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Using a genetic complementation approach we have
identified disabled-2 (Dab2), a structural homolog of
the Dabl adaptor molecule, as a critical link between
the transforming growth factor B (TGFp) receptors
and the Smad family of proteins. Expression of wild-
type Dab2 in a TGFp-signaling mutant restores
TGFpB-mediated Smad2 phosphorylation, Smad trans-
location to the nucleus and Smad-dependent tran-
scriptional responses. TGFP stimulation triggers a
transient increase in association of Dab2 with Smad2
and Smad3, which is mediated by a direct interaction
between the N-terminal phosphotyrosine binding
domain of Dab2 and the MH2 domain of Smad2.
Dab2 associates with both the type I and type II TGFJ
receptors in vivo, suggesting that Dab2 is part of a
multiprotein signaling complex. Together, these data
indicate that Dab2 is an essential component of the
TGFp signaling pathway, aiding in transmission of
TGFp signaling from the TGFp receptors to the Smad
family of transcriptional activators.
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Introduction

The transforming growth factor B (TGFpB) superfamily
consists of cytokines that modulate essential cellular
functions, such as cellular proliferation, differentiation and
apoptosis (Massagué, 1998). Signaling by TGFp, the
prototypic member of the TGFf superfamily, is initiated
following ligand binding to the constitutively active ser/thr
kinase type II receptor (TBRII). The type I receptor
(TBRI), which also possesses ser/thr kinase activity, is
then recruited to TPRII, leading to the formation of an
oligomeric complex (Wrana et al., 1994). The subsequent
phosphorylation and activation of the type I receptor by
the type II receptor leads to further propagation of TGFf
signaling by the Smad family of proteins.

The Smads can be divided into three functional groups:
the receptor-activated or R-Smads, consisting of Smads 1,
2, 3, 5 and 8; the common-mediator or Co-Smad, Smad 4;
and the inhibitory Smads, consisting of Smads 6 and 7
(reviewed in Heldin et al., 1997; Piek et al., 1999; Zhang
and Derynck, 1999). The R-Smads are recruited to and
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phosphorylated by their cognate type I receptors; Smads 1,
5 and 8 transmit signaling by BMP receptors, while Smads
2 and 3 mediate signaling by TGFp and activin receptors.
Following phosphorylation, R-Smads dimerize with
Smad4 and translocate to the nucleus, where the complex
has been shown to activate gene transcription by binding
directly to DNA (Dennler er al., 1998) as well as by
interaction with other transcription factors such as FASTI,
FAST?2, c-Jun and c-Fos (Chen et al., 1996; Labbe et al.,
1998; Zhang et al., 1998).

An accessory protein has recently been identified,
SARA (Smad anchor for receptor activation), which
helps recruit Smad2/3 to the activated TPRI (Tsukazaki
et al., 1998). SARA binds to unphosphorylated Smad 2/3
and by virtue of its lipid-binding FYVE domain localizes
Smad2/3 to the proper subcellular compartment for
interaction with TPRI (Tsukazaki et al., 1998). Once
phosphorylation of Smad 2/3 has occurred, the SARA—
Smad complex dissociates, exposing an intrinsic nuclear
import signal on Smad2/3 that results in its accumulation
in the nucleus (Xu et al., 2000).

Disabled-2 (Dab2) is a signaling molecule that was first
identified as DOC-2 (for differentially expressed in
ovarian carcinoma) (Mok et al., 1994), and subsequently
as p96, a protein whose phosphorylation was stimulated by
CSF-1 (Xu et al., 1995). Dab2 contains an N-terminal
phosphotyrosine binding domain (PTB) or phospho-
tyrosine interacting domain (PID) and a C-terminal
proline-rich domain (PRD) (Xu et al., 1995), indicative
of a function as an adaptor molecule (Pawson and Scott,
1997).

We demonstrate here that stable expression of Dab2
functionally complements a TGFB-signaling mutant cell
line, restoring all assayed TGF[P responses including
TGFp-induced Smad2 phosphorylation, Smad nuclear
translocation and Smad-dependent transcriptional respon-
ses. Sequencing of the Dab2 message expressed by the
mutant cell line demonstrates that it harbors a missense
mutation in the C-terminal domain of Dab2, which causes
a decrease in the stability and steady-state expression of
Dab2. Dab2 associates with Smad2 and 3 in a time- and
ligand-dependent manner, which is mediated by a direct
interaction between the N-terminal PTB domain of Dab2
and the MH2 domain of Smad2. Mutation of a conserved
phenylalanine residue in the PTB domain of Dab2
abrogates its ability to complement the mutant cell line,
while expression of the PTB domain alone or Dab2 lacking
the C-terminal PRD also fails to mediate complement-
ation, demonstrating that both domains are required for
TGFp signaling. Dab2 is also found in association with
both TBRI and TPRII, suggesting that it is part of a
multiprotein signaling complex. Dab2 thus appears to
function as an adaptor molecule, serving to bridge the
TGFp receptor complex to the Smad pathway.
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Results

Dab2 functionally complements the

TGFp-signaling mutant 903 cell line

We have previously developed a genetic system consisting
of a set of recessive TGFB-mutant cell lines that could be
functionally complemented to identify TGFP signaling
molecules (Hocevar and Howe, 1996). This system utilizes
the human fibrosarcoma HT1080-derived parental cell line,
BAHgpt, which contains the selectable marker Escherichia
coli guanine phosphoribosyltransferase (gpt) linked to the
TGFB-responsive promoter 3TP (Figure 1A). Treatment of
the BAHgpt cell line with TGFp leads to expression of the
gpt gene and allows for cell growth in media containing
hypoxanthine, aminopterin and thymidine (HAT); con-
versely, in media containing 6-thioguanine (6TG), TGFj
treatment leads to cell death. Recessive mutant cell lines
were generated from the parental cell line following
successive rounds of chemical mutagenesis by selection
in media containing 6TG and TGFp. The mutant cell line
903, selected in this manner, has been characterized as
being deficient in a variety of TGFp-stimulated responses
(Lee et al., 1997; Hocevar et al., 1999). Transfection of the
903 cell line with a cDNA expression library followed by
selection in media containing HAT and TGFp resulted in
the generation of a complemented clone designated 903L.2.
To identify candidate genes responsible for the functional
complementation, analysis of genes differentially expres-
sed by the complemented 903L2 cell line and the mutant
903 cell line was performed using a gene filter array. One
such gene identified as having differential expression
corresponded to the C-terminal region of the DOC-2
gene, also known as Dab2 and p96.

