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The corepressor CtBP interacts with Evi-1 to repress transforming

growth factorg signaling

Koji Izutsu, Mineo Kurokawa, Yoichi Imai, Kazuhiro Maki, Kinuko Mitani, and Hisamaru Hirai

Evi-1 is a zinc finger nuclear protein
whose inappropriate expression leads to
leukemic transformation of hematopoi-
etic cells in mice and humans. This was
previously shown to block the antiprolif-

erative effect of transforming growth fac-

tor B (TGF-B). Evi-1 represses TGF- B sig-

naling by direct interaction with Smad3
through its first zinc finger motif. Here, it
is demonstrated that Evi-1 represses

Smad-induced transcription by recruiting
C-terminal binding protein (CtBP) as a
corepressor. Evi-1 associates with CtBP1
through one of the consensus binding
motifs, and this association is required

for efficient inhibition of TGF- B signaling.

A specific inhibitor for histone deacety-
lase (HDAC) alleviates Evi-1-mediated re-
pression of TGF- B signaling, suggesting
that HDAc is involved in the transcrip-

tional repression by Evi-1. This identifies

a novel function of Evi-1 as a member of
corepressor complexes and suggests
that aberrant recruitment of corepressors

is one of the mechanisms for Evi-1—
induced leukemogenesis. (Blood. 2001;
97:2815-2822)

© 2001 by The American Society of Hematology

Introduction

TheEvi-1gene was first identified as a common locus of retrovirabported to be resistant to the growth-inhibitory effect of T&F-
integration in myeloid tumors in AKXD mic&? It encodes a and loss of responsiveness to TGHs supposed to contribute, at
transcriptional regulator with 2 zinc finger domai&si-1is shown least in part, to the leukemogeneXis.
to be highly expressed in human myeloid leukemias and myelodys- Intracellular mechanisms that transmit T@Fsignaling have
plastic syndromes by chromosomal rearrangements involvibgen elucidated in detail. Upon binding of T@Re its receptors,
3026, to whichEvi-1is mapped;® although it is expressed at a verySmad2 and Smad3, also called receptor-activated Smads (R-
low level in a limited stage of normal myeloid cell differentiation.Smads), are phosphorylated by the activated B3Eeeptors and
The most frequent rearrangements involving 3926 are the t(3;3)(q@ligomerize with Smad4, called common Smads (Co-Smads).
g26) and the inv(3)(q21;926). Cases of myelodysplastic syndrormben, the complexes of R-Smads and Co-Smads accumulate in the
with these anomalies are characterized by the increase in thecleus, interact with DNA, and activate transcription of TE&F-
platelet count and the dysplastic features of megakaryocytes ardponsive genes. This process is apparently simple, but many
are designated as 321926 syndrdmi&berrant expression of proteins, including inhibitory Smads, participate in regulating the
Evi-1 as a fusion transcript wittAML1 (AML1/Evi-]) leads to process, and modifiy cellular responses to the stiffdfiGenetic
blastic transformation in patients with chronic myelogenous leukempairments in genes encoded for the Smad proteins that strongly
mia8 Even in the absence of cytogenetically evident abnormaliti@ssociate with carcinogenes@madd4is deleted in about 50% of
at chromosome 3q26, overexpression Bfi-1 gene has been pancreatic cancet8 Germline mutations of humamad4contrib-
shown in a variety of myelogenous leukemia3hese facts ute to familial juvenile polyposis, an autosomal dominant disorder
strongly suggest a critical role for Evi-1 in human leukemogenesisharacterized by predisposition to gastrointestinal cafi&mad2

Our previous studies revealed that Evi-1 possesses diveiselso frequently inactivated by somatic mutations in sporadic
functions as an oncoprotelfr’2 Among these studies is our cases of human colorectal cangeErom these observations, the
demonstration that Evi-1 and AML1/Evi-1 repress transformin§mad proteins are envisioned as acting as tumor suppressors. On
growth factor8 (TGF8) signaling!314TGF- is a multifunctional the other hand, the proteins that inhibit T@Finduced signaling
peptide hormone that regulates various biological processes accaonizht have oncogenic property. To date, several proteins, including
ing to cellular contexts. In many types of cells, T@Facts as a TGIF, Ski, and Sno, are shown to block Smad-mediated signal-
negative regulator for cellular proliferation by inhibiting cell-cycleing.222> However, the implication of these Smad-inhibitory pro-
progression, leading to differentiation or apoptosis. In hematopaéins in human cancer has not been well determined.
etic cells, TGFB has also been shown to play an important role as a Evi-1 and AML1/Evi-1 antagonize the growth-inhibitory effect
regulator of cellular growth and differentiation. Many studies showf TGF-3 by interacting with Smad3 through its first zinc finger
that early myeloid progenitors are sensitive to growth inhibition bgnotif.13-14This inhibitory effect on TGH3 signaling may be one of
TGF.15 Several cell lines derived from leukemic cells werghe critical mechanisms for leukemogenesis by Evi-1 and AML1/
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Evi-1. MOLM-1 cells, a human megakaryoblastoid cell lingesistant clones were screened for expression of Evi-1 by Western blotting.
carrying the inv(3)(q21;g26), uniquely express the truncated forh®r each construct, 2 independent clones with comparable expression were
of the Evi-1 protein in which the C-terminal 44 amino acids ofiSed in further assays.

