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Similar to other herpesviruses, HCMV expresses its
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Human cytomegalovirus (HCMV) is a major renal
athogen in congenitally infected infants and renal
llograft recipients. It has been shown that human
idney cells of glomerular, tubular, and vascular ori-
in were all infected by HCMV in vitro. It has previ-
usly been demonstrated that the IE2 protein of
CMV directly associates with the zinc finger domain
f Egr-1. The zinc finger region of WT1 is a sequence-
pecific DNA-binding domain which also recognizes
he consensus DNA binding site (5*-CGCCCCCGC-3*) of
gr-1, thus suggesting a possible interaction between
T1 and IE2. Here we demonstrate that HCMV IE2

inds to the C-terminal region of WT1 containing zinc
nger domain in vivo as well as in vitro and that WT1
an inhibit IE2-driven transactivation of the respon-
ive promoter. Our results suggest that WT1 may be
ble to regulate the functional activity of HCMV IE2.
urthermore, these data may provide new insights

nto the possible involvement of HCMV in WT1-related
athogeneses. © 2000 Academic Press

Human cytomegalovirus (HCMV) can produce life-
hreatening complications in immunocompromised pa-
ients and can induce pathologic changes in a number
f human organ systems. HCMV inclusions are found
n the liver, lungs, and kidneys of HCMV viremic pa-
ients examined by biopsy or at autopsy (1, 2). In ad-
ition, high titers of HCMV are shed in urine during
ongenital or neonatal HCMV infection, and histologic
xamination of kidney sections from congenitally in-
ected infants has revealed viral inclusions in the renal
ubules (3). It has been shown that human kidney cells
f glomerular, tubular and vascular origin can all be
nfected by HCMV in vitro (4–6).

1 To whom correspondence should be addressed at Institute for
olecular Biology and Genetics. Bldg. 105, Seoul National Univer-

ity, Kwan-Ak-Gu, Seoul 151-742, Korea. Fax: 011-82-2-875-0907.
-mail: sunyoung@plaza.snu.ac.kr.
59
enes in three temporal classes: immediate early (IE),
arly, and late. The IE genes encode the first set of
roteins expressed upon infection, some of which are
nvolved in fine tuning the virus life cycle (7). One of
he best examined IE genes of HCMV is IE2. This
6-kDa phosphonuclear protein appears to be a fine
egulator of viral gene expression between the
mmediate-early and later stages of the HCMV life
ycle. IE2 is a very potent transactivator of many cel-
ular and viral promoters. It binds not only to cellular
ranscription factors such as TBP, TFIIB but also to
umor suppressor proteins such as p53 and Rb (8–12).
t has also been reported that IE2 gene product can
ooperate with another IE gene product, IE1 and ad-
noviral E1A to transform primary baby rat kidney
BRK) cells (13).

WT1, the Wilms’ tumor suppressor protein, is a zinc
nger-containing transcription factor that is capable of
ctivating or repressing transcription depending on
oth cell type and promoter context (14, 15). Inactiva-
ion of WT1 has been correlated with the incidence of

ilms’ tumor, a pediatric nephroblastoma, and Denys–
rash syndrome, which is characterized by severe gen-

tourinary disorders. The WT1 gene is deleted or mu-
ated in approximately 10% of sporadic Wilms’ tumors
nd in nearly 100% of Denys–Drash patients. It has
een reported that WT1 physically interacts with sev-
ral cellular and viral proteins such as p53, par-4, and
denoviral oncoprotein E1B 55K (16–18). The interac-
ions with these proteins can influence the transcrip-
ional or biological activity of WT1.

Previously, we have demonstrated the binding of the
E2 protein to the zinc finger domain of Egr-1 (19). The
inc finger region of WT1 is a sequence-specific DNA-
inding domain which recognizes the same consensus
inding site (59-CGCCCCCGC-39) as Egr-1, therefore
uggesting a possible interaction between WT1 and
E2. Here we show that IE2 binds to the C-terminal
egion of WT1 in vivo as well as in vitro, and that WT1
uppresses the transactivation capability of IE2.
0006-291X/00 $35.00
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We first tested whether WT1 interacts with IE2,
sing a maltose binding protein (MBP)-IE2 fusion
rotein and total cellular extract prepared from 293T
ells transfected with a WT1 expression vector,
CMV-WT1. MBP-IE2 was expressed in E. coli, pu-
ified, and bound to an amylose resin as previously
escribed (12). Total cellular extract was prepared 2
ays post transfection using the ELB buffer (50 mM
epes, pH 7.0/250 mM NaCl/0.5 mM EDTA/0.1%
onidet P-40) as described by Maheswaran et al. (17)
or protein binding assays, 500 ng of the MBP fusion
roteins, on beads, were rocked for 3 h at 4°C with
50 ml of the total cellular extract in a final volume of

