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Protein tyrosine kinase 6 regulates mammary gland
tumorigenesis in mouse models
M Peng, SM Ball-Kell, RR Franks, H Xie and AL Tyner

Protein tyrosine kinase 6 (PTK6, also called BRK) is an intracellular tyrosine kinase expressed in the majority of human breast tumors
and breast cancer cell lines, but its expression has not been reported in normal mammary gland. To study functions of PTK6 in vivo,
we generated and characterized several transgenic mouse lines with expression of human PTK6 under control of the mouse
mammary tumor virus (MMTV) long terminal repeat. Ectopic active PTK6 was detected in luminal epithelial cells of mature
transgenic mammary glands. Lines expressing the MMTV-PTK6 transgene exhibited more than a two-fold increase in mammary
gland tumor formation compared with nontransgenic control animals. PTK6 activates signal transducer and activator of
transcription 3 (STAT3), and active STAT3 was detected in PTK6-positive mammary gland epithelial cells. Endogenous mouse PTK6
was not detected in the normal mouse mammary gland, but it was induced in mouse mammary gland tumors of different origin,
including spontaneous tumors that developed in control mice, and tumors that formed in PTK6, H-Ras, ERBB2 and PyMT transgenic
models. MMTV-PTK6 and MMTV-ERBB2 transgenic mice were crossed to explore crosstalk between PTK6 and ERBB2 signaling
in vivo. We found no significant increase in tumor incidence, size or metastasis in ERBB2/PTK6 double transgenic mice. Although we
detected increased proliferation in ERBB2/PTK6 double transgenic tumors, an increase in apoptosis was also observed. MMTV-PTK6
clearly promotes mammary gland tumorigenesis in vivo, but its impact may be underrepresented in our transgenic models because
of induction of endogenous PTK6 expression.
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INTRODUCTION
In spite of recent advances, breast cancer remains the second
leading cause of death for women in the United States.1 The
movement toward targeted therapies has seen the development
of drugs to block the function of proteins associated with cancer
progression and poor survival rates, including tyrosine kinases.
Protein tyrosine kinase 6 (also called breast tumor kinase or BRK) is
a tyrosine kinase that promotes growth factor signaling, and
proliferation, migration and survival of breast cancer cells (for
reviews see2–6). It was identified in human metastatic breast
cancer7 and is overexpressed in the majority of human breast
cancers and in most breast tumor cell lines.8–10 Its expression in
high grade ER(þ ) luminal B tumors was associated with poor
outcomes.11 The correlation between PTK6 and ERBB2 over-
expression in invasive human ductal breast carcinomas9,12–14 and
the finding that PTK6 may cooperate with ERBB2 to promote
breast tumor cell growth14 raises the possibility that targeting
PTK6 along with ERBB receptors might offer a therapeutic
advantage.3,15

Functions of PTK6 in normal epithelia are distinct from its roles
in cancer. PTK6 is expressed throughout the alimentary canal and
in the skin in differentiated epithelial cells,16 and has been shown
to promote differentiation of small intestinal enterocytes17 and
keratinocytes.18,19 Interestingly, although PTK6 expression and
functions in normal epithelia suggested it might have tumor

suppressor roles, disruption of the mouse Ptk6 gene conferred
resistance to carcinogens and impaired activation of the signal
transducer and activator of transcription 3 (STAT3) transcription
factor in the mouse colon. STAT3, a transcription factor that has
essential roles in the development of a variety of tumor types, is a
substrate of PTK6 and its activation is promoted by tyrosine
phosphorylation.20,21

To explore contributions of PTK6 to the development of breast
cancer in vivo, we generated multiple lines of transgenic mice
containing the human PTK6 gene expressed under control of the
mouse mammary tumor virus (MMTV) long terminal repeat (LTR).
We determined that the constitutive ectopic expression of PTK6
led to an B2.4-fold increase in tumor development as animals
aged, as well as enhanced STAT3 activation in transgenic
mammary glands and tumors. Although expression of PTK6
has not been reported in normal mouse mammary gland,22 its
expression was induced in mouse mammary gland tumors
highlighting similarities between the human disease and mouse
models. Induction of endogenous PTK6 may partially mask the
activities of ectopic transgenic PTK6. We examined cell
and proliferation and apoptosis within the mammary gland
tumors that formed in transgenic and control mice. In addition,
we examined potential synergy between PTK6 and ERBB2
signaling in mammary gland tumorigenesis and metastasis
in vivo.
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RESULTS
Production and characterization of MMTV-PTK6 transgenic mice
Induction of PTK6 expression in human breast tumors led us to
hypothesize that ectopic expression of human PTK6 might
promote mammary gland tumorigenesis in mice. To generate
MMTV-PTK6 transgenic animals, PTK6 coding sequences were
cloned into an expression vector containing the MMTV LTR
promoter23 (Figure 1a). The MMTV promoter has been extensively
used to target transgene expression to the mammary gland
in vivo.24 We determined that the MMTV-PTK6 construct, which is
inducible by dexamethasone in tissue culture cell lines, could be
expressed in mouse normal murine mammary gland (NMuMG)
cells at levels comparable to that observed for PTK6 in human
breast tumor cell lines (Figure 1b, NMuMGþ Tg).
Vector sequences were removed from the MMTV-PTK6 expres-

