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The goal of my studies under the BCRP fellowship is to understand the role of the Smad
proteins and the TGF-8 signal ransduction pathways in breast cancer cell proliferation,
tumor progression, and prognosis. In the past nine months, I have focused on identifying
intracellular molecules and transcription factors that might be involved in the TGF-8 signal
transduction pathway. Using both genetic and biochemical approaches, I have successfully
isolated a few key molecules that are either mediator of the TGF--induced transcriptional
response or suppressors of the TGF-f signal pathways. Future studies will be focused on
understanding the detail mechanism of how the molecules interplay in mediating TGF-8
signaling and the profound effect of these interactions in tumor cell proliferation,
progression, and prognosis.

1. Genetic approach

A) Expression cloning of cDNAs encoding proteins or fragments of proteins from TGF-8-
resistant cancer cells that abolish the ability of TGF-8 to induce growth inhibition

TGF-f} exhibits strong antiproliferative effects on growth of many types of cells.
Human fibrosacroma cell line HT1080 is growth insensitive to TGF-8 while exhibiting
normal TGF-B-induced transcriptional response, i.e., induction of PAI-1. To
understanding the reason why HT 1080 cells are growth resistant to TGF-8, my colleagues
and I constructed a retroviral cDNA library from these cells and introduced the cDNA into a
growth-sensitive mink lung epithelial cell line, L20. Upon selection with TGF-8, we have
obtained more than 20 clones that are growing in the presence of TGF-8. I have isolated
and sequenced some of the cDNAs in these cell lines. One of the frequently isolated genes
is human activated N-ras oncogene with codon 61 Q to K mutation. I have reintroduced
this mutant form of N-ras into the L.20 cells, it recapitulated all the phenotypes I observed
in the original clones. Incidentally, it has been shown previously that human HT1080 cells
do harbor an activated N-ras mutation at codon 61. This result suggested that one of the
reasons that HT1080 is growth resistant to TGF-8 is due to the mutation of N-ras. This
result also validated our expression cloning strategy, and it indeed can clone the signaling
molecules that overcome the growth inhibition response to TGF-8. I have conducted
similar screens using libraries constructed from other cell lines. I have cloned cDNA
coding for the full length mdm?2 gene, which has been reported recently by the David
Beach group using a similar screen strategy. My next focus on this project is trying to
elucidate what is the mechanism by which N-ras or mdm?2 allows TGF- growth sensitive
cells to become growth refractory.

B) Expression cloning of cDNAs encoding proteins participate in TGF-beta induced
transcriptional response

TGF-8 is a potent inducer extracellular matrix production in a variety of cell types.
One of the best studied examples is plasminogen activator inhibitor-1 (PAI-1). To identify
proteins that participate in the TGF-B-induced transcription of the PAI-1 gene, we
established an expression cloning system involving an engineered cell line and a high titer
retroviral cDNA library. TGF-B-responsive BAH-gpt cells derived from HT1080 cells
contain the bacterial guanosine phosphoribosy! transferase (gpt) gene under the control of
3TP, an artificial promoter derived from PAI-promoter region and 3XTRE element which
has been shown previously mediating strong TGF-8 induced transcriptional response.
These cells are deficient in hypoxanthine phosphoribosyl transferase (HPRT) and only
grow in HAT medium and only in the presence of TGF-8. We have introudced cDNA
libraries into these cells and screened for cell clones that can proliferate in the absence of
TGF-B. One of the clones we have recovered and sequenced encodes human transcription



factor TFE3. We have subsequently shown that TFE3 can bind to the E-box region of the
PAI-1 promoter and mediate strong transcriptional response to TGF-8 in collaboration with
Smad3 protein. Thus, TFE3 is an important transcription factor in at least one TGF-3~
activated signal transduction pathway. This work has been recently published in Genes and
Development 12:3084-3095,1998.

2. Biochemical Approach

Isolation and characterization a family protooncogene that specifically interact with Smad3
and regulate TGF-8 nuclear signaling

Previously, we have shown that TGF-8 induces rapid phosphorylation of Smad3
protein. Phosphorylation of Smad3 is required for TGF-8 induced transcriptional
activation and growth inhibition. Mutation of ligand-dependent phosphorylation sites in
Smad3 from serine to asparatic acid results in a constitutive active form of protein with
regard to transcriptional activation. Using a GST-Smad3D recombinant protein as a bait in
pull-down assays, we have identified a unique protein interact with Smad3D specifically in
a ligand-dependent fashion. We have performed affinity chromatography and
subsequently determined the probable identity of the protein by high sensitive Mass
spectrometry sequencing methods. The protein we identify belongs to a family of proto-
oncogene that regulates cell growth and proliferation. We have confirmed the strong
ligand-dependent interaction between Smad3 and this family of proto-oncogenes.
Overexpression of this family of protooncogenes can suppress the function of Smad3 and
allow cells to become TGF-8 growth resistant. Ectopically overexpression of Smad3 can
allow the growth-resistant cells to regain growth sensitivity of TGF-8. Therefore, this
family of proto-oncogenes can regulate cell proliferation through regulation of TGF-
signaling pathways. Further studies are underway to elucidate the physiological
significance of this interaction in cancer development.

The generous support from BCRP has made it possible for some of the work described
here and is vital to continued success in understanding signaling mechanisms of TGF-
and to achieve to the goals outlined in the fellowship application.



SUMMARY APPENDIX

Reportable Outcomes

1) Key Research Accomplishments

During the grant period I have made significant progress toward the goals I outlined
in my grant application:

e I have constructed an effective expression cloning system based on retrovirus-
mediated gene transfer;

e [ have validated the system by successfully isolating several genes, such as
mdm?2 and N-ras that render sensitive parental cells to become resistant;

e I have made key contributions in identification and characterization of a
transcription factor TFE3 and a family of proto-oncogenes that specifically
interact with Smad 3 in regulating TGF- nuclear signaling.

e Finally, I am also involved in a research effort that leads to the elucidation of the
mechanism of a viral oncogene gp55 activation of erythropoietin recepton.

2) Manuscripts, Abstracts, Presentations

Hua, X., X. Liu, D. Ansari, H. F.Lodish. Synergistic Cooperation of TFE3 and Smad
Proteins in TGF-B-Induced Transcription of the Plasminogen Activator Inhibitor-1 Gene.
Genes and Development 12:3084-3095, 1998.

Wells, R. G., L. Giboa, Y. Sun, X. Liu, Y. Henis and H. F.Lodish. TGF-8 induces
formation of a DTT-resistant type I/type II receptor complex in live cells. Journal of
Biological Chemistry 274(9):5716-22,1999

Constantinescu, S. N., X. Liu, W. Beyer, A. Fallon, and H. F. Lodish. Point
mutations in the membrane-spanning domain of the erythropoietin receptor alter
susceptibility of Epo-dependent cells to viral oncogenesis. EMBO. In press (1999).

Liu, X, S.N. Constantinescu, J. Bogan, D. Hirsch and H. F. Lodish. Rapid generation
of mammalian cells expressing multiple genes at predetermined levels Manuscript in
preparation.

Sun*, Y. X, Liu*, E. Ng-Eaton, W.S. Lane, H.F. Lodish, and R. A.-Weinberg.
Nuclear oncoproteins interact with Smad3 regulates TGF-8 signaling .
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Synergistic cooperation of TFE3

and Smad proteins in TGF-B-induced
transcription of the plasminogen
activator inhibitor-1 gene

Xianxin Hua,' Xuedong Liu,' Dominic O. Ansari,! and Harvey F. Lodish"?>

'"The Whitehead Institute for Biomedical Research, Cambridge, Massachusctts 02142 USA; *Department of Biology,
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139 USA

Members of the TGF- superfamily influence a broad range of biological activities including stimulation of
wound healing and inhibition of cell growth. TGF- signals through type I and II receptor serine/ threonine
kinases and induces transcription of many genes including plasminogen activator inhibitor-1 (PAI-1). To
identify proteins that participate in TGF-B-induced gene expression, we developed a novel retrovirus-mediated
expression cloning strategy; and using this approach, we established that transcription factor pE3 (TFE3) is
involved in TGF-B-induced activation of the PAI-1 promoter. We showed that TFE3 binds to an E-box
sequence in PE2, a 56-bp promoter fragment of the PAI-1 promoter, and that mutation of this sequence

abolishes both TFE3 binding as well as TGF-B-dependent activation. TFE3 and Smad3 synergistically activate
the PE2 promoter and phosphorylated Smad3 and Smad4 bind to a sequence adjacent to the TFE3-binding site
in this promoter. Binding of both TFE3 and the Smad proteins to their cognate sequences is indispensable for
TGEF-B-inducible activation of the PE2 promoter. Hence, TFE3 is an important transcription factor in at least

one TGF-B-activated signal transduction pathway.
[Key Words: TFE3; Smads; TGF-; E box; PAI-1]

Received June 25, 1998; revised version accepted August 5, 1998.

