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In metastatic prostate cancer (PCa) cells, imbalance between cell
survival and death signals such as constitutive activation of phos-
phatidylinositol 3-kinase (PI3K)-Akt and inactivation of apoptosis-
stimulated kinase (ASK1)-JNK pathways is often detected. Here, we
show that DAB2IP protein, often down-regulated in PCa, is a
potent growth inhibitor by inducing G0/G1 cell cycle arrest and is
proapoptotic in response to stress. Gain of function study showed
that DAB2IP can suppress the PI3K-Akt pathway and enhance ASK1
activation leading to cell apoptosis, whereas loss of DAB2IP ex-
pression resulted in PI3K-Akt activation and ASK1-JNK inactivation
leading to accelerated PCa growth in vivo. Moreover, glandular
epithelia from DAB2IP�/� animal exhibited hyperplasia and apo-
ptotic defect. Structural functional analyses of DAB2IP protein
indicate that both proline-rich (PR) and PERIOD-like (PER) domains,
in addition to the critical role of C2 domain in ASK1 activity, are
important for modulating PI3K-Akt activity. Thus, DAB2IP is a
scaffold protein capable of bridging both survival and death signal
molecules, which implies its role in maintaining cell homeostasis.
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Homeostatic balance among cell proliferation, survival, and
apoptosis is essential for ontogenesis. Any imbalance in

these processes often leads to pathologic changes in cells. Many
cancer cells often exhibit accelerated cell proliferation, increased
cell survival, and resistance toward apoptosis. Dissecting ho-
meostatic machinery operative in normal cells will provide
important clues for its alteration in malignant cells.

The PI3-Kinase (PI3K)-Akt signaling pathway plays a central
role in modulating cell proliferation, survival, and motility. Class
IA PI3K is a heterodimer consisting of a 110-kDa catalytic
subunit (p110) and an 85-kDa regulatory subunit (p85). Mam-
malian cells contain three different genes for p85 (�, �, and �)
and three different genes for p110 (�, �, and �) (1, 2). The p85
stabilizes p110 in the steady state (3). Activation of PI3K occurs
via the binding of p85 to phosphotyrosine proteins, which
relieves the inhibitory effect of p85 on the p110, and then PI3K
translocates from cytosol to plasma membrane where its sub-
strate PI-4,5-P2 resides (4, 5). After PI3K activation, Akt,
phosphorylated at T308 and S473, becomes activated (6). The
role of the PI3K-Akt pathway in carcinogenesis has been exten-
sively investigated, and altered expression or mutation of many
components in this pathway has been implicated in human
cancer (1). The mechanisms leading to PI3K-Akt overactivation
including gene activating mutation (7, 8), protein overexpression
(9), mutations of Ras oncogenes (10), or absence of inhibitor
such as phosphatase and tensin homolog (PTEN) (11, 12) have
been shown in many cancer types. In addition to promoting cell
proliferation and survival, the PI3K-Akt pathway can also in-
f luence apoptotic cell death machinery (1). For example, Akt
can inactivate apoptosis signal-regulating kinase 1 (ASK1) by
phosphorylating S83 residue (13). ASK1, a member of the
MAPK kinase kinase (MAP3K) family, is an upstream activator

of c-Jun kinase (JNK) and p38 MAPK signaling cascades (14).
The activation of ASK1 triggers apoptosis in response to diverse
stress and apoptotic stimuli such as TNF-� or reactive oxygen
species (15).

We previously identified DAB2IP/AIP1 (DOC-2/DAB2 in-
teractive protein, or ASK1 interacting protein) (16, 17) as a
member of the RAS-GTPase activating protein (RAS-GAP)
family with growth inhibitory activity in prostate cancer (PCa).
Loss of DAB2IP expression, mainly due to epigenetic regulation
of its promoter, is often detected in androgen-independent PCa
(18, 19) as well as in other cancer types (20–23). Furthermore,
a single nucleotide polymorphism in the DAB2IP gene has been
associated with the risk of aggressive PCa from a study using two
Genome-Wide Association databases (24). DAB2IP can inhibit
H-RAS, R-RAS, and TC21 but not RAP1A activities associated
with suppressing epidermal growth factor-elicited PCa growth
(16). In addition to its GAP activity, DAB2IP is also involved in
TNF-�-mediated cell apoptosis in endothelial cells by facilitating
dissociation of ASK1 from its inhibitor 14-3-3 via its pleckstrin
homology (PH) and C2 domains (25, 26). Obviously, DAB2IP is
involved in multiple biologic functions in various cell types.