To assess whether expression of Dab2 was capable of
functionally complementing the mutant phenotype of the
903 cell line, human Dab2 was stably introduced into the
903 cell line. Restoration of TGFp signaling was first
tested by growth of the cells in media containing 6TG and
6TG plus TGFp (Figure 1B). In the absence of TGFp, 6TG
in the media has no effect on cell growth; however, in the
presence of TGFp, cells that are responsive to TGFJ
express gpt and die in media containing 6TG (Figure 1A
and B). As shown in Figure 1B, all the cell lines tested
grow in media containing 6TG alone, while the parental
cell line BAHgpt, the original complemented clone 90312
and a pool of 903 cells stably expressing wild-type Dab2
(903WTDab2) die in media containing 6TG plus TGFp.
These results thus indicate that Dab2 alone can mediate
restoration of the TGFB-responsive phenotype.

To further characterize the restoration of TGFp respon-
siveness mediated by Dab2 in the 903 mutant, we first
performed transient transfection analysis using the lucifer-
ase reporter construct 3TPLux, which has been used to
measure TGFP responsiveness of a variety of cell lines
(Wrana et al., 1992; Carcamo et al., 1994). As shown in
Figure 1C, treatment of BAHgpt cells results in a 4- to
5-fold induction of the 3TPLux reporter, which is deficient
in the 903 cell line. Analysis of 903L2 and 903WTDab2
cells reveals restoration of TGFp-stimulated luciferase
induction, without alteration of the basal luciferase level.
These results are consistent with the ability of Dab2 to
restore regulation of the gpr gene in response to TGF
(Figure 1B).
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Since the Smad family of proteins have been shown to
be important intracellular mediators of the TGFf signaling
pathway, we next assayed whether Dab2 expression could
influence the transcriptional activity of the Smad proteins.
To assess this, we utilized a luciferase construct (p6SBE-
Luc) that contains a promoter consisting of six tandem
copies of the Smad-binding element (SBE) designed to
monitor Smad-dependent transcriptional activity (Zawel
et al., 1998). Transient transfection of the SBE-Luc
reporter followed by TGFp treatment demonstrates that
Dab2 expression mediates restoration of TGF-stimulated
SBE-Luc induction to the mutant 903 cell line (Figure 1D),
suggesting that Dab2 may play a role in TGFB-mediated
Smad-dependent signaling.

The 903 cell line expresses a mutant form of Dab2
that exhibits decreased protein stability

The gene filter analysis utilized indicated that Dab2
mRNA was down-regulated, but not absent in the mutant
903 cell line. To expand this observation, we determined
whether Dab2 protein levels were also decreased in the
mutant cell line by western analysis. We find that the
mutant 903 cells express less steady-state Dab2 protein
than parental BAHgpt cells, which is restored in the
903WTDab2 cell line (Figure 2A). To assess whether this
decrease in steady-state expression level is due to
increased Dab2 protein turnover, we performed metabolic
labeling of the BAHgpt and 903 cells to follow newly
synthesized Dab2. Immunoprecipitation with a mono-
clonal antibody to Dab2, but not control IgG, reveals that
Dab2 protein is readily detected in BAHgpt cells following
a 4 h labeling period, while Dab2 is barely detectable in
the 903 cells (Figure 2B).

To determine whether the Dab2 mRNA expressed by
the 903 cell line harbors any mutations that could affect its
stability, we cloned the mutant gene by RT-PCR and
compared its sequence with wild-type (WT)Dab2. The
Dab2 mRNA expressed by the mutant 903 cell line was
found to contain a single nucleotide change of G to A,
resulting in an amino acid substitution of Ser to Asn at
amino acid 634 in the C-terminal domain of Dab2. To
assess whether this mutation affects the stability of the
Dab2 protein in vivo, Flag-tagged WT and mutant Dab2
were transiently transfected into COS7 cells and pulse—
chase analysis performed. As shown in Figure 2C,
WTDab2 expression is readily detected following a
30 min labeling and remains stable for 6 h. In contrast,
initial lower levels of mutant Dab2 are expressed,
followed by a decrease in levels by as early as 1 h post-
chase. Steady-state levels of transfected Dab2 protein
determined by western analysis show an accumulation of
WT, but not mutant Dab2 throughout the time course
(Figure 2D). Also readily apparent is the appearance of
slower migrating forms of WTDab2 over time, absent
from MutDab2, which may reflect phosphorylation of
634Ser (Figure 2C and D). Analysis of Dab2 levels
indicates that MutDab2 exhibits a half-life of ~10 h,
while WTDab2 has a half-life of ~20 h (Figure 2E). Taken
together, these results demonstrate that the mutant 903
cells express lower de novo and steady-state levels of
Dab2, which can be attributed in part to the %3*Ser to Asn
mutation.
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Fig. 1. Dab2 expression mediates functional complementation of the 903 TGFf-signaling mutant cell line. (A) Diagrammatic representation of the
genetic complementation approach. The parental cell line BAHgpt expresses the E.coli gpt gene driven by the 3TP promoter. In media containing
6TG, TGFp treatment leads to cell death, indicative of TGFp responsiveness. Mutant cell lines that do not respond to TGF} maintain growth in media
containing 6TG plus TGFp. (B) Transfection of Dab2 into 903 cells restores TGFp responsiveness. Parental BAHgpt, and mutant 903, 903L2 and 903
cells transfected with human wild-type Dab2 (903WTDab2) were plated into media containing 6TG (30 pM) and 6TG (30 uM) plus 5 ng/ml TGFp.
After 5 days, cells were fixed with methanol and stained with hematoxylin to visualize growth. (C and D) Dab2 expression restores TGFB-mediated
induction of the 3TPLux (C) and SBE-Luc (D) reporter constructs. BAHgpt, 903, 903L2 and 903WTDab2 cells were transiently transfected with
3TPLux or SBE-Luc and SV40-RL as a control for transfection efficiency. Cells were treated with TGF for 18 h, followed by lysis and determination
of luciferase activity. Luciferase activity is expressed as a ratio of 3TPLux luciferase activity divided by the SV40-RL activity. Shown is the