wild-type Evi-1 were replaced by 5 amino acftdisIOLM-1 cells
are relatively resistant to the growth-inhibitory effect of T@GF-
However, suppression of endogenous Evi-1 expression in th@$e human Evi-1 complementary DNA was inserted intoEeR| site of
cells by means of antisense oligonucleotides restores FGlasmid pME18S or pME18SnédThe deletion mutants of Evi-13544-
responsiveness.Thus, loss of responsiveness to TBBignaling 607‘,A608-7‘32, and\544-732, were constructed by_ means of a polymerase
may play an important role in leukemogenesis in these Evi-fham reaction (PCR) method. Mlhjtant_forms of EV|-1,AS_/DL, DL/AS, and
expressing cells. AS/AS, were generated by the site-directed mutagenesis méti@idta

: [ . - . - thione S-transferase (GST) fusion proteins of Evi-1 (544-607) were
C-terminal binding protein (CtBP) was originally identified as Rbtained by inserting in frame the corresponding fragments into pGEX-

protein that interacts with the C-terminal region of adenovirgri (zmersham Pharmacia Biotech, Uppsala, Sweden). Smad3 and
oncoprotein E1A, which results in the reduced ability of E1A t&mada were subcloned into pcDNA3 (Invitrogen, Carlsbad, CA). To
transform cell$52”To date, 2 highly related homologues, CtBPkonstruct fragments of CtBP fused to GST, corresponding CtBP fragments
and CtBP2, have been identified in vertebrates. It is known thefitained by means of PCR were inserted in frame into pEBG, the
CtBP2 is expressed primarily during embryogenesis in miceykaryotic GST fusion protein expression vector.

whereas CtBP1 is widely expressed throughout the developmental

stages. Differences in function between them, however, remdificiferase assay

elusive?® CtBP has been shown to have a transcriptional repressipg analysis of luciferase activities, HepG2 cells were seeded in 12-well
activity when fused to the heterologous DNA-binding métiThe culture plates at a density of4 10* per well. At 12 hours after seeding, the
Drosophilahomologue of CtBP was shown to mediate transcripells were transfected with jug p3TP-Lux or p800neoLUC reporter
tional repression by Knirps, Kppel, and Snail in the early plasmid along with the effector plasmids (400 ng for pME-Evi-1 or the
embryo?%% In vertebrates, CtBP was also shown to act as &fuivalent molar for their derivatives, and 400 ng for Smads in pcDNA3)
cofactor of certain transcriptional repressors, including basth SuperFect (Qiagen, Valencia, CA) according to the manufacturer’s
Krippel-like factor (BKLF), friend of GATA (FOG), and T-cell instructions. For analysis of the luciferase activity derived from co-

- . fecti ith I i lasmi h I f DNAI
factor (TCF)31-3 These facts suggest a critical role for CtBP i transfection with several expression plasmids, the total amount o in

L | . f . id .  cell Ba<5rms of weight was adjusted to be equal by adding the plasmid pUC13. As
transcriptional repression of genes in a wide variety of cells. Ct n internal control of transfection efficiency, a plasmid expresgigalac-

was shown to interact with E1A of human adenoviruses 12 andgidase was cotransfected. The cells were harvested 48 hours after
through the 5—-amino acid sequences PLDLS and PVDLS (singlgansfection and assayed for the luciferase activity by means of the
letter amino acid codes), respectively. These sequences are higldiferase assay system (Promega, Madison, WI) and a luminometer
conserved among the E1A protefisRepressor proteins that are(Lumat, Berthold, Badwildbod, Germany). The data were normalized to the
described as interacting with CtBP so far also contain simil#-galactosidase activity. Cells were treated with 200 pM T&fRoche
5—amino acid sequences that are called CtBP-binding nféfifs. Diagnostics, Mannheim, Germany) for 24 hours before harvesting. For the
We have reported a repressor domain of Evi-1 in the regidlrl)clrf]erasg assay using thekhlstone deaz:jt_atyla}sed(HDAcg |nh||b|tor, 50dr(1jg/dmL
between amino acids 608 and 782n this study, we identified [chostatin A (Waco, Osaka, Japan), dissolved in ethanol, was added to
. . . . . culture medium for 8 hours before harvesting. The same amounts of ethanol
another region of Evi-1, spanning amino acids 544 to 607, that iS
. L were added to the control cells.
required for full repressor activity. Recently, Turner and Crosiley
identified 2 CtBP-binding-motif-like sequences in this region afnmunoprecipitation and Western blotting
Evi-1 and showed physical interaction between mCtBP2 and a ) )
portion of Evi-1, including this region by the yeast 2-hybriGCOS7_ cells were transfected by the diethylaminoethyl-dextran method as
. . . .dfscrlbed previouslt The cells were cultured for 48 to 72 hours after
system. However, it remains to be determined whether Evi- ) . . I
; ith CtBP in vi d whether Evi-1. diated . transfection and were lysed in the TNE bufféFor immunoprecipitation,
Interacts with Ct . In V'Vo_an W ether Evi-1-mediate repressiq, lysates were incubated with the anti-T7 monoclonal antibody (Nova-
depends on the interaction with CtBP. Furthermore, the mQgln ‘Madison, W) for 3 hours at 4°C. Then the samples were incubated
Important point is to elucidate the p|olog|cal phgnomenon and With protein A-Sepharose (Sigma, St Louis, MO) for 1 hour at 4°C.
signaling pathway, where the physical interaction between Evitthmunoprecipitates were washed 5 times with the TNE buffer and were
and CtBP occurs. subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis
To address these issues, we further investigated the mechan{S®S-PAGE) and analysis by Western blotting. Immunoblotting was
for Smad-inhibition by Evi-1 and demonstrated that CtBP acigrformed with anti—Evi-1 seruthand anti-T7 and was detected with the
as an essential cofactor for Evi-l-mediated repression gfthanced chemiluminescence system (Amersham Pharmacia Biotech).

