
Inhibition of cellular proliferation
by the Wilms tumor suppressor WT1
requires association with the inducible
chaperone Hsp70
Shyamala Maheswaran,1 Christoph Englert,1,6 Gang Zheng,2 Sean Bong Lee,1 Jenise Wong,1

D. Paul Harkin,1 James Bean,1 Robert Ezzell,3 A. Julian Garvin,4 Robert T. McCluskey,2

James A. DeCaprio,5 and Daniel A. Haber1,7

1Massachusetts General Hospital Cancer Center and 2Laboratories of Pathology and 3Surgical Research, Massachusetts
General Hospital (MGH) and Harvard Medical School, Charlestown, Massachusetts 02129 USA; 4Department of Pathology,
Wake Forest University School of Medicine, Winston-Salem, North Carolina 27157 USA; and 5Department of Adult
Oncology, Dana-Farber Cancer Institute, Boston, Massachusetts 02115 USA

The Wilms tumor suppressor WT1 encodes a zinc finger transcription factor that is expressed in glomerular
podocytes during a narrow window in kidney development. By immunoprecipitation and protein
microsequencing analysis, we have identified a major cellular protein associated with endogenous WT1 to be
the inducible chaperone Hsp70. WT1 and Hsp70 are physically associated in embryonic rat kidney cells, in
primary Wilms tumor specimens and in cultured cells with inducible expression of WT1. Colocalization of
WT1 and Hsp70 is evident within podocytes of the developing kidney, and Hsp70 is recruited to the
characteristic subnuclear clusters that contain WT1. The amino-terminal transactivation domain of WT1 is
required for binding to Hsp70, and expression of that domain itself is sufficient to induce expression of Hsp70
through the heat shock element (HSE). Substitution of a heterologous Hsp70-binding domain derived from
human DNAJ is sufficient to restore the functional properties of a WT1 protein with an amino-terminal
deletion, an effect that is abrogated by a point mutation in DNAJ that reduces binding to Hsp70. These
observations indicate that Hsp70 is an important cofactor for the function of WT1, and suggest a potential role
for this chaperone during kidney differentiation.
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WT1 encodes a tumor suppressor that is expressed in
precursor cells of the kidney glomerulus (for review, see
Haber and Housman 1992; Hastie 1994). Its developmen-
tal role is best demonstrated in WT1-null mice, which
show widespread apoptosis of renal stem cells and failure
of renal mesenchyme to respond to normal inductive
signals (Kreidberg et al. 1993). In humans, heterozygous
germ-line WT1 mutations are associated with genito-uri-
nary malformations and confer genetic predisposition to
Wilms tumor, a pediatric cancer originating from renal
precursor cells (Huff et al. 1991; Pelletier et al. 1991a,b).
WT1 mutations are found infrequently in sporadic
Wilms tumors, which typically express high levels of
wild-type gene product, consistent with a developmental
arrest at an early stage of renal differentiation (Haber et
al. 1990; Little et al. 1992; Varanisi et al. 1994). Trans-

fection of wild-type WT1 into a Wilms tumor cell line
with an aberrant endogenous transcript results in growth
suppression, consistent with its function as a tumor sup-
pressor (Haber et al. 1993). However, the functional prop-
erties of WT1 are complex and dependent on experimen-
tal conditions as well as a number of physiological alter-
native splice variants.

The WT1 isoform denoted (−KTS) binds to multiple
GC and TC-rich promoters through four zinc finger do-
mains, mediating transcriptional repression in promoter-
reporter assays (for review, see Rauscher III 1993). Induc-
ible expression of this isoform in a WT1-responsive os-
teosarcoma cell model leads to cell cycle arrest followed
by apoptosis, associated respectively with the induction
of the cyclin-dependent kinase inhibitor p21 and repres-
sion of the epidermal growth factor receptor (EGFR) (En-
glert et al. 1995a, 1997). When expressed in these cells at
levels below those required to inhibit cellular prolifera-
tion, WT1(−KTS) inhibits apoptosis triggered by p53 and
DNA damage response pathways (Maheswaran et al.
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1995), consistent with the observation of widespread
cell death in the developing kidneys of WT1-null mice
(Kreidberg et al. 1993). The most prevalent WT1 splicing
variant has an insertion of three amino acids disrupting
the spacing between zinc fingers 3 and 4 (Haber et al.
1991), resulting in reduced DNA binding activity and
diminished ability to inhibit cellular proliferation
(Rauscher III et al. 1990; Englert et al. 1995a). Unlike
the diffuse nuclear expression pattern observed with
WT1(−KTS), the WT1(+KTS) isoform is localized to dis-
crete subnuclear clusters (Larsson et al. 1995). Binding to
subnuclear clusters, which requires the amino terminus
of WT1, is markedly enhanced in dominant-negative
mutants with a disrupted DNA binding domain (Englert
et al. 1995b). Although the functional interactions be-
tween WT1 isoforms are unknown, the evolutionary
conservation of these splicing variants (Kent et al. 1995),
their consistent coexpression in WT1-expressing cells
(Haber et al. 1991), and the presence of WT1-associated
subnuclear clusters in cells of the differentiating kidney
(Mundlos et al. 1993) suggest a physiologically important
relationship.

Heat shock proteins are a highly conserved family of
molecular chaperones, with diverse functions, including
mediating protein folding and degradation, transport
across cellular membranes, and assembly into macromo-
lecular structures (Creighton 1991; Schlesinger 1991;
Johnson and Craig 1997; Hartl 1996). Those migrating at
65–70 kD include the constitutive Hsc70, an abundant
protein known to bind abnormally folded proteins, in-
cluding mutant p53 (Pinhasi-Kimhi 1986; Finlay et al.
1988; Hainaut and Milner 1992), and the inducible
Hsp70 proteins, which are expressed at low levels physi-
ologically but are rapidly induced following growth of
cells at 40°C (Lindquist and Craig 1988; Hightower
1991). During growth at a physiological temperature,
Hsp70 expression is tightly regulated during cell cycle
progression (Milarski and Morimoto 1986) and it is in-
duced by stimuli that induce cellular proliferation, in-
cluding serum (Wu and Morimoto 1985), expression of
c-myc (Kingston et al. 1984), and the viral oncoproteins
adenovirus E1A (Kao and Nevins 1983; Wu et al. 1986)
and large T from SV 40 and polyoma (Khandjian and
Turler 1983). Induction of Hsp70 by viral oncoproteins is
associated with disruption of an inhibitory complex con-
taining p53 and CCAAT Binding Factor (CBF), that tar-
gets the CCAAT site within the hsp70 promoter (Jones
et al. 1987; Lum et al. 1992; Agoff et al. 1993). In con-
trast, both the heat shock response and the cell cycle
regulation of Hsp70 expression are linked to activation
of heat shock factor (HSF) family members binding the
heat shock element (HSE) within the promoter (for re-
view, see Sorger 1991; Wu 1995). Although less well
characterized than its induction by proliferation signals,
Hsp70 is also induced in models of hematopoietic differ-
entiation (Sistonen et al. 1992; Garcia-Bermejo et al.
1995; Teshima et al. 1996; Leppa et al. 1997). However,
the function of hsp70 in these physiological pathways is
unknown.