Here, we further reveal that DAB2IP can coordinate PI3K-
Akt inactivation with ASK1 activation pathways. In addition to
the critical role of its N-terminal C2 domain in ASK1 activity
(17), structural functional analyses indicate that the C-terminal
proline-rich (PR) and PERIOD-like (PER) domains are critical
for modulating PI3K and Akt activity, respectively. Therefore,
DAB2IP protein is a unique scaffold protein to balance pathways
of cell proliferation, survival, and death.

Results
DAB2IP Induces G0/G1 Cell Cycle Arrest and Promotes Apoptosis. Our
previous data showed that loss of DAB2IP is associated with
metastatic PCa cell lines (16). Using human prostate specimens
with different pathologic status such as benign prostatic hyperplasia
(BPH), primary cancer, and bone metastases to determine the
relative DAB2IP expression pattern, we further showed that
DAB2IP mRNA levels in metastatic PCa were significantly lower
than that in BPH or primary cancer specimens (Fig. 1A), indicating
that decreased DAB2IP is associated with PCa progression. In
addition to its GAP activity (16), the other function of DAB2IP in
PCa is largely unknown. Thus, we first examined whether DAB2IP
might affect cell cycle progression. Using a stable DAB2IP-
transfected subline (i.e., D2) generated from C4-2 cell line, a
tumorigenic PCa line without endogenous DAB2IP expression,
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and a control subline (i.e., Neo) (16), we compared their cell cycle
distributions. The percentage of G0/G1 phase cells in D2 was �20%
more than that in Neo subline; in contrast, S or G2/M phase cells
in D2 subline was less than that in Neo subline [Fig. 1B and
supporting information (SI) Fig. S1A, indicating that DAB2IP
could elicit G0/G1 phase cell cycle arrest. Bivariate analysis of
cellular DNA with cyclin D1 and E using flow cytometry (27)
showed ‘‘unscheduled’’ expression pattern of both cyclins (28) in the
Neo subline (Fig. 1B). In the D2 subline, cyclin D1 and E protein
levels decreased in either G0 phase or G1 phase (Fig. 1B), indicating
that DAB2IP can reduce G1 phase cyclin levels resulting in G0 or
early G1 phase cell cycle arrest.

Because DAB2IP can facilitate TNF-�-elicited apoptosis via
ASK1 in endothelia (17), we decided to determine whether
DAB2IP could affect apoptosis in PCa cells (e.g., transient and
stable DAB2IP-transfected C4-2 cells) in the presence of PI3K
inhibitor LY294002 (LY) or TNF-� capable of activating mito-
chondrial or death receptor pathways, respectively (29). In the
presence of LY, fewer viable cells were detected in transient
DAB2IP-transfected cells (Fig. S1B). Annexin V/PI analysis
indicated that under LY treatment, apoptotic cell death in-
creased about 3-fold in transient DAB2IP-transfected cells
compared with vector control (VC) cells (Fig. 1C). In stable
transfectants (i.e., D1 or D2), apoptosis induced by either LY or
TNF-� was significantly higher than that in Neo cells, which was

correlated with DAP2IP expression levels (Fig. 1D). This
DAB2IP-enhanced cell death is caspase-dependent, because the
presence of pan-caspase inhibitor (Z-VAD) can abolish DAB2IP
effect (Fig. 1D).