sion cassette before its microinjection into fertilized FVB/N eggs.
Several transgenic founder mice were identified and three of
these were used to develop lines for further analysis. The B28, B33
and B35 lines express low, medium and high levels of human PTK6
mRNA (Figure 1c) and protein (Figure 1d), respectively. The MMTV
LTR drives transgene expression in the mammary gland of virgin
adult, pregnant and postpartum mice,25–27 and expression occurs
in the ductal and alveolar cells of the mammary gland.24 Using
immunohistochemistry (Figure 1e), we detected transgene
expression in mammary glands from both the virgin and
multiparous female mice. Ectopic human PTK6 was detected in
the nuclei and cytoplasm of mammary gland epithelial cells in all
three established transgenic lines.

PTK6 promotes tumorigenesis in the mouse mammary gland
Three independent mouse PTK6 transgenic lines were maintained
and monitored for spontaneous tumorigenesis over a 2.5-year

period. MMTV-PTK6 transgenic mice developed more than twice
as many tumors as nontransgenic littermate controls, with an
average latency of 21 months. However, tumors that formed in the
PTK6 transgenic and nontransgenic control mice were similar in
size and histology. Data are summarized in Table 1 and Figure 2.
Hyperplastic alveolar nodules were observed in PTK6 transgenic

animals as early as 70 weeks of age, and were frequently detected
in aging animals (Figures 3a–c). Transgenic mice developed
multiple mammary gland tumors. An example of a mouse from
the B33 line with tumors in its right inguinal and left thoracic
mammary is shown at 105 weeks of age (Figure 3d). Ectopic
PTK6 expression was detected in nulliparous and multiparous
mammary glands and tumors using a human PTK6-specific
antibody (Figures 3e–h).

Active ectopic PTK6 promotes STAT3 activation in normal
mammary gland and mammary gland tumors
Activation of PTK6 can be monitored using an antibody specific
for phosphorylation of tyrosine residue 342 (P-Y342) located in its
catalytic domain. We expressed wild-type human PTK6, which may
or may not be active, and has both kinase-dependent and -
independent functions. Using immunofluorescence, we examined
PTK6 activation in mammary glands of transgenic mice (Tg) and
nontransgenic (NT) controls. Active PTK6 (P-Y342) can be detected
by 12 weeks of age, with levels increasing and becoming more
membrane associated at 40 weeks of age (Figure 4, top panels).
The STAT3 transcription factor is a substrate of PTK6.20 In

addition to playing distinct roles in mammary gland development
and involution, STAT3 promotes expression of genes that regulate
cell proliferation, survival and tumor metastasis in the mammary
gland (reviewed in28). Phosphorylation of STAT3 on tyrosine
residue 705 (P-Y705) promotes its dimerization and activation, and

Figure 1. Generation of MMTV-PTK6 transgenic mice. (a) A schematic diagram of the MMTV-PTK6 construct is shown. A 2.2 kb human PTK6
complementary DNA (gray region) was inserted into the third exon of the rabbit b-globin gene under the control of the MMTV LTR (striped
region). (b) Expression of the MMTV-PTK6 construct transfected into NMuMG cells stimulated with dexamethasone. Transgenic PTK6 protein
levels (NMuMG þ Tg) are comparable to that produced in human breast cancer cell lines MCF7, MDA-MB-231 and MDA-MB-453. PTK6 was not
detected in the MDA-MB-435 cell line. Expression of b-actin was examined as a loading control. (c) Ribonuclease protection assays were
performed with RNAs prepared from mammary glands of three transgenic lines (B28, B33 and B35) and nontransgenic control mice (NT). PTK6
mRNA was detectable in the three transgenic lines but not in NT animals. Mouse cyclophilin was used as loading control. (d) Ectopic PTK6
expression was detected in transgenic mammary glands by immunoblotting. Levels of ectopic PTK6 protein expression correlated with the
levels of PTK6 mRNA shown in c. (e). Immunohistochemistry demonstrates expression of ectopic human PTK6 in the transgenic mammary
gland epithelial cells, as shown in the virgin animals (B28, B33 and B35) and pregnant animals (B33.Pg). The nontransgenic mammary gland
stained negative for PTK6. Size bar¼ 20mm.
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was impaired in the normal mouse colon and human colon cancer
cells following PTK6 knockout and knockdown, respectively.29 We
found that levels of active P-Y705 STAT3 correlated with
expression of the PTK6 transgene (Figure 4, bottom panels).
Nuclear localization of active STAT3 was prominent in non-
involuting transgenic mammary glands at 40 weeks of age, but
was not detected in nontransgenic controls.
Prominent activation of STAT3 was detected in tumors from

