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ABSTRACT
Background: TP53 plays critical roles in sensitivity to chemotherapy, and aging. Collagen is very important in
aging. The molecular structure and biochemical properties of collagen changes during aging. The discoidin
domain receptor (DDR1) is regulated in part by collagen. Elucidating the links between TP53 and DDR1 in
chemosensitivity and aging could improve therapies against cancer and aging.
Results: Restoration of WT-TP53 activity resulted in increased sensitivity to chemotherapeutic drugs and
elevated expression of key components of the Raf/MEK/ERK, PI3K/Akt and DDR1 pathways. DDR1 could
modulate the levels of Raf/MEK/ERK and PI3K/Akt pathways as well as sensitize the cells to chemotherapeutic
drugs. In contrast, suppression of WT TP53 with a dominant negative (DN) TP53 gene, suppressed DDR1 protein
levels and increased their chemoresistance.
Conclusion: Restoration of WT TP53 activity or increased expression of the anti-aging DDR1 collagen receptor
can result in enhanced sensitivity to chemotherapeutic drugs. Our innovative studies indicate the important
links between WT TP53 and DDR1 which can modulate Raf/MEK/ERK and PI3K/Akt signaling as well as
chemosensitivity and aging.
Methods: We investigated the roles of wild type (WT) and mutant TP53 on drug sensitivity of prostate cancer
cells and the induction of Raf/MEK/ERK, PI3K/Akt and DDR1 expression and chemosensitivity.

www.aging-us.com

10194

AGING

INTRODUCTION
TP53 is a crucial tumor suppressor gene whose wildtype (WT) activity is lost in over 50% of human
cancers. Prostate cancer is a disease of aging as most
men do not develop prostate cancer until later in life
(>65 years old) and is rare in men less than 40. Prostate
cancer is the second leading cancer for men, behind
lung cancer. Approximately 174,650 new cases of
prostate cancer will be detected in the USA this year
and approximately 31,620 deaths will occur (American
Cancer Society). The incidence of prostate cancer as
well as the prognosis depends on many factors
including race, the presence of obesity and other factors
such as diet [1]. Approximately 1 in 9 men will develop
prostate cancer and one in forty men will die from
prostate cancer. If detected early, prostate cancer can be
treated by various approaches, including: androgen
suppression, removal of the prostate, cryotherapy,
radiation therapy, and other methods [2]. However, if
prostate cancer has advanced and becomes hormoneindependent, it becomes more difficult to treat
effectively. In this scenario, chemotherapeutic drugs
such as docetaxel and mitoxantrone and others may be
used to treat the prostate cancer patient.
Various oncogenes, tumor suppressor genes and
chromosomal translocations have been shown to
influence the development of prostate cancer [3]. The
expression of TP53 and PTEN tumor suppressors are
frequently altered in prostate cancer by various
mechanisms including genetic mutation and epigenetic
modification. The DU145 and PC3 prostate cancer cell
lines have mutations or deletions at the TP53 gene and
in some cases (e.g., PC3 cells) the PTEN gene. These
mutations contribute to the drug-resistance and
malignant properties of these cells. Previously, we
determined that restoration of WT TP53 in the DU145
prostate cancer line increased the sensitivity to multiple
chemotherapeutic drugs including doxorubicin,
paclitaxel, cisplatin and others and increased the
effectiveness of radiation treatment in inducing cellular
senescence [4–6]. However, the effects of restoration of
WT-TP53 on the expression of the Raf/MEK/ERK and
PI3K/Akt signaling pathways are not known in cells
which lack functional WT TP53.
Collagen is an important protein involved in cellular
repair and aging [7]. Tumor cells are surrounded by an
environment which is rich in type I collagen. Type I
collagen is a major adhesive component in stroma and
collagen serves to regulate proliferation and invasion.
After basement-membrane degradation by tumor cells,
stroma represents the first barrier against cell invasion.
The molecular structure of collagen changes during
aging. The structural changes of type I collagen can
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regulate its activities [8] The discoidin domain receptor
(DDR1) is normally activated by collagen. DDR1 is
involved in proliferation, cellular
migration,
extracellular matrix (ECM) remodeling, wound repair
and other important biological processes [7]. Collagen
interacts with DDR1. However, differences in the
biochemical properties of adult and aged collagen
influence its ability to activate DDR1. Aging results in
modifications of collagen due to structural
reorganization. Adult collagen will induce DDR1 which
in turn induces apoptosis and inhibits cellular
proliferation. In contrast, aged collagen does not induce
DDR1 and hence aging and proliferation occurs which
can under certain circumstance lead to cancer [8, 9].
DDR1 induces growth suppression and apoptosis by
increasing the expression of the pro-apoptotic mediator
BCL2-family member BIK in noninvasive luminal-like
breast carcinoma cells. In contrast, membrane type-1
matrix metalloproteinase (MT1-MMP) can inhibit the
effects induced by collagen/DDR1/BIK stimulation.
Low levels of DDR1 have been observed during the
epithelial to mesenchymal transition (EMT) process in
breast cancer. Enforced overexpression of DDR1 in
aggressive basal-like breast cancer cells suppressed
their invasiveness in 3D culture models.
Recently, low levels of DDR1 have been associated
with a poor prognosis in prostate cancer [10]. Collagen
metabolism changes during prostate cancer progression
[11]. While the roles of collagen, DDR1 and breast
cancer invasiveness have been well investigated [8, 9,
12] the function of DDR1 in prostate cancer is not well
understood.
Many commonly prescribed chemotherapeutic drugs
induce reactive oxygen species (ROS) which in turn can
activate signaling pathways that are often growth
promoting and can lead to drug resistance. The
involvement of the tumor suppressor TP53 gene product
is often critically involved in the sensitivity to
chemotherapeutic drugs and radiation therapy. We
demonstrate for the first time that restoration of WT
TP53 in prostate cancer cells which previously lacked
WT TP53 activity resulted in chemosensitivity and
elevated induction of the Raf/MEK/ERK, PI3K/Akt and
DDR1. Likewise, in prostate cancer cell lines that
normally expressed WT TP53, DDR1 was detected and
its expression could be decreased by introduction of a
dominant negative (DN) TP53 gene. Introduction of
DDR1 into cells which lacked WT-TP53 also resulted
in induction of the Raf/MEK/ERK and PI3K/Akt
pathways and chemosensitivity. We observed that
functional TP53 activity is associated with DDR1
expression and lost in more androgen-receptor (AR)
negative prostate cancer cells. Further elucidation of the
effects of TP53, PTEN, DDR1 on signaling pathways
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and how they alter sensitivity to therapy could resulted
in enhanced treatment of patients with prostate and
other cancers. Restoration of functional TP53 activity is
being pursued clinically. Some of the mutant “TP53reactivators” function via the induction of ROS [13].
Thus, the effects of restoration of functional WT TP53
activity on various signaling pathways in cells which
normally lack functional TP53 remains an important
area in both cancer and aging research.
Our studies illustrate important regulatory links
between: TP53, DDR, Raf/MEK/ERK and PI3K/Akt
and chemosensitivity. An overview of the effects of
chemotherapeutic drugs, collagen, ROS, TP53, DDR1