FIG. 1. (A) Association between WT1 and IE2. MBP fusion protei
otal cellular extracts were prepared from 293T cells transfected wi
wo days after transfection, cells were lysed, incubated with a resin
ith amylose resin. The bound proteins were detected by immunobl

ysate was used as a marker for WT1 (lane 1). (B) In vivo interact
xpression vector producing the MBP–IE2 fusion protein (pCI-MB
xpression vector express MBP alone (pCI-MBP) used. (lanes 2 and
mylose resin. The bound proteins were detected by immunoblotting
as used as a marker for WT1 (lanes 3 and 4). (C) Identification of W

abeled WT1 were generated by in vitro transcription and translatio
BP (lanes 2, 6, and 10), MBP–IE2 (lanes 3, 7, and 11) or MBP–exo

ubjected to SDS–PAGE and visualized by autoradiography. One fifth
as used as a marker (lanes 1, 5, and 9).
60
00 ml buffer A (140 mM NaCl/100 mM Tris–HCl, pH
.4/0.5% Nonidet P-40/1 mM EDTA). The beads were
hen washed three times in 1 ml of buffer A, pelleted
t 12,000g for 30 s, and boiled in 23 SDS–PAGE
ample buffer. Bound proteins were released and
nalyzed by Western blot analysis with a polyclonal
ntibody specific for WT1 (C19, Santa Cruz Biotech.,
anta Cruz, CA, US). The 52-kDa WT1 protein was
referentially retained by the MBP-IE2 resin, but
ot by the resin containing MBP alone (Fig. 1A,

anes 2 and 3). This result suggested that the IE2
rotein might physically bind to the intact 52-kDa
T1 protein.

ere expressed in E. coli and bound to amylose resin were generated.
WT1 expressing vector (pCMV-WT1) or a control plasmid (pCMV)

ntaining MBP alone (lane 2) or MBP-IE2 (lane 3), and pulled down
ng with a polyclonal antibody specific for WT1. One-fifth of the cell
of WT1 with IE2. 293T cells were transfected with a mammalian
E2) (lanes 1 and 3) together with pCMV-WT1. As a control, an
Two days after transfection cell were lysed and pulled down with

th a polyclonal antibody specific for WT1. One fifth of the cell lysate
domain interacting with IE2. Various domains of [35S]methionine-
abeled proteins were incubated with an affinity matrix containing
(lane 4, 8, and 12) synthesized in E. coli. The bound proteins were

e amount of each domain of labeled WT1 used in the binding reaction
ns w
th a
co

otti
ion
P-I
4)
wi
T1

n. L
n 4
th



To confirm a physical interaction between WT1 and
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E2 in mammalian cells, we constructed a mammalian
xpression vector, pCI-MBP-IE2, which produces a
BP-IE2 fusion protein from the HCMV IE promoter.
s a control, the same expression vector containing
nly the MBP sequence, pCI-MBP, was constructed. To
onstruct pCI-MBP and pCI-MBP-IE2, the malE gene
as cloned from the pMal-c2 plasmid (New England
iolabs, Beverly, MA, US) by a polymerase chain reac-

ion using a pair of oligonucleotide primers, 59-
CTAGCCTCGAGACCATGAAAACTGAAGAAGGT

upstream primer) and 59-AAGCTTGCCTGCA-
GTCGAC (downstream primer). The amplified DNA

ragment was cloned into the NheI/EcoRI site of pCI-
eo (Promega, Madison, WI), resulting in pCI-MBP.
CI-MBP-IE2 was generated by cloning the EcoRI IE2
ragment (isolated from pMBP-IE2) into the EcoRI site
f pCI-MBP. These expression vectors were transfected
nto 293T cells together with pCMV-WT1. Total cellu-
ar extracts were prepared using the ELB buffer and