To further determine the involvement of DAB2IP in LY or
TNF-�-induced apoptosis pathway, siRNA was used to knock
down the endogenous DAB2IP in an immortalized normal
prostate epithelium (PZ-HPV-7) cells. Reduced DAB2IP di-
minished cell apoptosis �3-fold in LY- or 2-fold in TNF-�-
treated cells compared with the control siRNA (Fig. 1E).
Collectively, these findings indicate that DAB2IP can cause cell
cycle arrest and is also a proapoptotic factor capable of poten-
tiating intrinsic or extrinsic apoptotic pathways.

DAB2IP Inhibits Akt and Activates ASK1 Activity. To reveal the
mechanism of DAB2IP function in these events, the activation
status of Akt (S473) or ASK1 (T845) was determined based on
the specific phosphorylation site of each protein. Compared with
neo cells, a dramatic inhibition of p-Akt (S473) was detected in
D1 and D2 cells under LY treatment (Fig. 2A Left); concurrently,

Fig. 1. The expression and functional role of DAB2IP in PCa. (A) Box plot of
relative DAB2IP mRNA levels from human specimens of BPH (n � 12, left bar),
primary cancer (n � 12, center bar), and bone metastases (n � 12, right bar). Thin
line � median; dotted line � mean; P � 0.001 by Kruskal–Wallis ANOVA on
RANKS. (B) DAB2IP induced G0/G1 cell cycle arrest. Cell cycle distribution was
detected by flow cytometry. For cyclins/DNA multiparameter flow cytometry, the
trapezoidal ‘‘window’’ represented the level of fluorescence of the isotype IgG
control, indicating the range within which cyclin-negative cells were located. (C)
Transient expression of DAB2IP promoted apoptosis in C4-2 cells under LY treat-
ment. Apoptosis was determined by Annexin V/PI flow cytometry. Asterisk indi-
cates statistical significance in cells transfected with DAB2IP vs. VC (P � 0.01). (D)
DAB2IP promoted apoptosis in D1 and D2 cells treated with LY or TNF-�. Asterisk
indicates statistical significance between DAB2IP-expressing cells and neo cells
(P � 0.01). (E) Knockdown of DAB2IP reduced the apoptotic response of PZ-HPV-7
cells. Asterisk indicates statistical significance in cells transfected with DAB2IP-
siRNA vs. control siRNA (P � 0.01). All of the data (mean � SEM) were generated
from three independent experiments.

Fig. 2. DAB2IP inhibited PI3K-Akt and activated ASK1. (A and B) Cell lysates
were prepared from neo, D1, and D2 cells after LY (10 �M) (A) or TNF-� (100
ng/mL) (B) treatment for 30 min, and Akt or ASK1 activation was determined
by Western blot analysis. The same membrane was stripped and reprobed
with total Akt or ASK1 antibody, by which the quantification of relative kinase
activation was normalized. Data (mean � SEM) were generated from two
independent experiments. Asterisk indicates statistical significance between
DAB2IP-expressing cells and neo cells, (*, P � 0.1; **, P � 0.05). (C) PZ-HPV-7
cells were transfected with DAB2IP- or control-siRNA then treated with LY or
TNF-� as described in A or B, and relative Akt and ASK1 kinase activity was
quantified. Asterisks indicate statistically significant in cells transfected with
DAB2IP-siRNA cell vs. Control siRNA (P � 0.05).
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p-ASK1 (T845) was significantly elevated in both D1 and D2 cells
(Fig. 2 A Right). Similar findings were observed in D1 and D2
cells under TNF-� treatment (Fig. 2B). These data demon-
strated that DAB2IP could suppress Akt and facilitate ASK1
activation under stress condition. Moreover, in PZ-HPV-7 cells
under the same treatment, both increased Akt and decreased
ASK1 activation were detected in the presence of DAB2IP
siRNA to knock down endogenous DAB2IP levels (Fig. 2C).
Thus, DAB2IP appears to be a modulator to bridge both Akt and
ASK1 pathways.