TGF-B has a diverse range of biological activities includ-
ing inhibition of cell growth, induction of cell differen-
tiation, inhibition of the immune response, and produc-
tion of extracellular matrix proteins. TGF- rapidly in-
duces transcription of extracellular matrix proteins such
as plasminogen activator inhibitor-1 (PAI-1) and cell-
cycle inhibitors such as p15™NK4B and p2 ] WAFL/CIP (A4t
sano et al. 1994; Hannon and Beach 1994; Datto et al.
1995; Li et al. 1995). TGF-B signals through the sequen-
tial activation of two homodimeric cell-surface recep-
tors, termed type I and type II (TRRI and TBRII), both of
which are serine~threonine protein kinases (Franzen et
al. 1993; Lin and Lodish 1993; Wrana et al. 1994; Luo and
Lodish 1996; Weis-Garcia and Massagué 1996). Ligand-
activated TBRI phosphorylates conserved serines at the
carboxyl termini of either Smad2 or Smad3, which pro-
mote their binding to one or more molecules of Smad4,
a common partner for all phosphorylated Smads in-
volved in signaling by both TGF-B and bone morphoge-
netic proteins (Heldin et al. 1997; Massagué et al. 1997,

3Corresponding author.
E-MAIL lodish@wi.mit.edu; FAX {617) 258-6768.

Attisano and Wrana 1998). Smad complexes then enter
the nucleus and activate transcription of a variety of
genes.

Ectopic expression of Smad2 and Smad4 activates tran-
scription of a reporter gene driven by the artificial TGF-p
responsive promoter 3TP, and addition of TGF-B further
stimulates its expression {Lagna et al. 1996, Macias-Silva
et al. 1996). Similarly, overexpression of Smad3 and
Smad4 activates transcription from the TGF-B inducible
PAI-1 promoter (Zhang et al. 1996; X. Liu et al. 1997).
Recent evidence indicates that Smad3 and Smad4 can
directly bind to specific DNA sequences in either artifi-
cial or natural TGF-B-inducible promoters and thus ac-
tivate gene transcription (Yingling et al. 1997; Dennler et
al. 1998; Vindevoghel et al. 1998; Zawel et al. 1998).
However, it is not yet clear whether binding only of
Smad proteins to DNA is sufficient to confer maximal
TGF-B-induced transcription. Given the diversity of
genes that are activated by TGF-B, it seems likely that
other transcription factors, some possibly expressed only
in certain kinds of cells, partner with phosphorylated
Smads to induce the expression of different genes. In
Xenopus, activin induces phosphorylation of Smad?2,
which then forms a complex with Smad4 and the tran-

3084 GENES & DEVELOPMENT 12:3084-3095 © 1998 by Cold Spring Harbor Laboratory Press ISSN 0890-9369/98 $5.00; www.genesdev.org



scription factor FAST-1. This complex then binds to the
promoter of the developmentally regulated gene Mix2
and induces its transcription (X. Chen et al. 1996, 1997;
F. Liu et al. 1997).

PAI-1 is a component of the extracellular matrix and
also plays an important role in regulating blood coagu-
lation. Addition of TGF-B to cultured human Hep G2
hepatoma cells dramatically induces PAI-1 gene expres-
sion (Westerhausen et al. 1991). Coexpression of Smad?2
or Smad3 with Smad4 also increases the expression of
reporter genes driven by the PAI-1 promoter (Y. Chen et
al. 1996; Lagna et al. 1996; Zhang et al. 1996}, and mu-
tation of Smad4 leads to loss of the TGF-§ response (F.
Liu et al. 1997; Zawel et al. 1998). Thus, Smad proteins
are involved in TGF-B-induced transcription of the PAI-1
gene. AP-1 binding sites as well as an E-box sequence
have been implicated in TGF-B-induced transcription of
the PAI-1 gene (Keeton et al. 1991; Riccio et al. 1992).
However, little is known about how transcription factors
in concert with Smad proteins stimulate TGE-B-depen-
dent PAI-1 transcription.

We developed a novel expression cloning system in-
volving an engineered TGF-B responsive cell line and a
retroviral cDNA library. Using this system, we cloned a
transcription factor, TFE3, which when ectopically ex-
pressed activates TGF-B-induced expression of the PAI-1
gene. We identified two E-box DNA sequences in the
natural PAI-1 promoter that specifically bind to TFE3.
Ectopic expression of TFE3 increases TGF-B-dependent
expression of a reporter gene driven by a natural PAI-1
promoter fivefold, whereas mutation of the E-box se-
quence in a fragment of the PAI-1 promoter completely
abolishes TGF-B-inducible transcription. Moreover, we
showed that TFE3 and Smad3 and Smad4 synergize in
enhancing TGF-B-dependent transcription from this
minimal 56-bp promoter fragment, a synergy strictly de-
pendent on the phosphorylation of serine residues at the
carboxyl terminus of Smad3. Furthermore, we show that
within a 36-bp PAI-1 promoter, a complex of Smad3 and
Smad4 bind to a sequence adjacent to the TFE3-binding
site. Binding of this DNA by a Smad3-Smad4 complex
requires phosphorylation of the carboxyl terminus of
Smad3, and binding of both TFE3 and Smad proteins to
this promoter is essential for TGF-B-inducible transcrip-
tion. Together, our data show that TFE3 and Smad pro-
teins synergistically cooperate in transcription of at least
one TGF-B-inducible gene.

Results

Isolation of cell clones with constitutive TGF-3
signaling on infection with a retroviral cDNA library

To identify proteins that participate in the TGEF-B-in-
duced transcription of the PAI-1 gene, we established an
expression cloning system involving an engineered cell
line and a high titer retroviral cDNA library. Our expres-
sion cloning strategy was based on the finding that over-
expression of either Smad2 or Smad3 alone or together
with Smad4 induces TGF-B responses in the absence of

Cooperation of TFE3 and Smads in TGF- signaling

ligand (Y. Chen et al. 1996; Lagna et al. 1996; Zhang et al.
1996; X. Liu et al. 1997); thus overexpression of other
proteins in the TGF-B-signaling pathway might also in-
duce transcription of genes normally activated by TGEF-
B. To infect the engineered TGF-B-responsive BAH-gpt
{guanosine phosphoribosyl transferase] cells (Hocevar
and Howe 1996) with a retroviral cDNA library, we sta-
bly introduced into the cells the ¢cDNA encoding the
receptor for the ecotropic murine Moloney retrovirus
(Baker et al. 1992). Growth of the resulting BAH-ER3
cells, like parental BAH-gpt cells, was not inhibited by
TGF-B but transcription of the PAI-1 gene was fully in-
ducible by TGF-B. These cells are deficient in hypoxan-
thine phosphoribosyl transferase (HPRT), but contain
the bacterial gpt gene under the control of 3TP, an arti-
ficial TGF-8 inducible promoter {Wrana et al. 1992; Ho-
cevar and Howe 1996) (Fig. 1). Thus, BAH-ER3 cells grow
in HAT medium only in the presence of TGF-B. In con-
trast, addition of 6-thioguanine (6-TG) to normal me-
dium kills the cells, but only in the presence of TGFE-B,
as gpt converts 6-TG to a toxic product (Fig. 1).

Two million BAH-ER3 cells were infected with a ret-
roviral ¢DNA library prepared from HPRT-deficient
HT1080 cells, and grown in HAT medium in the absence
of TGF-B. After 2 weeks, we isolated 12 HAT-resistant
clones. We reasoned that if overexpression of a particular
cDNA caused the HAT-resistant phenotype, then we
could rescue the cDNA sequence by packaging of the
retroviral RNA by the Gag, Pol, and Env proteins derived
from superinfecting wild-type Moloney retroviruses
(Rasheed 1995). The rescued retrovirus transducing the
cDNA should allow transfer of the HAT-resistant phe-
notype to fresh BAH-ER3 cells. Retroviruses produced by
3 of the 12 lines, including HATR4 and HATR7 cells,
caused BAH-ER3 cells to acquire the ability to grow in

BAH-ER3 Cell (HPRT") HAT

TGF-p + HAT

TP Ay,

| SN § )
3xTRE 105 bp PAI-1
Promoter

Figure 1. TGF-B-regulated growth of BAH-ER3 cells in the
presence of drug selection. On day 0, BAH-ER3 cells were
seeded at a density of 5 x 10* cells/well in a six-well plate in
DMEM containing 10% fetal calf serum, 100 U/ml penicillin
and 100 pg/ml streptomycin. On day 1, the cells were switched
to medium with 1x HAT or 6-TG (30 ng/ml) with or without
200 pM TGF-B as indicated. On day 9, the growing cells were
stained with crystal violet. {TRE} Phorbol ester TPA response
element; (gpt) guanosine phosphoribosyl transferase.
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A

Infection with BAH-ER3 Cells
retroviral cDNA Infection

library . HAT Selection
HAT Selection Rescued retrovirus
* electio carrying a cDNA

BAH-ER3- — =™-2»HATR4

Luciferase Activity
(Arbitrary Units)

300 .

200:

100: ﬂ
I

BAH-ER3 HATR4 HATR4-Res
Transfected Cells

Figure 2. Isolation of a HAT-resistant cell clone that activates
the TGF-B-inducible 3TP promoter in the absence of TGF-B. (A)
After infection of BAH-ER3 cells with a retroviral ¢cDNA li-
brary, the cells were grown in HAT medium for 2 weeks. A
HAT-resistant clone, HATR4, was isolated, and then infected
with wild-type Moloney retrovirus; the supernatant containing
the rescued retrovirus was used to infect normal BAH-ER3 cclls
as described in Materials and Methods. Infected cells were also
subjected to HAT selection and the resulting HAT-resistant
cells, HATR4-Res cells, were isolated. BAH-ER3, HATR4, and
HATR4-Res cells were plated at 5 x 10* cells/well in a 6-well
plate; HAT medium or 6-TG medium was added as indicated,
and cells were incubated for 10 days in the absence of TGF-B.
Growing cells were stained with crystal violet. (B) On day 0, 10°
cells were plated in each well of a 12-well plate. On day 2, the
cells in each well werc transfected with 2 pg of 3APP-Luc DNA
and 0.5 ng of pSVB. After overnight culture the cells were
switched to serum-frce medium with (W} or without ({7} 200 pm
TGF- as indicated, and then incubated for 20 hr before being
harvested for luciferase and B-galactosidase assays as described
in Materials and Methods. Luciferasc activitics, plotted in arbi-
trary units, have becn normalized to B-galactosidase activity.
Each value represents an average of duplicate samples, and the
error bar denotes the standard deviation of the duplicates.