PTK6 transgenic mice using both immunohistochemistry and
immunoblotting (Figure 5). Localization of active PTK6 (P-Y342) at
the plasma membrane correlated with increased activation and
nuclear localization of STAT3 (P-Y705) (Figure 5a, Tg1), whereas
the activation of PTK6 in the nucleus did not lead to significant
activation and nuclear localization of STAT3 (Figure 5a, Tg2). Total
cell lysates were prepared from tumors that formed in the three
independently derived transgenic strains B28, B33, B35, and
nontransgenic (NT) mice. Immunoblotting was performed with
antibodies specific for active STAT3 (P-Y705), total STAT3, active
PTK6 (P-Y342), total human PTK6 and b-actin as a control. The
antibody used to detect PTK6 expressed from the transgene is
specific for the human protein and does not recognize mouse
PTK6. Each lane represents a tumor that formed in an individual
mouse of the indicated strain. A significant increase in STAT3

activation (P-Y705) was detected in individual tumors from PTK6
transgenic mice compared with tumors that developed in
nontransgenic controls (Figure 5b).

Induction of PTK6 in mouse tumors of different origins
Immunoblotting and immunocytochemistry using anti-mouse
PTK6 antibodies demonstrate PTK6 expression in tumors. We did
not detect expression of endogenous PTK6 in the normal
nontransgenic mouse mammary gland (Figures 6a–d; NT MG).
However, endogenous mouse PTK6 expression is induced in a
variety of mouse mammary gland tumors, including spontaneous
tumors that form in nontransgenic mice (Figure 6a, NT TU), and
tumors from transgenic mice that express human PTK6 (Figures 6a
and e), ERBB2 (Figures 6b and e), activated H-RAS (Figures 6c and
e) or polyoma Middle T (Figures 6d and e) in the mammary gland.
The antibody used to detect mouse PTK6 was generated from a
carboxy-terminal peptide that is not conserved between human
and mouse, and the anti-human and anti-mouse PTK6 antibodies
used are species specific. Interestingly, diverse patterns of PTK6
intracellular localization were observed, although many tumors
displayed nuclear endogenous PTK6 localization. These data
indicate that induction of PTK6 in breast cancer is conserved
between humans and mice.

Enhanced proliferation is counteracted by increased apoptosis in
ERBB2/PTK6 double transgenic mice
Several studies have indicated that PTK6 and ERBB2 are
coexpressed in human breast tumors and PTK6 promotes ERBB2
oncogenic signaling in human breast tumor cell lines.14,15,30,31 We
hypothesized that introduction of MMTV-PTK6 would accelerate
and/or augment ERBB2-induced mammary gland tumorigenesis in
the mouse. We crossed the MMTV-PTK6 transgenic strains with the
MMTV-ERBB2 line, which expresses the activated rat ErbB2 (c-neu)
gene and is prone to developing mammary gland tumors. In our
colony, B80% of MMTV-ERBB2 transgenic mice develop
mammary gland tumors within 8 months. Coexpression of
activated ERBB2 and PTK6 did not significantly influence the
occurrence or size of tumors that developed. Unexpectedly,
regression analysis suggested that PTK6 expression may delay
tumor initiation and increase latency (Figure 7a).
To examine the impact that coexpressing PTK6 with ERBB2 has

on proliferation, we examined 5-bromo-2’-deoxyuridine (BrdU)
incorporation in tumors. Although tumor size was not increased
(Figure 7c), a significant increase in cell proliferation was detected
in tumors that formed in the double ERBB2/PTK6 transgenic mice,
compared with single ERBB2 transgenic animals (Figure 7b). To
determine whether an increase in programmed cell death might
offset the increase in cell proliferation observed, terminal
deoxynucleotidyl transferase dUTP nick end labeling assays were
performed to detect apoptotic cells. Increased levels of terminal
deoxynucleotidyl transferase dUTP nick end labeling-positive
apoptotic cells were detected in ERBB2/PTK6 double transgenic
mice (Figure 7d). Increased apoptosis could counteract the
observed increase in cell proliferation and explain the lack of
increased tumor size in vivo.
ERBB2-induced tumors metastasize to the lung in transgenic

mice (reviewed in32). Lungs of ERBB2 and ERBB2/PTK6 animals
were harvested from animals with tumors that had reached
humane end point size, cut into 0.5� 0.5 cm2 pieces, fixed,
embedded in paraffin and sectioned. Sections were stained with
hematoxylin and eosin, and tumor emboli were counted and
normalized with the area of the lung (represented by the number
of 0.5� 0.5 cm2 lung pieces). Metastases were quantitated in 12
mice of each genotype (ERBB2 versus ERBB2/PTK6 transgenics),
and correlations of lung metastasis with animal age and primary
mammary gland tumor weight were analyzed (Figures 7e and f).

