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Abstract

WTJ encodes a zinc finger transcription factor that is expressed in the
developing kidney and the inactivation of which leads to Wilma' tumor, a
pediatric kidney cancer. We have recently shown that inducible expres
sion of WTJ in osteosarcoma cells triggers programmed cell death, an
effect that is associated with transciiptional repression of the endogenous
epidermal growth factor receptor. We now show that WT1-mediated
apoptosis is preceded by induction of the cydin-dependent kinase inhib
itor p21, associated with G1 phase arrest. This effect is only demonstrated
by WT1 isoforms with an intact DNA binding domain, and It is associated
with increased expression of endogenous p21 mRNA. WTJ-mediated in
duction of p21 is independent of p53, another tumor suppressor gene
known to regulate p21 expression. In the kidney, p21 is expressed in
differentiating glomerular podocytes along with WT1. We conclude that
induction of p21 expression may contribute to WTJ-dependent difTeren
tiation pathways in the kidney and potentially to the function of WTJ as a
tumor suppressor gene.

Introduction

w7,1encodesazincfingertranscriptionfactorthatis inactivatedin
a subset of Wilms' tumors and in the germline of children with genetic
susceptibility to this kidney cancer (reviewed in Ref. 1). WTJ is

unique among tumor suppressors in its developmentally regulated
pattern of expression and in its critical role in the differentiation of a
specific organ. V/Ti is normally expressed in the kidney during a
developmental window, from fetal day â€”10 to postnatal day 10 in the

mouse (2). In both human and mouse kidneys, RNA in situ hybrid
ization and protein immunostaining have shown low levels of expres
sion in renal blastemal cells, the undifferentiated stem cells that are
precursors to the glomerulus, and high levels of expression as these
cells differentiate to form the podocytes of glomeruli (3, 4). The
critical role of WI'l in kidney development is demonstrated by renal
abnormalities in children carrying one inactive or dysfunctional germ
line WTJ allele and by the complete failure of renal development in
WTJ-null mice (5, 6).

Although %4PfJis required for kidney development and its normal
expression pattern suggests a role in differentiation, its exact function
is unknown. As with other tumor suppressor genes, introduction of
wild-type V/Ti into a Wilms' tumor-derived cell line expressing an
aberrant endogenous transcript results in growth suppression (7). WT1
has been shown to bind to multiple GC-rich sequences, as well as to
TC motifs, mediating transcriptional repression in transient transfec
tion assays (8). However, few of these studies have led to the iden
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tification of target genes that may be physiologically regulated by

V/Ti. Wild-type WJ'l is encoded by distinct isoforms, resulting from
the presence or absence of two alternative splices (9). Alternative
splice I inserts 17 amino acids between the NH2-terminal transacti
vation domain and the COOH-terminal DNA binding domain; its
function is unknown. Alternative splice II results in the insertion of
three amino acids (KTS) between zinc fingers 3 and 4, leading to

reduced DNA binding affinity and altered subnuclear localization (10,
11). WT1(â€”KTS), the isoform that lacks alternative splice II and has
demonstrated transactivational activity, accounts for 20â€”30% of cel

lular WT1 and has been linked to the function of WTI in apoptosis (9,
12, 13).

We have recently shown that induction of WTJ(â€”KTS)expression
in osteosarcoma cells results in transcriptional repression of the
EGFR4 and reduced synthesis of endogenous EGFR, followed by
induction of apoptosis (12). WTJ-mediated apoptosis in these cells is
abrogated by constitutive expression of EGFR, suggesting that it may
result from withdrawal of epidermal growth factor and other growth
factor survival signals. We now show that the induction of apoptosis
is preceded by increased G1 phase content, an effect that is consistent
with the previously described results of microinjection experiments
(14). WT1-mediated cell cycle arrest is associated with induction of
the CDKI p21 (also known as WAF1 , Cipi , or Sdi 1; Refs. 15â€”18) but
not of other CDKIs, and it is independent of p53, another tumor
suppressor known to induce p21 expression. WTJ and p21 are both
expressed in glomerular precursors of the developing kidney, suggest
ing a potential developmental pathway.

Materials and Methods

Cells, Antibodies, RNA and Protein Stability Experiments. U2OS,
Saos-2 and BRK cell lines with inducible W1'l constructs, with or without a ts
P53 allele, have been described elsewhere (12, 13). The following antibodies
were used for immunoblotting analyses: mWT56 for WT1 (12); CP68 for p21
(19); JC6 for p16 (20); anti-p27 antibody (Transduction Laboratories); and an
anti-p57 antibody (kindly provided by E. Harlow). Chloramphenicol acetyl
transferase constructs containing upstream sequences of the p21 promoter (21)

were kindly provided by B. Vogelstein. For analysis of the p21 protein
half-life, an equal number of cells with inducible YTJ'l(â€”KTS) were seeded

onto plates and grown for 48 h in the absence or presence of tetracycline. New

protein synthesis was inhibited by the addition of cycloheximide (10 @g/ml),
cellular extracts were made at timed intervals, and equal amounts of protein
were analyzed by immunoblotting using anti-p2l antibody. To analyze the
stability of the p21-mRNA, cells were grown for 48 h in the presence or
absence of tetracycline, followed by treatment with the transcription inhibitor