HAT medium in the absence of TGF-B and to be killed in
normal medium in the presence of 6-TG (Fig. 2A}.

The HAT-resistant HATR4-Res cells were derived
from the BAH-ER3 cells infected with the retrovirus res-
cued from HATR4 cells (Fig. 2A). If constitutive expres-
sion of the gpt gene is caused by constitutive activation
of the TGF-B-inducible promoter upstream of the gpt
gene, then we expect that a similar TGF-B-inducible pro-
moter in a luciferase reporter construct should drive ex-

3086 GENES & DEVELOPMENT

pression of luciferase even in the absence of TGF-B. To
test this hypothesis, we transfected a TGF-B-inducible
luciferase reporter construct, 3APP-Luc, into parental
BAH-ER3 cells, HATR4 cells, and the rescued HATR4-
Res cells (Fig. 2B). In BAH-ER3 cclls, expression of the
TGEF-B-inducible 3APP-Luc is low in the absence of
TGF-B and induced sevenfold by TGF-B. In contrast, in
the absence of TGF-B expression of 3APP-Luc is much
higher in both HATR4 and HATR4-Res cells than that
in BAH-ER3 cells. Addition of TGF-B has little effect on
expression of the reporter gene in HATR4 cells. In
HATR4-Res cells, which may contain multiple copies of
the retroviral genome, TGF-B stimulates reporter gene
expression threcfold (Fig. 2B). These results suggest that
a retrovirus-introduced cDNA is responsible for HAT rc-
sistance as well as constitutive expression of the nor-
mally TGE-B-inducible reporter gene.

Cloning of TFE3 from the cell clone
with constitutive TGF-B signaling

To clone the cDNA responsible for the HAT-resistant
phenotype of HATR4 cells by use of PCR, we amplificd
genomic DNA with a pair of oligonucleotides flanking
the multiple cloning site in the retroviral vector. A
single 2.7-kb DNA fragment was amplified from the ge-
nomic DNA of HATR4 cells, but not from control BAH-
ER3 cells {data not shown). Sequencing of this DNA frag-
ment indicates that it encodes the full-length transcrip-
tion factor nE3 (TFE3), a ubiquitously expressed basic
helix-loop-helix transcription factor originally isolated
as a factor binding to the E-box sequence (CACGTG] in
the enhancer of an immunoglobulin gene {Beckmann et
al. 1990; Zhao et al. 1993). A 1.9-kb ¢cDNA encoding the
full-length TFE3 was also cloned from HATR?7 cells (data
not shown).

TFE3 enhances TGF-B-dependent activation
of the PAI-1 promoter

To determine whether TFE3 activates the expression of
the luciferase reporter gene driven by the natural PAI-1
promoter, which is well induced by TGF-$ (Keeton et al.
1991; Westerhausen et al. 1991; Riccio et al. 1992), we
transfected PAI-Luc into BAH-ER3 cells. Coexpression
of TFE3 enhanced TGF-B-independent expression of PAI-
-Luc less than twofold (Fig. 3B). Importantly, cotransfec-
tion of TFE3 enhanced PAI-1 promoter activity fivefold
in the presence of TGF-B. This suggests that TFE3 is
involved in TGF-B-induced transcription of thc PAI-1
gene.

To identify the minimal element(s) in the PAI-1 pro-
moter that are responsive to both TFE3 and TGF-B, we
tested the activity of three fragments of the full-length
PAI-1 promoter. Figure 4B shows that activity of frag-
ment PF1 (bases -794 to -532) of the PAI-1 promoter,
which contains two perfect TFE3-binding E-box se-
quences (CACGTG), is stimulated fivefold by TGF-B.
Notably, coexpression of TFE3 enhances PF-1 promoter
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Figure 3. TFE3 activates the PAI-I promoter in a TGF-B-de-
pendent fashion. (A) A diagram of the luciferase reporter genes
driven by various promoters. The three tandem repeats of a 7-bp
AP1-binding site [(stippled box) TGA(G/C|JTCA] separated by
an Xbal site were inserted upstream of -740 to -644 fragment of
the PAI-1 promoter {open box) in the 3APP-Luc construct.
Hence, the short AP1-binding sequence was used to replace the
32-bp fragment containing an AP1-binding sequence in the 3TP
promoter (Wrana et al. 1992] to eliminate the potential influ-
ence of sequences other than the AP1-binding site. (B) Activa-
tion of PAI-Luc expression by TFE3 is dependent on TGEF-R.
BAH-ER3 cells were transfected as described in Fig. 2B. Each
well received 1.5 pg of reporter gene, 0.5 pg of pSVB, and also 1.0
ug of plasmid encoding TFE3 as indicated. The total amount of
DNA per well was adjusted to 3.0 pg. Transfected cells were
treated with (M} or without (O] TGE-B, and processed for both
luciferase and B-galactosidase assays as described in Fig. 2B.

activity dramatically in the presence of TGF-B but only
slightly in the absence of TGF-B. In contrast, segments
PF2 and PF3, containing bases -552 to -194 and -214 to
+29, respectively, are not responsive to TGF-g and are
unaffected by TFE3 overexpression (Fig. 4B). Subdivision
of the PF1 promoter into smaller pieces showed that at
least two subfragments, PE1 and PE2, each of which con-
tains one E box, are responsive to TGF-B; this experi-
ment (Fig. 4C) was done by use of Hep G2 cells because
we found that the expression of these luciferase reporter
genes were more regulatable by TGF-B in this cell line.
The higher level of expression of PFl-Luc compared

Cooperation of TFE3 and Smads in TGF-B signaling

with PE1-Luc and PE2-Luc is probably the result of the
effect of tandem repeats of PE1 and PE2 in the PF1 pro-
moter fragment.

E box, the TFE3-binding sequence, is essential
for TGF-B-induced activation of the PE2 promoter

Each of the two TGF-B-responsive elements, PEl and
PE2, contains a perfect E-box sequence. We tested the
importance of the E box in the PE2 promoter by trans-
fecting luciferase reporter genes driven by the wild-type
PE2 promoter (PE2-Luc) or a promoter with the mutant
E box (PmE2-Luc, CACGTG — acCGQGac) (Fig. 5A). All
activity of the PE2 promoter was dependent on the pres-
ence of a functional E box, because the mutant was in-
active. In contrast, activity of the wild-type PE2 pro-
moter was stimulated fourfold by TFE3 in the presence
of TGF-B (Fig. 5B). This result is consistent with a pre-
vious report showing that the E-box sequence in the PE2
fragment of the PAI-1 promoter is critical for TGF-B-
induced transcription of the PAI-1 gene (Riccio et al.
1992).

The gel-shift assay in Figure 5C shows that TFE3 syn-
thesized in vitro binds to a 32P-labeled PE2 DNA probe
(Fig. 5, lane 2). Binding was competed completely by un-
labeled wild-type PE2 oligonucleotides (Fig. 5, lane 3) but
not by oligonucleotides bearing a scrambled mutation in
the E-box sequence (CACGTG — acCGac; Fig. 5, lane 4).
Together, these data suggest that the E-box sequence in
the PE2 promoter is essential for the binding of TFE3 to
the promoter as well as for TFE3- and TGF-B-dependent
activation of the promoter.

TFE3 and Smad3-Smad4 synergize
in TGF-B-dependent transcription

The data in Figure 6A show that TFE3 synergizes with
Smad3 in enhancing TGF-B-dependent activation of the
PE2 PAI-1 promoter. We transfected Hep G2 cells with
the PE2-Luc reporter and various Smad constructs.
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Figure 4. Identification of small subfragments, PE1 and PE2, of the PAI-1 promoter that are activated by TFE3 and TGF-8. (A} A
diagram of the reporter constructs. {Open bars) PAI-1 promoter; (arrowhead) E-box sequence (CACGTG). BAH-ER3 cells (B) and Hep
G2 cells (C) were transfected and the luciferase and B-galactosidase assays were carried out as detailed in Fig. 3B. {O) Without TGE-B;

(m) with TGE-B.
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Transfection of either Smad3 or Smad4 or both together
had little effect on the PE2 promoter activity, either in
the absence or presence of TGF-B. Transfection of a
small amount of TFE3 plasmid DNA alonc slightly
stimulated the PE2 promoter activity in the presence of
TGEF-B. Importantly, cotransfection of TFE3 and Smad3,
or TFE3, Smad3, and Smad4 together, markedly stimu-
lated the PE2 promoter activity in the presence of TGF-
B. In contrast, only a slight stimulation was observed in
the absence of TGF-B. The reporter construct PmE2-Luc,
containing a mutant E box, was inactive even after co-
transfection of TFE3, Smad3, and Smad4 and stimulation
with TGE-B.