DAB2IP Binds to PI3K-p85 via the PR Domain. Structurally, DAB2IP
contains several potential functional domains (Fig. 3A Left)
including the PH, C2, GAP, PER, PR, and leucine zipper (LZ)
domains. Because the PI3K regulatory subunit (i.e., p85) con-
tains Src homology 3 (SH3), we predicted that the PR domain
could bind to p85-SH3 domain. The pull-down data (Fig. 3A
Right and Fig. S2 A) indicated that DAB2IP-F, -C, and -CPR but
not -N could bind to GST-p85-SH3, indicating the PR is a
binding domain to p85-SH3. Using coimmunoprecipitation (co-
IP), a weak interaction of DAB2IP with either p85 or ASK1 was
detected; however, a dramatic increase of complex formation
was detected under either LY (Fig. 3B) or TNF-� treatment (Fig.
S2B). In the ASK1-DAB2IP-PI3K complex, the active form of
ASK1 (T845) became more predominant than its inactive form
(S83). Also, a decreased p-Akt (S473) was detected in this
complex (Fig. 3C), suggesting that DAB2IP might inhibit PI3K
via a direct protein interaction with both PI3K and Akt. Because
this PR domain contains an unusual sequence of ten repeats of

proline, we further mapped the binding site for p85 using three
different PR mutants (Fig. 3D). Pull-down assay indicated that
the first four proline residues were critical for p85 binding and
the AAA mutant completely abolished the binding to p85 (Fig.
3D). Co-IP data further confirmed that the AAA mutant not
only failed to interact with p85 (Fig. S2B) but also impaired Akt
inhibition and ASK1 activation in this complex (Fig. S2C). All
these data confirm that the PR domain is the binding site to p85.

PR Domain in DAB2IP Dictates PI3K-Akt Inhibition and ASK1 Activa-
tion. We next examined whether the formation of DAB2IP and
p85 complex had any effect on the PI3K activity and ASK1
activation. DAB2IP-F (full length) could potentiate PI3K-Akt
inactivation elicited by LY or TNF-�; however, the AAA mutant
lost such activity (Fig. 4 A and B), indicating that PR domain is
critical for PI3K-Akt inhibition. Moreover, under LY or TNF-�
treatment, DAB2IP-F sequestered p85 and stabilized PI3K
complex (p85 and p110), in contrast, AAA mutant interrupted
such interaction (Fig. 4C). In this event, DAB2IP did not impact
on membrane translocation of p85 based on the status of p85
(Y458) phosphorylation (Fig. S2D). Meanwhile, in the presence

Fig. 3. Interaction of DAB2IP with p85 via PR domain. (A) In vitro analysis of the
binding domain in DAB2IP to p85. After transfecting with various cDNA con-
structs, 293 cells were subjected to pull-down assay using GST-p85-SH3 fusion
protein. Five percent of each input lysate was used as a loading control. (B) In vivo
analysis of DAB2IP complex. Cell lysates of 293 cells under the same transfection
andtreatmentconditionweresubjectedtoco-IPprobedwithFlag,p85,andASK1
antibody. (C) DAB2IP complex associated with active ASK1 and inactive Akt. 293
cellsweretransfectedwithDAB2IP-ForVC,andcell lysatesweresubjectedtoco-IP
with Flag antibody then probed with p-ASK1 (T845 or S83) or p-Akt (S473)
antibody. (D) In vitro analysis of the key proline residues in DAB2IP for p85
binding. The cluster of four prolines in DAB2IP is underlined and replaced with
alanine to generate AA1, AA2, and AAA. Cell lysates were pulled down with
GST-p85-SH3 fusion protein and probed with Flag antibody.