on signaling pathways involved in cancer progression
and drug resistance and aging is presented in Figure 1.

RESULTS
Characterization of prostate cancer cell lines used in
this study
Since we were examining four different prostate cancer
cell lines with and without WT-TP53 activity, we
determined the expression of some key genes which
display altered expression in these cell lines as controls
(Figure 2). Neutrophil gelatinase-associated lipocalin
(NGAL) is capable of forming covalently linked

Figure 1. Effects of collagen, chemotherapeutic drugs on ROS, TP53, DDR1 and downstream signaling pathways on
proliferation, drug resistance and aging. One signaling protein involved in regulating the Raf/MEK/ERK and PI3K/Akt pathways is DDR1.
A ligand for DDR1 is collagen. Collagen is involved in the regulation of aging and in some cases tumorigenesis. Chemotherapeutic drugs and
ROS can affect multiple signaling pathways and transcription factors such as TP53 and NF-κB which can alter the expression of proteins
involved in cell growth, drug resistance and aging. ROS can induce various other signaling pathways such as Raf/MEK/ERK and PI3K/Akt which
have effects on proliferation. Drug resistant cells often have altered levels of ROS. Some drug resistant cells display altered expression of drug
transporters, signaling or apoptotic proteins. Treatment of cell lines with chemotherapeutic drugs frequently leads to the development of
drug resistance by various mechanisms. Interactions between WT-TP53 and DDR1 and downstream Raf/MEK/ERK and PI3K/Akt pathways
may have important consequences on cancer progression, drug resistance and aging.
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complexes, both in monomeric and dimeric modes, with
matrix metalloproteinase-9 (MMP-9) and is sometimes
considered an accessory protein of MMP-9. NGAL is
expressed at higher levels in AR- negative DU145 and
PC3 cells than in AR+ 22v-1 and LNCaP cells [14]. The
presence of WT-TP53 did not alter the expression of
NGAL in either DU145 or PC3 cells as determined by
RT-PCR. However, there were slightly higher levels of
NGAL detected in LNCaP cells transfected with the
dominant negative [DN] TP53. No mRNA transcripts
encoding NGAL were detected in 22Rv-1 cells. The
AR+ 22Rv-1 and LNCaP cells expressed mRNA
transcripts encoding the AR, while the AR- DU145 and
PC3 cells did not express mRNA transcripts encoding
AR. The presence and absence or WT-TP53 or DNTP53 did not alter the detection of AR mRNA
transcripts. The expression of the TWIST1 gene was
examined. Interestingly, mRNA transcripts encoding
TWIST1 were detected in in three of the four cell lines
but not in DU145 cells. The presence and absence of
WT-TP53 or DN-TP53 did not appear to change the
levels of TWIST1 detected. As a loading control, the
presence of GAPDH transcripts was examined and it
was detected at constant levels in all cell lines in the
presence or absence of WT or DN TP53.
Effects of TP53 on DDR1, Akt and ERK in prostate
cancer lines
The presence of DDR1 and TP53 was examined by
western blot analysis in the four prostate cancer cell lines
(Figure 3). DDR1 was detected in the 22Rv-1 and
LNCaP cells which express functional WT TP53. In