TGE-B induces phosphorylation of the serine residues
at the carboxyl terminus of Smad3. Phosphorylation is
essential for signaling because overexpression of the mu-
tant Smad3A, in which the three carboxy-terminal
serines are changed to alanines, blocks the ability of
TGEF-B to inhibit cell division and stimulate the PAI-1
promoter (X. Liu et al. 1997). Consistent with these ob-
servations, Smad3A had little effect on the PE2 promoter
activity, either in the absence or presence of TFE3 or
TGF-B (Fig. 6B). Taken together, these results show a
functional synergy between TFE3 and phosphorylated
Smad3 in activation of the PE2 promoter.
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Figure 5. Thc E-box sequence is essential for TFE3-mediated
and TGF-B-dependent activation of the PE2 fragment of the
PAI-1 promoter. (A} The sequence of the PE2 promoter. {B) Hep
G2 cells were transfected with 1 pg of PE2-Luc or PmE2-Luc
DNA (CACGTG —» acCGac), 1 pg of pSVB, and also 1.0 ug of
plasmid encoding TFE3 as indicated. Transfected cells were
treated with (M) or without (O) TGF-B, proccssed, and assayed as
described in Fig. 3B. (C) TFE3 was synthesized in vitro from
pET-TFE3 by the TNT T7 Coupled Reticulocyte Lysate System
(Promega). Gel-shift reactions contained 3 pl of the in vitro
TFE3 translation reaction and 1 nl of (4 x 10% cpm) of 32P-labeled
PE2 DNA probe. Reactions in lanes 3 and 4 containced a 50-fold
excess of wild type or mutant PE2 oligonucleotides, respec-
tively.
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Figure 6. Syncrgy between TFE3 and Smad3 in the activation
of the PE2 promoter. {A) Hep G2 cells were transfected as de-
scribed in the legend to Fig. 5A. The following plasmids were
used in transfection as indicated: 0.5 pg of plasmid encoding
TFE3, 1 pg of plasmid encoding Smad3, and 1 pg of plasmid
encoding Smad4; every well received 1 pg of PE2-Luc and 0.2 pg
of pCMV-B-gal. The total amount of DNA was adjusted to 3.7
ng per well with pcDNAS3. (B} Hep G2 cells were transfected
with the following plasmids: 0.5 pg of TFE3, 1 pg of Flag-N-
Smad3 or Flag-N-Smad3A; every well reccived 1 ng of PE2-Luc
and 0.2 pg of pPCMV-B. The total amount of DNA per well was
adjusted to 3.7 pg with a control plasmid, pEXL-GFP. The cells
were transfected, trecated with (M) or without (O) TGF-8, and
assayed as described for panel A.

Smad 4 and phosphorylated but not unphosphorylated
Smad3 together bind to the PE2.1 element
of the PAI-1 promoter

The PE2 fragment of the PAI-1 promoter, bases -583 to
-528, contains a perfect E box at -561 to -556. As de-
tailed below, we surmised that a Smad3-Smad4 complex
binds to nucleotides within -583 to -528; thus, we tested
the PE2.1 probe, containing two tandem segments of
DNA spanning bascs -586 to -551 of the PAI-1 pro-
moter. The gel-shift experiment in Figurc 7A shows that
a complex of Smad4 and phosphorylated Smad3 binds to
this DNA fragment. In this study we transfccted Bosc23
cells with plasmids encoding Smad4 and/or Flag-tagged
Smad3, together with the constitutively active type I
TGF-B receptor, TBRI-T204D. Lysates from transfected
cells were then incubated with the *?P-labeled PE2.1
probe and analyzed on a native polyacrylamide gcl
(Fig. 7).
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Figure 7. Smad3 and Smad4 together bind to the PE2.1 ele-
ment of the PAI-1 promoter. {A) Bosc23 cells were transfected as
described in Materials and Methods; cells in each dish were
transfected with 2 ng of plasmid encoding Flag-N-Smad3 or
Smad4 (pEXL-Smad4}, and 1 pg of plasmid encoding TBRI-KR
(pCMV5-TBRI-KR) or TBRI-T204D (pCMV5-TBRI-T204D) as
indicated. The total amount of DNA for each dish was adjusted
to 5 pg with pEXL-GFP. The gel-shift assay at top was carried
out with the 3?P-labeled probe and 1 ul of cell lysate as described
in Materials and Methods, and exposed to a Fuji PhosphorIm-
ager plate. The minor lower band in lane 12 at top probably
represents Smad3 and Smad4 protein binding to only one of the
two tandem repeats of the PE2.1 element. (Middle, bottom) Im-
munoblots with 5 ul (150 pg of proteins) of cell lysates in each
lane that were blotted with an anti-Flag M2 antibody, recogniz-
ing the Flag epitope-tagged Smad3, and with an anti-Smad4 an-
tibody, respectively, as described in Materials and Methods. As
indicated, the levels of expression of Smad4 were the same in all
cases {lanes 3,4,7,8,11,12) as were those of the Flag-tagged
Smad3 (lanes 2,4,6,8,10,12). (B) Cell lysates containing both
Smad4 and the Flag-tagged Smad3 were incubated with 32P-
labeled PE2.1 DNA, followed by addition of 1 pl of an irrelevant
control antibody or preimmune serum (lanes 2,4) or the anti-
Flag antibody (anti-Smad3) (lane 3) and the anti-Smad4 antibody
(lane 5), followed by gel electrophoresis as described in Materi-
als and Methods.

Cooperation of TFE3 and Smads in TGF- signaling

Only lysates from cells expressing Smad3, Smad 4, and
the active TBRI-T204D bound this PE2.1 element (Fig.
7A, lane 12); lysates from cells transfected with either
Smad3 or Smad4 failed to bind (Fig. 7A, lanes 10,11},
indicating that a complex of Smad 3 and Smad4 is bind-
ing to this probe. This gel-shifted complex can be super-
shifted by either an anti-Flag antibody, recognizing the
epitope-tagged Smad3, or by an anti-Smad4 antibody
(Fig. 7B, lanes 3,5}, but not by control antibodies (Fig. 7B,
lanes 2,4), confirming the presence of both Smad3 and
Smad4 in the complex. Figure 7A, lanes 4-8 provide ad-
ditional controls, showing that cells transfected with a
kinase-deficient type I receptor fail to generate a func-
tional DNA-binding complex. Furthermore, cotransfec-
tion of cells with TBRI-T204D, Smad4, and the mutant
Smad3A did not yield a complex capable of binding the
PE2.1 probe (Fig. 8, lane 6). Dennler et al. (1998) reported
that GST fusion proteins of both full-length Smad4 and
the amino-terminal half of Smad3 independently and di-
rectly bind to multiple CAGA sequences derived from
the PAI-1 promoter. There is one CAGA sequence in the
PE2.1 fragment. In contrast, our experiments show that
binding of Smad3 and Smad4 to the 36-bp PE2.1 pro-
moter fragment depends on the presence of the consti-
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Figure 8. Phosphorylation of Smad3 at the carboxyl terminus
is essential for binding of Smad3 and Smad4 to the PE2.1 ele-
ment of the PAI-1 promoter. Bosc23 cells were transfected with
the constitutively active TBRI-T204D, Smad4, and wild-type
Smad3 or mutant Smad3A as described in Fig. 7. (Top) Results of
a gel shift assay. (Middle, bottom) Immunoblots with 5 pl {150
ng of protein) of cell lysates in each lane that were blotted with
an anti-Flag M2 antibody, recognizing the Flag epitope-tagged
Smad3, and with an anti-Smad4 antibody, respectively, as de-
scribed in the legend to Fig 7A.
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Figure 9. Both the Smad3-Smad4 binding site and the TFE3
binding site are essential for TGF-B-induced activation of the 36
nucleotide PE2.1 element of the PAI-1 promoter. (A) The se-
quences of one of the two identical repeats of the wild-type and
two mutant PE2.1 elements. (B) Lysate from cells overexpress-
ing TBRI-T204D, Smad3, and Smad4 as described in Fig. 7 were
incubated with radiolabeled PE2.1 DNA alone (lane 2} or in the
presence of unlabeled PE2.1 (lane 3} or mutant PE2.1S™ oligo-
nucleotides (lane 4), followed by gel electrophoresis. Both the
radiolabeled DNA and the competing DNA contained two tan-
dem repeats of the corresponding sequence. {C) Lucifcrase re-
porter genes driven by two tandem repeats of either the PE2.1,
PE2.1S™, or PE2.1 E™ elements were transfected into Hep G2
cells, and luciferase assays were carried out as described in Ma-
terials and Methods. (W) With TGF-g; () without TGF-B.

tutively active type I receptor, and that the complex con-
tains Smad4 and phosphorylated Smad3.

Binding of TFE3 and Smad3-Smad4 to adjacent sites
in the 36 bp of the PE2.1 element induces
TGF-B-dependent transcription

Figure 9 shows that TFE3 and the complex of Smad4 and
phosphorylated Smad3 bind to adjacent sequence of the
PE2.1 promoter, and that both binding sites are essential
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for TGF-B-induced promoter activity. This experiment
compares the activity of wild-type PE2.1 DNA ({-586 to
-551) with that of its two mutant versions, namely a
mutation in the potential Smad3 and Smad4 binding
site, PE2.1S™, and a mutation in the E box, PE2.1E™ (Fig.
9A). Lysates from cells overexpressing Smad4 and phos-
phorylated Smad3 form a gel-shifted band with radiola-
beled PE2.1 DNA (Fig. 9B, lane 2) that is blocked by an
excess of unlabeled PE2.1 DNA (Fig. 9B, lane 3}, but not
by unlabeled PE2.1S™ DNA (Fig. 9B, lane 4). This indi-
cates that at least part of the sequence 5'-CCTAGAC-3’,
located 3 nucleotides in front of the E-box sequence, is
bound by the complex of Smad4 and activated Smad3.

