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Abstract
Background & Aims—Protein tyrosine kinase 6 (PTK6) is expressed in epithelial linings of the
gastrointestinal tract. PTK6 sensitizes the non-transformed Rat1a fibroblast cell line to apoptotic
stimuli. The aim of this study was to determine if PTK6 regulates apoptosis in vivo after DNA damage
in the small intestine.

Methods—Wild-type and Ptk6 −/− mice were subjected to γ-irradiation; intestinal tissues were
collected, protein was isolated, and samples were fixed for immunohistochemical analyses at 0, 6,
and 72 hours after the mice were irradiated. Expression of PTK6 was examined in the small intestine
before and after irradiation. Apoptosis and proliferation were compared between wild-type and
Ptk6 −/− mice. Expression and activation of pro-survival signaling proteins were assessed.

Results—Irradiation induced PTK6 in crypt epithelial cells of the small intestine in wild-type mice.
Induction of PTK6 corresponded with DNA-damage induced apoptosis in the wild-type small
intestine. Following irradiation, the apoptotic response was impaired in the intestinal crypts of
Ptk6 −/− mice. Increased activation of AKT and extracellular signal-regulated kinase (ERK)1/2 and
increased inhibitory phosphorylation of the proapoptotic protein BAD were detected in Ptk6 −/−
mice after irradiation. In response to the induction of apoptosis, compensatory proliferation increased
in the small intestines of wild-type mice, but not in Ptk6 −/− mice at 6 hours after irradiation.

Conclusions—PTK6 is a stress-induced kinase that promotes apoptosis by inhibiting pro-survival
signaling. After DNA damage, induction of PTK6 is required for efficient apoptosis and inhibition
of AKT and ERK1/2.
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INTRODUCTION
Protein tyrosine kinase 6 (PTK6; also called BRK or Sik) is an intracellular tyrosine kinase
that is related to members of the Src-family, and it contains SH3 and SH2 domains as well as

*Correspondence should be addressed to ALT, University of Illinois College of Medicine, Department of Biochemistry and Molecular
Genetics, M/C 669, 900 S. Ashland Ave., Chicago, Illinois 60607, (312) 996-7964 (Telephone), (312) 413-0353 (FAX), atyner@uic.edu.
1Current Address: Bayer Schering Pharma AG, GDD, TCR in vivo 3, Muellerstr. 178, 13353 Berlin
Financial Disclosures/Conflicts: None
Author Contributions: Tyner: study concept and design; analysis and interpretation of data; manuscript preparation. Haegebarth, Perekatt,
Bie, Gierut: acquisition of data; analysis and interpretation of data.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Gastroenterology. Author manuscript; available in PMC 2010 September 1.

Published in final edited form as:
Gastroenterology. 2009 September ; 137(3): 945–954. doi:10.1053/j.gastro.2009.05.054.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



a carboxy regulatory tyrosine. PTK6 family kinases include Srms, FRK and Src42A/Dsrc41
that all share a common conserved gene structure. Unlike Src kinases, most PTK6 family
members are not myristoylated, resulting in greater flexibility in their intracellular localization
(reviewed in 1). PTK6 is expressed in differentiated epithelial cells of the gastrointestinal tract
2–4, skin 5, 6, prostate 7, and oral cavity 8. Although not expressed in the normal mammary
gland or ovarian epithelium, PTK6 expression is frequently observed in breast 9 and ovarian
tumors 10. Although largely studied in epithelia, expression of PTK6 has also been documented
in lymphocytes 11.

A survey of PTK6 expression in adult mouse tissues revealed highest levels of PTK6 expression
in the small intestine 12, where PTK6 protein expression is predominantly localized to
nondividing differentiated villus epithelial cells 13. The epithelial lining of the small intestine
provides a dynamic developmental system that is ideal for studying coordination of
mechanisms regulating proliferation, differentiation, and migration. In the small intestine, stem
cells anchored in the crypts give rise to proliferating progenitor cells that exit the cell cycle as
they migrate and differentiate into four different cell types, including enterocytes, goblet cells,
enteroendocrine cells and Paneth cells (reviewed in 14, 15). Proliferation is compartmentalized
and confined to crypts. In normal intestine, significant PTK6 expression was not detected in
proliferating crypt cells 2, 3, 13.