Fig. 4. PR domain dictated PI3K-Akt inhibition and ASK1 activation. In all
experiments, 293 cells were transfected with DAB2IP-F, AAA mutant or VC
after LY or TNF-� treatment as described in Fig. 2. (A) DAB2IP inhibited PI3K
activity. Cell lysates were IP by using p110 antibody and PI3K activity was
measured by an ELISA-based assay. Relative PI3K activity was normalized with
VC cells without treatment. VC cells treated with 80 �M LY was used as a
positive control. All of the data (mean � SEM) were carried out in triplicate.
Asterisk indicated statistical significance in cells transfected with VC or AAA vs.
DAB2IP-F (P � 0.01). (B) Functional PR domain dictated Akt inhibition. Relative
Akt activity was quantified as previously. Data (mean � SEM) were generated
from three independent experiments. Asterisk indicates statistical signifi-
cance in cells transfected with VC or AAA vs. DAB2IP-F (P � 0.01). (C) DAB2IP
sequestered PI3K complex under stress signal. Cell lysates were IP with p85
antibody and then probed with p110 antibody. In DAB2IP-F cells without
treatment, p110 level was considered as a basal line and the fold of induction
from each sample was calculated. One asterisk indicated statistical signifi-
cance in cells treated with LY or TNF-� (*, P � 0.01). Two asterisks indicated
statistical significance in cells transfected with DAB2IP-F vs. AAA (**, P � 0.01).
(D) DAB2IP dictated ASK1 activation. Relative ASK1 activity was quantified as
previously. Data (mean � SEM) were generated from three independent
experiments. Asterisk indicates statistical significance in cells transfected with
VC or AAA vs. DAB2IP (P � 0.01).
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of DAB2IP-F, ASK1 activity (T845) was increased significantly
in cells under LY treatment but not detected with AAA mutant
(Fig. 4D). These data indicate that the PR domain is the key
motif for both PI3K-Akt inhibition and ASK1 activation.

S604 Phosphorylation Is Critical for DAB2IP Activity. From our
previous study, the phosphorylation of S604 in DAB2IP is
critical for changing its conformation (26). Here, we showed that
DAB2IP-F was phosphorylated at S604 under either LY or
TNF-� treatment, which resulted in more complex formation
with p85; in contrast, S604A mutant failed to be phosphorylated
and interact with p85 (Fig. S4A). These data suggest that S604
phosphorylation is critical for changing DAB2IP structure to
sequester PI3K complex.

Considering that S604 is located in the PER domain and the
function of this domain is not well characterized, the PER
protein sequence was scanned by using the Scansite program,
and the data unveiled Akt as a potential binding protein (Fig.
S3). To confirm this, two deletion mutants of DAB2IP-PER
domain [C-PER (amino acids 522–719), C-tPER (amino acids
522–620), Fig. 5A] were generated. Co-IP data indicated that the
Akt-binding site was located between amino acids 620–719 in
DAB2IP (Fig. 5B). In addition, the interaction between DAB2IP
and Akt was substantially reduced in cells expressing S604A
mutant protein (Fig. 5B and S4B). Furthermore, we found the
degree of DAB2IP on Akt inhibition as F � C-PER �S604A �
C-tPER (Fig. 5B), indicating the critical role of S604 in the PER
domain for modulating Akt activity.

To further define the candidate kinase for S604 phosphory-
lation, ASK1 was examined because its association with DAB2IP
was increased under LY (Fig. 3) or TNF-� treatment (26).
ASK1-WT, not ASK1-KR, significantly increased S604 phos-
phorylation (Fig. 5C). Taken together, S604 phosphorylation is
a prerequisite for DAB2IP activation by forming a complex with
PI3K-Akt in which ASK1 is one of the key initiator(s).

PR Domain Is Critical for DAB2IP-Mediated Apoptosis. To correlate
the structure–functional relationship of DAB2IP in PCa, C4-2 cells
were transfected with various DAB2IP constructs, and cell apo-
ptosis was assessed. Both AAA and S604A mutants diminished LY-
or TNF-�-induced apoptosis, whereas the AA1 mutant exhibited
less effect and the AA2 mutant had no effect (Fig. 5D), which is
consistent with the functional role of PR domain (Fig. 3D). In
addition, DAB2IP-R289L, a GAP mutant (16), also had no effect
(Fig. 5D), indicating that GAP domain is not involved in DAB2IP-
mediated apoptosis. Apparently, in response to various exogenous
or endogenous stress signals, the change of DAB2IP conformation
is critical to modulate key effector molecules involved in either cell
survival or apoptosis (Fig. 6E).

