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Bruton’s tyrosine kinase (BTK) is a non-receptor tyrosine kinase that has mainly been studied in haematopoietic cells.
We have investigated whether BTK is a potential therapeutic target in prostate cancer. We find that BTK is expressed in
prostate cells, with the alternate BTK-C isoform predominantly expressed in prostate cancer cells and tumors. This
isoform is transcribed from an alternative promoter and results in a protein with an amino-terminal extension. Prostate
cancer cell lines and prostate tumors express more BTK-C transcript than the malignant NAMALWA B-cell line or human
lymphomas. BTK protein expression is also observed in tumor tissue from prostate cancer patients. Down regulation of
this protein with RNAi or inhibition with BTK-specific inhibitors, Ibrutinib, AVL-292 or CGI-1746 decrease cell survival and
induce apoptosis in prostate cancer cells. Microarray results show that inhibiting BTK under these conditions increases
expression of apoptosis related genes, while overexpression of BTK-C is associated with elevated expression of genes
with functions related to cell adhesion, cytoskeletal structure and the extracellular matrix. These results are consistent
with studies that show that BTK signaling is important for adhesion and migration of B cells and suggest that BTK-C
may confer similar properties to prostate cancer cells. Since BTK-C is a survival factor for these cells, it represents both a
potential biomarker and novel therapeutic target for prostate cancer.

Introduction

Therapeutic resistance and metastasis continue to be major
challenges in the clinical management of prostate cancer, which
is the most commonly diagnosed non-cutaneous cancer in Amer-
ican males and the second leading cause of cancer-related deaths
in males in North America.1 Identifying novel mediators that
regulate the growth and survival of cancer cells has accelerated
the development of therapies that have steadily improved clinical
outcomes in cancer patients.2,3 Protein tyrosine kinase inhibitors
are among the most promising targeted therapies.4 Dysregulation
of tyrosine kinases often occurs through activating mutations or
overexpression, and as such members of the family are the most
commonly identified dominant oncogenes. Dysregulation of
these enzymes causes increases in tumor cell proliferation and
abrogation of apoptotic pathways while promoting angiogenesis
and metastasis.5-9

Previously, we performed a genome-wide RNAi screen for
tyrosine kinase genes whose function is critical for breast cancer
cell survival. Bruton’s Tyrosine kinase (BTK) was among those
genes whose knockdown causes the most significant reduction in
survival.10 BTK is a critical regulator of B cell receptor (BCR)
signaling.11,12 Mutations in the btk gene lead to B cell deficiency
manifested as X-linked agammaglobulinemia in humans and the

related but less severe X-linked immunodeficiency (xid) in
mice.13 The role of BTK in B-cell development and B-cell malig-
nancies has been extensively studied.14-17 In haematopoietic cells,
BTK is involved in multiple signal-transduction pathways regu-
lating survival, activation, proliferation, and differentiation of B-
lymphocytes.15,18,19 BTK plays a key role in regulation of osteo-
clast biology and normal bone homeostasis, and BTK-mediated
signaling is disrupted in several bone disorders including osteo-
porosis and rheumatoid arthritis.18,20 Recently, BTK has
emerged as a novel target for the treatment of rheumatoid arthri-
tis and other immune diseases due to its role as a crucial effector
in the B-cell antigen receptor (BCR) signaling pathway.21 BTK
kinase inhibitors include PCI-32765 (Ibrutinib), AVL-292 and
CGI-1746, originally developed as immunosuppressants, this
class is among the most promising blood cancer chemotherapeu-
tics in current clinical trials.6 Ibrutinib has already successfully
completed phase III clinical testing and is approved for 2 haema-
topoietic malignancies, mantle cell lymphoma and multiple mye-
loma.22 Other compounds with BTK-inhibitory properties such
as AVL-292, CGI-1746, GDC-0834, HM-71224 and ONO-
4059, have progressed through advanced preclinical development
to clinical trials (http://clinicaltrials.gov).22,23

We have recently shown that a novel isoform of BTK (BTK-
C) is the form of the gene most often expressed in breast cancer
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cells.10 This isoform is transcribed from an alternative promoter
and produces a product that contains an amino-terminal 34
amino acid extension immediately upstream of the pleckstrin
homology domain which is critical for BTK signaling in B-
cells.10,13 The BTK-C transcript is driven by an alternative pro-
moter located upstream from the BTK-A promoter.10 The tran-
scriptional start site of BTK-C is 255 bp from the start site of
ribosomal protein L36a gene which is transcribed in the opposite
direction.10

Given the importance of BTK activity in breast cancer cell
survival10 and, as recently reported, prostate cancer,24 we have
examined the expression of the novel BTK isoform (BTK-C) in
prostate cancer cell lines and tissue microarrays. We show that
BTK expression is elevated in a number of prostate cancer cell
lines and tumors. Inhibition of BTK with BTK-C siRNA dem-
onstrates that alternative BTK protein isoforms contribute to
prostate cancer cell survival. These data indicate that, in addition
to its utility in haematopoietic malignancies, targeting BTK may
be a potent therapeutic approach for advanced prostate cancer,
particularly castration- resistant prostate cancer. These studies
provide the framework for clinical development of BTK inhibi-
tors as a novel therapeutic strategy in prostate cancer.