Figure 9C shows that two tandem repeats of the PE2.1
sequence, inserted upstream of a luciferase reporter genc,
forms a functional TGF-B-inducible promoter. Mutation
of the E boxes in this sequence inactivated promoter ac-
tivity, both in the presence and absence of TGF-B. In
contrast, mutation of the Smad binding site, PE2.1S™,
had no effect on basal (TGF-B-independent) promoter ac-
tivity, but abolished the ability of TGF-B8 to stimulate
transcription.

Together, these experiments indicate that both the
Smad3-Smad4-binding site and the TFE3-binding site in
PE2.1, the 36-bp TGF-B-inducible PAI-1 promoter, are
essential for TGF-B-induced gene activation, suggesting
that TFE3 synergizes with the Smad3-Smad4 protein
complex in TGF-B signaling by binding to adjacent sites
in the promoter. The gel-shift experiment in Figure 10
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Figure 10. Both TFE3 and Smad3-Smad4 bind to the PE2.1
promoter fragment of the PAI-1 promoter. TFE3 was synthe-
sized in vitro with a Promega TNT kit as instructed by the
manufacturer. In vitro synthesized TFE3 (2 ul; lanes 2,3}, and/or
lysates from cells overexpressing TBRI-T204D, Smad3, and
Smad4 (1 pnl; lanes 3,4} were incubated with radiolabeled PE2.1
DNA before gel electrophoresis. (Lanes 1,4) Contained 2 pl of
control reticulocyte lysate; (lanes 1,2) contained 1 pl of lysate
from mock-transfected cells. The lower band in lanc 3 (TFE3/
Smad3 and Smad4) probably contains TFE3 and/or a Smad3-
Smad4 complex that is bound to one of the two identical tan-
dem repeats of the PE2.1 promoter fragment present in the
probe.
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supports this notion by showing that a complex of TFE3
and Smad3-Smad4 bind to the same PE2.1 element.
TFE3 was generated by in vitro translation, and the com-
plex of Smad4 and phosphorylated Smad 3 was produced
in transfected cells. TFE3 (Fig. 10, lane 2) generates a
single-shifted band, whereas the activated Smad3-
Smad4 (Fig. 10, lane 4) generate two shifted bands. A
distinct, slower-migrating band was detected in the
sample containing both TFE3 and the activated Smad3-
Smad4 complex (Fig. 10, lane 3). These results show that
both TFE3 and the activated Smad3-Smad4 complex
bind to the adjacent sequences of the same 36 nucleotide
segment of the PE2.1 promoter.

Discussion

TFE3 activates TGF-B-induced transcription by
binding to the E-box sequence in the PAI-1 promoter

To identify proteins that mediate TGF-B induction of the
PAI-1 promoter, we developed an expression cloning
strategy utilizing an engineered TGF-B-responsive cell
line and a retroviral cDNA library. Our strategy was
based on the demonstration that the engineered TGE-B-
responsive cell line, BAH-gpt, constructed by Hocevar
and Howe (1996), grows in HAT medium only in the
presence of TGF-B. In this sense, TGF-B was converted
from a growth-inhibitory factor, its normal function,
into a growth-promoting hormone. Qur strategy also
made use of the observation that retroviruses deliver re-
combinant DNA sequences into the genome of recipient
cells at a very high efficiency (Kitamura et al. 1995}, and
that the ecotropic retrovirus receptor is essential and suf-
ficient for infection of cells by murine retroviruses
(Baker et al. 1992).

Using this approach, we cloned the transcription fac-
tor, TFE3, which slightly activates transcription of the
PAI-1 gene in the absence of TGF-B but strongly poten-
tiates the ability of TGF-B to induce transcription (Figs.
3,4). TFE3 has not been implicated previously in TGF-8
signaling. It was isolated previously by screening a phage
expression library with a 32P-labeled E box-containing
sequence from the immunoglobulin heavy chain gene,
and is ubiquitously expressed (Beckmann et al. 1990;
Zhao et al. 1993).

Several lines of evidence suggest that TFE3 plays a
critical role in activating TGF-B-dependent transcription
of the PAI-1 gene. First, cotransfection of TFE3 and a
reporter gene containing ~800 bp of the natural PAI-1
promoter enhances expression of the reporter gene five-
fold in the presence of TGF-B (Fig. 3B). Second, serial
truncation of the PAI-1 promoter identified 36- to 56-bp
segments that are responsive to both TGF-B addition and
overexpression of TFE3 (Figs. 4, 5, 9C), and these ele-
ments contain an E-box sequence. Moreover, mutation
of the E-box sequence in either the 56-bp PE2 promoter
or the 36-bp PE2.1 promoter abolished TGF--induced
transcription as well as its binding to TFE3 (Figs. 5 and
9C). Third, Smad3, a critical signal transducer in TGF-B
signaling, synergizes with TFE3 in TGF-B-induced tran-

Cooperation of TFE3 and Smads in TGF-$ signaling

scription (Fig. 6A) and mutation (Smad3A) of the TGF-
B-inducible phosphorylation sites in Smad3 abolished its
ability to activate transcription (Fig. 6B). Fourth, USF1, a
basic helix-loop-helix transcription factor that also
binds the E-box sequence (Beckman et al. 1992), acti-
vated transcription of a luciferase gene driven by the
PE2.1 promoter in BAH-ER3 cells, but transcription of
the reporter gene was no longer regulated by TGF-B (data
not shown).

Phosphorylation of Smad3 triggers binding
of a Smad3-Smad4 complex to a sequence
in the PAI-1 promoter adjacent to the
TFE3-binding site

Smad3 and Smad4 together, but neither alone, bind to
the 36-bp PE2.1 promoter. A prerequisite for formation
of this DNA-binding complex is that the cells express a
constitutively active type I receptor TBRI-T204D (Fig.
7). The constitutively active TBRI phosphorylates
Smad?2 and Smad3, which are normally phosphorylated
by the wild-type I receptor only on addition of TGEF-B
(Macias-Silva et al. 1996; Abdollah et al. 1997; Souchen-
Inytskyi et al. 1997). Nevertheless, mutation of the TGF-
B-inducible phosphorylation sites in Smad3 abolished
the formation of a complex of Smad3 and Smad4 capable
of binding to the PE2.1 sequence (Fig. 8).

Binding of the PE2.1 promoter by Smad3 and Smad4
was unaffected by mutation of the E box (data not
shown), but was abrogated by mutation of the 7-bp se-
quence {5'-CCTAGAC-3') located 3 bp upstream of the E
box (Fig. 9). This suggests that at least part of the 5'
CCTAGAC-3' sequence contains the Smad binding site.
Dennler et al (1988} reported GST fusion proteins of both
full-length Smad4 and the amino-terminal half of Smad3
directly bind to the CAGA sequence 5 to the
CCTAGAC sequence in the PE2.1 promoter. In contrast,
our evidence suggests that phosphorylation of Smad3 not
only triggers its association with Smad4, as reported pre-
viously (Nakao et al. 1997) but also is indispensable for
binding to the PE2.1 element and subsequent activation
of gene transcription (Figs. 6B and 9C). We have not yet
precisely mapped the Smad binding site in this promoter
segment. Phosphorylation may induce exposure of the
DNA-binding domain in Smad3, or a multimer of Smad4
and phosphorylated Smad3 may have higher affinity for
the PE2.1 sequence than does an unphosphorylated
Smad3 monomer.

A number of recent reports show direct binding of
Smad3 and Smad4 to specific DNA sequences, but these
reports disagree on the consensus binding sequences
(Yingling et al. 1997; Dennler et al. 1998; Vindevoghel et
al. 1998; Zawel et al. 1998). As an example, Drosophila
Mad binds to the consensus sequence GCCGnCGe (Kim
et al. 1997); whereas human Smad 3 and Smad4 was re-
ported to preferentially bind to GACACC (Yingling et al.
1997), GTCTAGAC (Zawel et al. 1998), or AG(C/
AJCAGACA (Dennler et al. 1998); the latter sequence is
also present in the PE2.1 element in the PAI-1 promoter.
Hence, Smad3 and Smad4 appear to bind to DNA with a
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relative but not absolute specificity. Multiple tandem
repeats of a Smad-binding sequence are required for TGF-
B-induced transcription of a reporter gene, and even two
tandem repeats of the GTCTAGAC sequence cannot
support TGF-B-induced expression of a luciferase re-
porter gene (Zawel et al. 1998). Thesc observations raise
the possibility that a complex of multiple Smad proteins,
together with other transcription factors such as TFE3,
are required for maximal TGF-B-inducible transcription.

Synergism of TFE3 and Smad proteins
in TGF-B-induced gene transcription by binding
to adjacent sites in the PAI-1 promoter

TFE3 and a complex of Smad3 and Smad4 bind to adja-
cent sites in the 36-bp PE2.1 promoter (Figs. 9 and 10),
and both binding sites are required for maximal TGF-p-
induced gene transcription {Fig. 9C). This synergy re-
quires TGF-B-induced phosphorylation of the carboxyl
terminus of Smad3, as mutant Smad3A, lacking the
TGF-B-induced phosphorylation sites, cannot synergize
with TFE3 to activate TGF-B-dependent transcription
from the PE2.1 promoter (Fig. 6B).