Down-Regulation of DAB2IP Leads to Akt Activation and ASK1 Inac-
tivation Associated with Accelerated Tumor Growth or Prostate
Hyperplasia. To determine any impact of DAB2IP on tumor
growth in vivo, stable DAB2IP knockdown (i.e., KD1) and
control (i.e., Con) cells were generated by using PC-3 cells. From
an s.c. mouse model, significantly higher tumor take and growth
rate were observed in KD1 cells (12 of 12) compared with
control cells (3 of 12) within 2 weeks after injection (Fig. 6A).
In contrast, all control tumors became palpable 6–8 weeks after
injection. Both Western blot analysis and immunohistochemistry
(IHC) showed that Akt activity was highly elevated, and ASK1-
JNK activity was diminished in KD1 tumors (Fig. 6A) where
tumor cells showed active cell proliferation (i.e., Ki-67 staining)
and reduced apoptosis (i.e., TUNEL staining) (Fig. 6B). To
further determine the physiological role of DAB2IP in prostate,
knockout (KO, DAB2IP�/�) mice were used (30). DAB2IP�/�

mice developed prostate hyperplasia in epithelial compartment
at 6 months of age (Fig. 6D), where Akt was hyperactivated (Fig.

6 C and D) and ASK1 was suppressed (Fig. S5A). Similarly, Ki-67
staining was also elevated in these hyperplastic lesions (Fig.
S5B). Taken together, loss of DAB2IP increases the survival
advantage of prostate epithelial cells with hyperactivated Akt,
which is often detected with aggressive PCa.

Discussion
Altered homeostatic control in cell proliferation, survival, and
apoptosis underlies many diseases particularly cancer malig-
nancy. In many cancer types, including PCa, the PI3K-Akt
signaling axis has been shown as a dominant survival pathway (1,
31). In contrast, insufficient activation of ASK1, an important
mediator of apoptotic signaling responses to many stress stimuli,
and/or its downstream MKK4-JNK-c-Jun pathway has been
correlated with the development of aggressive PCa (32). Al-
though there is cross-talk between the Akt and ASK1 pathways
(13, 33), the mechanism of how these signal pathways are
coordinated to maintain cell homeostasis in response to diverse

Fig. 5. The role of S604 phosphorylation in DAB2IP activity. (A) Schematic
depiction of PER mutant constructs. (B) The 293 cells were transfected with
DAB2IP-F, S604A, C-PER, and C-tPER constructs after LY or TNF-� treatment.
Cell lysates were subjected to Western blot analysis or co-IP with Akt and
probed with Flag antibody. (C) Increased S604 phosphorylation by ASK1. The
293 cells were cotransfected with DAB2IP-F or S604A mutant with either ASK1
wild type (WT) or kinase inactive (KR; Lys 709 was replaced by Arg), then cell
lysates were detected with p-DAB2IP, DAB2IP, or ASK1 antibody. (D) The role
of each functional domain in DAB2IP-mediated apoptosis. C4-2 cells were
transfected with various DAB2IP mutants after LY or TNF-� treatment, and
apoptosis was determined by flow cytometry.
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stimulus remains undetermined. Our data (Figs. 2 and 3) have
unveiled that DAB2IP as a scaffold protein sequesters both Akt
and ASK1 and counterbalances the activity of each distinct
kinase by modulating their phosphorylation status in response to
different signals. Mechanistically, there are several components
in the cell-death machinery that could be common target(s) for
Akt or ASK1. For example, Bad is a proapoptotic member of the
Bcl-2 family that promotes cell death by forming a nonfunctional
heterodimer with the survival factor Bcl-XL. Phosphorylation of
Bad by Akt prevents this interaction, restoring Bcl-XL’s antiapo-
ptotic function (34). In addition, Akt inhibits the catalytic
activity of a prodeath protease, caspase-9, through phosphory-
lation (35). On the other hand, ASK1 can activate JNK or p38,
which can activate several proapoptotic targets in the Bcl-2
family such as Bim and Bax, respectively (36). Thus, the presence
of DAB2IP is expected to augment the apoptotic effect via
inactivating Akt and activating ASK1.