Results

BTK expression in prostate cancer cells
The BTK-C isoform has only recently been described and lit-

tle is understood regarding its expression. This is due in part to

the fact that Affymetrix probes for this region have only been
included in exon microarrays very recently. Additionally, the
BTK-C isoform encodes the entire B-cell version sequence
(BTK-A) and is annotated as a 50 UTR splice variant of BTK-
A.10 An initial exon-level analysis of BTK expression in prostate
cancer was carried out using publicly available Affymetrix exon
array data in cell intensity format (CEL file) with Affymetrix
Expression Console Software. CEL files corresponding to acces-
sion number GSE41407 were downloaded from the Gene
Expression Omnibus (GEO). BTK-C expression levels were eval-
uated in several prostate cancer cell lines. These data show that
BTK-C represents greater than 50% of the total BTK expression
in prostate cancer cells, with the exception of the LAPCA and
22RV1 cell lines. In contrast, BTK-A represents the most preva-
lent isoform detected in lymphoma cells (Supplementary
Fig. 1A). In keeping with these results, we detect BTK-C expres-
sion using RT-PCR in both LNCaP and DU145 prostate cancer
cells (Supplementary Fig. 1B). Isoform specific qPCR primer
sets that discriminate between BTK-A and BTK-C were designed
to the heterogeneous regions of the 2 sequences located within
the 50UTRs. As shown in Figure 1A and B, using the Tissue
Scan Cancer Survey Panel, prostate cancer cell lines and the
majority of prostate tumors express more BTK-C than BTK-A
transcript. In contrast, the NAMALWA B-cell line and leukemia
and lymphoma tumors, predominantly express the B-cell iso-
form, BTK-A. Similar results are seen at the protein level. The
BTK-C isoform encodes a product with an amino-terminal 34
amino acid extension that adds 3.6 kDa to the mass of the BTK-
A isoform (Fig. 2A). A product consistent with this size is

observed on immunoblots as an
80 kDa product in prostate cell
lines. This agrees with the BTK-C
predicted size of 79.9 kDa and is
larger than 76.3 kDa BTK-A
product in the NAMALWA cells
(Fig. 2B). Immunofluorescent
staining of the prostate cancer tis-
sue microarray (PR8011) shows
increased BTK expression in inva-
sive prostate cancers relative to
normal and benign prostate tis-
sues using an antibody that recog-
nizes both BTK isoforms
(Fig. 2C). Supplementary
Table 1 summarizes BTK protein
expression observed in clinical
prostate cancer specimens, includ-
ing positive staining of a majority
of malignant tumors (70%).
Staining is less pronounced in
prostate cancer epithelial cells
compared to tonsil tissue, which
contains B-cells and serves as a
positive control for BTK expres-
sion (Fig. 2D). These results con-
firm the expression of BTK in

Figure 1. BTK expression in prostate cell lines and tumors. BTK-C message is more abundant than the BTK-A
isoform in prostate cancer cells and tumors. cDNA prepared from RNA isolated from prostate cancer cell lines
(A) and human prostate normal and tumor tissues. (B) was subjected to qPCR using primers specific for BTK-
A and BTK-C isoforms. Expression of each isoform was normalized to an actin control in the respective qPCR
reaction. The data represent relative mRNA levels of each BTK isoform as fold increase of the normal tissue
sample with the lowest expression. Lymphoma samples are shown for comparison. BTK-C was the predomi-
nant isoform in only 3% of lymphomas but 40% of prostate tumors (6 out of 15 cases).
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prostate tumors, although isoform-specific protein level determi-
nation is not currently possible since BTK-C specific antibodies
are not yet available.

BTK-C is a survival factor in prostate cancer cells
Our previous studies demonstrated that knockdown of BTK

has a significant effect on survival of breast cancer cell lines in cul-
ture.10 In LNCaP and DU145 prostate cancer cell lines, shRNA-
mediated knockdown of BTK results in a 32% and 21% decrease
in cell number respectively, although the decrease in DU145
does not reach statistical significance (Fig. 3A and B). However,
an siRNA that has been established as specifically silencing the
BTK-C isoform transcript10 leads to a statistically significant
decrease in prostate cancer cell number. Transfection of this
siRNA into LNCaP and DU145 cells leads to knockdown of
BTK-C RNA of 40% and 34% respectively compared with con-
trol siRNA after 72 h (Fig 3C and D). DU145 and NAMALWA
cells were transfected with BTK-C specific siRNA and control
siRNA for 48h, the immunoblot results show BTK-C siRNA
just decreases the BTK-C protein and not BTK-A protein in
NAMALWA cells (Fig. 3E). These results demonstrate that the
BTK-C siRNA is effective at silencing BTK gene expression and
that this isoform is critical for prostate cancer cell survival. To
establish that the decrease in cell number is the result of apopto-
sis, caspase-3 cleavage (Asp175) was assessed after transfecting
with siRNA specific for BTK-C into LNCaP and DU145 cells.
Apoptosis increases by fold4- and 3.fold5- in LNCaP and

DU145 cells, respectively, compared to control (Fig. 3F and G).
In DU145 cultures, apoptotic cells represented 3.45% of the
population in non-silencing siRNA transfected controls and
13.48% in cells transfected with the BTK-C-specific siRNA.
Similarly, 3.6% of LNCaP cells transfected with the control non-
silencing siRNA and 13.54% transfected with the BTK-C-
specific siRNA were apoptotic.