Disruption of the mouse Ptk6 gene resulted in increased growth and impaired enterocyte
differentiation in the small intestine, consistent with a role for PTK6 in promoting
differentiation 13. Previously, the serine threonine kinase AKT was identified as a target of
PTK6 that was negatively regulated by tyrosine phosphorylation 16. In concordance with these
studies, we found increased levels of activated AKT in the intestines of the Ptk6 null mice,
indicating that one function of PTK6 in normal nondividing epithelial cells is to suppress AKT
to promote growth inhibition as cells differentiate 13. In addition to regulating growth and
differentiation, AKT plays a critical role in regulating cell survival (reviewed in 17, 18),
suggesting that PTK6 may also have an impact on cell survival in the intestine. In earlier studies,
we determined that ectopic expression of PTK6 sensitized nontransformed Rat1a fibroblast
cells to apoptotic stimuli such as serum deprivation and UV irradiation 19.

Epithelial cells in the small intestine are sensitive to DNA damage and apoptosis that can be
observed within 6 hours after total body irradiation 20, 21. Here we investigated the
consequences of PTK6 ablation on apoptosis following irradiation in the mouse small intestine,
and have discovered that PTK6 expression is induced in crypt epithelial cells after irradiation,
where it negatively regulates survival signaling and contributes to apoptosis after DNA
damage.

RESULTS
PTK6 expression is induced in intestinal crypts after γ-irradiation

To begin to assess the role of PTK6 following DNA damage, PTK6 protein levels were
examined by immunoblotting in the small intestines of wild-type mice following total body
γ-irradiation (8 Gy). A significant time-dependent increase in PTK6 protein levels was detected
after irradiation (Fig. 1A, B). PTK6 protein expression was localized in untreated and irradiated
wild-type mice using immunohistochemistry. Consistent with prior reports 13, PTK6 protein
expression was primarily restricted to non-proliferating, terminally differentiated cells of the
intestinal villus epithelium in untreated mice (Fig. 1C, 0 hrs). Expression of PTK6 was largely
excluded from the proliferative crypt compartment. However, in contrast to untreated animals,
PTK6 protein expression was detected not only in the villus epithelium but also in proliferating
epithelial cells of the crypt compartment in wild-type mice treated with ionizing radiation (Fig.
1C, D). PTK6 protein was detected throughout the crypt, although expression appeared lower
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in differentiated granule containing Paneth cells at the very base (Fig. 1D). Positive signals
were also detected in some lamina propria cells that may be lymphocytes, as PTK6 has been
reported to play a role in lymphocyte activation 11.

DNA-damage induced apoptosis is impaired in the PTK6-deficient intestine
To determine if PTK6 has an impact on DNA-damage induced apoptosis in the small intestine,
wild-type and Ptk6 −/− mice were subjected to total body γ-irradiation, and apoptotic cells
were identified using the TUNEL assay (Fig. 2) and cleaved-Caspase-3 antibodies (Fig. 3) at
0, 6 and 72 h following treatment. Very little spontaneous apoptosis was detected in the
untreated intestines of wild-type and Ptk6 null mice. Consistent with prior reports, exposure
to 8 Gy γ-irradiation induced apoptosis of small intestinal crypt epithelial cells 22. However,
substantially less apoptosis was detected in Ptk6 −/− mice than Ptk6 +/+ mice, with an
approximately 2-fold decrease in number of TUNEL positive cells in Ptk 6−/− mice compared
with wild-type controls (Fig. 2B). Wild-type mice exhibited about 5 apoptotic events per crypt/
villus unit (Fig. 2B) consistent with the saturation level of apoptotic cells in the small intestinal
crypt reported in previous studies 21. Loss of PTK6 resulted in a reduced percentage of crypt-
villus units exhibiting significant epithelial apoptosis (4 or more apoptotic cells per unit) (Fig.
2C). Reduced apoptosis in Ptk6 null mice was accompanied by a reduction in Caspase-3
activation that was detected both by immunofluorescence (Fig. 3A) and immunoblotting (Fig.
3B). Thus, induction of PTK6 expression is an important component of the intestinal crypt
epithelial cell response to irradiation in vivo, and appears to serve as a determinant of DNA-
damage induced apoptosis.