TGF signaling.

Plasmids

GST pull-down assay

[35S]methionine-labeled CtBP1 was synthesized in vitro by means of
TNT-coupled reticulocyte lysate system (Promega) according to the manu-

Materials and methods facturer’s instructions. We collectedydy bacterially produced GST fusion
proteins on Glutathione Sepharose 4B beads (Amersham Pharmacia
Cell culture and establishment of stable clones Biotech) and incubated them witi¥*§]methionine-labeled CtBP1 for 3

COS7, HepG2, and Mv1Lu cells were grown in Dulbecco modified Eagfours at4°Cin the TNE _buffer. Then, the beads were washed 5 tl_mes \.N'th
. ; - ) ﬁe TNE buffer and subjected to SDS-PAGE followed by detection with

medium supplemented with penicillin and streptomycin and 10% fetal call  oradioaranh

serum at 37°C in a 5% CQncubator. To generate stable MvlLu clones graphy.

overexpressing Evi-1 and its mutant, the constr_ucts subc_loned .mto pMEFowth-inhibition assay

18Sneo vector were transfected by means of Lipofectamine (Gibco BRL,

Gaithersburg, MD) according to the manufacturer’s instructions. The3ée stable clones derived from Mv1Lu cells were seeded in duplicate at a

cells were selected in medium containing G418 (§09/mL). G418- density of 1x 10* per well in 24-well culture plates. At 12 hours later,
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different doses of TGIB- were added, and the cells were incubated for 24 A B Tcer___ Y
hours. During the last 4 hours, the cells were labeled withQi/mL . % % 2
[BH]thymidine (Amersham Pharmacia Biotech). The cells were washec Evit g R é
with phosphate-buffered saline, fixed with 10% trichroloacetate, anc iz 207~ i < CIBP-
solubilized with 0.5 M NaOH. The cell extracts were neutralized with HCI, anthT7 | 420- - bound
and PH] radioactivity was measured in a liquid scintillatigg+counter it L A 7o
(Aloka, Mitaka, Tokyo, Japan). et L
553 584 47- * a —
PFDLT ~ PLDLS amiv % ————
anti-Evi-1 et
Results L 123 4 568
The region between amino acids 544 and 607 of Evi-1 (4 D w-cmpa; S
= 0
is required to block TGF- B signaling s I8 % g
EMT-:I s - i
We previously identified 2 domains of Evi-1 that are indispensable e ~&- bound
553 584 anti-T7 Evi-1

for repression of TG signaling!* One is the first zinc finger  aspL PFAST  PLDLS anttouet| "o
domain, through which Evi-1 binds to Smad3 directly (Figure 1A). o Plot
The Evi-1 mutant that lacks this domain has lost the ability to DL/AS PFDLT ~ PLASS

. . . - . . “-. b d---'
suppress TG signaling. Using C termlnal truncated mutants Qf AS/AS PEAST PLASS *nthT7 LA —
Evi-1, we found that the other domain, the region between aminc — = ulBr [Rop—_—,
acids 608 and 732 of Evi-1, is also required for efficient repressior. plot - % 123456

of TGF signaling, although it does not contribute to binding t@igure 2. Evi-1 associates with CtBP1 through PLDLS.  (A) Evi-1 contains 2
Smad3. We have therefore termed this region the repréggative CtBP-binding motifs. (B) The pME18S empty vector (lane 1), Evi-1 (lanes 2,