Table 1. Tumor occurrence and latency in PTK6 transgenic and
nontransgenic (NT) animals

Transgenic
line

Number
of

tumors

Number
of

animals

Tumor
occurrence

(%)

Average
tumor
weight
(g)

Average
latency
(weeks)

NT Controls 5 104 4.81 3.7±1.1 93
PTK6 B28 5 49 10.2 4.9±2.6 88
PTK6 B33 7 65 10.77 2.6±2.0 92
PTK6 B35 3 22 13.64 3.6±1.2 88

Figure 2. PTK6 transgenic animals display increased susceptibility to
mammary gland tumor development. Nontransgenic FVB/N control
and three independently developed MMTV-PTK6 transgenic mouse
lines were maintained for 2.5 years and mammary gland tumor-
igenesis was monitored. Transgenic mice developed multiple
mammary gland tumors during this period, and nontransgenic
animals also developed spontaneous mammary gland tumors. The
mammary gland tumor occurrence was shown as the percentage of
animals that developed breast tumors relative to the total animal
number. The Cochran-Armitage Trend test validated the hypothesis
that increased numbers of MMTV-PTK6 transgenic animals develop
mammary gland tumors than nontransgenic mice (P¼ 0.042).
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We did not detect a significant difference in the timing or size of
metastases between the two groups.

DISCUSSION
Our data, obtained by characterizing multiple independent lines
of MMTV-PTK6 transgenic mice, indicate that PTK6 promotes
mammary gland tumorigenesis in vivo, but it is not a strong
oncogenic driver. We detected an average 2.4-fold increase in
tumor formation in virgin and multiparous animals compared with
wild-type control FVB/N mice. However, in contrast to the MMTV-
ERBB2 transgenic line used in these studies, tumor formation was
modest. About 80% of the MMTV-ERBB2 mice developed tumors
within 8 months compared with tumor formation in 10–13.6% of
MMTV-PTK6 mice after 20 months. A previous study utilizing the
whey acidic protein promoter to drive PTK6 expression in the
mouse mammary gland reported a three fold higher incidence of
tumor development in multiparous mice.33 Our study utilizing the
MMTV promoter to drive PTK6 expression supports these findings.
Overexpression of PTK6 under control of the whey acidic

protein promoter revealed delayed mammary gland involution
that was associated with increased prosurvival signaling.33 We did
not detect any obvious changes in mammary gland development
or involution in our MMTV-PTK6 transgenic lines. The differences
between the two models could be due to distinctions in the
timing and pattern of PTK6 transgene expression as a
consequence of using different promoters.
PTK6 is expressed in a high percentage of human breast tumors,

and its activities in cancer have been most extensively examined
in breast cancer cell lines. A variety of studies indicate that PTK6
stimulates signaling by multiple ERBB receptor family mem-
bers.9,14,34–36 ERBB family kinases participate in the activation of
signal transducers and activators of transcription (STATs) that
regulate tumorigenesis, and direct roles for PTK6 in the activation
of STAT320,37,38 and STAT5b39 have been reported. We show that
STAT3 activation is increased in MMTV-PTK6 transgenic mammary
glands and tumors (Figures 4 and 5) and could contribute to the
increase in tumor formation observed in these mice. STAT3
contributes to development of a variety of cancers and was shown
to regulate the growth of stem-like cells in human breast
tumors.40 Inhibitors of STAT3 activity inhibited breast cancer cell
growth.41 Interestingly, a tumor promoting the role for PTK6 was
identified in colon cancer; Ptk6-null mice were resistant to an

Figure 3. MMTV-PTK6 transgenic animals develop neoplastic hyperplasia and mammary gland tumors. Transgenic animals developed
mammary gland lesions and mammary gland tumors at older age. Whole mount staining was performed on the thoracic mammary glands
(a–c) of transgenic animals. Age and parous status were noted in the figure. Hyperplastic alveolar nodules (HAN) (black arrow) were observed
in animals as early as 70 weeks of age, and were frequently detected in the aging animals (a–c). Multiple mammary gland tumors (red arrow)
were found in the animal of 105 weeks (d). Immunohistochemistry performed on corresponding mammary glands confirmed PTK6 transgene
expression (e–h).

Figure 4. Ectopic PTK6 is active and promotes STAT3 phosphoryla-
tion at tyrosine residue 705 in the mouse mammary gland.
Immunofluorescence assays were performed on mammary gland
serial sections from age-matched nontransgenic (NT) or transgenic
(Tg) animals using antibodies specific for active PTK6 (P-Y342) and
active STAT3 (P-Y705). PTK6 was not expressed in prepubescent
transgenic animals up to 6 weeks of age, and STAT3 phosphorylation
was minimal. Upon maturity, PTK6 was expressed and activated in
Tg mammary glands, and STAT3 phosphorylation and translocation
to the nucleus was observed (12 weeks of age). At 40 weeks of age,
ectopic PTK6 remained active and STAT3 displayed activating
phosphorylation and nuclear localization in Tg animals, but this
phosphorylation was not detected in NT mammary glands. Primary
antibody binding was detected with fluorescein isothiocyanate
(green) and sections were counterstained with DAPI (blue). The size
bar represents 20mm.
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azoxymethane/dextran sodium sulfate tumorigenesis protocol
and displayed reduced levels of activated phospho-STAT3.42