Resistance to apoptosis correlates with increased activation of prosurvival signaling in
Ptk6 −/− mice

The balance between pro-survival and pro-apoptotic signaling determines the outcome to
genotoxic stress. Previously, PTK6 was found to associate with and promote tyrosine
phosphorylation of AKT in vitro resulting in inhibition of AKT kinase activity and downstream
signaling 16. Enhanced basal AKT activity was detected in PTK6-deficient mice compared
with wild-type control mice 13. AKT acts as a survival factor that stimulates progression of the
cell cycle and prevents cells from undergoing apoptosis (reviewed in 17). To investigate
whether enhanced AKT activation in PTK6-deficient mice might contribute to the apoptotic
resistance of these mice following irradiation, lysates from small intestines of age-matched
wild-type and Ptk6 −/− mice were analyzed by immunoblotting and AKT in vitro kinase assays
(Fig. 4). Phosphorylation of AKT at both Ser 473 and Thr 308 is required for complete
activation of AKT kinase. However, phosphorylation of Thr 308 is more transient than Ser
473. Wild-type and PTK6-deficient mice exhibited similar amounts of total AKT protein
whereas increased amounts of AKT phosphorylated on Ser 473 were detected in Ptk6 −/− small
intestine compared with wild-type controls at 0 and 6 hours (Fig. 4A). Using a two-step in
vitro kinase assay to determine AKT activity, AKT precipitated from tissue homogenates of
PTK6-deficient mice, but not of wild-type mice, resulted in significant phosphorylation of the
GSK-3 substrate after irradiation (Fig. 4B).

Exposure of cells to ionizing radiation and a variety of other types of toxic stress induces
simultaneous compensatory activation of mitogen-activated protein kinase (MAPK) signaling
pathways. In addition to the radioprotective and growth-promoting signaling executed by the
Phosphoinositide 3-kinase/AKT pathway, the extracellular signal-regulated kinase 1/2
(ERK1/2) pathway has been shown to further stimulate an anti-apoptotic response (reviewed
in 23). To delineate the signaling pathways contributing to impaired apoptosis in PTK6-
deficient mice, total tissue lysates of irradiated wild-type and PTK6-deficient mice were
analyzed for activation of ERK pathway signaling. Mice deficient for PTK6 exhibited
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increased activation of ERK1/2 at 6 hours post irradiation compared with their wild-type
counterparts (Fig. 5A, B).

BAD is a BH3 domain-only member of the Bcl-2 family that promotes apoptosis by its
association with and inhibition of the anti-apoptotic proteins Bcl-2 and Bcl-xL 24. BAD can
be inactivated by phosphorylation as a consequence of AKT 25–27 or MAPK 28–31 activation.
Since we observed increased activation of these pathways in wild-type and Ptk6 −/− mice, we
examined BAD expression and phosphorylation. Although BAD expression remained
constant, levels of BAD phosphorylated on Ser 112 that is targeted by ERK1/2 through its
activation of the ribosomal S6 kinase (RSK), were higher in PTK6-null small intestinal
epithelium following irradiation (Fig. 6A, B). Thus, the increased survival in the Ptk6-null
intestine can be attributed in part to ERK1/2 regulated phosphorylation and inactivation of
proapoptotic functions of BAD.

The apoptotic response to irradiation is associated with increased compensatory
proliferation in the wild-type small intestinal epithelium

Previous studies of DNA damage induced apoptosis and subsequent crypt survival showed that
regenerating crypts are detected 3–4 days after irradiation, and correlated with increased crypt
cell proliferation 21. Consistent with these reports, a significant increase in DNA replication
as measured by BrdU incorporation can be detected by 3 days after irradiation in wild-type
mice (Fig. 7, compare Ptk6 +/+ mice at 0 and 72 hrs). As we previously reported, increased
epithelial cell proliferation was detected in intestines of untreated Ptk6 −/− mice when
compared with untreated wild-type mice (Fig. 7A, B, 0 hr). However, incorporation of BrdU
was significantly lower in Ptk6 −/− mice at 6 hours after exposure to 8 Gy total body γ-
irradiation when compared with irradiated wild-type mice (Fig. 7A, B, 6 h). As a consequence
of increased apoptosis, the proliferative repair response is enhanced in the small intestines of
Ptk6 +/+ mice and higher levels of proliferation were observed at 6 and 72 hours post
irradiation.