In searching for endogenous cellular proteins interact-

ing with WT1, we observed that WT1 and Hsp70 are
physically associated in cells of the developing kidney,
in primary Wilms tumor specimens, and in cultured
cells expressing WT1. Expression of WT1 induces hsp70
through the HSE regulatory element, and the two pro-
teins products show precise subnuclear colocalization.
Of particular importance in defining the functional sig-
nificance of this protein interaction, deletion of the
amino-terminal domain required for binding to Hsp70
abrogates the ability of WT1 to inhibit cellular prolifera-
tion, whereas substitution of a heterologous Hsp70 bind-
ing sequence derived from human DNAJ restores its
function. By modulating the functional properties of
WT1, Hsp70 may play an important role in normal kid-
ney differentiation and in the functional property of this
tumor suppressor.

Results

Coimmunoprecipitation of Hsp70 with WT1

To gain insight into the functional properties of WT1, we
undertook to identify associated cellular proteins. Be-
cause WT1 is normally expressed transiently during glo-
merular differentiation and is not readily detectable in
cultured cells, we established osteosarcoma cell lines
with inducible, tetracycline-regulated WT1. Metabolic
labeling of these cells, followed by immunoprecipitation
analysis using antibody against WT1 revealed a copre-
cipitating protein migrating around 65 kD (Fig. 1A). Co-
precipitation of the 65 kD band was observed by use of
antibodies raised against both the amino terminus
(WTc8) and the carboxyl terminus (C19) of WT1, and it
was also observed following transfection of HA epitope-
tagged WT1 into Cos-7 cells, indicating that it did not
result from cross reactivity with a specific antibody.
WT1 immunoprecipitation analysis of unlabeled ex-
tracts from neonatal rat kidneys, followed by detection
of proteins with silver staining was used to confirm co-
precipitation of the 65 kD protein with endogenous WT1
(data not shown). To obtain sufficient material for mi-
crosequencing analysis, we isolated extracts from U2OS
cells with inducible WT1–delZ, a carboxy-terminal de-
letion mutant that fails to induce cell death, but has
unaltered association with the 65 kD protein. Extracts
from ∼109 cells were immunoprecipitated by use of an-
tibody against WT1 that had been covalently crosslinked
to protein A–Sepharose, followed by preparative gel elec-
trophoresis, immunoblotting, and excision of the 65-kD
band. Microsequence analysis of several peptides ob-
tained following proteolytic digestion, revealed the iden-
tity of the protein as either Hsp70.1 or Hsp70.2, two
members of the inducible subset of heat shock proteins
with virtually identical protein sequence (Fig. 1B) (Hunt
and Morimoto 1985; Wu et al. 1985; Milner and Camp-
bell 1990; Bonnycastle et al. 1994). To confirm the iden-
tification of the WT1-associated protein as Hsp70, WT1
immunoprecipitates from cells with inducible WT1
were analyzed by Western blot by use of antibody raised
against the inducible subset of Hsp70 proteins (antibody
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K20; Santa Cruz), demonstrating coprecipitation of these
two proteins (Fig. 1C).

Physical association of endogenous WT1 and Hsp70
in rat kidney cells and Wilms tumor specimens

Given the known binding of heat shock family members
to poorly folded proteins, we were concerned that the
physical association between WT1 and Hsp70 might
simply result from its overexpression in cells with an
inducible promoter. To determine whether endogenous
WT1 was associated with Hsp70, we first analyzed an
immortalized cell line derived from embryonic day 13
rat kidney and known to express native WT1. Immuno-
precipitation of proteins from cellular extracts with the
carboxy-terminal anti-WT1 antibody C19, followed by
immunoblotting with antibody against Hsp70 demon-
strated coprecipitation of these two proteins (Fig. 2A). As
a control, Hsp70 was not identified following immuno-
precipitation with an irrelevant antibody (against c-Rel).
We then analyzed four specimens of sporadic Wilms tu-
mor known to express wild-type WT1. In all four cases,
immunoprecipitation-Western analysis, this time with
the amino-terminal anti-WT1 antibody WTc8, demon-
strated coprecipitation of WT1 and Hsp70. Therefore, we
concluded that the physical association between WT1
and Hsp70 was present in kidney-derived cells, express-
ing endogenous WT1 protein.

To address the stoichiometry of the WT1–Hsp70 in-

teraction in cells expressing endogenous levels of these
proteins, we analyzed metabolically labeled extracts
from embryonic rat kidney cells by immunoprecipita-
tion with either anti-WT1 or anti-Hsp70 antibody. Im-
munoprecipitation with anti-Hsp70 antibody resulted in
the coprecipitation of ∼25% of the total cellular WT1
that was directly immunoprecipitated with anti-WT1
antibody (Fig. 2B). Similarly, ∼25% of the total cellular
Hsp70 that was immunoprecipitated with anti-Hsp70
antibody was coprecipitated by use of anti-WT1 anti-
body. We conclude that, in embryonic kidney cells ex-
pressing native WT1 and Hsp70, a significant fraction of
both proteins is present within a physical complex.