The model for TGF-g-induced transcription of the
PAI-1 gene in Figure 11 summarizes our results. A TGF-
B-activated type I receptor phosphorylates Smad3, which
then associates with Smad4. The complex of Smad3 and
Smad4 then enters the nucleus and binds to a sequence
upstream of the E box, which is already occupied by
TFE3. Binding of both the Smad3-Smad4 complex and
TFE3 within the 36-bp PE2.1 element is essential for
maximal transcription of the PAI-1 gene.

Our model differs somewhat from that proposed for
activin-induced activation of the Xenopus transcription
factor FAST-1. On addition of activin, a complex of
Smad4 and phosphorylated Smad?2 forms in the cytosol,
translocates into the nucleus, binds FAST1, and then
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Figure 11. A model! for coopcration of TFE3, Smad3, and
Smad4 in TGF-B-induced activation of the PAI-1 promoter. A
complex of Smad4 and phosphorylated Smad3 bind to the DNA
sequence 5' to the E-box sequence, which is occupied by TFE3.
Binding of the Smads potentiates the activity of TFE3, leading to
TGF-B-induced transcription of PAI-1 gene. Although indicated
as monomers, we do not yet know the oligomeric state of the
Smad or TFE3 proteins when they bind to the PAI-1 promoter.

Transcription of
the PAI-1 gene
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binds to a segment in the promoter of the developmen-
tally regulated Mix2 genc (X. Chen et al. 1996, 1997). In
contrast, we have been unable to detect an interaction of
TFE3 and the Smad3-Smad4 complex in the absence of
DNA. It is possible that thc Smad3-Smad4 complex does
not directly bind to TFE3, even though they bind to ad-
jacent sites of the PE2.1 promoter. Alternatively, TFE3
may form a complex with another, as yet unidentified,
transcription factor, and that only this complex associ-
ates with the Smad3-Smad4 complex that is formed after
TGEF-B stimulation.

TGF-B activates a diverse range of genes in diffcrent
cell types. Although Smad3-Smad4 complexes may bind
specific DNA sequences, our work suggests that to in-
duce expression of specific genes, these complexes need
to cooperate with one or more transcription factors. We
showed that TFE3 is one such factor essential for induc-
tion of the PE2.1 promoter. Because other gencs acti-
vated by TGF-g do not have E boxes in the promoter
sequenced to date, it is likely that other transcription
factors interact with Smad3-Smad4 and Smad2-Smad4
complexes to induce transcription of other genes such as
p15NKIE and p21WAFI/CIY (Datto et al. 1995; Li et al.
1995). The TFE3-binding sequence E box is essential for
both basal and TGF-B-induced transcription of the PE2.1
promoter. We have no evidence to suggest that TFE3
itself is modified or activated following TGF-B addition;
consistent with this notion, in vitro translated TFE3
binds to the E box in the PE2 promoter. We speculate
that in unstimulated cells, TFE3 is bound to the two E
boxes in the PAI-1 promoter and supports a low level of
transcription. Binding of an activated Smad3-Smad4
complex leads to a several-fold increase in gene expres-
sion.

Such synergistic cooperation of Smad3-Smad4 com-
plexes with specific transcription factors offers the or-
ganism a distinct advantage—the same Smad3-Smad4
complex will activate diffcrent genes in different cells
depending on the sequence of a promoter and the sct of
cooperative transcription factors that arc expressed.

Materials and methods

Plasmid construction

Standard molccular biology techniques were used as described
(Sambrook ct al. 1989). Oligonucleotides were synthesized by
GIBCO-BRL. To construct 3APP-Luc, the TATA box scquence,
5-AGGGTATATAAT-3', was inscrted into the PstI-Bglll site
of the pGL3-basic vector (Promega); a pair of oligonuclcotides
corresponding to ~740/-644 of the PAI-1 promoter was inserted
upstream of the TATA box sequence; finally a pair of oligo-
nucleotides containing threc tandem repeats of the AP1-binding
site [TGA(G/C|TCA] separated by an Xbal site was inscrted
upstream of the PAI-1 promoter sequence. PAI-Luc was con-
structed by inserting the 0.8-kb HinddIII fragment of the PAI-1
promoter (Westerhausen et al. 1991} into the HindIll site of
pGL3-basic. Various DNA fragments PCR-amplificd from the
PAI-1 promoter were cloned into the Kpnl-Pstl sites of 3APP-
Luc to generate PF1-Luc, PF2-Luc, and PF3-Luc in place of the
3APP promoter. These DNA fragments corresponded to nucleo-
tides -794 to -532, -552 to -194, and -214 to +29 of thc PAI-1



promoter {Keeton et al. 1991). Pairs of oligonucleotides includ-
ing the E-box sequence in the PAI-1 promoter were cloned into
the Kpnl-Pst I sites of 3BAPP-Luc to generate PE1-Luc and PE2—
Luc. These oligonucleotides corresponded to -740 to -644 and
-583 to -528, respectively. To construct PE2.1-Luc, PE2.1S™-
Luc, and PE2.1E™-Luc reporter genes, two tandem repeats of the
wild-type or mutant oligonucleotides corresponding to -586 to
-551 of the PAI-1 promoter were inserted into Kpnl-Pstl sites of
pP3APP-Luc to replace its promoter (see Fig. 9A). All the con-
structs were sequenced to confirm the cloning junctions and
more than one independent clone of each construct were tested
in transfection for luciferase assays to confirm the results.

To generate a plasmid encoding Smad3, human Smad3 cDNA
was amplified by PCR and cloned into the BamHI-Xbal sites of
a modified pcDNA3, resulting in a Smad3 fusion protein with
two tandem repeats of a Flag epitope tag at its NH,-terminus. A
plasmid encoding Smad4 was generated by insertion of the hu-
man Smad4 cDNA into pMX-IRES-GFP (X. Liu et al. 1997).
Human Smad4 ¢cDNA was also cloned into the BamHI-Notl
sites of the vector pEXL, a derivative of pEGFP-N1 (Clontech)
described previously (X. Liu et al. 1997) to generate pEXL-
Smad4. Plasmids Flag-N-Smad3 and Flag-N-Smad3A were de-
scribed previously (X. Liu et al. 1997). PCR-amplified TFE3 was
cloned into the BamHI-Xhol sites of pET28a (Novagen) to gen-
erate pET-TFE3 for in vitro transcription and translation. The
kinase-defective mutant plasmid of the human TGEF-§ type I
receptor, pCMV5-TBRI-KR, and the constitutively active
TGF-8 type I receptor, pPCMV5-TBRI-T204D, were described
previously (Wieser et al. 1995).

Tissue culture

BAH-gpt cells and HPRT-deficient HT1080 cells were kindly
provided by P. Howe at the Cleveland Clinic Research Founda-
tion (Hocevar and Howe 1996}. HepG2 cells were purchased
from ATCC. All of these cells were cultured in DMEM contain-
ing 10% fetal calf serum, 100 U/ml penicillin and 100 ng/ml
streptomycin, in 5% CO, at 37°C unless otherwise stated. To
treat cells with HAT or 6-TG, 1x HAT medium (GIBCO-BRL)
or 30 pg/ml 6-TG (Sigma) was added to the normal medium.
TGF-B1 was provided by R&D Systems, Inc., and a concentra-
tion of 200 pm was added to cell cultures as indicated.

Construction of a retroviral cDNA library
and infection of cells by retroviruses

Poly(A)* RNA was isolated from HPRT-deficient HT1080 cells.
cDNAs were synthesized from the poly(A)* RNA by use of the
Superscript Plasmid System for cDNA Synthesis and Plasmid
Cloning (GIBCO BRL) as described previously (Hua et al. 1996),
and then cloned into the EcoRI-Notl sites of the retroviral vec-
tor pMX (Onishi et al. 1996). The resulting cDNA library was
amplified in transformed bacteria and then introduced into a
packaging cell line to obtain a high titer retroviral cDNA li-
brary. Briefly, Bosc23 cells, a cell line expressing the Gag, Pol,
and Env proteins of Moloney Leukemia Virus (Pear et al. 1993),
were seeded at a density of 2 x 10° cells per 60-mm dish in
DMEM containing 10% fetal calf serum. On day 1, cells in each
dish were transfected with 5 pg of the retroviral cDNA library in
the presence of chloroquine {25 pM) to increase the virus titer.
The transfected cells were switched to fresh medium 9 hr after
transfection, and the supernatant containing the recombinant
retroviruses was collected 48 hr after transfection.
Supernatant containing the retroviruses was incubated with
the target cells for 6-9 hr in normal medium containing 4 ng/ml
Polybrene (Sigma). To measure the titer of the library, pMX-
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LacZ-derived retroviruses were produced in parallel with the
retroviral cDNA library and were used to infect BAH-ER3 cells
or NIH 3T3 cells; infected cells were stained with X-gal for
B-galactosidase expression. The titer of the retroviral cDNA li-
brary was deduced from that of the pMX-LacZ retroviruses pro-
duced in parallel.

To rescue recombinant retroviruses from infected BAH-ER3
cells, we first transfected Bosc23 cells with the plasmid pZAP
(from D. Baltimore’s laboratory, MIT, Cambridge, MA), which
carries the entire cDNA sequence of the murine Moloney leu-
kemia retrovirus genome. The supernatant containing the wild-
type virus was collected 48 hr after transfection, and 1 ml of a
1:2 dilution of the supernatant was used to superinfect infected
BAH-ER3 cells in six-well plates.