PTK6 was also shown to promote epidermal growth factor-
induced STAT3 activation in human colon cancer cells.42

PTK6 is not expressed in the normal mouse mammary
gland,22,43 but here we show that it is induced in mouse
mammary gland tumors of different origins. PTK6 and ERBB2 are
coexpressed in human tumors, and it has been suggested that
PTK6 promotes cell proliferation and survival of ERBB2-positive
tumors. Orthotopic transplantation of an immortalized pluripotent
mouse mammary epithelial cell line engineered to overexpress
activated ERBB2 alone or activated ERBB2 plus PTK6 revealed
reduced latency for tumor development when both ERBB2
and PTK6 were overexpressed.14 In our studies, we detected
increased proliferation in bitransgenic PTK6/ERRB2 mammary
gland tumors, but also detected increased apoptosis that could
counterbalance this increased proliferation. We previously
determined that PTK6 promotes stress-induced apoptosis of
nontransformed cells.42,44,45

PTK6 expression in normal tissues is developmentally regulated
and coincides with epithelial cell differentiation.16–18 Disruption of
the Ptk6 gene in the mouse revealed unique roles for this tyrosine
kinase in promoting intestinal epithelial cell differentiation17 and
stress-induced apoptosis.42,45 PTK6 may also have distinct
functions in normal and transformed mammary epithelial cells.
For example, although PTK6 promotes epidermal growth factor-
induced proliferation in several breast cancer cell lines, it inhibited
epidermal growth factor-induced proliferation in human
telomerase reverse transcriptase immortalized human mammary
gland epithelial cells.5 It is possible that poorly understood
growth-inhibiting functions of PTK6 in normal mammary gland
epithelial cells could have a role in delaying tumor initiation in the
bitransgenic ERBB2/PTK6 mice.
Although our in vivo data do not demonstrate synergy between

transgenic PTK6 and ERBB2, we cannot disregard contributions of
endogenous PTK6. It is possible that induction of endogenous
mouse PTK6 is sufficient to stimulate tumorigenesis and masks
tumor promoting functions of ectopic transgenic human PTK6

Figure 5. Active PTK6 and STAT3 are expressed in mouse mammary gland tumors. (a) Mammary gland tumors that developed in
nontransgenic (NT) and PTK6 transgenic lines (Tg) were analyzed for the expression of active PTK6 and active STAT3 using
immunofluorescence. Morphologically similar areas of NT and Tg tumors are shown. P-PTK6 and P-STAT3 signals were low and sporadic in
NT tumors. Membrane-associated active PTK6 (P-Y342) correlated with active nuclear STAT3 (P-Y705) in tumors from PTK6 transgenic mice
(Tg1). Active PTK6 could be found at the membrane (Tg1) or sometimes within the nucleus (Tg2). The tumor in Tg1 was an adenocarcinoma
composed of small glandular structures with small lumens consistent with an acinar pattern, and the nuclear-activated PTK6 appeared in the
acinar cells. Background staining was monitored using immunoglobulin G (IgG) as a control. The scale bar represents 20 mm. (b)
Immunoblotting was performed with total cell lysates prepared from tumors isolated from multiple B28, B33 and B35 animals, as well as
tumors that developed in nontransgenic control mice. Each lane represents a unique tumor sample from an individual mouse. STAT3
activation was consistently observed in tumor samples from PTK6 transgenic mice. For quantitation, P-STAT3 levels were normalized to total
STAT3 levels in nontransgenic and transgenic mice (right panel). Immunoblotting for PTK6 was performed using an antibody specific for the
human protein expressed by the transgene.
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in vivo. Disruption of the endogenous Ptk6 gene in ERBB2
transgenic mice would allow us to determine whether PTK6 has
an essential role in ERBB2-induced tumorigenesis. Characterization
of different mouse models of breast cancer lacking Ptk6 will be
required to fully ascertain PTK6 contributions to mouse mammary
gland tumorigenesis in vivo.
PTK6 is structurally related to SRC-family kinases, and has

amino-terminal SH2 and SH3 protein–protein association domains
and a carboxyl-terminal catalytic domain. However, unlike SRC-
family kinases, PTK6 lacks an SH4 domain and is not myristoy-
lated/palmitoylated.2 PTK6 also lacks a nuclear localization signal.