Colocalization of WT1 and Hsp70

The distinct subnuclear localization patterns exhibited
by WT1 made it possible to use confocal microscopy to
confirm the association between WT1 and Hsp70 in
vivo. Immunofluorescence analysis of U2OS cells with
tetracycline-regulated WT1 constructs demonstrated the
absence of detectable baseline expression of either WT1
or Hsp70 when cells were grown in the presence of tet-
racycline (Fig. 3A). Withdrawal of tetracycline and in-
duction of WT1(−KTS) led to the expected diffuse
nuclear expression pattern, with sparing of nucleoli:
Staining for Hsp70 demonstrated an increase in the level
of Hsp70 expression (see below), sharing the diffuse
nuclear distribution of WT1. In contrast, induction of

Figure 1. Coimmunoprecipitation of WT1 and Hsp70. (A) (Left) Immunoprecipitation of metabolically labeled cellular lysates from
Cos-7 cells transfected with an HA-epitope tagged WT1 construct or vector, with the 12-CA-5 monoclonal antibody directed against
the HA-epitope. (Middle) Immunoprecipitation of labeled lysates from U2OS cells with tetracycline-regulated expression of WT1.
WT1 expression was induced by withdrawal of tetracycline and extracts were immunoprecipitated with the polyclonal antibody
WTc8, directed against the amino terminus of WT1, or its preimmune serum. (Right) U2OS cells were grown in the presence or
absence of tetracycline, followed by metabolic labeling and immunoprecipitation with the monoclonal antibody C19, directed against
the carboxyl terminus of WT1. The arrow denotes the migration position of the coprecipitated band of ∼65 kD. (B) Amino acid
sequence of two peptides derived from microsequencing of proteolytic products, showing identity with Hsp70.1 and Hsp70.2. Paren-
theses denote probable, but not definitive residues. (C) hsp70–Western blot of anti-WT1 immunoprecipitates, derived from U2OS cells
with inducible WT1 grown in the presence or absence of tetracycline. Cellular lysate (1⁄10 the amount immunoprecipitated) was
analyzed directly to demonstrate the migration position of native Hsp70.
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WT1–delZ, which is expressed in a speckled subnuclear
distribution, resulted in a similar speckled localization
pattern for Hsp70 (Fig. 3A). Staining of these cells with
fluorescein-conjugated anti-WT1 antibody and rhoda-
mine-conjugated anti-Hsp70 antibody, followed by
analysis by use of confocal imaging, showed precise co-
localization of these two proteins within subnuclear

clusters (Fig. 3B). Thus, Hsp70 is recruited to the sub-
nuclear compartment containing WT1. Inducible expres-
sion of EWS–WT1, a tumor-associated chromosomal
translocation product in which the amino-terminal do-
main of the Ewing sarcoma gene (EWS) is fused with the
carboxy-terminal zinc finger domain of WT1 (Ladanyi
and Gerald 1994) did not show detectable nuclear Hsp70

Figure 2. Physical association of endog-
enous WT1 and Hsp70. (A) Immunopre-
cipitation-Western analysis of extracts
from embryonic rat kidney cells that ex-
press endogenous WT1. Equal amounts of
cellular lysates were immunoprecipitated
with either anti-WT1 antibody C19 or a
nonspecific control antibody (against c-
rel), followed by immunoblotting analysis
with anti-Hsp70 antibody. Cellular lysate
(1/20 the amount immunoprecipitated)
was analyzed directly to show the migra-
tion position of native Hsp70. (B) Immu-
noprecipitation–Western analysis of ly-
sates from sporadic Wilms tumor speci-

mens. The tumors, denoted by initials, are known to express wild-type WT1. Equal
amounts of cellular lysates were immunoprecipitated with anti-WT1 antibody
WTc8, followed by immunoblotting with antibody against Hsp70. Cellular lysate
from tumor GS (1/20 the amount immunoprecipitated) was analyzed directly by
immunoblotting. (C) Immunoprecipitation of radiolabeled lysates from embryonic
rat kidney cells to demonstrate the relative proportion of WT1 and Hsp70 that are
coimmunoprecipitated with each other. Equal amounts of cellular lysates were im-
munoprecipitated with either anti-WT1 antibody C19 or anti-Hsp70 antibody. The
amount of total cellular WT1 directly immunoprecipitated with C19 was compared
with the amount coimmunoprecipitated with Hsp70 antibody; the amount of total
cellular Hsp70 immunoprecipitated directly was compared with the amount coim-
munoprecipitated by use of anti-WT1 antibody C19.

Figure 3. Colocalization of WT1 and
Hsp70 in cultured cells. (A) Immunofluo-
rescence analysis of U2OS cells with tetra-
cycline-regulated expression of the wild-
type isoform WT1(−KTS), a truncated mu-
tant lacking the carboxy-terminal zinc
finger domain (WT1–del Z), and the char-
acteristic chromosomal translocation prod-
uct identified in Desmoplastic Small
Round Cell Tumor (the EWS–WT1(−KTS)
chimera, comprised of the amino-terminal
domain of the EWS fused to the carboxy-
terminal zinc finger domain of WT1). Cells
were grown in the presence or absence of
tetracycline and stained by use of antibod-
ies against the amino terminus of WT1
(WT1 (+ and − KTS), the HA epitope tag
(EWS–WT1), or against Hsp70. (B) Confocal
imaging of U2OS cells with inducible ex-
pression of WT1–delZ, following staining
with rhodamine-conjugated anti-WT1 and
fluorescein-conjugated anti-Hsp70 antibod-
ies. The yellow signal in the merged image
identifies precise overlap between red and
green signals. Bar, 10 µm.
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expression (Fig. 3A), indicating that association with
Hsp70 is not the consequence of overexpressing zinc fin-
ger transcription factors. Induction of Hsp70 expression
and its colocalization with WT1 specifically requires the
amino terminus of WT1 (see below), which is present in
the WT1–delZ mutant and lacking in the EWS–WT1 chi-
mera.

Expression of Hsp70 in the developing glomerulus

To determine whether the colocalization of WT1 and
Hsp70 was also evident in cells of the developing kidney
that express endogenous WT1, we analyzed histological
sections of human fetal kidney. WT1 expression in the
kidney is remarkable for its precise developmental regu-
lation, with a sharp peak of expression during the differ-
entiation of glomeruli, followed by a dramatic decline in
the mature kidney (Pritchard-Jones et al. 1990). By im-
munohistochemistry, WT1 is detectable in the podocyte
layer of the developing glomerulus, in which the pres-
ence of both (−KTS) and (+KTS) alternative splicing vari-
ants leads to a speckled nuclear expression pattern
(Mundlos et al. 1993). As expected, immunohistochem-
ical analysis of a 13 week human kidney showed speck-
led nuclear staining restricted to glomerular podocytes
(Fig. 4A). Remarkably, staining for Hsp70 also revealed
high levels of expression restricted to glomerular podo-
cytes of the fetal kidney. Furthermore, in contrast to the
cytoplasmic Hsp70 staining pattern in other tissues, im-
mature podocytes showed a speckled nuclear appearance
for Hsp70, similar to that observed with WT1. Rare kid-
ney tubular cells, which do not express WT1, showed
low levels of cytoplasmic Hsp70 expression. Expression
of both WT1 and Hsp70 was greatly reduced in the adult
kidney (data not shown). The striking parallel pattern of
expression of WT1 and Hsp70 in the embryonic kidney,
both in terms of their restriction to a specific cell type

and their characteristic subcellular localization, is con-
sistent with a developmentally regulated interaction.