mean * SD of duplicates from a representative experiment. Open bars represent untreated cells while black bars denote TGFf treatment.
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Fig. 2. Mutant Dab2 exhibits decreased protein stability. (A) Steady-state levels of Dab2 are decreased in mutant 903 cells. Fifty micrograms of total
cellular protein from BAHgpt, 903 and 903WTDab2 cells were subjected to western analysis utilizing a monoclonal antibody to Dab2 (0.-p96).

(B) De novo Dab2 synthesis is decreased in mutant 903 cells. BAHgpt and 903 cells were labeled with [3*S]methionine for 4 h prior to lysis and
immunoprecipitation with either non-immune mouse IgG or a monoclonal antibody to Dab2 (0-p96). Dab2 levels were visualized by autoradiography.
(C, D and E) Mutant Dab2 is less stable than WTDab2. Pulse—chase analysis (C) was performed on COS7 cells transiently transfected with Flag-
tagged WT or Mut Dab2 as described in Materials and methods. Following immunoprecipitation with anti-Flag antibody, [>>S]Dab2 was visualized by
autoradiography. Analysis of steady-state levels of WT or Mut Dab2 (D) was performed by western analysis utilizing anti-Flag antibody. (E) Levels of
Dab2 proteins in (C) were determined by densitometric scanning and analysis with NIHImage software. Levels are expressed as a percentage of
protein remaining at the various time points, with levels at time 0 designated as 100%.

Dab2 restores endogenous TGFfS-mediated
responses to the mutant 903 cell line

To further characterize the restoration of TGFp respon-
siveness mediated by Dab2 in the 903 cell line, we next
assessed the effect of Dab2 expression on TGFp-mediated
induction of the extracellular matrix proteins fibronectin
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and PAI-1. As shown in Figure 3A and B, the 903 cell line
fails to induce PAI-1 expression following TGFp stimu-
lation, but while the basal level of fibronectin is decreased
in the mutant cells, TGFf can still cause an increase in
fibronectin expression. Analysis of 903WTDab2 cells
demonstrates that TGFp treatment induces the expression



BAHgpt 903
BAHgpt WTDab2 903  WTDab2

TG = #1010 ' T ¢

A -~ - =
EL T [T Y
B
....-‘.. -+—PAI-1
C
- —— e | 4—Smad 2P
D S oG EP = @ |+ total
- - - Smad2
BAHgpt 903 903WTDab2
e | + ! TGFp
E — — e -
d Sl
BAHgpt 203 S03WTDab2
7= 3 - + | TGFp
F

W o o gl |<Smads

Fig. 3. Dab2 expression restores TGFB-mediated responses to mutant
903 cells. (A and B) Dab2 expression alters TGFB-mediated induction
of the endogenous genes fibronectin (A) and PAI-1 (B). BAHgpt,
BAHgpt cells stably transfected with Dab2 (BAHgptWTDab2), 903
and 903WTDab2 cells were examined for [33S]fibronectin (FN)
secreted to the media (A) or [?>S]PAI-1 deposited to the extracellular
matrix (B) following TGF treatment, as described in Materials and
methods. FN and PAI-1 are indicated by the arrows. (C) Dab2
expression restores TGFB-stimulated Smad2 phosphorylation to the
mutant 903 cell line. BAHgpt, BAHgptWTDab2, 903 and 903WTDab2
cells were untreated or treated with 5 ng/ml TGFp for 1 h as indicated.
Phosphorylated Smad2 was identified by western analysis using an
antibody specific only for the TGF-stimulated phosphorylated form
of Smad2 (anti-phospho Smad2 465/467; Upstate Biotechnology).

(D) Equivalent expression of cellular Smad2 in BAHgpt,
BAHgptWTDab2, 903 and 903WTDab2 cells was confirmed by
western analysis using an anti-Smad2 antibody (Zymed Laboratories).
(E and F) Dab2 restores TGFf-stimulated Smad2 (E) and Smad3 (F)
nuclear accumulation in 903 cells. Nuclear proteins were isolated from
BAHgpt, 903 and 903WTDab2 cells untreated or treated with TGFJ
for 1 h, as described in Materials and methods. The accumulation of
Smad2 and Smad3 in the nucleus was confirmed by western analysis
using anti-Smad?2 (Transduction Laboratories) and anti-Smad3
antibodies (Zymed Laboratories). The positions of Smad2 and Smad3
are indicated by the arrows.

of PAI-1 to the extent observed in BAHgpt cells, while
both basal and TGFp-stimulated levels of fibronectin are
increased by Dab2 transfection. Similarly, in BAHgpt cells
that stably overexpress Dab2 (BAHgptWTDab2), TGF3-
stimulated induction of fibronectin is increased; however,

Role of Dab2 in TGFp signaling

TGFB-mediated PAI-1 induction does not change
(Figure 3A and B). These results thus show that Dab2
can restore TGFP-mediated induction of PAI-1 to the
mutant cells and can augment TGF-stimulated levels of
fibronectin in parental and mutant cells.