. . 3), A544-607 (lane 4), A608-732 (lane 5), or A544-732 (lane 6) in pME18S was
sion domain. transfected into COS7 cells (2 X 10°) with pRc/CMV empty vector (lanes 1, 2) or
To define the full picture of the Evi-1 domains that contribute t@7-ctep in pRe/CMV (lanes 3 to 6). After 48 hours, cells were lysed and subjected to

inhibition of TGF{ signaling, we employed a series of deletiorimmunoprecipitation with anti-T7. T7-CtBP-bound Evi-1 was detected by Western

i PP : t by means of anti—Evi-1 (top). Positions of size markers (in kilodaltons) are
mutants of Evi-1 for specmc regions and tested them for theﬂﬁicated on the left. Expression of T7-CtBP and Evi-1 is monitored with anti-T7

repression activities. As shown in Figure 1, effector plasmids f@fiddie) and anti-Evi-1 (bottom), respectively. (C) Structures of the mutants of Evi-L.
Evi-1 were transfected with the reporter plasmid p3TP-Lux, lutations from DL to AS within the 5 amino acid motifs are underlined. (D) The

A Zn finger Zn finger Acidic
domain 1 domain 2 domain
Evi-1 CIIIIIT T |
Smad3 binding Repression
A608-732 [T giiim  —
A544-607 [T m— Y — i 1
A544-732 ONmr—————1 M W1
B C
p3TP-Lux 2500p p3TP-Lux
120
5 100 E 2000p
1.5 5
: = 1500}
P 8
2 3 1000}
w 40 w
20 500r
0
TGF-ﬁ—++:;; Smad314—++'-:‘-:;
e b = [
§8588% §8285°8
ge¥3gy3 gevids
294 299
Figure 1. Identification of a domain responsible for repression in Evi-1. (A)

Structures of wild-type Evi-1 and its deletion mutants. The Smad3-binding domain
and the repression domain are shown. (B) HepG2 cells were transfected with
p3TP-Lux together with wild-type or each mutant of Evi-1 in the absence or the
presence of 200 pM TGF-B as indicated. (C) HepG2 cells were transfected with
Smad3, Smad4, and p3TP-Lux together with wild-type or each mutant of Evi-1 as
indicated in the absence of TGF-B. Luciferase activities were measured, and the
values relative to the basal activity of the reporter are presented. The representative
data of 3 independent experiments in duplicate are shown. Values and error bars
depict the mean and the SD, respectively.

PME18S empty vector (lane 1), Evi-1 (lanes 2, 3), AS/DL (lane 4), DL/AS (lane 5), or
AS/AS (lane 6) was transfected into COS7 cells (2 X10°) together with pRc/CMV
empty vector (lanes 1, 2) or T7-CtBP (lanes 3 to 6) in pRc/CMV. The immunoprecipi-
tation was performed, and the results are shown as in Figure 2B.

synthetic TGFB-responsive reporter that contains the region of the
plasminogen activator inhibitor 1 (PAI-1) promo#érAs we
previously showed, wild-type Evi-1 effectively repressed transcrip-
tional activation induced by TGB- (Figure 1B). There was no
effect of Evi-1 on the basal activity of the promoter, indicating that
the Evi-1 effect is specific for TGB—induced transcriptional
activation (data not showr}.We found thatA608-732, which
lacks the repression domain, had diminished repression activity.
Remarkably, deletion of the region between amino acids 544 and
607 in A544-607 also severely impaired the repression activity.
Deletion of both the regions\644-732) completely abolished the
activity of repression (Figure 1A-B). As overexpression of Smad3
mimics the effect of TGH on activation of the PAI-1 promotéf,

we performed the transcriptional response experiments by overex-
pressing Smad3 and Smad4 instead of exposing cells to¥ &t
obtained similar results (Figure 1C). We performed these experi-
ments using p800neolL UC containirgy99 to+81 of the 3 end of

the humanPAl-1 gené®3° as a reporter, and similar results were
again obtained (data not shown). Although Evi-1 has been shown to
be a DNA-bindingprotein{4lthere are no consensus sequences
for Evi-1 binding in both of the promoters we used. Taken
together, the region between amino acids 544 and 607 of Evi-1
(Evi-1 [544-607]) also participates in efficient inhibition of
TGF8—mediated transcriptional responses.

Evi-1 interacts with CtBP1 through its consensus motif

Recently, it was reported that Evi-1 contains 2 amino acid
sequences, PFDLT (single-letter amino acid codes) and PLDLS,
that fit to the CtBP-binding motif (Figure 2AY}.These sequences
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are included in the region between amino acids 544 and 607 of A GST CIBE1

Evi-1, which we showed as participating in efficient inhibition of GST-CtBP FL T |

TGF signaling, and they are completely conserved between 1 440

mouse and human Evi-1 proteifisThese findings allowed us to GST-CtBP(1-330) I —————

perform a coprecipitation assay to confirm whether Evi-1 interacts ! -

with CtBP in mammalian cells. We introduced T7-tagged CtBP1 GST-CIBP(111440)Em___
111 440

with wild-type or the deletion mutants of Evi-1 into COS7 cells.