Induction of hsp70 expression by WT1

Immunofluorescence analysis suggested that inducible
expression of WT1 leads to induction of Hsp70 (Fig. 3A).
Quantitation of cellular hsp70 by Western blotting dem-
onstrated low baseline expression that was increased by
5- to 10-fold following induction of WT1 expression (Fig.
5A). Northern blot analysis, by use of a gene-specific
cDNA probe derived from the 38 untranslated sequence
of hsp70.1, showed a fivefold increase in endogenous
Hsp70.1 mRNA (Fig. 5B). Consistent with immunofluo-
rescence experiments (Fig. 3), no increase in hsp70
mRNA was observed following inducible expression of
the EWS–WT1 chimera, lacking the amino-terminal do-
main of WT1, or with the tetracycline transactivator
alone (Fig. 5B).

The hsp70 promoter has been extensively character-
ized as a model for transcriptional regulation, leading to
the identification of two primary regulatory elements: a
CCAAT box between nucleotides 1 and −84, that is tar-
geted by CBF, and an HSE site between nucleotides −84
and −120, bound by HSF family members (Rabindran et
al. 1991; Sarge et al. 1991; Schuetz et al. 1991). Transient
transfection of an hsp70 promoter–CAT construct into
U2OS cells showed ∼10-fold transcriptional activation
following cotransfection of WT1. Analysis of reporter
constructs with progressive deletions of the hsp70 pro-
moter identified the WT1-responsive element between
nucleotides −84 and −120, containing the HSE site and
excluding the CCAAT box (Fig. 5B). Requirement for the
HSE site was confirmed by use of a minimal reporter
construct containing multimeric HSE sites, which
showed 85-fold transcriptional activation following co-
transfection of WT1 (Fig. 5B). Transcriptional activation

Figure 4. Colocalization of WT1 and
Hsp70 in developing glomerular podocytes.
Immunohistochemical analysis of sections
from a 13-week human kidney, by use of
antibodies against WT1 and Hsp70. Low
power (200×) reveals developing glomeruli,
in which podocytes are seen as a ring of
peripheral cells that stain intensely for
both WT1 and Hsp70. The mesangial cells,
renal tubular cells, and stroma are negative.
At higher power (630X), staining for both
WT1 and Hsp70 is seen to be restricted to
the nuclei of podocytes, and exhibit a
speckled pattern.
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of hsp70 by WT1 was observed following transfection of
wild-type WT1 as well as the carboxy-terminal deletion
mutant WT1–delZ, demonstrating that this effect was
independent of its DNA binding activity (data not
shown). Gel retardation assays by use of the HSE se-
quence also showed no evidence of direct binding by
WT1 (data not shown). These observations are consistent
with current models of HSE-dependent hsp70 induction
(Abravaya et al. 1992; Mosser et al. 1993; Cotto et al.
1996), suggesting that binding of the WT1 amino-termi-
nal domain to Hsp70 induces release of HSF from its
complex with Hsp70, resulting in HSF-mediated induc-
tion of hsp70 expression.

Substitution of a heterologous Hsp70 binding domain
from DNAJ for the amino terminus of WT1

To determine the functional significance of the WT1–
Hsp70 complex, we sought to compare the properties of
WT1 in the presence or absence of this protein interac-
tion. Because expression of Hsp70 is ubiquitous, and
WT1 itself induces Hsp70 expression, we were unable to
choose a cell type lacking this protein association.
Therefore, we chose to identify the minimal WT1 do-
main required for association with Hsp70, determine
whether it is required for WT1 function and then test
whether it can be replaced with a heterologous Hsp70-
binding domain derived from the known Hsp70 cofactor,
DNAJ (Langer et al. 1992; Silver and Way 1993; Liberek
et al. 1995). We determined previously that the amino
terminus of WT1, which is retained in the WT1–delZ
mutant, was required for interaction with Hsp70,

whereas the zinc finger domain, present in the EWS–
WT1 fusion protein, was not involved in this interaction.
To refine the domain of interaction, we transiently
transfected a panel of truncated, HA-epitope tagged WT1
constructs into Cos-7 cells, followed by metabolic label-
ing and immunoprecipitation analysis. These experi-
ments indicated that the extreme amino terminus of
WT1 (amino acids 6–180) was required for coimmuno-
precipitation of Hsp70 (Fig. 6A). Therefore, we used
WT1(D6–180) to generate chimeric constructs, in which
the deleted extreme amino terminus of WT1 was re-
placed by the J domain of HSJ1, a human DNAJ homolog
(Cheetham et al. 1992). Two chimerae were tested, one
encoding the wild-type J domain (DNAJ–WT1) and one in
which an H to Q point mutation in the conserved HPDK
motif (Campbell et al. 1997; Stubdal et al. 1997) abro-
gates Hsp70 binding (H42Q–DNAJ–WT1). As predicted,
transfection of constructs encoding DNAJ–WT1 into
Cos-7 cells followed by immunoprecipitation with anti-
body to the carboxyl terminus of WT1 resulted in cop-
recipitation of Hsp70, which was greatly reduced follow-
ing transfection of H42Q–DNAJ–WT1 (Fig. 6B) As a con-
trol for the DNA binding properties of DNAJ–WT1, we
also generated a chimeric construct with a disruption of
the WT1 zinc finger domain, DNAJ–WT1–delZ.

WT1-mediated growth inhibition requires binding
to Hsp70

Although the precise functional properties of WT1 re-
main uncertain, its ability to inhibit cellular prolifera-
tion appears most consistent with its characteristic as a

