsbad, CA, USA)
containing streptomycin (100 pg/mL), penicillin
(100 U/mL) and 10% fetal bovine serum (FBS)
and maintained in a 5 % CO, incubator at 37 °C.

Platelet preparation and cell culture

Human platelets were freshly isolated from
healthy volunteers as previously described [11].
Venous blood was collected from volunteers into
15% (v/v) acid-citrate-dextrose and centrifuged at
180 x g for 10 minutes at room temperature.
Platelet rich plasma (PRP) was separated and

further pelleted by centrifugation at 750 x g for
10 min. The platelet pellet was re-suspended in
Tyrode’s albumin buffer. The platelet suspension
(100 pL) containing 1 x 10° cells was added to
lung cancer cells (3x10°) and incubated for
different times. For control groups, platelets were
incubated with Tyrode’s albumin buffer.

Transfection of small interfering RNA

The cells in logarithmic growth phase were
seeded in 6-well plates at a density of 2 x 10°
cells/well. After 24 h culture, the cells were
transfected with negative control siRNA and
small interfering RNA (SiRNA; Ribo-Bio,
Guangzhou, China) against galectin-3 using
Lipofectamine 2000° (Invitrogen, Carlsbad, CA,
USA) and Opti-MEM | (Gibco, Gaithersburg, MD,
USA). Total RNA and protein were isolated 48 h
post transfection. The galectin siRNA sequence
was: 5'-
GGGAAUGAUGUUGCCUUCCACUUUA-3'.

Reverse transcription-quantitative
polymerase chain reaction (RT-gPCR)

Total RNA was extracted from normal/tumour
paired tissues and colorectal cancer (CRC) cell
lines with TRIzol® reagent (Invitrogen). The
cDNA  synthesis was generated  with
ProtoScript® first strand cDNA kit (Thermo
Fisher, Waltham, MA, USA). The SYBR Green
PCR kit (Thermo Fisher) was utilized for the PCR
amplification. The specific primers used for the
PCR were: B-actin, 5-AAGGCCAACCGCGAGA
AGAT-3' (forward) and 5-TGATGACCTGGCC
GTCAGG-3' (reverse). The sequences of
galectin-3 primers were: 5-GGCCACTGATTGT
GCCTTAT-3' (forward) and 5-TGCAACCTTG
AAGTGGTCAG-3' (reverse). The 2%°! method
was used to calculate differences in mMRNA
expression.

Colony formation assay

The cells were seeded in 6-well culture plate at
1,000 cells/well for 24 hr, after which the medium
was replaced with fresh medium. After 10 days of
culture to form colonies, the cells were stained
with Crystal Violet and the number of colonies
was counted using a light microscope.

Protein isolation and western blotting

Total protein was extracted with RIPA buffer from
Cell Signaling Technology (Danvers, MA, USA).
Total proteins were then separated by SDS-
PAGE, transferred onto polyvinylidene difluoride
(PVDF) membranes and incubated with the
primary antibodies against gal-3 (1:1,000 dilution,
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#87985), BTK (1:1,000 dilution, #8547), p-BTK
(1:1,000 dilution, #87141), PLCy2 (1:1,000
dilution, #3872) and p-PLCy2 (1:1,000 dilution,
#3871). The detection was performed with
RapidStep” ECL Reagent from EMD Millipore.

Enzyme linked immunosorbent (ELISA)

The detestation of protein levels of PDGF, VEGF
and TGFp1 were performed with ELISA assay.
A549 cancer cells were co-cultured with platelets
for 72 h. The conditioned medium was collected
and measured for PDGF (ab184860), VEGF
(ab100663), and TGFp1 (ab100647)
concentrations using ELISA kits purchased from
Abcam (Cambridge, MA, USA).

Cell invasion and migration assays

The invasion and migration activities of A549
cells were determined with a standard Boyden
chamber protocol. In brief, 1 x 10* cells were
added to the upper chamber and DMEM medium
containing 10 % FBS were added into the lower
chamber. The chambers were washed and
stained with Crystal Violet after 12 h incubation.
The cells that migrated or invaded through the
membrane were counted using a light
microscope (Olympus, Tokyo, Japan).

Statistical analysis

All data are expressed as mean + standard
deviation (SD, n = 3). Statistical analysis was
performed using SPSS statistical software for
Windows, version 13.0 (SPSS, Chicago, IL,
USA). Differences between groups were
analysed using Student’s t-test or one-way
analysis of variance (ANOVA). A value of p <
0.05 was considered statistically significant.