Cell lysates were subjected to immunoprecipitation with anti-T7, GST-CIBP(1-220)

followed by immunoblotting with anti-Evi-1. We observed that 1 220
wild-type Evi-1 was coprecipitated with T7-CtBP1. However, ST-CHBP,
A544-607 orA544-732, which lacks putative CtBP-binding motifs, RFERTAm a‘*——--'z‘lm:'“o

was not. In contrast\608-732, which retains the domain including

the motifs, was coprecipitated with T7-CtBP1 (Figure 2B). From B Bvi- +'5 5

these results, we concluded that Evi-1 interacts with CtBP1 in vivo g E g %

and that the region between amino acids 544 and 607 is responsible @ :.3_ = ;-'_ 8

for binding to CtBP1. Next we examined the relative contribution @ D @m@E @

of the 2 putative CtBP-binding motifs to the interaction with CtBP. e R

For this purpose, we constructed Evi-1 mutants that harbor specific 888888

amino acid substitutions. The previous report demonstrated that 207+ i cEp-
substituting the AS residues for the DL residues in the CtBP- GST V- i, = <&-bound
binding motif of E1A completely eliminates binding to CtBE®L. DB dowr -0 Rt
Therefore, we introduced the same substitution into Evi-1 at the blot

PFDLT (AS/DL), the PLDLS (DL/AS), or both (AS/AS) (Figure | 78 Y

2C). We transfected these mutants with T7-CtBP1 into COS7 cells M7 -

and performed immunoprecipitation experiments. Each mutant is ——

expressed comparably at the anticipated size. Both wild-type Evi-1 ’“‘.,'ff"’ 48- G- p,ﬁg?,,s
and the mutant for PFDLT (AS/DL) interacted with T7-CtBP1. -

However, neither of the 2 mutants for PLDLS (DL/AS and AS/AS) .

retained the ability to interact with CtBP (Figure 2D). Thus, of the 2 ami;arm [ *=ews cpmmmen <€-Evii
CtBP-binding-motif-like sequences, PLDLS at amino acid 584 is 123456
responsible for the interaction between Evi-1 and CtBP1, arigure 3. The whole structure of CtBP is required for interacting with Evi-1. (A)

. . . Schematic presentation of GST-CtBP FL, GST-CtBP (1-330), GST-CtBP (111-440),
PFDLT at amino acid 553 is not, . . ) GST-CtBP (1-220), and GST-CtBP (221-440). (B) pEBG (lane 1), CtBP FL (lane 2),
To determine the region of CtBP1 that interacts with Evi-1, wetsp (1-330) (lane 3), CtBP (111-440) (lane 4), CtBP (1-220) (lane 5), or CtBP

overexpressed WiId-type Evi-1 with fuII-Iength or truncated formggl-440) (lane 6) in pEBG was transfected into CIOS7 cells _(4 X 10°) together with
of CIBPL fused to GST in COS7 cells (Figure 3). Whereas 5 nAVELRS Cel et v vt i, cutations Seprnss s
full-length CtBP1 strongly binds to Evi-1, none of the truncategy means of anti-Evi-1 (top). Expression of GST-CtBP fusion constructs and Evi-1 is
forms of CtBP1 interacted with Evi-1 (Figure 3B). These resultgonitored with anti-GST (middle) and anti~Evi-1 (bottom), respectively. Positions of
suggest that the integrity of the CtBP protein is required fcf?emarkers (inkilodaltons) are indicated on the left.

interacting with Evi-1.

To determine whether Evi-1 binds to CtBP in vitro, weperformed these experiments using overexpression of Smad3 and
performed a pull-down assay using GST fusion proteins. Evidmad4 instead of exposure to T@F-and similar results were
[544-607] and its mutants for the CtBP-binding motifs were fuse@btained (Figure 5B). The experiments using p800neoLUC as a
to GST (Figure 4A) and expressed in bacteria. These proteifgporter plasmid demonstrated similar results (data not shown).
are immobilized onto Glutathione Sepharose 4B beads and indi@ken together, these data indicate that recruitment of CtBP plays
bated with PS]methionine-labeled, in vitro-translated CtBP1an important role in full repression of TGEsignaling by Evi-1.
GST-DL/AS and GST-AS/AS failed to bind to CtBP, whereas
GST-DL/DL and GST-AS/DL interacted with in vitro—translated?" HDAc inhibitor alleviates Evi-1-mediated Smad repression

CtBP1 (Figure 4B). These data indicate that Evi-1 interacts wi;&n HDAc is known to mediate transcriptional repression by