Figure 5. Transcriptional activation of hsp70 by WT1. (A) Induction of Hsp70 protein following expression of WT1. U2OS cells with
inducible expression of WT1 were grown in the presence or absence (24 hr) of tetracycline, and equal amounts of cellular lysates were
analyzed by immunoblotting with antibody against Hsp70. Induction of WT1 is shown at bottom. (B) Induction of hsp70.1 mRNA by
WT1. Northern blot analysis of U2OS cells with inducible WT1, EWS–WT1, or empty vector, following growth in the presence or
absence (24 hr) of tetracycline. A gene-specific probe was derived from the 38 untranslated region of human hsp70.1. (Middle) Reprobing
of the blot with a WT1 cDNA to confirm inducible expression of WT1 and the EWS–WT1 chimera; (bottom) a GAPDH loading control.
(C) Transcriptional activation of the hsp70 promoter by WT1. U2OS cells were transfected with CMV-driven WT1(−KTS) or empty
vector, along with reporter constructs, followed by determination of CAT activity. The respective fragments of the hsp70 promoter
reporter are shown (bottom), including the primary HSE and CCAAT regulatory elements. The HSE–CAT reporter contains mul-
timerized HSE sites. The fold induction of CAT activity was determined by scintillation counting.
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tumor suppressor gene. We have shown previously that
WT1 inhibits colony formation in two osteosarcoma cell
lines, U2OS and Saos-2. To test the functional conse-
quences of the WT1–Hsp70 interaction, we transfected
these cells with constructs encoding WT1, WT1
(D6–180), DNAJ–WT1, H42Q–DNAJ–WT1, and DNAJ–
WT1–delZ, along with a hygromycin-resistance plasmid.
As predicted, WT1 suppressed colony formation in both
U2OS and Saos-2 cells, an effect that was lost following
deletion of the amino-terminal domain WT1(D6–180).
Remarkably, the DNAJ–WT1 chimera was able to inhibit
colony formation to the same extent as wild-type WT1,
whereas H42Q–DNAJ–WT1 was inactive (Fig. 7A).
DNAJ–WT1–delZ had no effect on colony formation, in-
dicating that this effect required DNA binding by the
chimeric protein and was not simply the result of direct-
ing nuclear expression of a wild-type DNAJ domain.
Similarly, fusion of DNAJ to another nuclear protein,
SV40 T antigen, does not by itself inhibit cellular prolif-
eration (Campbell et al. 1997; Stubdal et al. 1997). Thus,
the addition of a heterologous Hsp70-binding domain to
an amino-terminal-deleted WT1 construct was sufficient
to restore its ability to inhibit cellular proliferation, sug-
gesting that interaction with Hsp70 is required for
growth inhibition by WT1.

To examine the mechanism underlying the inhibition
of colony formation by DNAJ–WT1, we first tested its

transactivational activity using transient transfection
assays. WT1(−KTS) has been shown to bind to multiple
GC- and TC-rich motifs mediating transcriptional re-
pression, although the specificity of this effect has been
questioned. As expected, we found that two prototype
WT1-responsive promoters, the GC-rich Early Growth
Response (EGR1) promoter (Rauscher et al. 1990) and the
TC-rich EGFR promoter (Englert et al. 1995a) were ef-
fectively repressed following cotransfection of full
length WT1. However, these reporters were also re-
pressed by the amino-terminal deleted construct
WT1D6–180, which is inactive in mediating growth
suppression, as well as by both DNAJ–WT1 and H42Q–
DNAJ–WT1 (Fig. 7B). Hence, we did not observe a corre-
lation between transcriptional repression of these re-
porter constructs in transient transfection assays and
the ability of WT1 variants to inhibit cellular prolifera-
tion.

Inducible expression of WT1(−KTS) in Saos-2 cells is
also associated with induction of the cyclin dependent
kinase inhibitor p21 and G1-phase cell cycle arrest (En-
glert et al. 1997). To test whether this functional prop-
erty of WT1 was more closely correlated with their abil-
ity to inhibit cellular proliferation, Saos-2 cells were
transiently transfected with constructs encoding the
variants of WT1 and DNAJ–WT1, along with a plasmid
encoding the cell surface marker CD20. Analysis of

Figure 6. Identification of amino-terminal
WT1 domain required for association with
Hsp70. (A) Schematic representation of WT1
deletion constructs. The chimeric con-
structs DNAJ–WT1 encodes the 78 amino
acid J domain of human DNAJ (HSJ1).
H42Q–DNAJ–WT1 contains a substitution
of glutamine for histidine within the critical
HPD residues required for association with
Hsp70 (Wall et al. 1994; Tsai and Douglas
1996). (B) Coimmunoprecipitation of Hsp70
with truncated WT1 proteins. Cos-7 cells
were transfected with CMV-driven con-
structs, followed by immunoprecipitation of
radiolabeled lysates with antibody 12-CA-5
against the HA epitope. Comparable expres-
sion of the WT1 constructs is demonstrated,
along with coimmunoprecipitation of Hsp70
with all WT1 deletion constructs except D6-
180. (C) Coimmunoprecipitation of Hsp70
with DNAJ–WT1, but not H42Q–DNAJ–
WT1. Cos-7 cells were transfected with
CMV driven constructs encoding wild-type
WT1 or the WT1–DNAJ chimerae, followed
by coimmunoprecipitation with antibody
12-CA-5.
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CD20-positive transfectants by FACS for DNA content
demonstrated a 10%–15% increase in G1 phase follow-
ing cotransfection with WT1, but not with the truncated
WT1–D6–180. Cells cotransfected with DNAJ–WT1 also
showed a 10%–15% increased G1 phase fraction, which
was not observed following cotransfection with H42Q–
DNAJ–WT1. Because G1 arrest mediated by WT1 is cor-
related with induction of p21, we analyzed endogenous
p21 levels by immunoblotting, following transfection
of WT1 variants into Saos-2 cells. Transient transfection
is highly efficient in these cells, which have a deletion
of p53 and low levels of native p21 expression, making

it possible to determine the effect of transfected con-
structs on endogenous p21 levels. Transfection of WT1
induced a 5- to 10-fold increase in endogenous p21 ex-
pression, whereas WT1–D6–180 had no effect. Transfec-
tion of DNAJ–WT1 induced an increase in p21 levels
comparable with wild-type WT1, but H42Q–DNAJ–WT1
was inactive. Thus, recruitment of Hsp70 to WT1 ap-
pears to be required for its ability to induce expression of
p21 and mediate a G1 phase cell cycle arrest, functional
properties that are well correlated with the ability of
WT1 variants to inhibit cellular proliferation in these
cells.