DISCUSSION
Functions of PTK6 are not well understood and often seem paradoxical. A variety of data
indicate that this intracellular tyrosine kinase has distinct activities in different cell types.
Although PTK6 expression is associated with differentiation in the gastrointestinal tract and
skin 3, 5, 6, 13, it is expressed at relatively high levels in a high percentage of human breast
tumors but not in the normal mammary gland 9. In the normal prostate PTK6 is localized to
nuclei of epithelial cells, but is relocalized to the cytoplasm in prostate cancer cells, suggesting
that tissue context as well as its intracellular localization may have an impact on PTK6 signaling
7. A recent report indicated that targeting PTK6 to different cellular compartments has an
impact on signaling outcomes 32.

We previously reported that constitutive overexpression of PTK6 in the Rat1a cell line
sensitized these cells to apoptotic stimuli, including serum starvation and UV-irradiation 19.
However, no significant differences in spontaneous apoptosis were detected in epithelia of
untreated wild-type and Ptk6 null mice 13. Under normal conditions, PTK6 expression is
primarily confined to differentiating nondividing epithelial cells in the small intestine, where
it is a negative regulator of growth that promotes enterocyte differentiation 13.

Here we show that PTK6 is induced in proliferating crypt epithelial cells after DNA damage,
and it contributes to apoptosis in response to DNA damage. The tumor suppressor protein p53
contributes to radiation-induced apoptosis by a number of different mechanisms, including
transcriptional activation of proapoptotic genes and repression of prosurvival genes (reviewed
in 33). Apoptosis in the small intestine following irradiation is regulated by both p53 dependent
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34, 35 and independent 20 mechanisms. Although we detected a significant increase in PTK6
protein levels, we did not detect increased levels of PTK6 mRNA expression following
irradiation (data not shown), suggesting that regulation of PTK6 occurs primarily at the
posttranscriptional level. However, given the important role of p53 in the radiation response,
potential cross talk between p53 and PTK6 in regulating DNA damage induced apoptosis in
intestinal cells is currently under further investigation.

PTK6 has been shown to associate with and induce phosphorylation of AKT on tyrosine
residues leading to inhibition of its activity in cell lines 16. Our data indicate that activated
AKT levels are higher in Ptk6 −/− mice subjected to total body irradiation. AKT signaling
promotes cell survival through multiple mechanisms (reviewed in 17), and can negatively
regulate the DNA damage response. Negative regulation of AKT activity in the intestinal
epithelium by PTK6 contributes to the DNA-damage response in the intestine.

Like AKT, activation of the ERK1/2 MAPKs can also promote cell survival after injury
(reviewed in 23, 36). The MAPK-activated kinases, RSKs, phosphorylate BAD, a BH3-domain
proapoptotic member of the Bcl2 family, on Ser-112 28, 31 disrupting its association with anti-
apoptotic proteins Bcl-2 and Bcl-xL, and promoting its sequestration by 14-3-3 protein 37. We
detected increased levels of active ERK1/2 in the Ptk6 −/− small intestinal epithelium when
compared with wild-type mice after irradiation, indicating that PTK6 signaling negatively
regulates ERK1/2 in vivo. Increased ERK1/2 activation corresponded with higher levels of
phosphorylation of BAD on Ser 112. Ablation of the pro-apoptotic activity of BAD by ERK1/2
regulated phosphorylation is likely to contribute to the compromised apoptotic response
observed in the Ptk6 −/− small intestinal epithelium. We also examined expression and activity
of ERK5 that can also promote cell survival and was recently identified as a target of PTK6 in
breast cancer cells 38, but saw no differences in ERK5 between wild-type and Ptk6 −/− mice
before and after irradiation (data not shown).

Although we detected more proliferating cells in the small intestines of untreated Ptk6 −/−
mice, wild-type mice had greater numbers of proliferating cells at six hours post irradiation.
The higher number of BrdU positive cells progressing through S-phase of the cell cycle in
wild-type mice correlated with increased numbers of cells undergoing apoptosis in response
to DNA damage. Other studies have shown that cell death may be counterbalanced by an
increase in cell proliferation to promote organismal survival. In the mouse, disruption of
MDM2 in the intestine leads to an increase in p53 dependent apoptosis and a corresponding
compensatory increase in proliferation 39. Apoptosis can be induced in the intestines of flies
by feeding them dextran sulfate sodium and bleomycin, and this leads to an increase in intestinal
stem cell proliferation 40. Similarly, the higher level of apoptosis in Ptk6 +/+ mice promotes
a more robust regenerative response and increased proliferation after radiation induced injury.