Since the transcriptional activity of both Smad2 and
Smad3 is dependent on their phosphorylation by TBRI
(Macias-Silva et al., 1996; Liu et al., 1997), we wished to
determine whether TGFp-mediated Smad phosphorylation
is deficient in the 903 mutant cells. As shown in Figure 3C,
TGFP treatment leads to efficient phosphorylation of
Smad2 in BAHgpt and BAHgptWTDab2 cells, as shown
by western analysis, with an antibody that specifically
recognizes TGFp-stimulated phosphorylation sites on
Smad2. While phosphorylation of Smad2 can not be
detected following TGFp treatment of 903 cells, re-
introduction of Dab2 restores TGFp-mediated Smad2
phosphorylation. This is not due to a lack of expression of
Smad2 protein in 903 cells, since Smad?2 levels appear to
be comparable in BAHgpt and 903 cells (Figure 3D).
Following phosphorylation by TPRI, Smad2 and -3
translocate to the nucleus. To assess whether the nuclear
accumulation of the Smads is also deficient in mutant 903
cells, nuclear preparations derived from BAHgpt, 903 and
903WTDab2 cells stimulated with TGFp for 1 h were
analyzed for the presence of Smad2 and Smad3 (Figure 3E
and F). Treatment of BAHgpt cells with TGFJ results in
nuclear accumulation of Smad2 and Smad3, while in
mutant 903 cells the levels of nuclear Smad2 and Smad3
do not change following TGFf stimulation. Re-introduc-
tion of WTDab2 into 903 cells restores TGFB-stimulated
Smad2 and Smad3 nuclear accumulation (Figure 3E and
F). Taken together, these results suggest that Dab2 plays a
role in mediating TGFB-stimulated Smad phosphoryl-
ation, which allows for nuclear accumulation and subse-
quent stimulation of Smad-dependent transcriptional
responses.

The PTB and PRD domains of Dab2 are both
required for TGFp signaling

The Dab2 protein can be divided into three functional
domains: the N-terminal PTB domain, a middle linker
region and a C-terminal PRD. To assess the contribution of
the individual domains of Dab2 in TGFp signaling,
constructs were engineered of the various domains of
Dab2, including a point mutation in the PTB domain
(F166VDab2) that has been shown to abrogate PTB
domain function (Borg et al., 1996; Dho et al., 1998)
(Figure 4A). These constructs were stably transfected into
mutant 903 cells and assessed for their ability to rescue the
mutant phenotype. As shown in Figure 4C and D,
expression of WTDab2 restores TGFpB-stimulated
3TPLux and SBE-Luc reporter induction to 903 cells,
while expression of F166VDab2, Del-PRD or the PTB
domain alone fails to do so. The inability of the various
constructs to restore TGF[ responsiveness was not due to
differences in expression of the constructs, as verified by
western analysis (Figure 4B). Expression of MutDab2
(S634N) results in restoration of ~50% of the TGFp-
stimulated luciferase induction elicited by WTDab2,
suggesting that constitutive overexpression is able to
partially compensate for the decreased protein stability of
MutDab2 (Figure 2). We were unable to test the ability of
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Fig. 4. Restoration of TGFf signaling requires both the PRD and PTB domain of Dab2. (A) Diagrammatic representation of various constructs of
Dab2. Depicted are full-length and deletion constructs of Dab2 containing the N-terminal PTB domain and C-terminal PRD (gray shading). The
asterisk designates the S634N mutation present in mutant 903 Dab2 (Mut-Dab2) and the introduced F166V mutation in full-length WTDab2 (F166V-
Dab2). (B) Expression levels of various Flag-tagged Dab2 constructs from stable cell lines were determined by western analysis with a-Flag antibody
(M2; Sigma). Lysate from the original mutant 903 cell line was used as a control (Cont.). (C and D) TGFp-stimulated transcriptional activation
requires both the PRD and PTB domain of Dab2. BAHgpt, 903 and 903 cells stably expressing the various forms of Dab2 described above were
transiently transfected with the reporter constructs 3TPLux (C) and SBE-Luc (D), and SV40-RL as a control for transfection efficiency. After 24 h,
cells were untreated (open bars) or treated (black bars) with TGFp for 18 h. Following lysis, luciferase activity was determined and expressed as the
ratio of specific luciferase activity divided by the SV40-RL activity. Shown is the mean = SD of duplicates from a representative experiment.

the PRD alone to restore TGFf responsiveness as we could
not generate a stable cell line that expressed this construct.
Consistent with the reporter construct data, introduction of
F166VDab2, PRD-Del and PTB constructs into 903 cells
failed to restore other TGFP-mediated responses as well,
including PAI-1 induction, Smad2 phosphorylation, and
Smad?2 and Smad3 nuclear accumulation (data not shown).
Taken together, these results indicate that both the PTB
domain and PRD of Dab2 are required for restoration of
TGF signaling in the mutant 903 cells.

Dab2 associates with Smad2 and Smad3

We next wished to assess whether the restoration of TGF3
responsiveness mediated by Dab2 was due to a direct
interaction of Dab2 with the Smad proteins. To determine
this, full-length WTDab2 was translated in vitro and
incubated with bacterially expressed Smadl, Smad2,
Smad3 and Smad4 glutathione S-transferase (GST) fusion
proteins. Figure 5A demonstrates that while the GST
moiety alone fails to precipitate Dab2, GST-Smad2 and
GST-Smad3 bind to and precipitate full-length Dab2.
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Dab2 characteristically appears as a doublet, which
represents the use of a second initiator methionine present
in the sequence (Xu et al., 1995). GST-Smadl and GST-
Smad4, however, fail to interact with Dab2 (Figure 5A).
To more fully characterize the interaction of Dab2 with the
Smad proteins, we determined which functional domain of
the Smad proteins interacts with Dab2. Incubation of
in vitro translated WTDab2 with GST constructs consti-
tuting the MH1 and MH2 domains of Smad2 reveals that
Dab2 preferentially binds to the MH2 domain, with
negligible binding to the MH1 domain (Figure 5A). To
map which domain in Dab2 mediates the binding to
Smad2 and Smad3, constructs bearing these motifs
(Figure 4A) were in vitro translated and tested for
interaction with GST fusion proteins as above. Both
constructs that contain the PTB domain, PTB and Del-
PRD, are capable of interacting with Smad2 and Smad3,
while the construct bearing only the PRD fails to do so.
The same preference for binding to the MH2 domain over
the MH1 domain of Smad2 is also maintained with the
PTB-containing constructs, as observed for the full-length
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Fig. 5. Dab2 associates with Smad2 and Smad3 in vitro. (A) Dab2
interacts with the Smads in vitro. Full-length WTDab2 or the various
deletion constructs depicted in Figure 4A were synthesized in vitro
using [*>S]methionine. Equal amounts of 3>S-labeled reaction products
were incubated with bacterially expressed GST constructs correspond-
ing to GST protein alone (GST), full-length GST fusion proteins of
Smadl, Smad2, Smad3 and Smad4, or GST fusion proteins of the MH1
and MH2 domains of Smad2. Following extensive washing, bound
proteins were analyzed by SDS-PAGE, subjected to fluorography and
visualized by autoradiography. An aliquot (10%) of 33S-labeled
reaction product input is shown in the control lane (Cont.). (B) Equal
loading of the bacterially expressed GST fusion proteins utilized in (A)
is demonstrated by Coomassie Blue staining of the gel following
SDS-PAGE.