Figure 7. Inhibition of cellular proliferation by WT1 requires association with Hsp70. (A) Inhibition of colony formation in U2OS and
Saos-2 cells following transfection of wild-type WT1, the amino-terminal truncation WT1–D6–180, DNAJ–WT1, H42Q–DNAJ–WT1
(encoding a point mutation within the DNAJ domain), and DNAJ–WT1–delZ (encoding a truncation of the WT1 DNA binding
domain). All WT1 constructs (except DNAJ–WT1–delZ) encoded the (−KTS) splicing variant, with an uninterrupted DNA binding
domain, which has been linked to inhibition of cellular proliferation in these osteosarcoma cells. Cells were cotransfected with a
construct encoding puromycin resistance and drug resistant colonies were counted after 14 days (U2OS) or 21 days (Saos-2) in culture.
Standard deviations are given. (B) Absence of correlation between transcriptional repression or promoter-reporter constructs and
inhibition of colony formation by WT1 variants. U2OS cells were transfected with WT1 and DNAJ–WT1 constructs, along with either
the GC-rich EGR1–CAT or the TC-rich EGFR–CAT promoter reporters. Representative experiments are shown, with transcriptional
repression quantitated by scintillation counting. (C) G1 phase cell cycle arrest induced by wild-type WT1 and DNAJ–WT1. Saos-2 cells
were transiently transfected with WT1 and DNAJ–WT1 constructs, along with a construct encoding the cell surface marker CD20.
CD20-expressing transfectants were identified by FACS analysis, and their cell cycle distribution was determined by staining with
propidium iodide. A representative experiment is shown. (D) Induction of p21 by wild-type WT1 and DNAJ–WT1. Saos-2 cells were
transiently transfected with constructs encoding WT1 and DNAJ–WT1 variants. Cellular extracts were isolated 24 hr after transfec-
tion, and equal amounts of lysates were analyzed by immunoblotting by use of antibody against p21. Saos-2 cells have a deletion of
endogenous p53 and express low levels of endogenous p21; their high transfection efficiency makes it possible to analyze the induction
of the native p21 gene following transient transfection of expression constructs. As a control, induction of p21 is shown following
transient transfection of CMV-driven p53 (1 µg).

WT1 association with inducible chaperone Hsp70

GENES & DEVELOPMENT 1115



Discussion

By coimmunoprecipitation and protein microsequencing
analysis, we have identified a major cellular protein part-
ner of WT1 as Hsp70. A number of observations indicate
that this protein interaction is physiologically signifi-
cant: (1) Coimmunoprecipitation of WT1 and Hsp70 is
observed in kidney-derived cells expressing endogenous
WT1, namely embryonic rat kidney cells and primary
Wilms tumor specimens, (2) precise subnuclear colocal-
ization of WT1 and Hsp70 is evident in cultured cells
and a striking coexpression pattern is present in glomer-
ular podocytes of the developing kidney, (3) WT1 itself is
a potent inducer of Hsp70 expression, an effect that is
mediated through the HSE site of the hsp70 promoter
and, hence, may involve the HSF family of transcription
factors, and (4) functional studies demonstrate that the
extreme amino terminus of WT1, which binds Hsp70
and is required for growth inhibition by WT1, can be
replaced with a heterologous Hsp70-binding domain de-
rived from a human DNAJ homolog. The reconstituted
Hsp70-binding chimeric WT1 protein has restored abil-
ity to inhibit colony formation, induce p21 and mediate
G1 phase cell cycle arrest, whereas a chimera with a
point mutation disrupting the Hsp70-binding domain is
inactive. These observations suggest that binding to
Hsp70 is important to the function of WT1 as an inhibi-
tor of cellular proliferation.

Binding of denatured or misfolded cellular proteins to
members of the heat shock family is a well known phe-
nomenon, which complicates attempts to distinguish
specific physiological pathways in which these chaper-
ones may play an integral part. Analysis of cells with
endogenous WT1 ensures that the association between
this protein and Hsp70 is not the result of aberrant over-
expression associated with tetracycline-regulated pro-
moters. In embryonic rat kidney cells that express physi-
ologically relevant levels of WT1, ∼25% of the cellular
WT1 is associated with Hsp70 and a similar proportion
of cellular Hsp70 is bound to WT1, indicating that an
important fraction of these cellular proteins are associ-
ated with each other. Similarly, the mapping of this in-
teraction to the extreme amino-terminal domain of WT1
indicates that Hsp70 recognizes a specific epitope within
the transactivation domain. Like a number of other tran-
scription factors (Mitchell and Tijan 1989), the extreme
amino terminus of WT1 contains long stretches of pro-
lines, which suggests that Hsp70 binding may allow
proper folding of this rigid domain. It is of interest that
the amino-terminal domain of WT1 is poorly soluble
when overproduced in bateria and in insect cells, point-
ing to the need for correct molecular folding. However,
binding of Hsp70 is unlikely to simply mediate stabili-
zation of WT1 protein in vivo, because pulsed chase
analysis did not demonstrate different turnover for WT1
variants capable of binding Hsp70 (wild-type WT1,
DNAJ–WT1), compared with a protein lacking this in-
teraction domain (H42Q–DNAJ–WT1) (data not shown).
By analogy with its presumed function in other model
systems (Creighton 1991; Schlesinger 1991; Hartl 1996;

Johnson and Craig 1997), binding to Hsp70 may therefore
ensure correct folding of the amino terminus of WT1,
enhancing its functional properties and its potential in-
teractions with other proteins (see below).

Expression of the WT1 amino-terminal domain is it-
self sufficient to induce expression of hsp70 through the
HSE site. This observation distinguishes the effect of
WT1 from that noted for p53, which targets the CCAAT
box in the hsp70 promoter through an interaction with
CBF (Agoff et al. 1993), and it implicates members of the
HSF family in WT1-mediated induction of Hsp70. The
heat shock response is thought to involve the trimeriza-
tion and phosphorylation of HSF1, which binds the HSE
within the hsp70 promoter (Abravaya et al. 1992; Mosser
et al. 1993; Cotto et al. 1996). Recently, a second family
member, HSF2, has been implicated in the induction of
Hsp70 during hematopoietic differentiation (Sistonen et
al. 1992; Leppa et al. 1997), and a chicken homolog,
HSF3, appears to bind directly to the product of c-myb
and mediate cell cycle regulation of Hsp70 expression
(Kanei-Ishii et al. 1997). Although we observed increased
binding to the HSE element following induction of WT1,
we were unable to distinguish between the known fam-
ily members HSF1 and HSF2 using supershift analysis
(data not shown). We did not observe the characteristic
phosphorylation of HSF1 following induction of WT1,
suggesting that WT1-associated transactivation of hsp70
may be mediated through other members of the HSF
family. DNA binding by WT1 itself is not required for
the induction of Hsp70, consistent with the model of
HSF-regulated expression of Hsp70, which suggests that
binding of Hsp70 to its target protein leads to its release
of free transcriptionally active HSF (Abravaya et al. 1992;
Mosser et al. 1993; Cotto et al. 1996).