BTK inhibitors potently inhibit prostate cancer cell viability
In haematopoietic cells, BTK is regulated by membrane

recruitment via a PH domain that binds phosphatidylinositol
3,4,5 phosphate (PIP3) followed by auto-phosphorylation of
tyrosine residue 551 (Y551) in the activation loop and Y233 in
the SH3 domain.11,25 Upon activation, it phosphorylates PLC-
g, leading to activation of the MAPK, NFkB, and AKT signaling
pathways.23,25 Small molecules with BTK-inhibitory properties
have emerged as promising therapeutic drugs for the treatment of
hematological malignancies and autoimmune disorders.26-28

Ibrutinib (PCI-32765) (Pharmacyclics, Janssen) is an orally bio-
available, highly potent small molecule inhibitor against BTK.29

Ibrutinib selectively binds to Cys481 of BTK, irreversibly block-
ing its kinase activity.30 AVL-292 (Avila Therapeutic, Celgene)
also is an orally bioavailable acrylamide derivative with potent,
irreversible anti-BTK activity that abolishes BCR signaling by
covalently binding to Cys481 of BTK. This selectively inhibits
its auto-phosphorylation as well as activation of PLCg2 and
other downstream substrates of BTK in B cells.31 CGI-1746
(Axon Medchem, Reston, VA) is a reversible inhibitor that
potently inhibits auto-phosphorylation of BTK. It binds and
occupies an SH3 binding pocket within the un-phosphorylated
form of BTK, stabilizing the inactive enzyme conformation.32

The effect of Ibrutinib, AVL-292 and CGI-1746, was ana-
lyzed in LNCaP (ARC) and DU145 (AR-) prostate cancer cells.
Both LNCaP and DU145 cells demonstrate a significant dose
dependent response to Ibrutinib (Fig. 4A and B) and AVL-292
(Fig. 4C and D). Treatment with 10 mM Ibrutinib for 72h
reduces cell viability to 57% and 62% for LNCaP and DU145
cells, respectively. Ten mM AVL-292, another irreversible BTK
inhibitor, decreases cell viability to 57% and 81% in cultures of
LNCaP and DU145 cells, respectively after 72h treatment. In
contrast, CGI-1746 does not kill cells as well as the irreversible
BTK inhibitors at the same drug concentration (Fig. 4E and F).

To establish that the decrease in cell number is the result of
apoptosis, caspase-3 cleavage (Asp175) was assessed in LNCaP
and DU145 cells 48h after treatment with BTK inhibitors or
DMSO. Inhibition of BTK auto-phosphorylation with 30 mM
Ibrutinib or AVL-292 induces extensive apoptosis in both cell
lines. Apoptosis increases by fold6- in drug treated LNCaP cells
and more than 40 fold in DU145 cells compared to control
(Fig. 5A-D). Increases in the apoptotic population were also
observed in Ibrutinib-treated LNCap cells by Annexin V staining
(data not shown). CGI-1746 does not cause significant apoptosis
in prostate cancer cells at this concentration (Fig. 5E and F),
although it does induce apoptosis in NAMALWA cells (Supple-
mentary Fig. 2). Representative images of apoptotic cells are
shown in Figure 5G. Taken together, these data show that the 2

Figure 2. The BTK-(C)isoform is expressed in prostate cancer cell lines
and tumors. (A) Schematic representation showing the domains of BTK-
A and predicted BTK-C protein. (B) Total lysate from LNCaP, DU145 and
Namalwa B-cells subjected to immunoblot analysis blotted and probed
with an anti-BTK antibody. (C) Immunohistochemical staining shows
increased expression of BTK in malignant prostate cancer tissue com-
pared to hyperplasia prostate tissue. (D) Immunohistochemical staining
shows expression of BTK in tonsil tissue using a BTK antibody.
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BTK inhibitors that irreversibly abolish BTK activity, Ibrutinib
and AVL-292, potently kill prostate cancer cells while CGI-
1746, which is a reversible inhibitor, does not.

BTK phosphorylation is reduced in prostate cancer cells after
treatment with BTK inhibitors

To assess BTK activation in prostate cancer cells, the phos-
phorylation status of tyrosine 233, which undergoes auto-phos-
phorylation after activation, was assessed. LNCaP and Du145
cells, stably over-expressing Flag-tagged BTK-A or BTK-C pro-
teins, were treated by BTK inhibitors including Ibrutinib, AVL-
292 and CGI-1746 at the indicated concentrations for 24h.
Treatment with all 3 BTK inhibitors significantly reduces phos-
phorylation of both the BTK-A and BTK-C proteins, indicating
the auto-phosphorylation of the BTK-C isoform is inhibited in a
manner similar to BTK-A (Fig. 6A and B). Notably, even
though CGI-1746 does not kill LNCaP or DU145 prostate

cancer cells at the same concentrations as Ibrutinib or AVL-292,
it demonstrates similar inhibition of BTK phosphorylation at
tyrosine 233 in the SH3 domain.