contrast, DDR1 was not detected in DU145 cells which
have mutant TP53 alleles (P223L/V274F) or PC3 cells
which lack TP53. These cells have a frame shift
mutation producing a stop codon on one TP53 allele and
a deletion of the other TP53 allele (Figure 3, Panel A).
The levels of TP53 were also determined in these same
gels. TP53 was detected in 22Rv-1, LNCaP, DU145 but
not PC3 cells. The levels of β-actin were examined as a
protein loading control. β-actin was detected in all the
protein samples. Interestingly, DDR1 was expressed at
higher levels in cells with functional WT TP53 activity,
while NGAL is expressed at lower levels in cells with
functional TP53. Both DDR1 and NGAL have effects on
and regulated by collagen and the ECM [7–9, 14, 15].
The effects of introduction of DN-TP53 on the levels of
DDR1 in prostate cancer cell lines which normally
expressed DDR1 were examined (Figure 3, Panel B).
We previously demonstrated that introduction of DNTP53 into LNCaP or 22Rv-1 cells increased their
resistance to chemotherapeutic drugs [4] and ionizing
radiation [5]. Introduction of DN-TP53 suppressed the
levels of expression of DDR1 were 1.8- and 5-fold in
LNCaP and 22Rv-1 respectively. The expression of
activated Akt (S473) and total Akt were examined in
these same cells. LNCaP cells have deleted PTEN
which leads to high levels of activated Akt [16]. Upon
introduction of DN-TP53 the level of activated Akt
increased approximately 2.6-fold. In contrast, no
activated AKT was detected in 22Rv-1 cells in the
presence and absence of DN-TP53. The levels of total
Akt were also examined. Introduction of DN-TP53
increased the levels of total Akt detected.

Figure 2. RT-PCR analysis of NGAL, AR, TWIST1 and GAPDH mRNAs in prostate cancer cell lines containing or lacking
functional TP53. RT-PCR analysis was performed on 22Rv-1, 22Rv-1+DN-TP53, LNCaP, LNCaP + DN-TP53, DU145, DU145 + WT-TP53, PC3
and PC3 + WT-TP53 cells with oligonucleotides specific for NGAL, AR, TWIST1 and GAPDH. These genes are differentially expressed in the four
prostate cancer cell lines.
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The effects of DN-TP53 on the levels of active ERK1,2
were also examined (Figure 3, Panel C). LNCaP cells
do not express activated ERK1,2 because of the
negative feed-back loop between high levels of
activated Akt expression which suppresses activation of
ERK1,2 [16]. Introduction of DN-TP53 suppressed the
levels of activated ERK1,2 detected in 22Rv-1 cells. In
contrast, relatively equal levels of total ERK1,2 and βactin were detected in LNCaP and 22Rv-1 cells in the
presence and absence of DN-TP53. These results serve
to illustrate the effects that the presence of functional
TP53 has on the expression of DDR1 and that
introduction of DN-TP53 can suppress the levels of
DDR1 protein detected in cells with functional WTTP53.
Effects of doxorubicin on induction of TP53 activity
and chemosensitivity in DU145 cells containing or
lacking WT TP53
The effects of different concentrations of doxorubicin
on the presence of S15-phosphorylated TP53 (activated)
were examined in DU145 cells which either lacked or
contained WT-TP53 (Figure 4, Panel A). In cells which
lacked WT TP53, S15-phosphorylated TP53 (active
form) was detected after 1,000 nM doxorubicin
treatment. When the DU145 cells were treated with 100
nM doxorubicin, 14.3-fold less S15-phosphorylated
TP53 were detected than with 1,000 nM doxorubicin. In
contrast, when DU145 + WT-TP53 cells were treated
with 100 nM doxorubicin, 2.6-fold less-S15
phosphorylated TP53 were detected than with 1,000 nM
doxorubicin. Thus, S15 phosphorylated TP53 was
detected at higher levels in lower doxorubicin
concentrations in DU145 + WT-TP53 than in DU145