We found that consequences of PTK6 ablation differ under normal growth conditions and
following genotoxic stress. Accumulating data suggest that PTK6 activities are cell type
specific, and dependent on its intracellular localization and the co-expression of specific
substrates and interacting proteins. Here we show that PTK6 may have different functions in
the same tissue under different conditions. In a complex tissue such as the small intestine,
epithelial cells located in different positions along the crypt-villus axis are subject to different
signals emanating from the local microenvironment. PTK6 appears to act as a damage-sensor
that participates in the apoptotic response following genotoxic stress.

This is the first study to demonstrate a role for PTK6 in promoting apoptosis after genotoxic
stress in vivo. Regulation of apoptosis is important for maintaining intestinal homeostasis in
response to a number of factors. Increased epithelial apoptosis has been associated with
ulcerative colitis 41. Apoptosis can serve to eliminate damaged and pathogen infected cells
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from the epithelium 42. While induction of apoptosis plays a pivotal role in determining the
response to anti-cancer agents 43, it also plays an important role in chemotherapy and radiation
induced mucositis observed in cancer patients undergoing treatment 44, 45. Induction of PTK6
in crypt epithelial cells inhibits prosurvival signaling to promote apoptosis. It will be interesting
to determine if disruption of PTK6 signaling has a positive or negative impact on
carcinogenesis in the gastrointestinal tract, since impairment of apoptosis plays a central role
in the development of cancer and renders tumors refractory to cytotoxic therapies.

MATERIALS AND METHODS
Animals and Tissues

Ptk6-null mice (B6.129SV-Ptk6tm1Aty) have been previously described 13. Sex and age
matched male mice at 8–10 weeks of age from heterozygous Ptk6+/− breeding pairs were used.
Samples from multiple animals of the same genotype are included in each figure. Whole body
irradiation was performed using a 137Caesium γ-source (JL Shepherd Model 6810) at a dose
of 8 Gy. At 0, 6 and 72 hours following irradiation, the mice were sacrificed by CO2 anesthesia
followed by cervical dislocation. The distal jejunum and entire ileum were removed, flushed
with cold PBS and processed for biochemical and histological analysis. The ileum was used
for protein and RNA isolation as described 19.

Immunoblotting
Immunoblotting was performed with antibodies specific for cleaved-Caspase-3, phospho-
Ser473-AKT, total AKT, phospho-GSK-3 (Ser21/9), phospho-ERK1/2, total-ERK1/2,
phosphoserine-112 BAD, BAD and total GSK-3α/β (Cell Signaling Technology, Beverly,
MA), and mouse PTK6 (Sik) (Santa Cruz Biotechnology, Inc., Santa Cruz, CA). Primary
antibodies were detected using horseradish peroxidase-conjugated donkey anti-rabbit or sheep
anti-mouse secondary antibodies (GE Healthcare, Piscataway, New Jersey). Peroxidase
reactions were visualized with SuperSignal West Dura Extended Duration Substrate for
chemiluminescence (Pierce Biotechnology, Rockford, IL). Quantitation of band intensity was
performed using NIH V1.63 image analysis software. In all figures, multiple lanes represent
samples from different mice from the indicated genotypes.

Analysis of Apoptosis
Apoptotic cells were identified by terminal deoxynucleotidyltransferase-mediated UTP end
labeling (TUNEL) assay and activation of Caspase-3 and assessed by immunofluorescence as
described 46. TUNEL assays were performed using the In Situ Cell Death Detection Kit
according to the manufacturer’s instructions (Roche Diagnostics Corp., Indianapolis, IN).
Nuclei were counterstained with 4,6 diamidino-2-phenylindole (DAPI, Sigma-Aldrich, St.
Louis, MO). Intestinal sections were incubated with anti-cleaved Caspase-3 polyclonal
antibody (Cell Signaling Technology, Beverly, MA) followed by tyramide signal amplification
according to the manufacturer’s instructions (TSA Biotin System, PerkinElmer, Boston, MA).
Reactions were visualized with FITC-Avidin DCS (Vector Laboratories, Burlingame, CA).
The number of cells positive for TUNEL or cleaved Caspase-3 per crypt-villus unit was scored.
Positive cells were counted for at least 10 well-oriented crypt-villus units from at least 5
quadrants (a minimum of 50) for each animal and used to determine the average of each animal.
Differences between means were compared by Student’s two-tailed t-test. The level of
statistical significance was set at P < 0.05.