BTK inhibition by Ibrutinib leads to up-regulation of
apoptotic genes in prostate cancer cells

Microarray analysis was carried out to explore the potential
mechanism of anti-cancer effects of BTK inhibitors in prostate
cancer cells. LNCaP cells were treated with 10mM Ibrutinib or
vehicle control for 48h. Figure 7A shows a heatmap representa-
tion of transcripts exhibiting at least a 1.fold5- change in expres-
sion from the control. Ibrutinib treatment of LNCaP cells causes
increased expression of 76 genes and decreased expression of 75
genes. Gene ontology (GO) enrichment analysis was performed
using the DAVID Bioinformatics Resource 33 to identify tran-
scriptional programs regulated in LNCaP cells in response to
Ibrutinib. Figure 7B also shows the results of this functional

Figure 3. BTK shRNA and BTK-(C)specific siRNAs knock down decrease cell survival in prostate cancer cell lines. LNCaP (A) and DU145 (B) were trans-
fected with shRNA and co-transfected with GFP to mark transfected cells. Transfected cells were counted at 24h and 72h and the 72h to 24h ratio was
calculated and expressed as % of the control. LNCaP (C) and DU145 (D) were transfected with BTK-C specific siRNA or non-targeting siRNA. Co-transfec-
tion with a GFP expressing plasmid marks transfected cells. Transfected cells were counted and the 96h to 24h ratio was calculated and expressed as %
of the control. (E) DU145 and NAMALWA cells were transfected with BTK-C specific siRNA and control siRNA for 48h. The cell lysates were prepared for
immunoblotting. GAPDH is a loading control; the results show BTK-C siRNA just decreases the BTK-C protein and not BTK-A protein in NAMALWA cells.
LNCaP (F) and DU145 (G) were transfected with BTK-C specific siRNA or non-targeting siRNA as a control for 48h. Increased cleaved caspase-3 was
detected compared with control. Apoptotic cells for each treatment were calculated as fold increase in Caspase-3 positive cells of control. Mean of tripli-
cate assays § SD. Student t-test, *p < 0.05.
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annotation clustering analysis.
Up-regulated genes are associ-
ated with cellular components
including integral membrane (p
< 2.2 £ 10¡3) and biological
processes including positive reg-
ulation of programmed cell
death (p <1.1£10¡2), support-
ing the notion that the induc-
tion of apoptosis after BTK
inhibition involved selective
changes in expression of these
ontologies. The top clusters of
down-regulated genes are related
to cytoskeletal cell components
(p <1.1 £ 10¡3) and biological
processes including cell cycle
(p <8.6 £ 10¡3).

Elevated BTK affects gene
expression in prostate cancer
cells

As we have shown, the BTK-
C isoform is more highly
expressed in prostate cancer cells
than the BTK-A isoform. It is
therefore likely that BTK-C sig-
naling in solid tumor cells will
have different downstream con-
sequences than that of the BTK-
A isoform in B-cells. To gain a
better understanding of how
BTK-C acts in prostate cancer
cells, we performed microarray
analysis on BTK-A or BTK-C
overexpressing DU145 cells or
an empty vector control to identify potential downstream effec-
tors. Figure 8A shows a heatmap representation of transcripts
that display at least a 1.5-fold change in expression. Venn dia-
gram analysis (Fig. 8B) shows the number of genes that are upre-
gulated or downregulated in BTK-A and BTK-C overexpressing
DU145 cells. In BTK-A overexpressing cells, 722 genes (696 C
26 D 722) display increased expression and 320 genes (222 C 98
D 320) show decreased expression. In BTK-C overexpressing
cells, 918 genes (696 C 222 D 918) have increased expression
and expression of 124 genes (26 C 98 D 124) is decreased. BTK-
A and BTK-C isoforms modulate a total of 794 genes in com-
mon (696 transcripts are up-regulated 98 transcripts are down-
regulated). Figure 8C shows the results of a functional annota-
tion clustering analysis. The most upregulated genes for both iso-
forms are associated with biological processes such as cell
adhesion and cellular components including intermediate fila-
ments and extracellular matrix. Both BTK isoforms up-regulate
members of the cadherin family (CDH3, CDH7, CDH15)
while CDH11 is only up-regulated by overexpression of the
BTK-C isoform. BTK signaling is important for adhesion and

migration of B-cells and these gene expression changes may indi-
cate that BTK-C confers similar properties to prostate cancer
cells. Although we have observed decreased prostate cell migra-
tion and cell invasion after 48h treatment with Ibrutinib (data
not shown), we have been unable to unequivocally attribute this
effect to changes in migration and invasion rather than to the
effects of the drug on cell viability.