cells. The levels of total TP53 were relatively constant
in the cells in the presence and absence of WT-TP53.
The induction of TP53 activity was also examined with
a p53 reporter luciferase construct (Figure 4, Panel B)
and compared to results after transfection of the same
cells with the pGL2-basic vector that contains only the
luciferase gene without a promoter or enhancer
(Promega, Madison, WI). This was used to determine
non-specific luciferase gene background activity in all
cells. The PG13-luc vector contains 13 repeats of a
TP53-response element sequence obtained from the
p21Cip-1 gene fused to the firefly luciferase gene [17].
The effects of introduction of WT-TP53 on p21promoter based luciferase reporter construct were
determined. Introduction of WT-TP53 increased p21promoter driven luciferase assays approximately 8-fold
in DU145 + WT-TP53 cells compared to DU145 cells
(Panel B) demonstrating that restoration of WT-TP53
increased p21Cip-1 promoter activity. These results
demonstrate that WT-TP53 induces classical
downstream targets such as the promoter region of
p21Cip-1.
The effects of introduction of WT-TP53 on the
sensitivity of DU145 cells to doxorubicin were also
determined. Introduction of WT-TP53 decreased the
IC50 for doxorubicin approximately 16.5-fold in DU145
+ WT-TP53 cells compared to DU145 cells (Panel C).
Effects of restoration of WT-TP53 on Raf/MEK/
ERK and PI3K/AKT pathways
The effects of introduction of WT-TP53 on
Raf/MEK/ERK and PI3K/Akt pathways were examined

Figure 3. DDR1 and TP53 expression in four prostate cancer cell lines. Panel (A) The levels of DDR1, TP53 and β-actin expression
were determined in 22Rv-1, LNCaP, DU145 and PC3 cells. Panel (B) The levels of DDR1, P-Akt and T-Akt were determined in LNCaP, LNCaP +
DN-TP53, 22Rv-1 and 22Rv-1 + DN-TP53 cells. Panel (C) The levels of P-ERK1,2 were determined in LNCaP, LNCaP + DN-TP53, 22Rv-1 and
22Rv-1 + DN-TP53 cells. The fold values shown in white numbers and letters are presented as averages of 3 densitometric readings. Only
similar cell lines are compared. ND = none detected.
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in DU145 cells. Most strikingly, introduction of WTTP53 into TP53-deficient DU145 cells increased the
levels of activated MEK, ERK and Akt detected (Figure
5). Treatment with doxorubicin resulted in activation of
ERK1,2 and Akt (Figure 5, left panels). Introduction of
WT-TP53 and treatment with 1,000 nM doxorubicin
resulted in the induction of activated S15phosphorylated TP53 in DU145 + WT-TP53 detected
after doxorubicin treatment. The levels of the proteins
were detected by densitometric scanning and
normalized to the individual cell line (e.g., DU145 or
DU145 + WT-TP53).
The expression of these proteins was also examined in
the presence and absence of paclitaxel (Figure 5, right
panels). As observed previously, increased levels of
activated MEK, ERK, and Akt were detected in the
DU145 cells which contained WT-TP53. Increased
levels of P-Akt were observed after doxorubicin but not
paclitaxel treatment of DU145 cells. Treatment of
DU145 cells with 10 and 100 nM paclitaxel led to the

induction of approximately 8-12-fold activated ERK
expression as determined by densitometric scanning. In
contrast, activation of TP53 was not observed in
response to paclitaxel, while it was detected after
doxorubicin treatment (Figure 5, left panel). In
summary, introduction of WT-TP53 into DU145 cells
resulted in higher levels of P-ERK, P-MEK expression
than that detected in DU145 cells that lacked WT TP53.
Paclitaxel was a potent inducer of P-ERK in DU145
cells.
Isolation of drug resistant DU145 cells in the
presence and absence of WT-TP53
Doxorubicin resistant DU145 cells, either containing or
lacking introduced WT-TP53, were isolated by culturing
the DU145 and DU145+WT-TP53 cells in the presence
of 10 nM doxorubicin for two months. The sensitivities
of the doxorubicin-resistant and doxorubicin-sensitive
cells to doxorubicin, paclitaxel, cisplatin and 5fluorouracil were examined and is presented in Figure 6.

Figure 4. Effects of introduction of WT-TP53 on P-TP53 protein levels, TP53-luciferase activity and doxorubicin IC50 in DU145
cells in the presence and absence of doxorubicin. Panel (A) DU145 and DU145 + WT-TP53 cells were treated with different
concentration of doxorubicin for 24 hours. The levels of S15-phosphorylated (active) and total TP53 were determined by western blotting.
The fold values shown in white numbers and letters are presented as averages of 3 densitometric readings. ND = not detected. In the rows
with S15-phosphorylated TP53, the values for DU145 and DU145 + WT-TP53 were normalized to the 1,000 nM doxorubicin treated samples
as no S15-phosphorylated TP53 was detected in untreated samples. In contrast with the total (T) TP53 samples, the levels of total TP53 were
normalized to the untreated samples. These experiments were repeated three times and similar results were obtained. Panel (B) Effects of
introduction of WT TP53 on luciferase activity. The levels of luciferase activity were determined in DU145 and DU145 + WT-TP53 cells. These
experiments were repeated three times and similar results were obtained. Panel (C). Effects of introduction of WT TP53 on sensitivity to
doxorubicin were determined by MTT analysis as described [4]. These experiments were repeated six times and similar results were
obtained. Statistical analysis is presented on the panel. *** = P < 0.0001.
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The doxorubicin-resistant DU145 cells were 6-11-fold
more resistant to the four different chemotherapeutic
drugs examined. Likewise, the doxorubicin-resistant
DU145 + WT-TP53 cells were 2.5-11-fold more
resistant to the four different chemotherapeutic drugs
examined. The doxorubicin-resistant DU145 (DoxR)
cells were more drug resistant than the DU145 + WTTP53 (DoxR) cells which contained WT-TP53.
Expression of Raf/MEK/ERK, PI3K/Akt and TP53
in doxorubicin resistant DU145 prostate cancer cells
The expression of the Raf/MEK/ERK, PI3K/Akt
pathways and TP53 were examined in the doxorubicin-