The p85, a regulatory subunit of PI3K, contains SH3, BCR,
two SH2 domains, and an inter-SH2 domain that binds consti-
tutively to the p110 catalytic subunit. In general, the SH3 and
BCR domains have a negative role in modulating PI3K kinase
activity (3), which is due to the conformational changes in the
p85–p110 complex (1). Thus, the SH3 or BCR domain is
considered as an intrinsic inhibitor toward the catalytic activity
of p110 subunit (1, 2). Clearly, our results (Fig. 3 and Fig. S2)
indicate that the first four prolines in the DAB2IP-PR domain
is a critical binding site for the p85-SH3 domain. Despite that,
this interaction has no effect on p85 phosphorylation, and
DAB2IP is able to inhibit PI3K activity by sequestering and
stabilizing p85-p110 complex and then further inactivating Akt

(Fig. 4). Because DAB2IP is able to relocate from membrane to
cytosol in the presence of TNF-� (25), we believe that the
formation of DAB2IP-p85-p110 complex may prevent them
from translocating to the cell membrane, which provides addi-
tional evidence for the inhibitory effect of the p85-SH3 domain
on PI3K activity. Taken together, DAB2IP has a similar function
with PTEN as a negative regulator in PI3K-Akt pathway.
Nevertheless, DAB2IP is a scaffold protein associated with
various effector molecules rather than a phosphatase.

Noticeably, DAB2IP functions as a key ’’platform’’ to modu-
late various signals by recruiting PI3K, Akt, and ASK1 proteins
via its individual binding domain (Fig. 6E). For example, LY- or
TNF-�-mediated different pathways eventually merge into the
same downstream effect—Akt inactivation and ASK1 activation.
It is known that TNF-�-elicited ASK1 activation requires several
sequential steps (37–39), and we have shown that DAB2IP
dissociates ASK1 inhibitor 14-3-3 from its C terminus and then
facilitates ASK1 activation (17). In this study, we further show
that the DAB2IP-mediated binding and inhibition of PI3K-Akt
also contributes to ASK1 activation (Fig. 4D). In a feedback
loop, ASK1 increases S604 phosphorylation in DAB2IP, which
significantly enhances the binding ability of DAB2IP to Akt and
PI3K complex (Fig. 5 and Fig. S4), implying that this phosphor-
ylation site relates to the conformational changes of DAB2IP
from inactive to active status. Thus, the ASK1–DAB2IP–PI3K
complex is a ‘‘signal platform’’ to counterbalance between cell
survival and apoptosis, which exists not only in PCa or normal
prostate epithelial cells but also in other cell type as well (Fig.
S6). Based on these outcomes, DAB2IP is capable of enhancing
the effect of targeted therapy with pharmacological inhibitors of
PI3K or TNF-�. Given the possible off-target effect of these
agents at higher dosage, we believe that restoring DAB2IP
expression in target tissue by either genetic or inductive ap-
proach is expected to increase the therapeutic index of these
agents.

Overall, as illustrated in Fig. 6E, DAB2IP is a unique scaffold
protein that can modulate cell growth, survival, and death via
several signaling pathways such as Ras-Raf-ERK, PI3K-Akt and
ASK1-JNK. Thus, loss of DAB2IP leads to imbalance of cell
survival and apoptosis pathways, which plays a significant role in
tumor development (Fig. 6).

Materials and Methods
For plasmid constructs and transfection, antibodies, immunoprecipitation,
pull-down assay, and Western blot analysis, see SI Text.

Cell Culture and Clinical Specimens. C4-2 (WT, Neo, D1, D2) and PC-3 cells were
maintained in T medium supplemented with 5% FBS (16). PZ-HPV-7, an
immortalized normal cell line derived from the peripheral zone of a benign
prostate, was maintained in PrEGM medium (Lonza). Human embryonic kid-
ney 293 cells were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) (Invitrogen) containing 10% FBS. LY294002 was purchased from
Cayman, and TNF-� was purchased from Invitrogen.