The potent induction of Hsp70 by WT1 and the physi-
cal association between these two proteins suggests a
role for Hsp70 in a cellular differentiation pathway. This
is consistent with its apparent contribution to steroid
hormone response pathways and hematopoietic differen-
tiation. Both Hsp70 and Hsp90 are components of the
steroid hormone receptor complex: Hsp90 appears to
facillitate binding of the estrogen receptor to its ligand,
whereas Hsp70 enhances ligand-independent DNA bind-
ing activity (Schowalter et al. 1991; Smith and Toft 1993;
Landel et al. 1994). In this context, high levels of Hsp70
expression are noted in the ovary during the natural re-
gression of the corpus luteum, a relative estrogen with-
drawal state that follows ovulation (Khanna et al. 1995).
Dramatic induction of Hsp70 expression is also evident
during hematopoietic differentiation induced by sodium
butyrate, hemin, or macrophage-colony stimulating fac-
tor (M-CSF) (Sistonen et al. 1992; Garcia-Bermejo et al.
1995; Teshima et al. 1996; Leppa et al. 1997). Whereas
induction of HSF2 during hematopoietic differentiation
has been reported, the underlying mechanism and the
consequences of increased Hsp70 expression are un-
known. WT1 is remarkable for its highly restricted ex-
pression pattern during glomerular differentiation in the
developing kidney (Pritchard-Jones et al. 1990). The co-
immunoprecipitation of WT1 and Hsp70 from embry-
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onic rat kidney cells and their striking colocalization
within the differentiating kidney therefore points to a
developmentally regulated interaction. Although they
provide dramatic evidence supporting in vivo colocaliza-
tion, the functional properties of WT1-associated sub-
nuclear clusters are unknown. Colocalization of WT1
alternative splicing variants with snRNPs has led to a
postulated role in pre-mRNA splicing (Larsson et al.
1995), whereas the enhanced speckled distribution of
proteins encoded by dominant negative WT1 mutants
suggests that these structure might be involved in the
sequestration of wild-type proein (Englert et al. 1995b). It
is of interest to note that the induction of Hsp70 by
c-Myc or v-Myc is also associated with colocalization of
these proteins within subnuclear clusters, an effect that
is not observed with the closely related protein N-Myc
(Koskinen et al. 1991). Further understanding of the iden-
tity of these subnuclear structures will be required to
determine whether the recruitment of Hsp70 contrib-
utes to their functional properties.

In contrast to the WT1(+KTS) isoform that is associ-
ated with subnuclear clusters and whose functional
properties are uncertain, the WT1(−KTS) variant is ex-
pressed diffusely in the nucleus and appears to mediate
transactivation and inhibit cellular proliferation. Char-
acterizing the contribution of Hsp70 to these functional
properties thus provides insight into the consequences of
this protein interaction, as well as into the critical prop-
erties of WT1 itself. Because Hsp70 is ubiquitous and its
expression is induced by WT1 itself, we addressed this
question by constructing chimeric proteins, in which the
amino-terminal WT1 domain required for association
with Hsp70 is replaced with a heterologous J domain
derived from the known Hsp70 cofactor DNAJ (Langer et
al. 1992; Silver and Way 1993; Liberek et al. 1995). The
use of such chimeric DNAJ–WT1 constructs, including
either the wild-type J domain or a point mutant (H42Q)
disrupting its interaction with Hsp70, has been used ef-
fectively to dissect the contribution of heat shock bind-
ing to the functional properties of SV40 T antigen
(Campbell et al. 1997; Stubdal et al. 1997). Our observa-
tions indicate that the extreme amino terminus of WT1
is required for the inhibition by WT1 of colony formation
in U2OS and Saos-2 cells, a correlate of its function as a
tumor suppressor (Englert et al. 1995a). The fact that a
heterologous Hsp70-binding domain can restore func-
tion to an amino-terminal truncated WT1 construct,
whereas the H42Q mutant is inactive, provides strong
evidence that Hsp70 binding is important to the inhibi-
tion of cellular proliferation by WT1.

Contrary to expectations, the ability of WT1 and
DNAJ–WT1 variants to inhibit cellular proliferation was
not linked to their activity in repressing transcription
from prototype WT1-responsive promoter-reporter con-
structs. Both DNAJ–WT1 and H42Q–DNAJ–WT1, as
well as an amino-terminal deleted WT1 construct, dem-
onstrated comparable transcriptional repression, by use
of both GC-rich and TC-rich target sequences. Tran-
scriptional repression of such reporters by WT1 has been
shown to be modulated by promoter and cellular con-

text, and even by the choice of expression vector (Ma-
heswaran et al. 1993; Wang et al. 1993; Reddy et al.
1995), raising concern about its physiological signifi-
cance (Reddy and Licht 1996). In contrast, a distinct
functional property of WT1, its ability to induce a G1

phase arrest, associated with induction of the endog-
enous p21 gene (Kudoh et al. 1995; Englert et al. 1997),
appears to be well correlated with its growth suppressive
properties. Cell cycle arrest and induction of native p21
were observed following transfection of both wild-type
WT1(−KTS) and DNAJ–WT1, but not mutant H42Q–
DNAJ–WT1 and an amino-terminal WT1 truncation mu-
tant. These observations, therefore, provide a framework
for assessing potential physiological properties of WT1
and they suggest that Hsp70 is an important cofactor in
the function of this tumor suppressor.

Materials and methods

Cell culture and expression constructs

U2OS and Saos-2 osteosarcoma cells with tetracycline-regu-
lated expression of WT1 variants have been described previ-
ously (Englert et al. 1995a; Maheswaran et al. 1995). In these
cells, withdrawal of tetracycline results in induction of WT1
expression. Rat kidney cells, isolated from day 13 embryos and
immortalized with polyoma middle T antigen were kindly pro-
vided by D. Herzlinger (Cornell Medical School, New York,
NY). Sporadic Wilms tumor specimens expressing wild-type
WT1 have been described elsewhere (Haber et al. 1990). CMV-
driven expression constructs (pcDNA3-1; Invitrogen), encoding
wild-type splicing variants of WT1 and internal in-frame dele-
tions have been described previously (Maheswaran et al. 1995).
Plasmids containing the J domain from the human DNAJ ho-
molog HSJ1 (Cheetham et al. 1992) were derived from SV40 T
antigen chimerae (Campbell et al. 1997; Stubdal et al. 1997).
The H to Q mutation (H42Q) within the conserved HPDK motif
abrogates binding to Hsp70. The mutation is at residue 42 in the
SV40 T antigen chimera, corresponding to residue 31 in the
native HSJ1 sequence. Constructs in which the amino-terminal
domain of WT1 (amino acids 6–186) is replaced by the 78 amino
acid J domain derived from human HSJ1 were generated by PCR
amplification, with an NcoI restriction site within the WT1
cDNA. The DNAJ–WT1–delZ chimeric construct, lacking the
zinc finger domain of WT1, was generated by truncating DNAJ–
WT1 with the RsrII restriction site within WT1. Transient
transfection of plasmids into Saos-2 and U2OS cells were done
by calcium phosphate DNA precipitation and into Cos-7 cells
by electroporation. For Northern blot analysis, total cellular
RNA was isolated by the LiCl/urea method, analyzed by elec-
trophoresis by use of 0.8% agarose/formaldehyde gels, and
transferred to Genescreen Plus (NEN), followed by hybridiza-
tion by use of standard procedures. A 200-bp probe specific for
the 38 untranslated sequence of hsp70.1 was derived by PCR
amplification by use of primers (sense) GGGGCCTTTCCAA-
GATTGCTG and (antisense) CAACTTAAAAAATGGCCT-
GAGTTAAGT.