protein (Figure 5A), which is not due to differences in
expression of the GST fusion proteins as visualized by
Coomassie Blue staining (Figure 5B).

To test whether an interaction between the Smad
proteins and Dab2 takes place in vivo, COS7 cells were
transfected with the various Smads and Dab2 in the

Role of Dab2 in TGFp signaling

absence or presence of the activated form of TPRI
(TBRIAct). Immunoprecipitation of the Smad proteins
followed by western analysis for Dab2 reveals that
although Dab2 can associate with Smad2 and Smad3 in
the absence of TGFJ signaling, this association increases
in the presence of TBRIAct. In contrast, Dab2 does not
associate with Smad4 or Smad7 in either the absence or
presence of TGFP signaling, although the proteins are
expressed at a comparable level (Figure 6B). Additionally
we find that F166VDab2 is still able to associate with
Smad?2 and its association is stimulated in the presence of
TPRRIAct (Figure 6A).

To test whether endogenous Dab?2 interacts with Smad2,
parental BAHgpt cells were treated with TGFf for 1 h and
lysates were immunoprecipitated with Smad2 antibody.
Analysis of the immunoprecipitates for the presence of
Dab2 reveals that the association of endogenous Dab2
with endogenous Smad? is stimulated by TGFp treatment
(Figure 7A). To address the time course of association of
Dab2 with Smad2 and Smad3 following TGFp stimula-
tion, we treated BAHgpt cells that stably overexpress
WTDab2 with TGFB for various times, followed by
immunoprecipitation with Smad2 or Smad3 antibodies or
incubation of lysates with the GST-MH2 domain of
Smad2. Western analysis of the precipitated proteins
reveals that the association of Dab2 with Smad2 and
Smad3 is transiently stimulated following TGFp treat-
ment, reaching a peak at 1 h and returning to baseline by
24 h (Figure 7B). The association of Dab2 with the
GST-MH2 domain fusion protein also follows similar
kinetics, while the steady-state levels of Dab2 do not
change over the course of TGFp treatment (Figure 7B,
lower panel). Together, these results indicate that the
in vivo association of Dab2 with the R-Smads Smad2 and
Smad3 occurs in a ligand- and time-dependent manner.

Dab2 is found in association with both the TGFf
type | and type Il receptors

Since we demonstrated that introduction of the Dab2 gene
could restore TGF-specific phosphorylation of Smad2,
we next wished to assess whether Dab2 could interact with
the TGFP receptors in vivo. To assess this, COS7 cells
were transiently transfected with HA-tagged wild-type
(WT), kinase-inactive (KR) or activated (Act.) forms of
TPRI, and wild-type (WT) or kinase-inactive (KR) forms
of TPRIL Immunoprecipitation of endogenous Dab2
followed by western detection for the receptors reveals
that all forms of the type I and type II TGFp receptors are
found in association with Dab2 (Figure 8A). To test
whether the association of Dab2 with the TGFp receptor
complex displays any dependence on ligand stimulation,
we transfected the COS7 cells with both WT TPRI and
TPRII, followed by stimulation with TGFf for various
times. Analysis of the association of Dab2 with the TGFf3
receptor complex following ligand stimulation, however,
revealed no differences in association, indicating that
Dab2 is constitutively found in association with the TGF3
receptor complex (Figure 8A).

We next wished to determine whether endogenous Dab2
is found in association with the TGFJ receptors in vivo. To
investigate this, BAHgpt, mutant 903 and TGFB-respon-
sive mink lung epithelial (Mv1Lu) cells were incubated
with !2°I-labeled TGFp, followed by crosslinking and
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Fig. 6. Dab2 associates with Smad2 and Smad3 in vivo in a ligand-dependent manner. (A and B) Smad2 and Smad3 interact with Dab2 in vivo. COS7
cells were transiently transfected with Flag-tagged WT or F166V Dab2 and various Smads with or without the activated form of TBRI (TBRIAct).
After 48 h, lysates were prepared and (A) immunoprecipitated with antibodies specific to each Smad [Smad2 and Smad3 (Zymed Laboratories),
Smad4 and Smad7 (Santa Cruz)]. The presence of Dab2 in the complex was confirmed by western analysis with a monoclonal antibody to Dab2
(0-p96). Expression of Dab2 and the Smads (B) was determined by western analysis with anti-Flag antibody (M2; Sigma).

immunoprecipitation with an antibody to Dab2. As a
control for the efficiency of ['2’I]TGFp crosslinking to the
TGFpB receptors, an aliquot of the lysate prior to
immunopreciptation was analyzed, demonstrating the
presence of type I, II and III TGFp receptors in all of
these cell lines (Figure 8C). Immunoprecipitation with
Dab2 antibody following crosslinking revealed that Dab2
interacts with the TGFp receptor complex in Mv1Lu and
the parental BAHgpt cells; however, Dab2 does not
associate with the TGFp type I or type II receptors in the
mutant 903 cells (Figure 8C). Taken together, these results
indicate that Dab2 is part of a multiprotein signaling
complex that contains the TGFp receptors.