Transfection, Iuciferase assay, and preparation of cell lysates

Cells were transfected by the calcium phosphate precipitation
method (Sambrook et al. 1989). For luciferase assays, cells were
also transfected with 0.5 pg/well pSV-B or 0.2 pg/well of
pCMV-B encoding the lacZ gene (Clontech) as an internal con-
trol to normalize the luciferase activity.

To transfect BAH-ER3 cells and Hep G2 cells, cells were
seeded at a density of 50,000 cells/well in 12-well plates unless
otherwise stated. On day 1, the cells were switched to fresh
medium and then transfected by the calcium phosphate precipi-
tation method. After overnight incubation, the cells were
switched to normal medium and incubated for 6-8 hr. After-
ward, serum-free medium with or without 200 pm TGEF-p was
added to the transfected cells; cells were harvested 20 hr after
incubation with TGF-8 for luciferase and B-galactosidase as-
says. The cells in each well of 12-well plates were lysed with
250 ul of 1x lysis buffer (Promega), and luciferase assays were
carried out with 20 nl of cell lysates by use of the Luciferase
Assay System (Promega) as detailed by the manufacturer. To
normalize the luciferase activity, 20 pl of cell lysate was incu-
bated with 100 pl of reaction buffer from the Luminescent B-
galactosidase Detection Kit II (Clontech Laboratories, Inc.) as
instructed by the manufacturer. Both the luciferase and B-ga-
lactosidase activities were measured by an AutoLumat LB953
luminometer (EG & G Berthold). All luciferase activities were
normalized by the B-galactosidase activities and presented as an
average from duplicate samples.

To obtain cell lysates for gel-shift assays, Bosc23 cells were
transfected with desired plasmids and the total amount of DNA
per 60 mm dish was adjusted to 7.5 pg by use of the plasmid
pEXL-GFP. After overnight transfection, the cells were
switched to normal medium, and harvested 24 hr later. Cells
from each 60-mm dish were lysed in 150 pl of buffer containing
the following components: 50 mm Tris at pH 8.0, 500 mm NaCl,
1% NP-40, 25 mm B-glycerophosphate, and 1x protease inhibi-
tor cocktail Complete (Boehringer Mannheim). The lysed cells
were rotated at 4°C at 60 rpm for 2 hr, and the supernatant was
collected by centrifugation for use in gel-shift assays.

Gel-shift assay and immunoblotting

Gel-shift reactions were carried out in a total volume of 30 nl at
room temperature. The components of the reaction buffer are as
follows: 20 mm Tris at pH 8.0, 60 mm KCl, 0.7 mg/ml bovine
serum albumin, 1 mm EDTA, 1.6 mm dithiothreitol, 1.6 mm
MgCl,, 0.3 % NP-40, 66 pg/ml poly(dI-dC)/poly(dI-dC) (Phar-
macia), and 12% glycerol. Radiolabeled probes were made either
by end labeling the annealed oligonucleotides with [y->2P]JATP
or by PCR amplification in the presence of [a-**P]dCTP. Briefly,
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a pair of oligonucleotides corresponding to the PE2 fragment
(-583 to -528) of the PAI-1 promoter was end-labeled with [y-
32P]ATP; alternatively, the two tandem repeats of the PE2.1
element {5'-CCTAGACAGACAAAACCTAGACAATCACGT-
GGCTGG-3'), which comprise base pairs -586 to -551 of the
human PAI-1 promoter, were amplified by PCR from the re-
porter construct PE2.1-Luc in the presence of [a-**P]dCTP.

The amplified probe was isolated on a native polyacrylamide
gel as described previously (Wang et al. 1993), and 4 x 10 cpm
was added to each reaction that had received the cell lysates 15
min earlier. One microliter of cell lysate (~30 ug of protein} was
used in each reaction unless otherwise stated. For competition
with wild-type or mutant oligonucleotides, a 50-fold molar ex-
cess of unlabeled oligonucleotides was added to the reaction
buffer containing the cell lysate 15 min prior to addition of the
32p.labeled probe. Twenty minutes after addition of the probe,
the reaction was loaded onto a 4% polyacrylamide gel in 0.5x
TBE buffer (Sambrook et al. 1989), and electrophoresis was car-
ried out at 20 mA for 70 min. To supershift the DNA-binding
activity with antibodies, 1 pl of the indicated antibody was
added to each reaction; the reaction was loaded onto the gel
after 15 min of incubation. All signals were detected on a Fujix
BAS2000 Phosphorlmager.

To detect the expression of Smad3 and Smad4 proteins in
transfected Bosc23 cells, cell lysates prepared from the trans-
fected Bosc23 cells were separated on 6%-18% gradient poly-
acrylamide gels and then transferred to Nitrocellulose blotting
filters. The filters were blotted with 1 pg/ml anti-Flag (M2)
antibody (Eastman Kodak) for detection of the Flag epitope-
tagged Smad3, or with a 1:2000 dilution of an anti-Smad4 rabbit
polyclonal antibody (Nakao et al. 1997). Bound primary anti-
bodies were detected with horseradish peroxidase-labeled anti-
mouse or anti-rabbit secondary antibodies, respectively, and de-
veloped with enhanced chemiluminescence reagents purchased
from Pierce.
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Transforming growth factor-g (TGF-8) binds to and
signals via two serine-threonine kinase receptors, the
type I (TBRI) and type II (TBRII) receptors. We have
used different and complementary techniques to study
the physical nature and ligand dependence of the com-
plex formed by TBRI and TBRIL. Velocity centrifugation
of endogenous receptors suggests that ligand-bound
TBRI and TBRII form a heteromeric complex that is
most likely a heterotetramer. Antibody-mediated immu-
nofluorescence co-patching of epitope-tagged receptors
provides the first evidence in live cells that TSRI'TSRII
complex formation occurs at a low but measurable de-
gree in the absence of ligand, increasing significantly
after TGF-B binding. In addition, we demonstrate that
pretreatment of cells with dithiothreitol, which inhibits
the binding of TGF-8 to TBRI, does not prevent forma-
tion of the TBRI'TBRII complex, but increases its sensi-
tivity to detergent and prevents TGF-B-activated TBRI
from phosphorylating Smad3 in vitro. This indicates
that either a specific conformation of the TSRI-TBRII
complex, disrupted by dithiothreitol, or direct binding
of TGF-B to TBRI is required for signaling.

The transforming growth factor-8 (TGF-g)! ligands are
members of a large superfamily of cystine knot growth factors,
which includes decapentaplegic (dpp) from Drosophila melano-
gaster as well as the Millerian-inhibiting substance and the
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activins and bone morphogenetic proteins from mammals. The
TGF-Bs are important modulators of development, the extra-
cellular matrix, and the immune response; they are potent
growth inhibitors in many cell types, and their receptors and
some downstream signaling elements are tumor suppressors
(1-5).

TGF-B signals through the sequential activation of two ser-
ine-threonine kinase cell surface receptors (6-10), termed type
I and type II (TBRI and TBRII). These two receptors physically
associate to form a stable complex (8, 11). Several chimeric
receptor systems have established that this complex is required
for signaling (12-16). Whether it is preformed or ligand-in-
duced is controversial. Isolation of a TBRI'TBRII complex from
detergent lysates was possible only after pretreatment with
TGF-B (9). Ligand-independent interactions between receptor
cytoplasmic domains, however, have been detected in trans-
fected COS cells and in the yeast two-hybrid system,? and work
with TGF-B2 (which requires both receptors to bind) suggests
that at least a small percentage of the cell surface receptor
population is in preformed complexes (9, 17-19). Data from
experiments on the effect of DTT also raise questions about the
role of ligand in the complex. Treatment of cells with DTT
prevents TGF-g binding to TSRI but not to TBRII (8, 20) and, in
vitro, prevents formation of the TSBRI'TSRII complex.®

The stoichiometry of the signaling complex is not known.
TBRI and TBRII form ligand-independent homodimers in the
endoplasmic reticulum and on the cell surface (21, 22). The
simplest model is that two homodimers form a heterotet-
rameric signaling complex induced or activated by TGF-B. This
view is supported by studies based on functionally complemen-
tary type I receptor mutants and on chimeric TGF-B/erythro-
poietin receptors demonstrating that type I dimers are re-
quired for signaling (13, 23). Yamashita et al. (24) used
nonreducing/reducing two-dimensional SDS-PAGE to isolate
ligand-bound TBRI and TBRII homo- and heterodimers. They
speculate that these are derived from heterotetramers, al-
though their data are also consistent with smaller complexes.

We report here studies on the physical nature of the
TBRI-TARII complex. We demonstrate that the complex is most
likely a stable heterotetramer. Our studies show conclusively
that some TBRI'TBRII complexes exist at the surface of live
cells in the absence of ligand, and that TGF-B significantly
enhances heterocomplex formation. DTT treatment, which pre-
vents TGF-B binding to TBRI, does not inhibit complex forma-
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tion but does result in the failure of TBRI from DTT-treated
cells to phosphorylate Smad3 in vitro. We suggest that ligand
binding to the two receptors may have different functions, and
that complex formation itself is not sufficient for signal
initiation.

EXPERIMENTAL PROCEDURES

Materials and Constructs—COS7 (CRL 1651), L6 (CRL 1458), and
Mv1Lu (CCL 64) cells were grown as described previously (22, 25). 9E10
(a-Myc) mouse ascites was from Harvard Monoclonals and 12CA5 (a-
HA) from BabCO. Fluorophore-labeled affinity-purified antibodies,
Cy8-streptavidin, and biotinylated F(ab’), of GaM (goat anti-mouse
F(ab'), were from Jackson Immunoresearch Laboratories. IgG fractions
and monovalent F(ab’) fragments were prepared as described (22, 26,
27). Untagged TBARI, TBRIL, and N-terminally HA- and Myc-tagged
receptors were as described previously (6, 10, 21, 22).