Preparative protein isolation and microsequencing analysis

Cellular lysates were extracted from 109 U2OS cells with in-
ducible expression of WT1–delZ, a carboxy-terminal truncation
that does not inhibit cellular proliferation but retains the do-
main required for coprecipitation of the 65-kD band. Lysates
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were extracted with 50 mM Tris, at pH 8.0, 400 mM NaCl, 1%
NP-40 and 1 mM EDTA, precleared by use of protein A Sepha-
rose and incubated with rabbit polyclonal anti-WT1 antibody
WT1c8, which had been covalently crosslinked to protein A
Sepharose (Harlow and Lane 1988). Immunoprecipitated pro-
teins were resolved by preparative gel electrophoresis and trans-
ferred to nitrocellulose. The coprecipitated 65-kD band was vi-
sualized by staining with Ponceau, excised and subjected to
protein microsequencing analysis (Harvard University Protein
Microsequencing Facility).

Antibodies and immunological methods

The WTc8 rabbit polyclonal antibody, directed against the
amino-terminal domain of WT1, has been described previously,
and the carboxy-terminal monoclonal antibody was purchased
from Santa Cruz. The goat polyclonal antibody K20 (Santa Cruz)
was used to detect hsp70. For immunoprecipitation and for
Western blot analyses, lysates were extracted by use of 50 mM

Tris, at pH 8.0, 400 mM NaCl, 1% NP-40 and 1mM EDTA, and
Western and immunoprecipitation analyses were performed ac-
cording to standard protocol. For immunofluorescence analysis,
cells were fixed with 4% paraformaldehyde, permeabilized with
1% Nonidet P-40/10 mM glycine, preadsorbed with 3% bovine
serum albumin (BSA), and exposed to either rabbit anti-WT1
antibody WTc8 or mouse anti-Hsp70 antibody W27, followed
by either rhodamine-conjugated goat anti-rabbit antibody or
fluorescein-conjugated goat anti-mouse antibody (Jackson Im-
munoResearch). The mouse monoclonal antibody 12-CA-5
against the HA epitope was used to detect the tagged EWS–WT1
chimeric product. Samples were analyzed by a laser confocal
microscope (Bio-Rad MRC600 imaging system with Zeiss axio-
vert microscope) by use of X63 and X100 planeofluar objectives.
For WT1 immunohistochemical analysis, best results were ob-
tained with frozen sections from 13-week human kidney that
were fixed with acetone, hydrated with 10% goat serum in PBS,
and incubated with the mouse monoclonal antibody mWT12
(10 µg/ml), followed by the secondary goat anti-mouse antibody
conjugated to horseradish peroxidase (Jackson ImmunoRe-
search). For Hsp70 immunohistochemistry, optimal results
were obtained by use of formalin-fixed, paraffin-embedded sec-
tions of 13-week kidney. Sections were deparaffinized with xy-
lene, hydrated with graded alcohol, microwaved for 10 min at
100°C, blocked with 0.1 mg/ml avidin-D (Vector, Burlingame,
CA) containing 1% goat serum, and incubated with the mouse
monoclonal anti-Hsp70 antibody W27, followed by biotin-la-
beled rabbit anti-mouse antibody, followed by avidin-biotinyl-
ated peroxidase complex (Vector) as described (Bhan 1995).

CAT assays and FACS analysis

To analyze transcriptional activation of the hsp70 promoter by
WT1 variants, U2OS were transiently transfected with CMV-
driven constructs, along with reporters encoding hsp70 regula-
tory sequences upstream of chloramphenicol acetyl transferase
(CAT) (kindly provided by R. Kingston, MGH, Boston, MA).
Experiments were undertaken in triplicate, and the amount of
transfected CMV sequences was equalized by addition of empty
vector. Transfection efficiency was standardized by cotransfec-
tion of a human growth hormone reporter (Nichols Institute),
CAT activity was determined by use of standard procedures,
and quantitated by scintillation counting, following chromatog-
raphy on TLC plates. To analyze the transactivational proper-
ties of WT1 and DNAJ–WT1 variants with prototype WT1-
responsive promoters, CMV-driven expression constructs were
cotransfected into U2OS cells either with the Early Growth

Response 1 reporter (EGR1–CAT), which contains the classical
GC-rich WT1 binding sites, or with the reporter (EGFR–CAT),
which has TC-rich sites that are also recognized by WT1. To
measure the ability of WT1 and DNAJ–WT1 variants to inhibit
cellular proliferation, U2OS and Saos-2 cells were transfected
with CMV-driven constructs along with a hygromycin-resis-
tance plasmid. Cultures were selected for growth in hygromycin
for 2–3 weeks, stained, and drug-resistant colonies were
counted. To analyze the effect of WT1 and DNAJ–WT1 variants
on cell cycle progression, Saos-2 cells in logarrhythmic growth
phase were transiently transfected with these constructs, along
with a plasmid encoding the cell surface marker CD20 as de-
scribed by van den Heuvel and Harlow (1993). Cells were fixed
36 hr after transfection and stained for CD20 expression and for
DNA content by use of propidium iodide. The cell cycle distri-
bution of CD20 positive cells was determined by FACS analysis.
To determine the effect of WT1 andDNAJ–WT1 variants on ex-
pression of endogenous p21, cells were transiently transfected
as above, and transfection efficiency was quantitated by use of
a growth hormone reporter. Equal amounts of cellular lysates
from cultures with comparable transfection efficiencies were
analyzed for p21 expression by Western blotting analysis, by use
of antibody CP36 (kindly provided by E. Harlow). The high
transfection efficiency of Saos-2 cells and the low baseline ex-
pression of p21 in these p53-null cells made it possible to detect
induction of the endogenous p21 gene following transient trans-
fection of expression constructs.
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