Immunohistochemistry
Expression of PTK6 was assessed using anti-PTK6 polyclonal antibody (Santa Cruz
Biotechnology, Inc., Santa Cruz, CA) at a 1:50 dilution followed by use of the Vectastain ABC
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Kit (Vector Laboratories, Burlingame, CA) according to manufacturer’s instructions.
Reactions were visualized with 3,3′-diaminobenzidine tetrahydrochloride (DAB) (Sigma-
Aldrich, St. Louis, MO) and counterstained with hematoxylin. Controls were performed with
normal rabbit IgG to assess potential background signals.

Proliferation was detected by the incorporation of BrdU during a one hour pulse before animals
were sacrificed. Mice were injected intraperitoneally with 5-bromo-2-deoxyuridine (BrdU,
Sigma-Aldrich, St. Louis, MO) in PBS at 50 μg/g bodyweight. Tissues were fixed in Carnoy’s
(10% glacial acetic acid, 60% ethanol, 30% chloroform) solution. BrdU immunohistochemistry
was performed using anti-BrdU monoclonal antibody (BD Biosciences, San Jose, CA) 1:75
with the M.O.M. Immunodetection Kit following manufacturer’s instructions (Vector
Laboratories, Burlingame, CA). Reactions were visualized with DAB and nuclei were
counterstained with hematoxylin. The percent of BrdU positive cells in well-oriented crypts
was quantitated.