The sets of genes that are downregulated in response to BTK-
A or BTK-C overexpression differ between the isoforms. Down-
regulated genes in BTK-C overexpressing DU145 cells are associ-
ated with regulation of cellular protein metabolism and fatty acid
metabolism, while downregulated genes in response to BTK-A
overexpression are associated primarily with inflammatory
responses. The down-regulated genes include GPNMB and pro-
apoptotic genes such as BAK1 and CID for both BTK isoforms.
Gene Spring analysis of cells overexpressing BTK-C indicates
that many of the genes that are downregulated are involved in
fatty acid degradation and cholesterol biosynthesis (Suppl.
Fig 3). These results indicate that BTK-C may play a role in the
alternative energy metabolism that operates in breast and prostate

Figure 4. BTK inhibitors decrease cell survival in prostate cancer cell lines. LNCaP and DU145 were treated with
Ibrutinib (A and B), AVL-292 (C and D) and CGI-1746 (E and F) at the indicated concentrations. Treated cells
were counted after 72h of treatment and were presented as % of the control. Mean of triplicate assays § SD.
Student t-test, *p < 0.05.
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cancer cells34,35 and that it may have similar effects on glucose
metabolism previously associated with BTK-C overexpression.10

Discussion

BTK has attracted interest as a specific therapeutic target in B-
cell malignancies and autoimmune diseases.14 In this study, we
have shown that BTK is expressed in prostate cancer cells and
tumors predominantly as the BTK-C form. Immunofluorescent
staining of human prostate cancers shows increased BTK

expression in invasive prostate
cancers relative to normal and
benign prostate tissues. Our cur-
rent data do not support a corre-
lation between BTK staining and
Gleason score. BTK-C specific
siRNA causes a significant
increase in cell death indicating
that expression of BTK (BTK-C)
in prostate cancer is critical for
cell survival. Microarray experi-
ments show inhibition of BTK,
specifically by the irreversible
inhibitors Ibrutinib and AVL-
292, leads to upregulation of
apoptosis related genes. In addi-
tion, overexpression of BTK-C is
associated with elevated expres-
sion of genes with functions
related to cell adhesion, cytoskel-
etal structure and the extracellular
matrix, demonstrating that BTK-
C related signaling is critical for
the survival of prostate cancer
cells. These data suggest that the
novel BTK-C isoform is an
attractive new prostate cancer
drug target.

While the study of BTK has
mainly been carried out in hae-
matopoietic cells, recent work has
indicated that it may be impor-
tant in solid tumors. BTK-C iso-
form activity has been shown to
be critical for the survival of
breast cancer cells.10 A recent
study has reported that BTK is
found in prostate cancer cells.24

Transcription of BTK-C initiates
in the »200bp RPL36A-BTK-C
intergenic region. CHIP-SEQ
data from the ENCODE project
indicates that more than 20 tran-
scription factors bind within this
region, suggesting that differences

in transcriptional regulation of BTK-A and BTK-C isoforms are
important for the expression and function of BTK isoforms
(http://www.genome.ucsc.edu/ENCODE/).36 The additional 34
amino acid C-terminal extension in BTK-C is likely to impact
the enzyme such that the subcellular localization and function of
this isoform in solid tumors may be different from BTK-A in
haematopoietic cells (X. Wang et al, unpublished). This may sig-
nificantly influence the response of prostate cancer cell to BTK
isoform selective inhibitors.

The BTK inhibitors, Ibrutinib and AVL-292, demonstrate
better efficacy in killing prostate cancer cells than CGI-1746,

Figure 5. Inhibition of BTK results in increased apoptosis in prostate cancer cells. DU145 and LNCaP cells were
incubated with indicated concentration of Ibrutinib (A and B) and AVL-292 (C and D), CGI (E and F) for 48h
results in increased cleaved caspase-3 compared with control cells treated with DMSO. Representative images
of apoptotic cells after Ibrutinib or DMSO treatment are shown (G). Apoptotic cells for each treatment were
calculated as fold increase of Caspase-3 positive cells of control. Mean of triplicate assays § SD. Student
t-test, *p< 0.05.
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although all 3 inhibitors block
phosphorylation of BTK at a
similar concentration. That
CGI-1746 is not as effective is
not surprising since it has the
highest IC50 in terms of growth
inhibition of B cells of the 3
compounds. Reports have
shown that the irreversible BTK
inhibitors, Ibrutinib (prolifera-
tion IC50 D 8nM)37 and AVL-
292 (proliferation IC50 D
3nM)38 are more effective at
blocking B cell proliferation in
vitro than the reversible inhibi-
tor CGI-1746 (proliferation
IC50 D 42nM).32 This may
also explain why AVL-292 kills
more prostate cancer cells than
ibrutinib at 10mM (Fig 4). At
present, the discrepancy between
the effect of CGI-1746 on
inhibiting the kinase and its
effect on B cell proliferation has
not been addressed. In prostate cells, residual kinase activity that
escapes the reversible inhibitor, differences in the metabolic clear-
ance of the drug, or differences in the subcellular localization of
the proteins involved in the survival signaling pathway in which
BTK operates may be relevant. For example, CGI-1746 may
bind to cytosolic BTK and block its activation, but have low
affinity for the active membrane-bound BTK which can potenti-
ate pro-survival signaling downstream. It is also possible that the
increased efficacy of Ibrutinib
and AVL-292 over CGI-1746 is
explained by these drugs having
off-target effects due to binding
to cysteine residues in kinase
domains of the EGFR family or
other targets (X. Wang et al,
unpublished), even though the
RNA interference experiments
indicate that BTK itself is
required for survival.

Changes in gene expression
identified by microarray analysis
in prostate cancer cells indicate
that BTK may affect transcrip-
tion of specific targets. Introduc-
tion of BTK overexpression
constructs in DU145 cells
resulted in a considerable
increase in the levels of either iso-
form to levels in the range seen
in the NAMALWA cells.
Changes in expression of 40 2
genes are found in common

between the ibrutinib treated cells and BTK-A or BTK-C overex-
pressing cells. Supplementary Table 2 shows the results of the
functional annotation clustering analysis of transcript changes
that supports the induction of apoptosis after BTK inhibition in
prostate cancer cells and the suppression of apoptosis in BTK-A
and BTK-C overexpressing cells.