BP-fusion proteins were purified by MBP-affinity
hromatography. Bound proteins were detected accord-
ng to ECL Western blotting protocols with a polyclonal
ntibody to WT1. As shown in Fig. 1B, WT1 was spe-
ifically copurified from cell lysates transfected with a
BP-IE2 expression vector (lane 2), while no cellular

roteins reacted with the antibody when a control vec-
or expressing MBP was transfected (lane 1). This re-
ult, together with the above in vitro binding data
trongly, suggested that WT1 and IE2 could interact
ith one another both in vivo as well as in vitro.
To identify the domain of WT1 that interacts with

he IE2 protein, another in vitro binding assay was
erformed using the MBP-IE2 protein and three in
itro translated [35S]methionine-labeled WT1 proteins;
he full-length WT1 protein (1–429) and two deletion
roteins, WT1 (1–179) containing only the N-terminal
omain and WT1 (249–429) containing the C-terminal
inc finger domain. An intact 52-kDa [35S]methionine-
abeled WT1 protein was retained by the MBP-IE2
esin (Fig. 1C, lane 3), but not by the resin containing
BP alone (Fig. 1C, lane 2) or the MBP-e4 (Fig. 1C,

ane 4), which is identical to pMBP-IE1 described pre-
iously by Kim et al. (20), used as another control
rotein. In vitro translated and radiolabeled WT1
249–429) was bound to the MBP-IE2 resin (Fig. 1C,
ane 11), but not to the control resins (lanes 10 and 12).
n the contrary, WT1 (1–179) was not retained by any

olumns (lanes 6–8). Taken together, these results
how a direct interaction between IE2 and the
-terminal region of WT1 which contains a zinc finger
omain.
To determine the functional consequences of the in-

eraction between WT1 and IE2, transient transfection
xperiments were carried out to analyze the effects of
T1 on transcriptional activation activity of IE2. IE2

as been shown to be a promiscuous transactivator of
61
E2 activated gene expression from the truncated
DGF-A promoter in a dose dependent manner in
HK21 cells. Activation was specific for IE2 because

E1, another immediate-early protein of HCMV, had
ittle effect on the PDGF-A promoter under the same
ondition. Because the truncated PDGF-A promoter
sed in this study contains two overlapping EGR-1/
T1 consensus sequences, we first examined the effect

f WT1 on the promoter in BHK21. As shown in Fig.
B, WT1 alone had little effect on the expression from
he promoter in BHK21 cells. However, the cotransfec-
ion of the WT1 and IE2 expression vector (pCMX-WT1
nd pEQ326), decreased the IE2-mediated transactiva-
ion of the truncated PDGF-A promoter in a dose-
ependent manner. Repression was specific for wild
ype WT1 because WT1 (249–429) lacking the
-terminal domain had no effect on the transactivation

unction of IE2 (Fig. 2C). To rule out the possibility
hat the observed inhibition of IE2-mediated transac-
ivation by WT1 is due to the inhibitory effect of WT1
n IE2 expression from the cotransfected plasmid, we
ested the effect of WT1 on the major immediate early
romoter (MIEP) of HCMV driving IE2 in the expres-
ion vector. As shown in Fig. 2D, WT1 had no signifi-
ant effect on the MIEP of HCMV. Thus the decrease in
E2-mediated transactivation caused by WT1 was not
ue to a reduction in IE2 expression level.
We have demonstrated that (i) HCMV IE2 protein

inds to WT1 in vivo as well as in vitro; (ii) C-terminal
egion of WT1 is required for this protein-protein in-
eraction; and (iii) full-length WT1 can prevent the
E2-mediated transactivation of the truncated
DGF-A promoter.
The interaction between these proteins appears to be
ediated by the C-terminus of WT1 which contains the

our C2H2-type zinc fingers. It has previously been
uggested that zinc fingers, in addition to binding DNA
nd RNA, may mediate protein–protein interaction.
or instance, the zinc fingers of YY1 have been shown
o be involved in physical interactions with Sp1, and
300, and CREB (21–23). In addition, the zinc fingers
f Egr-1 have been shown to interact with the HCMV
E2 (19). The finding that the C-terminus of WT1 is
equired for the interaction with IE2 is reminiscent of
he WT1-p53 and WT1-par4 interaction reported pre-
iously (16, 17). In these studies, the zinc fingers of
T1 were shown to interact with p53 or par4, and

hese protein–protein interactions were shown to play
role in WT1-mediated transcriptional repression or