Discussion

Using a genetic complementation approach to identify
molecules that function in the TGFp signaling pathway,
we have demonstrated that Dab2, a member of the disabled
gene family, can restore TGFPB responsiveness to a
signaling-deficient cell line. The ability of Dab2 to restore
TGFp-stimulated Smad2 phosphorylation as well as other
Smad-dependent responses thus places Dab2 downstream
of the TGFJ receptors but upstream of the Smad proteins
in the TGFp signaling pathway. Mutant Dab2 contains a
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single point mutation in the C-terminal PRD that causes a
decrease in protein stability. Consistent with this observ-
ation, overexpression of MutDab2 is able to partially
overcome this decrease in protein stability to mediate
complementation of the 903 cell line. Mutant Dab?2 fails to
associate with the TGFp receptor complex, leading to a
loss of TGFB-stimulated R-Smad phosphorylation, Smad
translocation to the nucleus and activation of Smad-
dependent transcription. Dab2 re-introduction into the
mutant cell line is able to restore these responses and also
endogenous TGFB-mediated gene regulation, demonstrat-
ing the essential role of Dab2 in TGFp signaling.

The role of PTB domain-containing proteins in
signal transduction

Receptors, which are usually expressed at low levels on
the cell surface, commonly use adaptor and docking
proteins to amplify signaling initiated following receptor
activation (Pawson and Scott, 1997). Evolutionarily con-
served PTB domains are commonly found in adaptor
proteins, including: Dabl, which has been shown to serve
as an adaptor for the Reelin/VLDL receptor (D’ Arcangelo
et al., 1999); FRS2, which binds to both the FGF and NGF
receptors (Ong et al., 2000); Shc, which can bind to a
variety of growth factor receptors; and IRS-1, which binds
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Fig. 7. Endogenous Dab2 associates with endogenous Smad2 and
Smad3. (A) Dab2 interacts with Smad?2 in a time- and ligand-dependent
manner. BAHgpt cells were treated with TGF for 1 h followed by
immunoprecipitation with anti-Smad2 (Transduction Laboratories)
antibody. The presence of Dab2 in the immunoprecipitates was
confirmed by western analysis for Dab2 (ai-p96). Comparable Dab2
levels are shown by western analysis in the lower panel. (B) BAHgpt
cells stably expressing WTDab2 were treated with TGFp for various
times and lysates subjected to immunoprecipitation with anti-Smad2
(Transduction Laboratories) or anti-Smad3 (Zymed Laboratories)
antibodies or pull-down assay with the GST-MH2 Smad2 domain or
control GST beads. The presence of Dab2 in the precipitate was
confirmed by western analysis with a monoclonal antibody to Dab2
(0-p96). Equal expression of Dab2 at the various time points was
verified by western analysis using the same antibody (lower panel).
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to the insulin receptor (reviewed in van der Geer and
Pawson, 1995). Structure analysis of both the PTB domain
of Shc (Zhou et al., 1995) and the PTB domain of Numb,
in complex with a peptide (Li et al., 1998), demonstrated
that a critical phenylalanine residue of the PTB domain
makes direct contact with the target binding sequence.
Mutation of this conserved phenylalanine to valine has
been shown to abrogate the function of PTB-containing
proteins (Borg et al., 1996; Yajnik et al., 1996; Dho et al.,
1998; Howell et al., 1999). We also find that mutation of
this conserved phenylalanine residue in Dab2 (F166)
renders Dab2 unable to restore TGFp responsiveness to the
mutant cell line; however, it does not prevent the
association of Dab2 with the Smad proteins. While the
PTB domain was first characterized in Shc and IRS-1 as a
module that binds to phosphorylated tyrosine residues
(Kavanaugh et al., 1995), the majority of other proteins
that contain this motif bind to sequences that do not
contain a phosphorylated residue (Borg et al., 1996; Dho
et al., 1998; Howell et al., 1999). Although the actual
target binding sequences for the PTB domains differ, they
commonly contain one or more aromatic residues that
promote B-turn structures in proteins (Li ef al., 1998). We
show here that one binding partner of the Dab2 PTB
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domain is the MH2 domain of Smad2 and Smad3. The
exact residues that mediate the Dab2 interaction have yet
to be determined; however, several sequences that fit the
requirement for a binding interaction are present. Due to
the fact that PTB-containing proteins appear to have
multiple binding partners (Dho er al., 1998; Howell et al.,
1999), we also expect Dab2 to bind to other proteins that
may also regulate TGFp signaling.

The PTB domain of Dabl has recently been shown to
bind to PtdIns4P or PtdIns4,5P,-containing membranes,
localizing it to the plasma membrane while simultaneously
binding to the amyloid precursor protein (APP), members
of the low-density lipoprotein receptor family and Shipl
(Howell et al., 1999). Since the PTB domain of Dabl and
Dab2 exhibits 66% overall identity, we postulate that the
PTB domain of Dab2 may also mediate its membrane
association. Recently, the PTB domain of Dab2 was found
to interact with the cytoplasmic tail of the gp600/megalin
endocytic receptor (Oleinikov et al., 2000). In addition,
Dab2 was found to co-localize with LDLR in clathrin-
coated pits, primarily due to its binding to the clathrin
adaptor molecule AP-2 (Morris and Cooper, 2001). It may
be that this association with the endocytic machinery helps
to localize Dab2 to the same subcellular compartment as
the TGF receptors, which have also been shown to reside
in endosomes (Doré ef al., 1998). Our data support this
hypothesis, in that Dab2 is found in association with both
the type I and type II TGFf receptors, which would not be
expected if Dab2 formed a direct contact with either
receptor.