resistant DU145 (DoxR) and DU145 + WT-TP53
(DoxR) cells either in the presence or absence of
doxorubicin (Figure 7, left panel). Higher levels of
activated MEK, ERK1,2, Akt, MEK and Raf were
detected in cells containing WT-TP53. Induction of S15phosphorylated TP53 was observed upon treatment of
DU145 + WT-TP53 cells with 10-100 nM doxorubicin
(Figure 7, left panel). In contrast, induction of S15phosphorylated TP53 was not observed in doxorubicinresistant DU145 cells which lacked WT TP53.
The expression of the Raf/MEK/ERK, PI3K/Akt
pathways and TP53 were examined in the doxorubicinresistant DU145 (DoxR) and DU145 + WT-TP53

Figure 5. Effects of doxorubicin and paclitaxel on the levels of the Raf/MEK/ERK, PI3K/Akt and TP53 pathways in DU145
prostate cancer cells either lacking or containing functional WT-TP53. Western blot analysis was performed to determine the levels
of key members of the Raf/MEK/ERK, PI3K/Akt and TP53 pathways in response to treatment with varying concentrations of doxorubicin or
paclitaxel for 24 hours. Activation specific antibodies and antibodies measuring total levels of protein were used in these experiments. These
experiments were repeated twice, and similar results were observed. The fold values shown in white numbers and letters are presented as
averages of 3 densitometric readings. ND = not detected.
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(DoxR) cells either in the presence or absence of
paclitaxel (Figure 7, right panel). Higher levels of
activated ERK, MEK and Raf were detected in
doxorubicin-resistant DU145 cells containing WT-TP53
than in doxorubicin-resistant DU145 cells lacking WTTP53. The phospho-specific MEK1/2 antibody (Ab)
often detects two bands (MEK1 and MEK2). In these
blots where both bands detected with the phosphospecific MEK1/2 Ab, the changes in intensity of both
bands were determined. The pronounced induction of

S15-phosphorylated TP53 detected after doxorubicin
treatment was not observed as was detected after
paclitaxel treatment of doxorubicin-resistant DU145 +
WT-TP53 cells (Figure 7). In summary of the western
blot protein data presented, introduction of WT-TP53
into DU145 cells increased the expression of active
MEK, ERK. Doxorubicin-resistant DU145 + WT-TP53
cells displayed increased levels of S15-phosphorylated
TP53 when the cells were treated doxorubicin but not
paclitaxel.

Figure 6. Effects of introduction of WT-TP53 on the chemosensitivity of doxorubicin-sensitive and doxorubicin-resistant
DU145 cells. The IC50s of doxorubicin-sensitive and doxorubicin-resistant DU145 and DU145 + WT-TP53 cells to: Panel (A) Doxorubicin,
Panel (B) Cisplatin, (C) Paclitaxel and (D) 5-Fluorouracil were determined by MTT analysis as described in Figure 4. These experiments were
repeated three times and similar results were obtained. Statistical analysis is presented on the panels. *** = P < 0.0001.
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Effects of restoration of WT-TP53 activity on DDR1
expression in DU145 prostate cancer cells

TP53 resulted in the expression of DDR1, and as
demonstrated previously, the Raf/MEK/ERK cascade.

In Figure 3, we demonstrated links between TP53 and
DDR1 expression in four prostate cancer cell lines.
Links between the TP53, DDR1 and Raf/MEK/ERK
pathways have been observed in various other cancer
cells including osteosarcoma and breast cancer cells
[18]. To further ascertain whether there were
associations between TP53, DDR1, and the RAS/Raf/
MEK/ERK cascade in DU145 prostate cancer cells
either lacking or containing WT-TP53, the expression
of DDR1 was monitored in DU145 and DU145 + WTTP53 cells (Figure 8). The levels of DDR1, Raf1, MEK,
ERK were all higher in the DU145 + WT-TP53 than in
DU145 cells lacking WT-TP53. Restoration of WT-

Effects of introduction of a retrovirus encoding
DDR1b on Raf/MEK/ERK and PI3K/Akt protein
levels and activation
To determine further whether there were links between
DDR1 and the Raf/MEK/ERK and PI3K/Akt pathways,
the effects of introduction of a retrovirus encoding
DDR1b [19] on the expression of these pathways were
determined. Introduction of DDR1b into DU145 cells
resulted in increased expression of activated MEK1,
ERK1 and Akt as well as cyclin-dependent kinase
inhibitor 1B (p27Kip1) (Figure 9). Akt has been shown to
regulate the levels of p27 KIP1 [20]. In these cells,