RESULTS

Co-cultures of platelets and A549 lung cancer
cells activated Btk signaling pathway

Co-cultures of A549 cells with platelets
significantly induced the upregulation of Btk
tyrosine phosphorylation. However, there was no
obvious change in Btk phosphorylation in NCI-
H358-platelet and calu-6-platelet co-cultures
(Figure 1 A). The activation status of PLCy2, the
downstream effector of BTK, after the addition of
platelets to A549 cells were further examined.
The results showed that tyrosine phosphorylation
of PLCy2 was significantly increased in platelets
incubated with A549 cells (Figure 1 B). The
activated platelets release the contents of
granules containing serotonin, EGF, VEGF,
PDGF, and TGFpB, so several released factors

were further measured. Consistently, the
secretion of PDGF, TGFp1, VEGF, and EGF
were induced in the A549-platelet co-culture
system (Figure 1 C). These results show that the
interaction of platelets with A549 cells activated
the Btk signalling pathway and induced platelet
activation.

Galectin-3 mediated the activation of BTK
signalling in platelets.

To verify whether galectin-3 in A549 cells
mediated the activation of Btk in platelets, the
expression levels of galectin-3 were measured in
different cells. Figure 2 A shows that galectin-3
was highly expressed in A549 cells, whereas this
expression was not detected in NCI-H358 and
Calu-6 cells. B-lactose, the inhibitor of galectin-3,
caused a reduction of phosphorylation of Btk and
PLCy2 in a dose-dependent manner (Figure 2
B). To exclude off-target effects of lactose,
galectin-3 was silenced in A549 cells with siRNA,
which  inhibited the induction of Btk
phosphorylation by Ab49-platelet co-cultures
(Figure 2 C). Taken together, these results
suggest the involvement of galectin-3 in the
activation of Btk during the incubation of platelets
with Ab49 cells.

Btk  signalling upregulated  galectin-3
expression in a positive feedback manner

Treatment with ibrutinib, an inhibitor of BtKk,
significantly decreased the transcriptional levels
as well as protein levels of galectin-3 in a dose-
dependent manner in A549 cells (Figure 3 A and
B). The transcriptional expression of galectin-3
can be regulated by various stimuli, including
PDGF, VEGF, EGF, and TGF-B. To further
identify which factor(s) were involved in the
regulation of galectin-3, the A549 co-culture
system was treated with different neutralizing
antibodies. The data show that anti-PDGF
neutralizing antibody significantly decreased the
protein levels of galectin-3 (Figure 3 C).
Together, these results indicate that BTK/PDGF
activated galectin-3 in a positive dose-dependent
manner.

The effect of BTK on the proliferation of A549
cells was further examined. The results show
that co-cultures of A549 and platelets enhanced
the proliferation of A549 cells. Ibrutinib abolished
the increased proliferation of A549 cells after 48
or 72 h of treatment (Figure 4 A). Moreover, the
effects of ibrutinib on the invasion and migration
capabilities of A549 cells were also investigated.
A549 cells showed increased invasion and
migration capabilites after treatment with
platelets, whereas blockage of Btk activation with
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Figure 1: Co-cultures of platelets and A549 lung cancer cells activated the Btk signalling pathway. (A)
Phosphorylation of Btk and total Btk levels were evaluated using western blotting. (B) The phosphorylation of
PLCy2 and total PLCy2 levels were evaluated using western blotting. (C) The release of PDGF, VEGF, and

TGFB1 was evaluated using an ELISA assay

ibrutinib  treatment abolished the induced
migration and invasion capability of A549 cells
(Figure 4 B and C). These findings suggest that a
positive feedback loop was responsible for
promoting the proliferation, invasion and
migration capabilities of A549 cancer cells.

Pharmacological blockade of BTK activation
inhibited co-culture-induced proliferation,
invasion and migration capabilities of A549
tumour cells

The inhibition of co-culture-induced proliferation,
invasion and migration capabilities of A549

tumour cells by Ibrutinib is shown in Table 4.
DISCUSSION

Numerous studies report the important role of
interactions between circulating platelets and
tumour cells during cancer progression [12].
However, the functional role of platelet-tumour
crosstalk in lung cancer has not been definitively
investigated. In the present study, the effect of
blocking platelet-tumour cell interactions with
ibrutinib on cell viability, migration, and invasion
in lung cancer cells were investigated.
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Figure 2: Galectin-3 mediated activation of BTK signalling in platelets. (A) The galectin-3 level in lung cell lines
was evaluated using western blotting. (B) Co-cultures of A549 cells and platelets were treated with beta-glucose
(10 and 30 uM) for 24 h. Phosphorylation of Btk, total Btk levels, phosphorylation of PLCy2, and total PLCy2
levels were assessed using western blotting. (C) A549 cells transfected with siRNA (30 nM and 50 nM) specific
for galectin-3 were co-cultured with platelets. Phosphorylation of Btk, total Btk levels, phosphorylation of PLCy2,
and total PLCy2 levels were assessed using western blotting; “p < 0.01 vs mock group and *p < 0.01 vs DMSO

control. DMSO = dimethyl sulfoxide (control buffer)