ctivation. It thus appears that the zinc finger domain
f WT1 may be targeted by several proteins which may
egulate the functional activities of WT1.
We have shown that WT1 can prevent transactiva-

ion of the truncated PDGF-A promoter by IE2. This
unctional consequence of WT1–IE2 interaction is sim-
lar to that of Rb–IE2 interaction previously reported
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y Choi et al. (12). Similar to WT1, Rb directly binds to
E2 and negatively regulates transcriptional activation
ediated by IE2. The IE2 gene product is required for

xpression of HCMV genes involved in the later stages
f the life cycle. It thus appears that by binding to and
nhibiting transactivational activity of IE2, tumor sup-
ressor protein like WT1 and Rb may provide a means
y which the host cell delays the replication of this
irus.

FIG. 2. (A) Effects of IE2 on gene expression from the PDGF A prom
ith 2mg of a PDGF A promoter–CAT fusion construct and various conc
nd Geballe, 1991). The total amounts of DNA per transfection was alw
s a control, 4 mg of an IE1 expression vector pEQ273 was also used. F
etermined. Fold activation was calculated by dividing the CAT activity
B) Effects of WT1 on gene expression from the PDGF A promoter (2262
usion construct and 2 mg of an IE2 expression vector (pEQ326) togeth
pCMX-WT1). As a negative control, pEQ336 was used. (C) Effects of the
DGF A promoter (2262/18). BHK21 cells were transfected with 2 mg
ector (pEQ326) together with various concentrations (2, 4, or 8 mg)of
ontrol, pEQ336 was used. (D) Effects of WT1 on gene expression from
ransfected with 1 mg of a MIEP-CAT fusion construct (pC3.1 CAT) and
mounts of DNA per transfection was adjusted to 4 mg by using pCMX
62
Our studies have investigated the effects of WT1 on
ranscriptional activation by IE2. It will also be inter-
sting to see whether IE2 can modulate the biological
ctivity of WT1. Recently, it has been reported that
denoviral E1B sequesters WT1 along with p53 within
cytoplasmic body in adenovirus-transformed kidney

ells (18). In the case of E1B, such interaction may
esult in the functional inactivation of both tumor sup-
ressor gene products. Interestingly, there are func-

er (2262/18). BHK21 cells were transfected by DEAE-dextran method
ations (0.5, 1, 2, or 4 mg) of an IE2 expression vector pEQ326 (Biegalke

s adjusted to 4mg by using pEQ 336 containing no IE coding sequence.
-eight hours after transfection, cells were harvested and CAT activity
m IE2- or IE1-transfected cells by that from pEQ336 transfected cells.
). BHK21 cells were transfected with 2 mg of a PDGF A promoter-CAT
ith various concentrations (2, 4, or 8 mg) of a WT1 expression vector
tant WT1 expressing only the C-terminus on gene expression from the
DGF A promoter-CAT fusion construct and 2 mg of an IE2 expression
MX-WT1 (C) express only the C-terminus of the WT1. As a negative
e HCMV major immediate early promoter (MIEP). BHK21 cells were
ious concentrations (1, 2, or 4 mg) of a WT1 expression vector. The total
ot
entr
ay
orty
fro
/18
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tional similarities between HCMV IE2 and adenovirus
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1B oncoprotein. First, similar to E1B, IE2 can block
poptosis induced adenovirus E1A protein (24). Sec-
nd, IE2, with IE1, can cooperate with adenovirus E1A
rotein to generate transformed foci of primary baby
at kidney cells with a level comparable to the activity
f E1A plus E1B protein (13). Third, as in E1B, IE2
ay interact with both p53 and WT1 (11). although the

ormation of a trimeric complex remains to be proven.
herefore, it will also be interesting to examine the
onsequences of IE2-WT1 interaction for cell growth.

Our results suggest that HCMV IE2 can interact
ith WT1. Although the biological significance of the

nteraction between IE2 and WT1 is not yet clear, the
bservation that HCMV can infect a variety of kidney
ells implicates this protein–protein interaction in
athogenesis (4–6). Furthermore, WT1 mutation were
dentified in only 10–15% of Wilms’ tumors, which
uggests that other factors such as viral proteins may
lso contribute to the development of Wilms’ tumor
14). Future studies of the interactions between HCMV
nd WT1 may increase our understanding the patho-
enesis of their associated diseases.
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