Figure 7. Effects of doxorubicin and paclitaxel on the levels of the Raf/MEK/ERK, PI3K/Akt and TP53 pathways in
doxorubicin-resistant DU145 prostate cancer cells either lacking or containing functional WT-TP53. Western blot analysis was
performed to determine the levels of key members of the Raf/MEK/ERK, PI3K/Akt and TP53 pathways in response to treatment with varying
concentrations of doxorubicin or paclitaxel for 24 hours. Activation specific antibodies and antibodies measuring total levels of protein were
used in these experiments. These experiments were repeated twice, and similar results were observed. The fold values shown in white
numbers and letters are presented as averages of 3 densitometric readings. ND = not detected.
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Figure 8. Effects of restoration of WT-TP53 on DDR1 and Raf/MEK/ERK protein levels in DU145 prostate cancer cells either
lacking or containing functional WT-TP53. Western blot analysis was performed to determine the levels DDR1 and key members of the
Raf/MEK/ERK pathway in response to restoration of WT-TP53. Levels of actin were determined as a protein loading control These
experiments were repeated twice, and similar results were observed. The fold values shown in white numbers and letters are presented as
averages of 3 densitometric readings. ND = not detected.

Figure 9. Effects of introduction of DDR1b on Raf/MEK/ERK and Akt protein levels in DU145 prostate cancer cells. Western
blot analysis was performed to determine the levels DDR1 and key members of the Raf/MEK/ERK pathway and Akt and p27 Kip-1 in response to
introduction of DDR1b. Cells were cultured in the presence and absence of 0.1 gelatin. The levels of DDR1b were determined upon analysis
with an HA-tag antibody as the DDR1b encoding retrovirus has a HA-tag. Levels of βactin were determined as a protein loading control These
experiments were repeated twice, and similar results were observed. The fold values shown in white numbers and letters are presented as
averages of 3 densitometric readings. ND = not detected.
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DDR1b was detected at high levels with the HA-tag
antibody. Gelatin is the cooked/processed form of
collagen [21] which can activate DDR1. Treatment with
0.1% gelatin resulted in decreased levels of active
ERK1,2, MEK1,2, Akt and p27 Kip1. The reduction of
expression of these molecules was observed both in
DU145 and DU145 + WT-TP53 cells. Thus, in this
model system, introduction of DDR1b increased the
expression of these genes and treatment with gelatin
decreased the expression of these genes which are often
associated with proliferation. There are likely other
receptors which are regulated by gelatin/collagen and
DDR1b is a member of a multigene family [22].

with gelatin reduced the levels of active MEK and Akt
expression.
Effects of introduction of a retrovirus encoding
DDR1b on chemosensitivity
Introduction of DDR1b increased the sensitivity of
these cells to doxorubicin approximately 8-fold (Figure
11, Panel A) and paclitaxel approximately 5-fold
(Figure 11, Panel B). Thus, expression of DDR1b can
result in sensitization of PC3 prostate cancer cells to
doxorubicin and paclitaxel.

DISCUSSION
The effects of DDR1b overexpression were also
examined on the PC3 prostate cancer cell line (Figure 10).
Introduction of DDR1b resulted in higher levels of
active MEK1,2 and AKT expression than that observed
in PC3 cells. Interestingly, introduction of DDR1
reduced the levels of active and total ERK expression
detected. Treatment of the PC3 and PC3/DDR1b cells

Previously, we determined that introduction of WTTP53 into DU145 prostate cancer cells which lacked
functional WT TP53 resulted in increased sensitivity to
chemotherapeutic drugs and ionizing radiation [4, 5].
Introduction of WT-TP53 into DU145 cells resulted in
an 8-fold elevation in p53 luciferase activity and

Figure 10. Effects of introduction of DDR1b on Raf/MEK/ERK and Akt protein levels in PC3 Prostate cancer cells. Western blot
analysis was performed to determine the levels DDR1 and key members of the RAF/MEK/ERK pathway and Akt in response to introduction of
DDR1b. Cells were cultured in the presence and absence of 0.1 gelatin which in some circumstances activates DDR1. The levels of DDR1b
were determined upon analysis with an HA-tag antibody as the DDR1b encoding retrovirus has a HA-tag. Levels of β-actin were determined
as a protein loading control These experiments were repeated twice, and similar results were observed. The fold values shown in white
numbers and letters are presented as averages of 3 densitometric readings. ND = not detected.
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increased the sensitivity to doxorubicin approximately
20-fold. On the other hand, introduction of a DN-TP53
gene into LNCaP and 22RV-1 prostate cancer cells,
which contain WT TP53, resulted in decreased
sensitivity to chemotherapeutic drugs and ionizing
radiation [4, 5]. The IC50s for doxorubicin was increased
approximately 4-fold in LNCaP + DN-TP53 cells.
Introduction of DN-TP53 into LNCaP cells resulted in
approximately 34-fold decrease in TP53 luciferase
activity [4]. In the studies presented in this manuscript,
we determined that introduction of DN-TP53 into
LNCaP and 22Rv-1 cells resulted in reduced levels of
DDR1.
The presence of WT TP53 activity is an important
determinate in chemosensitivity and radio-sensitivity
and DDR1 levels. Intriguingly, we observed in our
studies that restoration of WT-TP53 activity increased
the levels of Raf/MEK/ERK, Akt and DDR1.
Augmented expression of these proteins was associated
with increased chemotherapeutic drug sensitivity.
TP53 is a crucial metabolic switch involved cellular
functions and survival [23–26]. Altered metabolism is an
important component in cancer progression. TP53 is a
major regulator of metabolic processes and is linked
with essential mitochondrial events associated with cell
survival. TP53 regulates the expression of many
molecules which function at the mitochondrial to
regulate apoptosis. TP53 downregulates many essential
components of the glycolytic pathway, including glucose
entry into cells [23–26]. A consequence of restoration of
WT TP53 in DU145 cells could be decreased glucose