CtBP1 in vitro. rendering the nearby chromatin inaccessible to transcriptional
activators through deacetylation of histone protéfrfs.HDAc
forms a large multiprotein complex with corepressor proteins,
CtBP is shown to act as a transcriptional corepressbrasophila including the nuclear hormone corepressor (N-CoR), the silencing
and in vertebrate®¥:2°43To investigate a role for CtBP in Evi-1- mediator for retinoid and thyroid-hormone receptors, and the
mediated repression, we tested whether the AS mutation, whictammalian homologue of yeast transcriptional repressor SIN3
abrogates the binding of CtBP1 to Evi-1, would impair the abilitymSin3)#647 The recent study demonstrates that CtBP interacts
of Evi-1 to repress TGIB-signaling. We transfected p3TP-Lux intowith HDAc1, a member of HDAc family, both in vitro and in
HepG2 cells together with the effector plasmids as indicated Wivo.*®8 We also performed the immunoprecipitation study by
Figure 5. The AS/DL mutant, which retains the ability to interactoexpressing CtBP1 and HDAc1 in COS7 cells and confirmed the
with CtBP1, repressed TGB—mediated transactivation as effi-interaction between them (data not shown). These observations
ciently as wild-type Evi-1 (Figure 5A). In contrast, DL/AS orsuggest that CtBP might play a role as a corepressor by recruiting
AS/AS mutant, in which the interaction with CtBP1 is specificallHDAcs. To investigate whether Evi-1-mediated repression in-
abrogated, showed a severely reduced ability of repression. We alstves histone deacetylation, we performed a luciferase assay using

Evi-1 requires CtBP as a corepressor in inhibition of Smad3
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A GST  Evi-1(544-607)
607
| 1] | |
553/ 584’
GST-DL/DL PFDLT PLDLS
GST-AS/DL PFAST PLDLS
GST-DL/AS PFDLT  PLASS
GST-AS/AS PFAST  PLASS
B
IVTT-CtBP +
3322
33331
E B kR =
83383838 ¢
81~
46 - — — !4_CtBF
32- -

o GsT
j— - Proteins
1.2 3 4 5 6

Figure 4. Evi-1 interacts with CtBP1 in vitro. (A) Construction of GST fusion
proteins of the wild-type or mutant forms of Evi-1 (544-607). (B) GST pull-down
experiments. Here, 5 pg bacterially expressed GST alone (lane 1), GST-DL/DL (lane
2), GST-AS/DL (lane 3), GST-DL/AS (lane 4), and GST-AS/AS (lane 5) were
incubated with in vitro—translated [33S]methionine-labeled CtBP1. After extensive
washing, the samples were subjected to SDS-PAGE followed by autoradiography
(top). Half of the input of in vitro—translated [35S]methionine-labeled CtBP was
presented in lane 6. Positions of size markers (in kilodaltons) are indicated on the left.
Coomassie stains of GST-fusion proteins are indicated (bottom).
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Figure 6. Effect of trichostatin A on Evi-1-mediated repression. HepG2 cells
were transfected with p3TP-Lux together with wild-type or each mutant of Evi-1 in the
presence of 200 pM TGF-B as indicated. Luciferase activities were measured 48
hours after transfection following an 8-hour treatment with (M) or without (CJ) 50
ng/mL trichostatin A. Luciferase activities relative to the basal activity of the reporter
are presented. Values and error bars depict the mean and the SD, respectively.

mutant andA544-607, both of which do not interact with CtBP,
were little affected by trichostatin A treatment. HowevAB08-

732 mutant, which lacks the previously identified repression
domain but preserves binding to CtBP, was sensitive to trichostatin
Atreatment (Figure 6). These results suggest that an HDAc activity

a specific HDAc inhibitor, trichostatin A2 Trichostatin A has been is involved in repression of TGB-signaling by Evi-1 and that this
shown to relieve transcriptional repression by Mad-Max complég mediated chiefly through the interaction with CtBP.

or by other repressor proteins, which are mediated by HEAE.

We cultured HepG2 cells with 50 ng/mL trichostatin A for 8 hourg\ssociation with CtBP is required for Evi-1 to inhibit
before harvesting, and the treatment had little effect on the basall&F-B—induced growth inhibition

TGF{B—induced activity of p3TP-Lux (Figure 6). In contrast
repression of TG signaling elicited by Evi-1 was significantly
attenuated by the treatment with trichostatin A. To determi
whether the effect of trichostatin A is dependent on recruitment
CtBP, we tested Evi-1 mutants with altered CtBP-binding prope
ties for trichostatin A—induced derepression in this assay. DL/

A 120 B 14007

p3TP-Lux p3TP-Lux
1200
100
s 51000
£ 80 £
] ©
2 2 800
8 60 8
k- ° 600
& &
40 400
20 200
0 0
TGFp — + + + + + gmad3fd— + + + + +
s sxa29 5 5T 499
< = s 83 <
© o2 23N H > 0 > g 3
w
22 a8« g e % B <
Figure 5. Evi-1 requires CtBP as a corepressor for inhibition of TGF- B signaling.

(A) HepG2 cells were transfected with p3TP-Lux together with wild-type or each
mutant of Evi-1 in the absence or the presence of 200 pM TGF-B as indicated. (B)
Smad3, Smad4, and p3TP-Lux were transfected into HepG2 cells together with
wild-type or each mutant of Evi-1 in the absence of TGF-B. Luciferase activities were
assayed and presented as described in the legend for Figure 1.