In vitro Kinase Assays
Immunoprecipitations were performed using 300 μg of tissue lysate that was incubated with 1
μg anti-AKT polyclonal antibodies (Cell Signaling Technology, Beverly, MA) and 50 μl of
50% Protein A sepharose slurry for 16 hours at 4°C. As controls, lysates were incubated with
Sepharose beads and 1 μg of rabbit IgG (Santa Cruz Biotechnology, Inc., Santa Cruz, CA).
AKT in vitro kinase assays were performed using a nonradioactive AKT Kinase Assay Kit
(Cell Signaling Technology, Beverly, MA) according to the manufacturer’s instructions.
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Figure 1. PTK6 protein expression is induced by γ-irradiation
(A) Immunoblotting of untreated (0 h) and γ-irradiated (8 Gy) wild-type mouse lysates (6 h
and 72 h following irradiation) from small intestine with antibodies against PTK6 and β-actin
as a loading control. Results obtained using lysates from three different animals per timepoint
are shown. (B) Quantitation of PTK6 protein expression. PTK6 protein levels were normalized
to β-actin expression. The bars represent the mean ± S.D. A significant increase in PTK6 protein
expression is detected in irradiated mice (*P-value = 0.028; **P-value = 0.040). (C) PTK6 is
induced in the crypt epithelial cells after irradiation. Immunohistochemistry was performed to
examine PTK6 expression in untreated and irradiated wild-type animals. Immunostaining for
IgG served as a control. While PTK6 protein expression is restricted to the villus epithelium
of untreated mice, it is also detected in the crypt of irradiated mice. Size bar represents 50 μm.
(D) Higher magnification showing immunolocalization of PTK6 in crypt cells. At 6 and 72 h
PTK6 positive cells are evident throughout most of the crypt, with weakest expression in Paneth
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cells localized at the base. PTK6 immunoreactivity was detected with DAB (brown stain).
Dashed lines mark a crypt (C) in each panel at the same magnification.
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Figure 2. DNA-damage induced apoptosis is compromised in the absence of PTK6
(A) Radiation–induced apoptosis was examined in the small intestine from untreated and γ-
irradiated Ptk6 +/+ and Ptk6 −/− mice at 0, 6 and 72 hours post irradiation using the TUNEL
assay. Labeled apoptotic cells were detected with Avidin-FITC (apoptotic cells stain green).
The size bar represents 100 μm. Quantification was performed and is presented as a histogram
(B) and frequency histogram (C) of apoptotic cells per crypt-villus unit. (B) At least 50 crypt-
villus units per section were scored. Values shown are mean ± S.D. from two sections from at
least three different mice per group. *P-value = 0.026; **P-value = 0.032. V: villi; C: crypts.
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Figure 3. Decreased activation of Caspase-3 correlates with reduced apoptosis in Ptk6 −/− mice
(A) Activation (cleavage) of Caspase-3 was analyzed in sections of small intestine from
untreated and γ-irradiated wild-type (Ptk6 +/+) and Ptk6 −/− mice at 0, 6 and 72 hours post
irradiation. The size bar represents 100 μm. (B) Cleaved Caspase-3 levels were determined by
immunoblotting. Tissue lysates from small intestine of wild-type (+/+) and knockout (−/−)
mice 6 hours after irradiation were subjected to immunoblotting with anti-cleaved Caspase-3
antibodies. PTK6 protein and β-actin expression were examined as controls for genotyping
and protein loading, respectively.
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Figure 4. AKT activity is increased in PTK6-deficient mice after irradiation
(A) AKT expression and activation (phosphorylation of Ser 473) was examined by
immunoblotting using total tissue lysates from small intestines of Ptk6 +/+ and Ptk6 −/− mice
at 0 and 6 hours after whole-body γ-irradiation (γ-IR). (B) AKT activity was determined using
in vitro kinase assays. Endogenous AKT was immunoprecipitated from lysates analyzed in (A)
with immobilized AKT antibody, and incubated with purified recombinant GSK-3 and ATP
in kinase reaction buffer. Reactions were stopped at 0 (control or C) and 30 minutes and
subjected to immunoblotting with phospho-GSK-3β and total GSK-3β antibodies. Increased
AKT kinase activity was detected in lysates prepared from mice deficient for PTK6 (*P-value
= 0.036).
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Figure 5. Increased MAPK signaling is detected in Ptk6−/− mice following irradiation
(A) Intestinal protein lysates were harvested from three untreated wild-type (Ptk6 +/+) and
three Ptk6 −/− mice, and from four Ptk6 +/+ and four Ptk6 −/− mice at six hours post γ-
irradiation (γ-IR). Immunoblotting was performed to examine ERK1/2 expression and
phosphorylation. Increased phosphorylation (activation) of ERK1/2 was detected with
phospho-specific antibodies. (B) The relative ratios of phospho-ERK1/2 to total ERK are
shown. There is a significant increase in phospho-ERK1/2 levels in the Ptk6 null intestine after
γ-irradiation and levels of phospho-ERK1/2 are higher in Ptk6 −/− than Ptk6 +/+ mice (*P-
value = 0.031; **P-value = 0.016).
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Fig. 6. Inhibitory phosphorylation of the pro-apoptotic protein BAD is enhanced in the Ptk6 −/−
intestine after irradiation
(A) Immunoblotting was performed using lysates from Ptk6 +/+ and Ptk6 −/− intestines at 0
hours and 6 h post γ-irradiation (γ-IR) with BAD phospho-Ser-112 specific antibodies and
antibodies against total BAD. Each lane represents lysate from an independent animal. β-actin
expression was examined as a control. (B) There was a significant increase in phospho-BAD
levels in the Ptk6 −/− intestine at 6 h following γ-irradiation (*), at which time higher levels
of phospho-BAD were detected in Ptk6 −/− than Ptk6 +/+ intestines (**) *P-value = 0.034;
**P-value = 0.023.
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Figure 7. Increased numbers of intestinal crypt epithelial cells proliferate in wild-type mice than
Ptk6 null mice in response to DNA damage
(A) Proliferation was analyzed by examining BrdU incorporation in sections of small intestine
from untreated and γ-irradiated Ptk6 +/+ and Ptk6 −/− mice at 0, 6 and 72 hours post irradiation.
S-phase cells were pulse-labeled with BrdU for 1 hour before animals were sacrificed. BrdU
incorporation was detected with antibodies against BrdU and DAB (brown). Positive nuclei
are detected in the crypts, while some diffuse background staining is seen in the upper villus.
V denotes villi and C crypts. Untreated Ptk6 −/− mice exhibit an extended zone of proliferation
at 0 h, but proliferation levels are higher in wild-type mice at 6 and 72 h post irradiation. (B)
The percent of BrdU positive cells per crypt in wild-type (+/+) and Ptk6 null (−/−) mice at 0,
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6, and 72 h post irradiation is shown. Bars, +/− SD. (*P-value = 0.015; **P-value = 0.023;
***P-value = 0.047).
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