uptake, inhibition of proliferation and drug sensitivity.
TP53 inhibits glycolysis by suppressing hexokinase,
GLUT1 and GLUT4 activity and stimulates TP53induced glycolysis and apoptosis regulator (TIGAR)
expression which is a regulator of glucose breakdown.
TIGAR functions by blocking glycolysis. TIGAR also
protects cells from DNA damaging ROS and DNA
damage-induced apoptosis. By promoting glutamine
metabolism, TP53 stimulates increased oxidative
phosphorylation (OXPHOS). Dysregulated cellular
metabolism is often associated with drug resistance [25].
In contrast, restoration of TP53 could result in increased
OXPHOS. In breast cancer cells, induction of TP53
blocks cell cycle progression, and increases oxidative
respiration and mitochondria biogenesis [27, 28]. Further
studies with the doxorubicin sensitive and resistant
DU145 and DU145 + WT-TP53 cells could provide
more information regarding the roles of TP53 and DDR1
in regulation of metabolic processes associated with cell
survival and drug resistance.
Our studies point to potential the utility of restoring WT
TP53 activity in human cancers. Mutant TP53
reactivators have been developed and some are being
evaluated in clinical trials [29]. The activity of certain
mutant TP53 activators such as APR-246 (Prima-1Met)
in some cells is dependent upon ROS levels [30].
ROS can also modulate the activity of multiple
signaling pathways which are involved in growth,
apoptosis and drug resistance (Figure 1) [31–33]. ROS
can induce multiple signaling pathways including the
CAMK cascade [34–37].

Figure 11. Effects of introduction of DDR1b on chemosensitivity of PC3 cells. The effects of introduction of DDR1b on the
chemosensitivity of PC3 cells to: doxorubicin (Panel A) and paclitaxel (Panel B) was determined by MTT analysis as described in Figure 4.
Statistical analysis is presented on the figure. *** = P < 0.0001.
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The calcium/calmodulin-dependent protein kinase
(CAMK) cascade has been demonstrated to induce
multiple signaling and anti-apoptotic pathways including
Ras/Raf/MEK/ERK, PI3K/Akt/GSK-3 and NF-κB [34–
37]. CAMKs have other multifunctional targets such as
glycogen synthase kinase 3 (GSK-3) which plays
important roles in multiple diseases and metabolic
processes [38, 39].

understanding of how the invasive properties of various
cancer types is influenced by the presence of different
types/classes of adult vs old collagen present in the
extracellular matrix.

DDR1 has been shown to have effects on various
molecules involved in prostate cancer metastasis such
as MMPs [40]. We chose to examine the effects of
DDR1b expression in PC3 cells as they lack WT TP53,
AR and PTEN activity and have high levels of activated
Akt but very low levels of ERK1,2 pathway activation
due to elevated Akt activity in these cells [16].
Previously we determined that PC3 cells expressed high
levels of NGAL and MMP9 and that suppression of
NGAL inhibited the colony formation of the cells in
soft agar [14]. In this current study, we observed that
introduction of DDR1 into PC3 cells increased their
chemosensitivity.

LNCaP, 22Rv-1, DU145 and PC3 cells were purchased
from the ATCC (Rockville, MD, USA) and maintained
in RPMI + 10% fetal bovine serum (FBS) (Atlanta
Biologicals, Atlanta, GA, USA) and antibiotics (Atlanta
Biologicals) as described previously [5, 6, 14]. Gelatin
was purchased from Invitrogen (Carlsbad, CA)