'Mv1Lu cell is a mink lung endothelial cell line that is highly

responsive to TGB—mediated growth inhibitory signals. Overex-

I-ghession of Evi-1 in Mv1Lu cells abrogates the antiproliferative

ect of TGFg.1* To investigate a role for CtBP in the Evi-1—
nediated block of antiproliferative effect of TGF-we established

v1Lu clones that stably express either wild-type Evi-1 or the
DL/AS mutant. We introduced the expression vector for wild-type
Evi-1 or the DL/AS mutant that enables concomitant expression of
the neomycin-resistant gene into Mv1Lu cells and selected them
for neomycin resistance in the presence of G418. Of the resultant
G418-resistant clones, Western blot analyses using anti—Evi-1
revealed 4 representative clones that express high levels of
wild-type Evi-1 (W-55 and W-60) or the DL/AS mutant (A-72 and
A-82) (Figure 7A). Two independent Mv1Lu clones, M-2 and M-4,
which were transfected with the empty vector, were used as
controls. In these experiments, intrinsic Evi-1 was below the
detectable level in the naive MvlLu cells. When cultured in
complete medium without TGB; all of these clones showed
comparable viabilities and proliferative abilities (data not shown).
We then evaluated growth-inhibitory effects of T@Fen these
Mv1lLu clones usingJH]thymidine-incorporation assays. Shown
in Figure 7B are the effects ofH]thymidine uptake when these
clones were exposed to increasing amounts of BGFhe Mv1Lu
clones, which overexpress Evi-1 (W-55 and W-60), showed
reduced responsiveness to T@GF-4n comparison with mock-
transfected clones (M-2 and M-4). In contrast, the growth of A-72
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Figure 7. Association with CtBP is required for Evi-1 to block TGF- B—induced
growth inhibition.  (A) Expression of wild-type Evi-1 and its mutant form, DL/AS, in
the stable Mv1Lu transfectant clones. Clones W-55 (lane 3) and W-60 (lane 4) were
established from cells transfected with wild-type Evi-1, while A-72 (lane 5) and A-82
(lane 6) were from cells transfected with the DL/AS mutant of Evi-1. M-2 (lane 1) and
M-4 (lane 2) are mock clones transfected with pME18Sneo empty vector. The results
of immunoblotting with anti-Evi-1 are shown. (B) The MvlLu clones stably trans-
fected with wild-type Evi-1 (W-55, A, and W-60, A), DL/AS (A-72, [, and A-82, W),
and control clones (M-2, O, and M-4, @) were subjected to a [*H]thymidine-
incorporation assay in the presence of the indicated concentrations of TGF-B.
Results are expressed as percentages relative to values obtained from control
cultures that did not receive TGF-B. Values and error bars depict the mean and the
SD, respectively.
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complexe$233 Our study, for the first time, suggests a role for a
distinct type of corepressor, CtBP, in human leukemogenesis.

In the previous study, we showed that Evi-1 directly binds to the
MH2 domain of Smad3 in the nucleus through its first zinc finger
domain and affects the interaction of the complex of Smad3 and
Smad4 with its DNA-binding sequence. A C-terminal portion of
Evi-1 spanning amino acids 608 to 732 (Evi-1 [608-732]), which is
not involved in the binding to Smad3, also contributes to the
repressiont? In the present study, we identified another region of
Evi-1, spanning amino acids 544 to 607, that is also required for
repressing TG signaling. This region overlaps with the region
between amino acids 514 and 633, which, on the basis of results of
the artificial transcriptional response analysis, has been proposed as
the transcriptional repression domainThis region contains 2
amino acid sequences reminiscent of CtBP-binding motifs, which
are completely conserved between mouse and human Evi-1
proteins. Recently, another group showed that the region between
amino acids 514 and 726 of Evi-1 physically interacts with
mCtBP2 in the yeast 2-hybrid systéfHowever, a role for the
CtBP protein in Evi-1-mediated repression remained to be deter-
mined because the interaction with CtBP does not immediately
indicate CtBP-dependent repression. For example, FOG-2, which
also physically interacts with CtBP, was shown to repress GATA4-
mediated transcription by a CtBP-independent mechaPfisim.
this study, we showed that Evi-1 interacts with CtBP in vivo and
that, of these 2 CtBP-binding-motif-like sequences, PLDLS at
amino acid 584 is required for Evi-1 to interact with CtBP.
Furthermore, we found that the interaction with CtBP is crucial for
the efficient repression of TGB-signaling by Evi-1. These results
strongly suggest that CtBP acts as a corepressor of Evi-1 in
repressing TGH signaling. In support of this is our demonstration
that disruption of the CtBP-binding motifs of Evi-1 completely
abrogated its ability to block the growth-inhibitory effect of T@F-
in vivo. CtBP proteins have been shown to act as a corepressor of
growing members of transcriptional repressor®nosophilaand
vertebrates; among those are Hairy, Knirps, frel, and Snail in

and A-82 clones, which overexpress the DL/AS mutant, wdarosophila? and CtBP-interacting protein (CtIP)?” BKLF,3!
inhibited in response to TGB-as efficiently as that of mock- FOG?? Net;*® ZEBREF-12858 TCF3 and Ikaro%° in vertebrates.
transfected clones. These results suggest that recruitment of CtEB®Sse f_indings propose another me<_:r_1anism_ for _E_vi-l—mediated
is required for Evi-1 to release cells from the growth-inhibitoryepression of TGFB signaling. In addition to inhibiting Smad3

effect of TGF8 in vivo.