A number of both upregulated and down-regulated genes are
associated with overexpression of the BTK isoforms. These

Figure 6. BTK phosphorylation is reduced after treatment with BTK inhibitors in prostate cancer cells. (A) LNCaP
or (B) DU145 cells containing the stably integrated BTK-A-Flag, BTK-C-Flag or control vector were treated with
Ibrutinib, AVL-292 and CGI-1746 at the indicated concentrations or DMSO as a control for 24h, then cells were
lysed, subjected to western blot analysis and probed with the indicated antibodies.

Figure 7. BTK inhibition by Ibrutinib leads to upregulation of apoptotic genes. (A) A heatmap representation
of transcripts that display at least a 1.5-fold change in expression (B) Results of the Functional Annotation
Clustering Analysis after GO-term enrichment of up-regulated and down-regulated genes using the DAVID
Bioinformatics Resource. BP; Biological Process, CC; Cellular Component and MF; Molecular Function.

1610 Volume 16 Issue 11Cancer Biology & Therapy



experiments focused on the effect of overexpression as there were
basal levels of expression of both isoforms. For example, BTK-C
is expressed in the BTK-A overexpressing DU145 cells, although
the amount of intrinsic BTK-C expression is relatively low in
comparison to BTK-A expression in BTK-A overexpressing
DU145 cells. Expression of cadherins (CDH3, CDH7 and
CDH15) is elevated in cells overexpressing either BTK Isoform,
whereas cadherin-11 (CDH11) is elevated uniquely in cells over-
expressing the BTK-C isoform. Cadherins are a large family of
calcium dependent cell adhesion proteins whose differential
expression is associated with tumor aggressiveness.39,40 CDH11
is also involved in the metastasis of prostate cancer cells to
bone.41 In haematopoietic cells, BTK provides signals that stimu-
late the proliferation, suppress apoptosis and increase mobility of
maturing B-cells.42 These findings suggest that BTK-C confers
these same attributes to prostate cancer cells although additional
experimentation will be required to test this hypothesis.

Among downregulated genes in either BTK isoform overex-
pressing cells, the glycoprotein transmembrane nmbgene
(GPNMB) expression decreased by18.fold6- and 16.fold7- in

BTK-A and BTK-C overexpressing cells, respectively. GPNMB
may be involved in growth delay and reduction of metastatic
potential in cancer, one study shows GPNMB gene is an anti-
tumor gene for prostate cancer.43 Interestingly, genes implicated
in fatty acid degradation, cholesterol biosynthesis and statin path-
ways are also down-regulated in BTK-C overexpressing cells. A
recent report shows inhibition of fatty acid degradation plays a
role in elevating glucose metabolism in prostate cancer.44 Fatty
acids are essential for cancer cell proliferation and limiting their
availability can kill cancer cells.45 BTK-C overexpression in pros-
tate cancer may be associated with decreased fatty acid degrada-
tion, leading to more fatty acids for anabolic processes required
for membrane biogenesis while simultaneously instigating ele-
vated glucose uptake to support central carbon metabolism.
Importantly, previous work has shown that BTK-C activity is
correlated with glucose uptake in breast cancer cells.10

In summary, our work has shown BTK-C isoform is expressed
in prostate cancer cells and tumors and that FDA approved thera-
peutics targeting BTK-C such as Ibrutinib and drugs in develop-
ment such as AVL-292 are efficacious in killing prostate cancer

Figure 8. Elevated BTK expression affects gene expression in prostate cancer cells. (A) A heatmap representation of transcripts that display at least a 1.
fold5- change in expression (B) Venn diagram showing the number of genes those are upregulated or downregulated with overexpression of BTK-A or
BTK-C in Du145 cells. (C) Results of the Functional Annotation Clustering Analysis after GO-term enrichment of up-regulated and down-regulated genes
using the DAVID Bioinformatics Resource. BP; Biological Process, CC; Cellular Component and MF; Molecular Function.
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cells. These results suggest that drugs targeting BTK warrant
additional study as a novel treatment strategy for prostate cancer.

Materials and Methods

Cell culture
Cell lines, NAMALWA, LNCaP, DU145 and Phoenix

AMPHO, were obtained from the American Type Culture Col-
lection (Manassas, VA). HEK293FT cells were obtained from
Invitrogen. NAMALWA and LNCaP cells were cultured in
RPMI-1640 medium (Hyclone, Logan, UT) supplemented with
10% FBS and 100 U/mL of penicillin- streptomycin. DU145,
HEK293FT and Phoenix cells were cultured in DMEM
(Hyclone, Logan, UT) supplemented with 10% FBS and 100 U/
mL of penicillin- streptomycin. PC346c cells were cultured in
DME/F12 supplemented with 2% FCS, 0.01% BSA, 10 ng/ml
EGF, 1% ITS-G, 1.4mM hydrocortisone, 0.1 nM R188, 100 U/
ml of penicillin and 100 mg/ml streptomycin.