Thus, it displays flexibility in its intracellular localization and has
different functions in the nucleus and at the plasma membrane.6

In normal prostate cells, total and active PTK6 is concentrated in
epithelial cell nuclei, but nuclear localization is lost in prostate
tumors.46 Knockdown of cytoplasmic/membrane-associated PTK6
proved to be growth inhibiting, whereas reintroduction of PTK6
into the nucleus also inhibited growth prostate cancer PC3 cells.47

Targeting PTK6 to the cell membrane by addition of a
myristoylation/palmitoylation signal resulted in oncogenic
signaling.48,49 Ectopic expression of membrane-targeted PTK6
was sufficient to transform Src/Yes/Fyn � /� mouse embryonic
fibroblasts.50 Interestingly, active endogenous PTK6 was
associated with the membrane Pten-null mouse prostates.50,51

Enhanced coexpression of membrane-associated growth factor
receptors such as ERBB2 with PTK6 might bring PTK6 to the
membrane in the absence of amino-terminal myristoylation/
palmitoylation, leading to its activation and induction of
oncogenic signaling. However, in ERBB2 transgenic mammary
glands, endogenous mouse PTK6 was often detected in the
nucleus (Figure 6e), whereas most ERBB2 is membrane associated.
PTK6 substrates include a number of proteins involved in

regulating the epithelial mesenchymal transition including AKT,52

p130CAS53 and FAK.50 We determined that membrane-targeted
overexpression of PTK6 in prostate cells promotes the epithelial
mesenchymal transition and tumor metastasis.51 PTK6 was also
recently reported to have a role in the epithelial mesenchymal
transition in breast cancer cells.31 Simultaneous knockdown of
PTK6 and ERBB2 was reported to impair migration and
proliferation of breast cancer cells in vitro.15 However, although
we detected metastasis of ERBB2-positive tumors to the lungs of
MMTV-ERBB2 mice, we did not find increased metastasis in ERBB2/
PTK6 double transgenic mice (Figure 7).
Our data indicate that PTK6 is induced in most mouse

mammary gland tumors, regardless of the method used to induce
the tumors. We detected induction of mouse PTK6 in spontaneous
mouse mammary gland tumors as well as tumors caused by
ectopic expression of ERBB2, activated RAS and PyMT (Figure 6).
Recently, expression of endogenous PTK6 was also reported in
mouse mammary gland tumors induced by the expression of an
activated MET receptor transgene.54 Although PTK6 is
overexpressed in most mouse and human breast cancer
subtypes, its functions could differ depending on a variety of
factors including its expression levels, intracellular localization,
coexpression of other signaling molecules and cellular
environment. Several studies suggest that targeting PTK6 may
have therapeutic benefits in breast,11,15,31,55 colon29 and
prostate6,51 cancer cells. However, earlier work also suggested a
correlation between high PTK6 expression and differentiation
(positive estrogen receptor status)56 as well as increased survival
patient survival.13 More recent studies suggest that PTK6 has
tumor suppressor functions in some cancers, including
esophageal57 and laryngeal58 tumors. Clearly, complexities of
PTK6 signaling are not yet fully understood, and it will be
necessary to determine whether targeting PTK6 expression has
specific benefits for treatment in different molecularly defined
subtypes of human breast cancer. Kinase inhibitors, along with
targeted antibodies, represent some of the most effective
anticancer therapies.

MATERIALS AND METHODS
Mice
To generate the MMTV-PTK6 construct, a 2.2 kb PTK6 complementary DNA
fragment containing the coding region of human PTK6 was cloned into the
EcoRI site of rabbit b-globin exon 3 of pKCR-MMTV LTR vector (a gift from
Dr Robert J Coffey).23 MMTV-PTK6 transgenic mice were generated in the
FVB/N inbred strain (Harlan Laboratories, Frederick, MD, USA) and FVB/N
mice were used as controls. Tail DNA was subjected to PCR analysis with

Figure 6. Endogenous mouse PTK6 is induced in mammary gland
tumors of different origins. (a–d) Mouse PTK6 protein expression
was detected using immunoblotting, and an antibody specific for
mouse PTK6 that does not cross-react with the human PTK6
encoded by the transgene. Nontransgenic mammary gland was
used as negative control. Expression of a-tubulin or b-actin was
examined as loading controls. Induction of the endogenous PTK6
protein was detected in all mouse mammary gland tumors
examined, including tumors that formed in nontransgenic control
mice (NT TU), MMTV-PTK6 (a), MMTV-ERBB2 (b), MMTV-Ha-Ras
(c) MMTV-PyMT (d) transgenic animals. (e) Immunohistochemistry as
used to examine endogenous PTK6 expression in mouse tumors of
different origins. PTK6 is predominately nuclear in more differen-
tiated acinar cells (NT, PyMT1) and in areas of tumors from different
transgenic strains (B28.1, ERBB2.1 and Ras.1), but it can also be
cytoplasmic as in ERBB2.2, Ras.2 and PyMT.2. Variation in PTK6
intracellular localization is sometimes observed in adjacent regions
of the same tumors, as indicated by red (nuclear) and white
(cytoplasmic/membrane) arrows in B33 and B35. Besides the
neoplastic epithelial cells, endogenous PTK6 was also detected in
the cytoplasm of cuboidal shaped epithelial cells and in metaplastic
keratin producing squamous epithelial cells lining the ductules
(B28.2). Sections were stained with normal rabbit IgG as a negative
control (IgG).
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primers that were specific for the transgene (forward: 50-
GCTATGTGCCCCACAACTACC-30 , reverse: 50-CCTGCAGAGCGTGAACTC-30).
Nulliparous females were never housed with males after weaning.
Multiparous females were kept in breeding and underwent at least two,
but generally three to four pregnancies. Mice showing signs of discomfort,
weight loss or tumors larger than 2 cm in diameter were killed as they met
end point criteria of the protocol approved by the UIC (University Isotope
Committee) Institutional Animal Care and Use Committee.
MMTV-Ha-RAS (FVB.Cg-Tg(MMTV-vHaras)SH1Led/J, stock number