Role of Dab2 in Smad-dependent and Smad-
independent signaling

The ability of Dab2 to rescue TGFp-induced Smad2
phosphorylation and Smad-dependent transcriptional
responses in the mutant 903 cell line points to a critical
role of Dab2 in mediating Smad-dependent responses.
Additionally, we show that the PTB domain of Dab2 binds
directly to the MH2 domain of Smad?2 in vitro, and that the
association of Dab2 with Smad2 and Smad3 occurs in a
ligand- and time-dependent manner. Other receptor sys-
tems, namely EGF and HGF, have recently been shown to
activate Smad2-dependent transcription (de Caestecker
et al., 1998), while transfection of MEKK1, the upstream
activator of the c-Jun N-terminal kinase (JNK) pathway,
has been shown to activate Smad2, resulting in its
increased association with Smad4 and subsequent nuclear
accumulation (Brown et al., 1999). These results thus
suggest functional crosstalk between signaling pathways,
which is also supported by the ability of the Smads to bind
to and augment the activity of transcription factors, such as
c-Jun and c-Fos, which are known targets of MAPK kinase
signaling pathways (reviewed in Zhang and Derynck,
1999). The C-terminal region of Dab2 contains proline-
rich PXXP sequences that have been shown to bind to
SH3-containing signaling proteins (Yu et al., 1994).
Recently, Dab2 has been shown to interact with Grb2
through this region (Xu et al., 1998). Dab2 may also play a
role in activation of other signaling pathways through
recruitment of SH3-containing signaling molecules to its
C-terminal PRD, which may explain why Dab2 can
modulate basal as well as TGFB-mediated fibronectin
levels in the 903 mutant cell line, a response that we have
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Fig. 8. Dab2 associates with the TGFf receptor complex in vivo. (A and B) Dab2 interacts with the TGFp receptor complex. COS7 cells were
transiently transfected with HA-tagged wild-type (WT), kinase-deficient (KR) or activated (Act.) type I TGFp receptors or HA-tagged wild-type (WT)
or kinase-deficient (KR) type II TGFp receptors as indicated. Cells were untreated or treated with TGFp for the various times, as indicated, and
lysates were subjected to immunoprecipitation with control IgG or antibodies to endogenous Dab2 (p96). The presence of co-precipitating TBRI or
TPRII was confirmed by western analysis (c-HA 12CA5). Expression levels of the type I and type Il TGFp receptors in (A) were confirmed by
western analysis of cell lysates using anti-HA antibodies (B). The positions of TBRI and TRRII are indicated by arrows. (C) Dab2 interacts with the
TGFB receptor complex. Mv1Lu, BAHgpt and 903 cells were incubated with ['>’I]TGFB1. Following crosslinking, cells were lysed and an aliquot
analyzed for receptor expression and crosslinking efficiency, left panel. The remainder of the lysate was immunoprecipitated with control mouse I1gG
or a monoclonal antibody to Dab2 (0-p96). Receptor complexes were resolved by SDS—-PAGE and visualized by autoradiography. The positions of

TBRI and TPRII are indicated by arrows.

recently shown to be dependent on the JNK pathway and
independent of Smad4 expression (Hocevar et al., 1999).
The requirement for the C-terminal domain of Dab2 for
efficient TGFp signaling is demonstrated by the inability
of constructs that lack this domain to complement the
mutant cells. It may be that Dab2 serves as a bridge to link
the Smad and the JNK signaling pathways, a relationship
that has recently been postulated to be required for TGFj3-
mediated transcriptional responses (Engel e al., 1999).
Identification of the binding partners for the C-terminal
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region of Dab2 may thus help to clarify the role of other
signaling pathways in TGFJ signaling.

Role of Dab2 as a tumor suppressor

Loss of responsiveness to the growth-inhibitory effects of
TGFP is commonly observed in human carcinomas,
indicating that inactivation of the TGFJ signaling pathway
is a common target that may permit cancer initiation and
progression. This may occur as a result of mutations in
either the type I or type IT TGFJ receptors or a mutation in



a component of the signaling pathway. Dab2 was initially
identified as a transcript that was down-regulated in
ovarian carcinoma, but was present in normal ovarian
epithelial cells (Mok et al., 1994, 1998; Fazili et al., 1999).
Subsequently, Dab2 expression has been demonstrated to
be down-regulated in breast (Schwahn and Medina, 1998)
and prostate carcinoma as well (Tseng et al., 1998). Loss
of expression, which is seen early in tumor progression
(Fazili et al., 1999), is not due to loss or gross chromo-
somal rearrangements of the gene (Mok er al., 1998).
Re-introduction of Dab2 in ovarian, prostate and chorio-
carcinoma cell lines resulted in a decreased growth rate
(Fulop et al., 1998; Mok et al., 1998; Tseng et al., 1998),
while Dab2-transfected SKOV3 ovarian carcinoma cells
formed tumors 50% smaller compared with parental cells
when injected into nude mice, demonstrating that Dab2
acts as a tumor suppressor gene (Mok et al., 1998).
Whether the re-introduction of Dab2 in these cell lines
mediates restoration of TGF signaling is unknown at this
time. Dab2 inactivation by mutation or down-regulation,
an early event in cancer progression, may thus represent a
new mechanism by which cancer cells acquire resistance
to the growth-inhibitory effects of TGFP. Further inves-
tigation of the role of Dab2 in TGFf signaling may
therefore provide important new insight as to how loss of
TGFp signaling leads to cancer initiation and progression.

Materials and methods

Cell culture, TGFJ treatment and DNA constructs

The generation of BAHgpt and 903 cell lines has been described
previously (Hocevar and Howe, 1996; Lee et al., 1997). Cells were
cultured in DME/F12 media supplemented with 10% newborn calf serum
and 100 pg/ml hygromycin B (Gibco-BRL). 903L2 and stable BAHgpt
and 903 cells transfected with Dab2 were grown in DME/F12 media
supplemented with 10% newborn calf serum, 100 pg/ml hygromycin B
(Gibco-BRL) and 500 pg/ml G418 (Gibco-BRL). COS7 and Mv1Lu cells
were cultured in Dulbecco’s modified Eagle’s medium supplemented
with 10% newborn calf serum. For TGFp treatment of cells, recombinant
human TGFf2 generously provided by Genzyme (Cambridge, MA) was
utilized at a concentration of 5 ng/ml. This TGFp2 was found to be
equivalent to TGFp1 in all responses tested. The 3TPLux (Wrana et al.,
1992) and p6SBE-Luc (Le Dai et al., 1998) luciferase reporter constructs
have been described previously. GST fusion constructs of Smadl, Smad4,
MH1 and MH2 domains of Smad2, and HA-tagged versions of TBRI and
TPRII have been described previously (Wrana ez al., 1992; Carcamo et al.,
1994; Wieser et al., 1995; Zhang et al., 1996; Tsukazaki et al., 1998).