DDR1 expression is one of twelve genes identified in a
study to be associated with HNF1 homeobox B
(HNF1b) mediated prostate cancer risk [41]. HNF1b is
a transcription factor which is associated with the
development of many cancers. One target gene of both
HNF1b and TP53 is DDR1 [41]. Combined HNF1B and
TP53 loss has been proposed to enhance cellular
survival and result in an aggressive phenotype in certain
cancers [42]. In contrast, restoration of WT TP53
increased the chemosensitivity of various cancer
including prostate and pancreatic cancers [5, 6, 43].
DDR1 increased the chemosensitivity of prostate cancer
cells. DDR1 may have some anti-aging functions and
may be activated by DDR1, TP53, Ras/Raf/MEK/ERK,
and PI3K/Akt and how they are involved in regulation
of drug- sensitivity. Restoration of WT TP53 activity
resulted in increased expression of these pathways as
well as increased drug-sensitivity. Suppression of WT
TP53 with a DN-TP53 gene in cells that normally
express WT TP53 resulted in decreased DDR1 levels
and chemoresistance.
The effects of DDR1 may vary depending on the cell
type. In studies with breast cancer cells, DDR1 was
associated with induction of apoptosis [8, 9, 12]. While
suppression of DDR1 has also been observed to reduce
the invasive properties of other cancer cell lines such as
melanoma, colon and hepatoma cells [44]. Interestingly,
DDR1b and DDR2, promoted tumor growth in the
presence of collagen while DDR1b suppressed the lung
metastasis of HT1080 fibrosarcoma cells in a xenograft
model [45]. Elucidating the interactions between TP53
and DDR1 and drug sensitivity could further our
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MATERIALS AND METHODS
Cell culture

Retroviral infection
The DDR1b retrovirus was generously provided by Dr.
Elaine W. Raines, University of Washington [19]. The
gene encoding the DDR1b is HA tagged, which makes
identification of the introduced DDR1 protein readily
detectable. Cell were infected with the DDR1b as
previously described [4, 5, 46]. Stably-infected cells
were isolated in RPMI + 10% FBS containing two
micrograms/ml puromycin (Sigma-Aldrich, Saint
Louis, MO) as the DDR1b cDNA was cloned in the
pBM-IRESPURO vector [19]. The WT-TP53 and DNTP53 retrovirus vectors were generously provided
by Dr. Moshe Oren, Weizmann Institute of Science,
Israel [47, 48].
Western blotting
Western blotting was performed as described [5, 6, 46].
Most antibodies were purchased from Cell Signaling
(Beverly, MA, USA) with the exception of the antiDDR1 antibody which was purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA) and the anti HA
antibody which was purchased from Zymed laboratories
(South San Francisco, CA, USA).
Luciferase assays
Luciferase reporter plasmids were used to measure both
endogenous and exogenous TP53 promoter activity
DU145 and DU145 + WT-TP53 cells. The pGL2-basic
vector contains only the luciferase gene without a
promoter or enhancer and was used to determine
non-specific luciferase gene background activity in
both types of cells (Promega, Madison, WI). The
PG13-luc vector contain thirteen repeats of the TP53
response element sequence present in the CDKN1
(p21CIP-1) gene fused to the firefly luciferase gene [17].
As a control for transfection efficiency, the CMV-βgalactosidase expression plasmid was used. It contains a
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β-galactosidase gene regulated by a cytomegalovirus
promoter [49].
7 x 105 total cells were plated per well of a six-well plate
in RPMI + 10% FBS and allowed to attach overnight
under normal culture conditions. The next day, cells
were cotransfected with three µg of the appropriate
luciferase vector along with one µg of the CMVβgalactosidase vector using Lipofectin™ (Invitrogen™,
Carlsbad, CA). Cells were harvested forty-eight hours
later and analyzed for both luciferase and βgalactosidase activity. Enzyme activity was determined
using the luciferase assay system and β-galactosidase
kits (Promega, Madison, WI). Luciferase readings were
obtained from a TD-20/20 luminometer (Turner
Designs, Sunnyvale, CA) and normalized to βgalactosidase readings obtained from the same sample.
Normalized values were then calculated and graphed as
fold luciferase activity over normalized luciferase values
from cells transfected with the pGL2-basic vector.
RT-PCR
RNA isolation was performed as described [14]. Briefly
200 μL of TRIzol reagent (Invitrogen) was mixed with
the cell pellet and allowed to incubate for five minutes
at room temperature. Then 40μL of chloroform (Fisher
Scientiﬁc, Fair Lawn, NJ) was added and samples
stored in a -80C freezer. 500 ng of RNA was used to
produce complementary DNA (cDNA) with the
iScript™ cDNA synthesis kit (Bio-Rad, Hercules, CA).
Two μL of the resulting cDNA was used in PCR
reactions with Illustra™ puReTaq ready-to-go PCR
beads (GE Healthcare, Piscataway, NJ). Primers for
speciﬁc genes included NGAL- F–TCACCTCCGTCCT
GTTTAGG, R – CGAAGTCAGCTCCTTGGTC, ARF-CTCTCTCAAGAGTTTGGATGGCT R – CACTTG
CACAGAGATCATCTCTGC, GAPDH-F-ATGGCCT
TCCGTGTCCCCACTG R – TGAGTGTGGCAGGGA
CTCCCCA, TWIST1-F-TCCTCTACCAGGTCCTCCA;
TWIST1-R-GAACAATGACATCTAGGTCTC. PCR
products were electrophoresed on 2% agarose gels and
visualized after staining the gels with ethidium bromide.
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