RNAi methods
BTK shRNAs from the p-SHAG-MAGIC 2 (pSM2) shRNA

library46 were used for targeting BTK-signaling pathway kinases.
Plasmid DNA was isolated from bacterial stocks containing each
of shRNAs using a plasmid midi kit (Qiagen, Valencia CA).
Transfection efficiency was monitored by co-transfection with a
modified MSCV-Puro vector expressing green fluorescent pro-
tein (GFP)(Clontech). BTK was also targeted using siGENOME
SMART pool duplex (Dharmacon, Lafayette, CO) transfected
with Xtreme GENE siRNA transfection reagent (Roche) accord-
ing to the manufacturer’s instructions. A BTK-C specific siRNA
was custom ordered (Dharmacon, Lafayette, CO), siRNA sense:
GGUUAUUGGAUGCCCAUUAUU, antisense:
UAAUGGGCAUCCAAUAACCUU10

Cell viability assays
5£103 DU145 cells or 104 LNCaP cells per well, grown on

96 well plates for 24h, were treated with 1 to 30 mM BTK inhib-
itors. Cells were fixed after 72h with 2.5% formaldehyde, and
stained with Hoechst 33342 (Molecular Probes� Invitrogen).
Control cells were treated with DMSO. Cell images were
acquired using an IN Cell Analyzer 2200 (GE Healthcare) high
content imaging system, with a 20X objective. At least 9 fields
were imaged per single well of each experiment. Cell numbers
were determined and statistics performed using IN Cell Investi-
gator 3.4 high content image analysis software (GE Healthcare).
Each experiment was replicated 3 times, and data are presented
as mean § SD. Results were considered significant if p < 0.05.

Apoptosis assays
Apoptosis was detected by cleavage of caspase-3 after 48h after

siRNA transfection or treatment with the BTK inhibitors. For
the detection of cleaved caspase-3, LNCaP and DU145 cells
were treated with BTK-C specific siRNA and with BTK inhibi-
tors at the indicated concentrations. Control cells were treated
with non-target siRNA or DMSO, and staurosporine or

thapsagargine was used as a positive control. After treatment, cells
were fixed with 2.5% formaldehyde, washed 3 times with 1X
DPBS, permeabilized with 0.1% Triton-X 100, incubated over-
night (48C) with 1:200 dilution of cleaved caspase-3 antibody
(Asp175, #9579; Cell Signaling), washed 2 times with 1X
DPBS, incubated 1h with a 1:200 secondary antibody (Alexia
Fluor 568 goat anti-rabbit IgG, #A-11011; Invitrogen), washed
again 2 times with 1X PBS and finally stained with Hoechst
33342. Cell images were acquired using an IN Cell Analyzer
2200 (GE Healthcare) high content imaging system, with a 20X
objective. At least 9 fields were imaged per single well of each
experiment. ImageJ was used to normalize Caspase-3 staining to
DAPI staining. The mean area of Caspase-3 divided by the mean
area of DAPI for each treatment. The ratio for the control was
obtained and set at 1. The Y-axis values for each treatment or
BTK-C siRNA knockdown refer to fold increase Caspase-3 posi-
tive cells compared to normal. The data are presented as mean §
SD. Results were considered significant if p < 0.05. Annexin V
staining was performed after 48h of Ibrutinib or DMSO treat-
ment of LNCaP cells. 105 cells/ml was stained with Muse (TM)
Annexin V & Dead Cell Reagent (Millipore) at 1:1 (v/v) ratio
for 20 min at room temperature in the dark. Samples were
immediately analyzed by the Muse (TM) cell analyzer after stain-
ing. A minimum of 5,000 events was analyzed for each experi-
mental condition.

Transfection, infection and selection
Phoenix AMPHO packaging cells were transfected with BTK-

A Flag-tagged MarxIV, BTK-C Flag-tagged MarxIV and Empty
MarxIV vectors for generating retroviruses.10 LNCaP and
DU145 cells were infected with retroviruses for 48h in the pres-
ence of 8mg/ml of polybrene. Stable cell lines expressing these
constructs were selected with 100 mg/ml and 200 mg/ml
hygromycin B for LNCaP and DU145 cells, respectively. BTK-A
and BTK-C overexpression was confirmed by immunoblot and
RT-PCR analysis. Quantitative RT-PCR overexpression of
BTK-C showed a~1400-fold increase compared to empty vector
control in DU145 cells. Overexpression of BTK-A showed a
~3500-fold increase in BTK-A mRNA compared to empty vector
control in DU145 cells (data not shown).