Binding and Cross-linking—Radioiodination of TGF-B1 (Celtrix Lab-
oratories and R&D Systems) and binding and cross-linking of subcon-
fluent cells were as described (25). Cells were preincubated (30 min,
37 °C) in KRH (50 mm HEPES, pH 7.5, 128 mM NaCl, 1.3 mm CaCl,, 5
mM MgSO0,, 5 mM KCl) containing 0.5% fatty acid free BSA (KRH/BSA;
Sigma). DTT-treated cells were incubated with 2 mm DTT (5 min, 37 °C)
and then rinsed three times with warm KRH/BSA. Cells were then
incubated (1-4 h, 4 °C) in fresh KRH/BSA with 100 pm **SI-TGF-B1.
Cross-linking was performed with 0.5 mg/ml disuccinimidyl suberate
(Pierce) for 15 min, followed by quenching with 20 mm glycine. Cells to
be used for gradients (Fig. 1) were then rinsed, incubated in 0.2 mm
iodoacetamide in KRH (15 min, 4 °C), and lysed in 150 pl of MNT lysis
buffer (20 mm MES, pH 6.0, 30 mm Tris, pH 7.4, 100 mm NaCl, with 2%
n-octyl-polyoxyethylene (octyl-POE; Bachem Bioscience)). For co-immu-
noprecipitation (Fig. 3), cells were lysed in 1 ml of various lysis buffers
(see Fig. 3 legend). After clearing the lysates, 100 pl were analyzed
directly by SDS-PAGE. The remainder was split in half and immuneo-
precipitated (overnight, 4 °C) with either 10 pl/ml of antibody o-IIC, a
polyclonal rabbit antiserum raised against the C-terminal 16 amino
acids of the type II receptor (11), or 14 pl/ml of antibody VPN, raised
against the juxtamembrane region of the human type I receptor (6).
After an additional 30 min of incubation with 50 pl 1:1 protein A-
Sepharose in PBS, bound beads were rinsed twice with the original lysis
buffer then once with PBS. Protein was eluted into SDS-sample buffer
and analyzed by SDS-PAGE.

Velocity Centrifugation on Sucrose Gradients—The velocity centrif-
ugation technique has been described elsewhere (22). Briefly, cleared
lysates (150 ul in MNT lysis buffer) were mixed with 50 ul size markers
(29-669 kDa; Sigma) and layered over 7.5-30% sucrose gradients in
MNT/1% octyl-POE. Centrifugation was for 8 h, 60,000 rpm, in an
SW60 rotor (Beckman) at 4 °C. 250 pl fractions were removed sequen-
tially from the top of each gradient. After removal of 25 ul for SDS-
PAGE and Coomassie staining (to analyze migration of markers for
each individual gradient), fractions were immunoprecipitated with
a-IIC or VPN. Samples were analyzed by 7.5% SDS-PAGE. Autoradio-
graphs were quantified with a LaCie Silverscanner II and MacBAS
(Fuji) software.

Immunofluorescence Co-patching—The method used has been de-
scribed elsewhere (21, 22). In the protocol used (detailed in Ref. 21),
COS7 cells co-transfected with TBRI-Myc and TBRII-HA were preincu-
bated (30 min, 37 °C) in serum-free Dulbecco’s modified Eagle’s me-
dium, washed twice with cold Hanks’ balanced salt solution with 20 mm
HEPES, pH 7.4, containing 1% fatty acid-free BSA, and incubated
successively with (a) normal goat IgG (200 pg/ml) to block nonspecific
binding; (b) a-Myc F(ab’) (50 ug/mb); (¢) F(ab’) of biotinylated GoM (5
ug/ml); (d) F(ab') of unlabeled GaM (200 pg/ml), used to block all free
epitopes on the a-Myc F(ab'); () «-HA IgG (20 pg/ml); () fluorescein
isothiocyanate-labeled GaM (20 pg/ml). After fixation (3.2% para-form-
aldehyde in PBS, pH 7.4, with 1.1% lysine and 0.24% NalO,) and
quenching with 50 mM glycine in PBS (21), the cells were incubated
with 0.5 ug/ml Cy3 streptavidin, and mounted with mowiol (Hoechst)
containing 29 mM n-propyl gallate (Sigma). Note that membrane pro-
teins retain some lateral mobility after paraformaldehyde fixation, and
can therefore be patched by streptavidin because of its super-high
binding affinity and multivalent nature. Fluorescence microscopy and
digital image acquisition (CC/CE 200 CCD camera, Photometrics) were
described (21). For each field, fluorescein and Cy3 images were taken
separately using highly selective filter sets; the two images were su-
perimposed, exported to Photoshop (Adobe) and printed (21).

GST-Smad3 Kinase Assay—The construction of cell line Mv1Lu-
Flag-N-Smad3, Mv1Lu in which an N-terminally Flag-tagged Smad3
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gene was stably expressed, was described elsewhere (28). GST-Smad3
(construct provided by Ying Zhang and Rik Derynck) (29) protein was
prepared from bacterial lysate as described (30). Mv1Lu cells (Fig. 44)
were incubated in KRH/BSA for 30 min at 37 °C, followed by 5 min with
or without 2 mm DTT. They were washed three times with KRH/BSA,
and incubated with 100 pM unlabeled TGF-81 (10 min, 37 °C). Cells
were then washed and lysed in 1 ml of lysis buffer (150 mm NaCl, 1%
Nonidet P-40, 50 mm Tris-HCl, pH 7.5, 50 mM NaF, 50 mm B-glycero-
phosphate, 1 mm Na,VO,, 1 mm DTT, 5 mm EDTA, pH 8.0, 1 mm
phenylmethylsulfonyl fluoride, 1 mg/ml leupeptin, 10% glycerol). Su-
pernatants were equalized for protein content and incubated with 2 ug
of GST-Smad3 (3 h, 4 °C). The GST fusion protein was bound to 10 ul of
glutathione beads that were washed three times with lysis buffer, then
washed again with kinase buffer (50 mm NaCl, 20 mM Tris, pH 7.5, 12
mm MgCl,, 5 mm DTT) and subjected to an in vitro kinase reaction with
0.2 mm unlabeled ATP and 50 uCi [y-*2PJATP (20 pl, 30 °C, 30 min). For
Fig. 4B, lysates from Mv1Lu-Flag-N-Smad3 cells treated similarly were
immunoprecipitated with the anti-TBRI antibody VPN (6), with or
without 3 ug/ml competing peptide, before the incubation with GST-
Smad3 and [y-**PJATP under the above conditions. SDS-containing
sample buffer was added, and the samples boiled to terminate the
kinase reaction. Samples were analyzed by 8% SDS-PAGE.

RESULTS

TBRI and TBRII Form Stable, Heterotrimeric, or Heterotet-
rameric Complexes—We studied the size of the cell surface
ligand-bound and cross-linked TBRI'-TBRII complex using su-
crose gradient velocity centrifugation, a technique we used
previously to show that both receptors form homodimer-sized
complexes in the endoplasmic reticulum (22). Cells were lysed
with octyl-POE, a nonionic detergent with a density of 1 and a
high CMC that enables analysis of the migration of detergent-
solubilized proteins rather than of micelles (31). 2°I-TGF-g1-
bound and cross-linked TBRII from COS7 cells transfected with
TRRII alone migrated with a peak centered at fraction 7, the
position of a 150-kDa marker protein (Fig. 14, top and bottom
panels). Although absolute size determinations can be inaccu-
rate for detergent-solubilized membrane proteins, this is con-
sistent with a homodimer bound to one or more molecules of
TGF-B1, as expected from previous gradient analysis and im-
munofluorescence (21, 22). TBRII from COS7 cells cotrans-
fected with both TBRI and TSRII (Fig. 1A, middle and bottom
panels) and immunoprecipitated with an antibody against
TBRI, thus in a TBRI'TBRII complex, migrated more quickly
with a peak centered around fraction 8, indicative of a hetero-
trimeric or tetrameric complex.

L6 rat myoblasts, TGF-B-responsive cells which lack the type
III TGF-B receptor, show similar receptor complexes. TGF-p1-
bound type I and II receptors immunoprecipitated with an
antibody against TSRII both migrated with a peak centered at
fraction 10, correlating with markers between 230 and 265 kDa
(Fig. 1B, top and bottom panels), and consistent with a het-
erotetrameric or trimeric complex. Nearly identical results
were obtained with TGF-52 and with other cell lines, including
Mv1Lu, HYB2, THP1, and GH3 (data not shown). Immunopre-
cipitation with an antibody against TBRI (data not shown) gave
similar results, indicating the absence of a significant popula-
tion of ligand-bound TBRII, which is not in a complex with
TBRI. Pretreatment of cells with DTT (Fig. 1B, middle and
bottom panels) prevented ligand binding and cross-linking to
TARI and slowed the migration of TBRII to a peak centered
around 155 kDa. The DTT-treated complex is likely a dimer (for
comparison, see singly transfected COS cells in Fig. 1A), indi-
cating disruption of the TBRI'TBRII complex under these con-
ditions. DTT does not appear to affect TSRII homodimers, a
finding consistent with p