Generation of DNA constructs

Human WT and mutant Dab2 cDNA were obtained by RT-PCR and
inserted into a Flag-tag expression vector pRKS (Zhang et al., 1996). The
F166V mutation in WTDab2 was introduced using the QuikChange site-
directed mutagenesis kit (Stratagene) as directed. The various domain
constructs of Dab2 were generated by standard PCR methods using
murine Dab2 cDNA in pBluescript KS (Xu et al., 1995) as a template and
inserted into the pcDNA3 vector that contained a Flag epitope tag. The
sequences for PCR amplification are available upon request. GST-Smad2
and GST-Smad3 were constructed in the pGEX4T-1 vector following
PCR amplification using pRK5-Smad2 and pRK5-Smad3 as templates
(Zhang et al., 1996). Each construct was verified by sequencing analysis.

Generation of stable complemented cell lines

903 cells were stably transfected with a human liver cDNA expression
library in the pcDNA3.1 vector (Invitrogen) by polybrene as previously
described (Hocevar and Howe, 1996). Following selection in media
containing 500 pg/ml G418, pools of cells were plated in media
containing a HAT supplement (Sigma) and 5 ng/ml TGFp. Clones able to
grow in HAT plus TGFP were expanded and tested for death in media
containing 30 uM 6TG (Sigma) and 5 ng/ml TGFp. One clone, designated
903L2, met the criteria for restoration of the parental TGFB-responsive
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phenotype with regards to proper growth/death in the various selection
media. Differential display analysis was performed with a cDNA probe
prepared from mRNA samples of 903 and 903L2 cells treated with
5 ng/ml TGF for 4 h using the Gene Discovery Array (Human I, Genome
Systems, Inc.) as per the manufacturer’s protocols. Hybridization results
were imaged by PhosphorImager and results sent to Genome Systems for
analysis, which identified the 3’ region of the Dab2 gene as a differentially
expressed gene. To generate stable 903 and BAHgpt cell lines that
overexpress Flag-tagged mouse and human Dab2, the constructs were
stably introduced into the cell lines by polybrene transfection. Cells were
selected in media containing 500 pg/ml G418 and maintained as pools.
Expression of the constructs was verified by western analysis using anti-
Flag antibody (M2; Sigma) and anti-Dab2 antibody (p96; Transduction
Laboratories).

Transient transfections and reporter gene measurements

For transient transfection and luciferase assays, cells were transfected
with Fugene6 (Roche Diagnostics) following manufacturer’s protocols.
For luciferase assays, 2 X 10° cells/well were transfected with
0.5 pg/well of the specific luciferase construct (3TPLux or p6SBE-Luc)
along with 50 ng/well SV40-RL (Promega) as an internal control for
transfection efficiency. After 24 h, the medium was changed and TGFJ}
(5 ng/ml) was added for an additional 18 h. Cells were lysed and
luciferase activity determined using the Promega Dual Luciferase
Reporter Assay as per the manufacturer’s instructions in a Dynex
model ML-2250 luminometer.

Immunoprecipitation, western blot analysis, metabolic
labeling and affinity labeling

For immunoprecipitation and western blot analysis, cells were lysed in
buffer D and immunoprecipitation carried out as previously described
(Hocevar et al., 1999). Nuclear extracts were prepared as previously
described (Patil et al., 2000). To detect the de novo synthesis of Dab2,
BAHgpt and 903 cells were labeled with 100 uCi/ml of [**S]methionine
for 4 h, lysed, and immunoprecipitation performed with a monoclonal
antibody to Dab2 (anti-p96; Transduction Laboratories). Immuno-
complexes were resolved by SDS-PAGE on 10% acrylamide gels,
subjected to fluorography and visualized by autoradiography. For
pulse—chase analysis, COS7 cells were transfected with WT or
MutDab2 using Fugene6 as per the manufacturer’s protocols. After
48 h, cells were labeled with 100 uCi/ml of [3*S]methionine for 30 min
and either lysed immediately or chased in regular media for various times.
Transfected Dab2 was immunoprecipitated with an anti-Flag antibody
(M2; Sigma) and resolved as above. Densitometric scanning of the
autoradiograph and analysis by NIHImage software were used to
quantitate the levels of immunoprecipitated Dab2 protein. TGFp-
stimulated fibronectin and PAI-1 induction were determined as pre-
viously described (Hocevar and Howe, 1996). Affinity labeling of
confluent cell monolayers with ['*IJTGFB1 (ICN) followed by cross-
linking to the receptors with disuccinimidyl suberate (DSS; Pierce) was
performed as described (Howe et al., 1990). Detergent-soluble affinity-
crosslinked complexes were either analyzed directly or immunoprecipit-
ated with anti-Dab2 antibody (0-p96) prior to separation on 6%
SDS-PAGE gels and visualization by PhosphorImager analysis.

GST fusion protein interactions

In vitro 3S-labeled proteins were generated using the T7-Quick coupled
TNT system (Promega) as per the manufacturer’s instructions. Equal
amounts of labeled proteins were incubated with bacterially expressed
GST fusion constructs in binding buffer (50 mM Tris—-HCI pH 8.0, 60 mM
octylglycoside, 1| mM EDTA, 150 mM NaCl, 1% Triton X-100 and
EDTA-free protease inhibitor cocktail Complete; Roche Diagnostics).
Following incubation at 4°C for 3 h, complexes were washed six times
with binding buffer minus octylglycoside, resolved by SDS-PAGE,
subjected to fluorography and visualized by autoradiography.
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