Microarray
LNCaP cells were incubated for 48h with 10 mM Ibrutinib or

vehicle control. BTK-A and BTK-C overexpressing prostate can-
cer cells were also used for microarray analysis. Total RNA was
extracted using TRizol (Invitrogen) from cells, followed by the
addition of DNaseI (Roche) for 20 min at room temperature
and purified using the RNAeasy column (Qiagen). The quality
and concentrations of total RNAs were assessed using the Agilent
Bioanalyzer (Agilent Technologies, Santa Clara, CA). Total
RNA (100 ng) deemed to be of good quality (RNA integrity
number (RIN) greater than 8) was processed according to the
standard Affymetrix Whole Transcript Sense Target labeling pro-
tocol (Affymetrix, Santa Clara, CA). The fragmented biotin
labeled cDNA from 3 independent biological replicates was
hybridized over 16h to Affymetrix Gene 1.0 ST arrays and
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scanned on an Affymetrix Scanner 3000 &G using AGCC soft-
ware. The resulting CEL files were analyzed for quality using
Affymetrix Expression Console software and were imported into
GeneSpring GX12.6 (Agilent Technologies) where the data was
quantile normalized using PLIER and baseline transformed to
the median of control samples. The probe sets were further fil-
tered to exclude the bottom 20th percentile across all samples as
well as probe sets with expression levels with CV > 20% across
all replicates in a condition. The resulting entity list was then
subjected to a t-test with Benjamini-Hochberg False Discovery
Rate47 or Bonferroni correction48. Gene ontology (GO) enrich-
ment analysis, performed using the DAVID Bioinformatics
Resource.33

Immunoblot analysis
Cells were washed with cold PBS containing 0.9 mM CaCl2

and 0.5 mM MgCl2 and lysed in Laemmli buffer supplemented
with 5 % b-mercaptoethanol. The cell lysates were incubated at
95�C for 5 min and sonicated 3 times for 10 s. Total cell lysates
were separated by SDS-PAGE and transferred to PVDF mem-
branes (EMD Milipore, Billerica, MA) using wet transfer. Blots
were imaged using STORM Scanner (GE Healthcare, Piscat-
away, NJ). The following primary antibodies were used; BTK
(#611116, BD Bioscience), BTK (#8547, Cell Signaling,
Danvers, MA), P-BTK (Y223, #5082, Cell Signaling), anti-Flag
M2 (#080M6035, Sigma-Aldrich, St. Louis, MO), GAPDH
(#5174, Cell Signaling). Secondary antibodies included anti-rab-
bit IgG-HRP (#7074, Cell Signaling) and anti-mouse IgG-HRP
(#7076, Cell Signaling).

RNA Isolation, RT-PCR and quantitative RT-PCR
Total RNA was extracted from cells using Trizol (Invitrogen),

followed by the addition of DNaseI (Roche) for 20 min at room
temperature and purified using the RNAeasy column (Qiagen)
clean up protocol. cDNA was synthesized using DyNAmo
cDNA synthesis kit (Thermo Scientific). PCR was performed
using AccuStart II GelTrack PCR SuperMix (Quanta Biosci-
ence). The PCR reaction consisted of an initial denaturation step
(958C for 5 min), 45 cycles of amplification (958C for 45 sec,
558C for 40 sec and 728C for 40 sec), followed by a final exten-
sion step (728C for 10 min). Aliquots of each PCR reaction were
electrophoresed on a 1% gel. Quantitative RT-PCR reactions
using SYBR Green Master Mix (Applied Biosystems) or TaqMan
qPCR using TaqMan Gene Expression Master Mix (Applied
Biosystems) were performed on ABI PRISM 7900HT Fast Real
Time PCR system (Applied Biosystems). The primers and probes
are shown in supplementary Table 3. After the initial denatur-
ation step, 958C for 10 min, PCR reactions consisted of 45
cycles of a 958C for 15 sec step and a 608C for 1 min. Analysis
was conducted using Applied Biosystem Real-Time Analysis soft-
ware. Measurement of BTK-A and BTK-C mRNA expression in
prostate tumor tissues was performed using an array of first
strand cDNA (cDNA) from human prostate cancer tissues and
lymphoma samples contained in the TissueScan Cancer Survey
Panel (CSRT302) in 384-well plates from OriGene (Rockville,
MD).

BTK-Immunolocalization
Cells were fixed and immunostained on cover slips with anti-

BTK antibody (#8547, Cell Signaling), anti-phospho-BTK
(Y223), (#5082, Cell Signaling) and anti-Flag M2 (#080M6035,
Sigma-Aldrich). Primary antibodies detected with Cy3 donkey
anti-rabbit and Cy5 donkey anti-mouse. Prostate cancer tissue
arrays (PR8011) and multiple organ tissue arrays (UNC241)
were obtained from US Biomax (Rockville, MD). UNC241 has
tonsil tissue which serves as a positive control for BTK. PR8011
contained 34 prostate cancer cases with a range of disease stages
and patients’ ages, 26 cases with hyperplasia, 6 cases with chronic
inflammation, 6 cancer adjacent normal cases and 8 normal pros-
tate cases. Arrays were processed with standard immunohisto-
chemical (IHC) procedures. Slides were baked at 658C for 1h,
de-paraffinizedin HistoChoice clearing agent, and rehydrated
through a series of decreasing concentrations of ethanol (100, 75,
and 50%) and placed in 1X PBS. Slides were permeabilized with
0.1% Triton-X 100 for 10 min and epitopes retrieved in a pres-
sure cooker for 20 min. Sections were incubated overnight at
48C with BTK antibody (1:100 dilution in 3% BSA/PBS),
washed in 1X PBS and primary antibody detected with Cy3 don-
key anti-rabbit secondary antibody (1:200) dilution in 3% BSA/
FBS). Slides were washed, stained with Hoechst 33342 to visual-
ize the nuclei, rinsed, and mounted with DABCO anti-fade in
90% glycerol. TMA cores were imaged using an Olympus
inverted fluorescence microscopy platform.
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