The Institutional Review Board approved the tissue procurement protocol
in this study and appropriate informed consent was obtained from all pa-
tients. Benign prostatic hyperplasia specimens were obtained from transure-
thral prostatic resection and primary cancer specimens (Gleason score 6–9)
were obtained from prostatectomies performed in our institute. All of the
metastatic samples provided by R. L. Vessella (University of Washington,
Seattle, WA) were obtained from patients with bony metastases with a
Gleason score � 9. The DAB2AIP mRNA levels from each sample were deter-
mined by qRT-PCR analysis. see SI Text for details.

RNA Interference for DAB2IP. Three pairs of siRNA oligonucleotides for human
DAB2IP (5�-GGAGCGCAACAGUUACCUGTT-3� [siRIP1-A]; 5�-GGUGAAGGACU-
UCCUGACATT-3� [siRIP1-B]; 5�- GGACUUGUUUUUUGUCACATT-3� [siRIP1-C])
and control siRNA (5�-CTGGACTTCCAGAAGAACA-3�) were synthesized by

Fig. 6. Physiologic role of DAB2IP in prostate. (A) The in vivo tumor growth
of KD1 and Con cells. Western blot analyses of DAB2IP, p-Akt(S473),
p-ASK1(T845), p-JNK(T183/Y185), p-ERK1/2(T202/Y204) in KD1 and Con cells.
(B) Elevated p-Akt, proliferation marker and decreased apoptosis in KD1 vs.
Con tumors. IHC from the paraffin sections were determined by p-Akt (S473)
and Ki-67 antibodies. (Magnification: 200�.) TUNEL assay were determined
from paraffin sections. (Magnification: 200�.) (C) Increased Akt activation in
the prostate of DAB2IP�/� mice. Tissue lysates were analyzed by Western blot
using DAB2IP and p-Akt (S473) antibodies. �-Actin was used as a loading
control. Relative Akt activity was quantified as previously. Asterisk indicated
statistical significance in DAB2IP�/� vs. DAB2IP	/	 mice (P � 0.01). (D) In-
creased Akt activation in the prostate epithelia of DAB2IP�/� mice. IHC from
the paraffin sections were determined by p-Akt (S473) antibody (Magnifica-
tion: 400�.) (E) A model of DAB2IP function. In response to stress signals, S604
phosphorylated DAB2IP, as a scaffold protein, sequesters ASK1, Ras, Akt, and
PI3K (p85-p110) via different domains, which elicits various distinct biologic
activities in a coordinated manner.
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Invitrogen. siRNA (20 �M) was transfected into cells by using LipofectAMINE
2000 (Invitrogen) according to the manufacturer’s protocol.

Analyses of Effect of DAB2IP on Cell Cycle or Apoptosis. Cell cycle analysis and
Cyclins/DNA multiparameter flow cytometry were performed as described
previously (27, 40).

For apoptosis, cells after treatment with LY (40 �M) for 24 h or TNF-� (100
ng/mL plus CHX 10 �g/mL) for 6 h were harvested and fixed in ice-cold 80%
ethanol at �20 °C for at least 24 h. Annexin V/FITC staining was performed
with kit from Bender Medsystems. TUNEL assay was performed with In Situ Cell
Death Detection kit, Fluorescein from Roche.

PI3K Activity Assay. A nonradioactive competitive ELISA-based assay (Echleon
Biosciences) was used to assess the PI3K activity. Relative PI3K activity was
calculated using untreated cells (� 1).

Animal Model. All experimental procedures have been approved by the Insti-
tutional Animal Care and Use Committee. For the s.c. model, 5 � 105 cells were
injected on the left and right flanks of animal. Tumor volume (mm3) was
measured by caliper and calculated by using the ellipsoid formula (�/6 �

length � width � depth). Tissue specimens were subjected to immunohisto-
chemistry. See SI Text for details.

Statistical Analysis. All error bars in graphical data represent mean � SEM.
Student’s two-tailed t test was used for the determination of statistical
relevance between groups with P � 0.05 considered as significant.
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