004363) and MMTV-ERBB2 mice (FVB-(MMTV-Erbb2)NK1Mul/J, stock
number 005038), expressing activated ERBB2 were purchased from
Jackson Laboratories (Bar Harbor, ME, USA). MMTV-PyMT-induced mouse
mammary gland tumors were provided by Dr P Raychaudhuri (University
of Illinois at Chicago).

Cell culture and transfection
The human breast cancer cell lines MCF7 (HTB-22), MDA-MB-231 (HTB-26)
and MDA-MB-453 (HTB-131), human melanoma cell line MDA-MB-435S
(HTB-129) and the mouse mammary epithelial cell line NMuMG (CRL-1636)
were obtained from ATCC (American Type Culture Collection) and cultured
according to the ATCC guidelines. Transfections of NMuMG cells were
performed using Lipofectamine (Invitrogen Corp, Carlsbad, CA, USA). To
induce MMTV-PTK6 expression, 0.1 mM of dexamethasone (D8893, Sigma-
Aldrich, St Louis, MO, USA) was added to the media 24 h before harvesting.

Tissue preparation and analyses
For whole mounts, mammary glands were harvested, spread on glass
slides, air dried for 5min and then fixed in Pen-fix solution (Richard-Allan
Scientific, Kalamazoo, MI, USA) for 24 h. Samples were then passed through

graded ethanols, acetone and rehydrated. Tissues were stained in carmine
alum for 3 days and then dehydrated in ethanol followed by clearing in
xylene (Fisher Scientific, Fair Lawn, NJ, USA). Stained whole mounts were
stored in xylene during examination and were photographed using a
dissection microscope.
For microscopic sections, tissues were fixed in 10% buffered formalin

(Fisher Scientific) for 24 h and then transferred to 70% ethanol before
routine processing. Paraffin-embedded tissues were sectioned at 5 m and
stained with hematoxylin and eosin. Whole mount analysis, postmortem
examination and histopathologic analysis of tissue sections were
performed by a veterinary pathologist (S Ball-Kell, DVM and PhD).

RNA extraction and ribonuclease protection assays
Total RNA was isolated from animal tissues using TRIZOL reagent (GIBCO
Invitrogen, CA, USA). Ribonuclease protection assays were performed as
described previously43 using [32P] a-CTP-labeled antisense RNA probes.
Mouse cyclophilin mRNA was used as loading control and RNA integrity
indicator, and the mouse cyclophilin antisense probe was synthesized from
pTRI-cyclophilin-mouse antisense control template (Ambion, Grand Island,
NY, USA).

Protein lysates and immunoblotting
Fresh tissues were rinsed in phosphate-buffered saline and homogenized
by tissue homogenizer (Polytron, PT-10, Kinematica, Lucerne, Switzerland)
in Triton X-100 buffer (20mM Hepes, pH 7.4, 1% Triton X-100, 150mM NaCl,
1m EDTA, pH 8.0, 1mM EGTA, pH 8.0, 10mM Na-pyrophosphate, 100mM

NaF, 5mM iodoacetic acid, 1mM sodium vanadate, 0.2mM PMSF and
proteinase inhibitor cocktail tablet (Roche Diagnostic, Indianapolis,
IN, USA).