The activation of platelets has been reported in
various tumour subtypes. Gong et al reported
much higher platelet activation levels in the
circulating system of lung cancer patients relative
to that of control subjects [12]. In addition, the
interplay between platelet and HT29 cells
coculture induced COX-2 upregulation [13]. Btk
plays essential role in the modulation of platelet
activation and aggregation downstream of GPVI
in human platelets [14]. In the current study, the
findings showed that A549 cells activated
BTK/PLCy2 signalling, which led to platelet
activation and degranulation.

Galectin-3 is a member of carbohydrate-binding
proteins family with a high affinity for beta-
galactoside-containing carbohydrates [15]. It is
overexpressed in various types of tumours and is
involved in cancer progression and metastasis
[16]. Its ectopic expression enhanced the in vitro
cell motility and invasiveness of lung cancer cells
[17]. Galectin-3 is also considered a possible
target for KRAS-addicted lung cancer [18].
Galectin-3 contains a collagen domain and is
expressed on the cell surfaces and is thought to
mediate the platelet-cancer cell interplay via
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Figure 3: Btk signalling upregulated galectin-3 expression in a positive feedback manner. (A) Co-cultures of
platelets and A549 cells were treated with ibrutinib (3 and 10 pM) for 24 h. mRNA levels of galectin-3 were
determined with RT-gPCR. (B) Platelets and A549 cells co-cultures were treated with ibrutinib (3 and 10 uM) for
24 h. Galectin-3 protein levels were assessed using western blotting. (C) Platelets and A549 cells co-cultures
were treated with Abs against PDGF (10 pg/mL), EGF (10 ug/mL), VEGF (10 pg/mL), or TGFB1 (10 pg/mL) for
48 h. Galectin-3 protein levels were determined using western blotting. The histograms show grayscale value
using Glyco Band-Scan software. “p < 0.01 vs mock control and *p < 0.01 vs DMSO control. DMSO = dimethyl

sulfoxide (control buffer)

binding to platelet collagen receptor GPVI [13].
Based on these results, the hypothesis is that
galectin-3 mediated the A549 induced BTK
activation in platelets. In the current study, the
data indicate that specific inhibition of galectin-3
with siRNA or inhibitor significantly blocked the
activation of BTK. However, activated platelets
contributed to cancer progression through the
release of various factors with pro-tumour
activity, such as PDGF during platelet activation
[19]. As the mRNA and protein level of galectin-3
can be regulated by various stimuli [20], the
involvement of PDGF in the overexpression of
galectin-3 in A549 cells was investigated.
Importantly, the data demonstrated that Btk
signalling upregulated galectin-3 expression in a
positive feedback manner in A549 cells.

Ibrutinib was recently reported to regulate the
growth of solid tumors via modulation of the
immune system [21]. Ibrutinib is very effective at
suppressing the growth of pancreatic ductal

adenocarcinoma (PDAC) in both transgenic
mouse and patient-derived xenograft models of
the disease [22]. Moreover, treatment of PDAC
mice with ibrutinib enhanced CD8 T-cell
frequency and suppressed tumour growth [23]. In
the present study, the results showed that
ibrutinib inhibited cell viability, migration, and
invasion in A549 cells by blocking the crosstalk
between A549 cells and platelets.

CONCLUSION

These findings show that A549 cells induce
platelet activation via galectin-3/BTK signalling.
Conversely, activated platelets promotes
galectin-3 expression via the release of PDGF,
and pharmacological BTK treatment with ibrutinib
significantly inhibites cell viability, migration, and
invasion in A549 cells. These results, therefore,
suggest a novel therapeutic strategy for the
treatment of lung cells with ibrutinib.
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Figure 4: Ibrutinib inhibited co-culture-induced proliferation, invasion and migration capabilities of A549 tumour
cells. (A) Colony formation assays were performed in co-cultures of A549 cells and platelets treated with ibrutinib
(3:and 10 uM) for 10 days. Co-cultures of A549 cells and platelets were treated with ibrutinib (3 and 10 pM) for 12
h and cell migration (B) and invasion (C) were analysed using Transwell® assays; p < 0.01 vs mock control and

#p < 0.01 vs DMSO control. DMSO = dimethy! sulfoxide (control buffer)
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