Discussion

from binding to DNA, Evi-1 may, as a corepressor, recruit CtBP to
Smad complexes to fully repress the expression of target genes.
Given the fact that mutant forms of Evi-1, which are unable to
associate with CtBP, retained the partial transcriptional repression
activity in the reporter assay, CtBP-independent mechanisms

In this study, we investigated the mechanism through which Evishould be active in the repression of T@Fsignaling. In these
blocks TGFB signaling and found that the CtBP protein acts as lines, transcriptional repressors, such as BKLF, Hairy, FOG, and
corepressor of Evi-1. Furthermore, we demonstrated that one of tgF-1, require CtBP binding for their repression activity, but also
mechanisms for Smad3 inhibition by Evi-1 should be recruitmegpntain CtBP-independent repression dom&ii$32¢The repres
of an HDAc complex through the CtBP protein. Recently, severalon domain that we had previously identified (Evi-1 [608-732])
proteins were also shown to negatively regulate the PSF- might be one of these domains because it does not contribute to the
induced signal$’182225Among them, TGIF, Ski, and Sno areinteraction between Evi-1 and CtBP1. One possibility is that
shown to act as members of transcriptional corepressor complexa®ther factor yet to be identified might bind to this region and act
including HDAc?2-25 in cooperation with CtBP. Further studies to elucidate the precise
Involvement of corepressor proteins in human leukemogenesi€chanism of repression are in progress.
has been proposed with the demonstration that PML/RAtRe It remains to be determined how CtBP works as a transcriptional
fusion protein of promyelocytic leukemia (PML) and retinoic acidcorepressor. One possibility is that CtBP recruits an HDAc
a (RARQ), recruits a corepressor complex, including N-CoR andomplex. CtBP has been shown to interact with HDAc1 both in
HDAc, to RARx target genes, thereby blocking myeloid cellitro and in vivo*® We demonstrated that trichostatin A, a specific
differentiation in acute promyelocytic leukenfi&iThe AML1/ETO inhibitor of HDAc, significantly alleviates the Evi-1-mediated
chimeric protein, which is generated in acute myelogenous leukepression. Moreover, Evi-1 mutants that cannot bind to CtBP are
mia with t(8;21), has also been shown to recruit corepressoot vulnerable to trichostatin A, which suggests that derepression
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by trichostatin A is dependent on CtBP. Ski, Sno, and TGIF a2NA in vitro.4%4! Although these sequences overlap with the
transcriptional corepressor proteins that associate with Smiidding site for the GATA-family transcription factors, target genes
proteins and inhibit their transcriptional activation with depenthat Evi-1 directly regulates have not been identified so far. Thus,
dence on an HDAc activit§?25 Although these corepressors forEvi-1 may, in addition to binding to DNA directly, regulate
Smad proteins are known to be endogenously expressed in a vartedyscription by interacting with DNA-binding proteins, as in the
of cells, the present study is hardly affected by them, if at altase of Smad3, and by recruiting corepressor complexes, including
because trichostatin A treatment does not change the basal trans@iBP. Identification of those target DNA-binding proteins may
tional activity or the activity induced by TGB-in our transcrip- greatly contribute to understanding Evi-1-induced leukemogenesis.
tional response assay. These findings strongly support the model
for repression in which Evi-1 recruits CtBP, and this in turn
conducts an HDAc complex, which exerts the transcriptional
repression activity. Recent reports, however, propose anotiecknowledgments
model for CtBP-mediated repression through polycomb com-
plexes3961In this model, CtBP, as a dimer, acts as a bridge betwed¥e thank G. Chinnadurai (St Louis University, MO) for providing
specific repressor proteins and the polycomb complex, which TI¥-hCtBP1, J. Massagu#emorial Sloan-Kettering Cancer Cen-
supposed to package regions of DNA into heterochromatin-liker) for Smad4, R. Derynck (University of California) for Smad3,
structures without the help of HDAE353To date, however, there K. Miyazono (The Cancer Institute of the Japanese Foundation for
is no experimental demonstration that polycomb proteins playGancer Research) for p3TP-Lux, M. Abe (Institute of Develop-
central role in CtBP-mediated transcriptional repression. ment, Aging and Cancer, Tohoku University, Sendai, Japan) for
Our study provides a novel function of Evi-1 as a transcription@800neoLUC, B. J. Mayer (Howard Hughes Medical Institute,
corepressor that interacts with DNA-binding transcription factorglarvard Medical School) for pEBG, S. L. Schreiber (Howard
Thus far, Evi-1 is proposed as a DNA-binding protein because Biughes Medical Institute) for HDAc1, and K. Arai (The Institute of
the observation that it directly interacts with specific sequences Medical Science, University of Tokyo, Japan) for pME18Sneo.
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