Figure 7. Transgenic expression of PTK6 in the MMTV-ERBB2 mouse model does not enhance ERBB2-driven tumorigenesis (a) Mammary gland
tumors from ERBB2 (B2; n¼ 28) and ERBB2/PTK6 mice (B2/PTK6; n¼ 18) were harvested and analyzed at various time points; total tumor
weight is plotted against age (days; see key below 7e and f). Tumor occurrence between ERBB2 and ERBB2/PTK6 animals did not show a
statistically significant difference (P¼ 0.70). However, regression analysis suggested a delay in tumor initiation in ERBB2/PTK6 animals
(Po0.001). (b) Proliferation in tumors that developed in ERBB2 (B2; n¼ 10) and ERBB2/PTK6 (B2/PTK6; n¼ 10) transgenic mice was examined
using BrdU labeling. ERBB2/PTK6 tumors exhibited higher levels of proliferation than ERBB2 tumors, even in tumors of the same size. The
number of BrdU-labeled epithelial cells in ERBB2/PTK6 tumors is three fold higher than in ERBB2 tumors (Po0.001), but the tumor size
between these two groups is not significantly different (P¼ 0.24) (c). (d) Although ERBB2/PTK6 tumors display higher levels of proliferation
(BrdU incorporation), they also exhibit increased apoptosis. Increased apoptosis is detected in tumors that formed in ERBB2/PTK6 double
transgenic animals compared with tumors that formed in ERBB2 transgenic mice. Apoptosis was analyzed using the terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) assay in several pairs of equivalently sized ERBB2 and ERBB2/PTK6 tumors. (e, f ) We examine lung
metastases in single ERBB2 and double ERBB2/PTK6 transgenic mice and correlated the development of metastases with age (e) and primary
mammary gland tumor weight (f ) are shown. Linear regression models were fitted to the data and Wald tests were conducted to compare
regression slopes between the ERBB2 (B2) and ERBB2/PTK6 (B2/PTK6) transgenic groups, resulting in P-values of 0.66 and 0.19 for (e) and (f ),
respectively, suggesting that the slopes from two experimental groups are not statistically different from each other.
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Immunoblotting was performed as previously described.17 Poly-
vinylidene difluoride membranes were blocked in Tris-Buffered Saline
Tween-20 solution (150mM NaCl, 20mM pH 7.5 Tris and 1% Tween-20)
with 5% non-fat milk or bovine serum albumin (Sigma-Aldrich) for 1 h at
room temperature, then incubated in primary antibody for 1 h at room
temperature or overnight at 4 1C according to the antibody manufacturers’
recommendations.

Antibodies
Anti-human PTK6 (C-18) and anti-mouse PTK6 (C-17) antibodies were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-
phospho-PTK6 Tyr-342 (P-Y342) antibody was purchased from Millipore
(Bedford, MA, USA). Total STAT3 and phospho-STAT3 P-Y705 antibodies
were purchased from Cell Signaling Technology (Danvers, MA, USA). Anti-
b-actin (AC-15) and anti-a-tubulin were purchased from Sigma-Aldrich.
Sheep anti-mouse and donkey anti-rabbit antibodies were purchased from
GE Healthcare Biosciences (Pittsburgh, PA, USA).

Immunohistochemistry and immunofluorescence
Immunohistochemistry was performed using the Vectastain ABC kit (Vector
Laboratories, Burlingame, CA, USA) and 3,3’-diaminobenzidine tetrahy-
drochloride tablets (Sigma-Aldrich). Samples were submerged in sub-
boiling 0.01 M sodium citrate for 20min for antigen retrieval. After the 3,3’-
diaminobenzidine tetrahydrochloride reaction, slides were stained with
haematoxylin before proceeding to dehydration and mounting.
For immunofluorescence, slides were blocked with bovine serum

albumin for an hour and incubated with antibodies at 4 1C overnight.
After washing in TNT buffer (0.1 M Tris-HCl, pH 7.5, 150mM NaCl, 0.05%
Tween-20), slides were incubated with biotinylated anti-rabbit or anti-
mouse secondary antibodies and then fluorescein isothiocyanate-con-
jugated avidin (Vector Laboratories).

Proliferation and apoptosis assays
Animals were injected intraperitoneally with BrdU (Sigma) in phosphate-
buffered saline at 50mg/g of body weight 2 h before killing. BrdU
incorporation was detected using anti-BrdU (BD, San Jose, CA, USA) and
the Mouse-on-Mouse (M.O.M) immunodetection Kit (Vector Laboratories).
For each sample, five pictures were taken from different areas chose
randomly to represent the average distribution of BrdU-positive cells.
Terminal deoxynucleotidyl transferase dUTP nick end labeling was

performed with ApopTag Fluorescein In Situ Apoptosis Detection Kit
(Millipore), all procedures were performed according to the manufacturer’s
protocol.

Statistics
Statistical analysis was performed in consultation with HX, a statistician in
the UIC Design and Analysis Core. Univariate analysis was initially
conducted to summarize the tumor data. Categorical data are presented
as percentages and Pearson w2 tests are used to compare frequency
distributions among different experimental groups. When appropriate, the
more powerful Cochran-Armitage Trend tests are applied. Continuous data
are presented as means and s.d.’s. Two-sample t-tests are used to compare
the mean values between two groups. Linear regression models are fitted
to the data to describe the relationship between normalized tumor size
and age, and Wald tests are used to compare regression lines from
different experimental groups. All analyses were performed using SAS
statistical software version 9.2 (SAS Institute Inc., Cary, NC, USA).
Densitometry analysis of immunoblotting results was performed with
ImageJ 1.45s (NIH, Bethesda, MD, USA).59 Quantitative data are shown as
the mean±s.d. P-values were determined using the two-tailed Student’s t-
test (Microsoft Excel, 2010). A difference was considered statistically
significant if the P-value was equal to or less than 0.05.
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