DRB (final concentration, 30 @g/ml). Total RNA was isolated after timed

intervals and analyzed by Northern blotting. For immunocytochemistry, snap
frozen sections of 13-week human kidney were fixed with acetone, hydrated
with 10% goat serum in PBS, and incubated with antibody against WTI or p21

(10 @Wml),followed by the addition of a secondary goat antimouse antibody
conjugated to horseradish peroxidase (Jackson ImmunoResearch; 25 @g/ml),

4 The abbreviations used are: CDKI, cyclin-dependent kinase inhibitor; EGFR, epi

dermal growth factor receptor; ts, temperature-sensitive; DRB, 5,6-dichlorobenzimidazole
riboside; BRK, baby rat kidney.

1429

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/57/8/1429/2466132/cr0570081429.pdf by guest on 19 M

ay 2023



Vector

-i--r-rl@ @@-iI

a 200 400

WT1(+KTS)

The fraction of cells in Gl, G2/M and S phase was determined in the absence of WI!
(+tetracycline) or 36 hours after induction of WI! expression (â€”tetracycline), by staining
for DNA content with propidium iodide, followed by FACS analysis.Cell

fraction(%)Construct

Clone Tetracycline G@ SG2/MVector

I + 56.9 26.4 16.7
â€” 53.8 29.6 16.6

2 + 53.3 23.1 23.6
â€” 51.7 25.522.8WTI

(â€”KTS) 1 + 54.3 27.4 18.2
â€” 69.5 9.9 20.5

2 + 47.7 29.1 23.2
â€” 59.7 15.025.3WTI

(+KTS) 1 + 51.2 26.9 21.9
â€” 49.8 28.4 21.9

2 + 55.5 27.4 17.2
â€” 60.2 22.417.3WTAR

1 + 46.0 37.1 17.0
â€” 50.6 34.1 15.3

2 + 52.5 23.8 23.7
â€” 50.4 25.9 23.7
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WT1(.KTS)

01 : 43

8 :31

02/K: 26

Gi : 71

S :18
02/K: 11

Fig. I. Cell cycle distribution of Saos-2 cells
transiently transfected with WT1 isoforms. Repre
sentative fluorescence-activated cell sorting profile
of cells expressing WTI isoforms and stained for
DNA content with propidium iodide (position of
G1, 2N; G2-M, 4N). Cells expressing the WI'!

constructs after transient transfection were identi
fledby cotransfectionof a constructencodingthe
cell surface marker CD2O, followed by staining
with FITC-conjugated antibody against CD2O.
WT1(â€”KTS), isoform with four uninterrupted zinc
finger domains; WT!(+ KTS), isoform in which
these three amino acids disrupt the spacing between
zinc fingers 3 and 4, altering DNA binding; WI'AR,
a mutant form of W'I'l that lacks zinc finger 3.

incubated with 3 mg of DAB and 3 @lof 30% H202 in 10 ml of PBS, treated
with Light Green for cytoplasmic counterstaining, and treated with 1% 0s04

in H20, ethanol, xylene, and permount.
Fluorescence-activated Cell Sorting Analysis. Flow cytometric analysis

was performed as described by van den Heuvel and Harlow (22) and Zhu et a!.
(23). Briefly, Saos-2 cells were cotransfected with 2.5 @gof pCMVCD2O,

encoding the cell-surface protein CD2O, and 20 @gof the various 1471
construct or empty vector (7). After 48 h, cells were detached, stained with
FITC-conjugated anti-CD2Oantibody, fixed in 80% ethanol, and treated with
propidium iodide and RNase A. Flow cytometric analysis was performed on a

Becton Dickinson FACScan flow cytometer. Data were generated from sam

Table I. Cell cycle profile of independent Saos-2 clones expressing inducible
WI! isoforms

I.

E
WEAR

01 : 42
S :48
02/K: 10

DNA content

G1 : 46

B :44
02/M: 10

pies with at least 80,000 cells of which at least 2,000 cells were CD2O-positive.

For stably transfected cell lines with inducible constructs, cells were analyzed
36 h after withdrawal of tetracycline and compared with the noninduced
population. For these experiments, data were collected from at least 20,000
cells for each sample.

Results and Discussion

Expression of WT1(â€”KTS) Leads to G1 Arrest. To study the
functional properties of WTJ, we first used Saos-2 cells, a diploid and
highly transfectable osteosarcoma cell line with a homozygous dele
tion of p53 and low-level expression of wild-type WT1 (12, 24).
Transient transfection of cytomegalovirus-driven expression con
structs encoding VvTl and the CD2O cell surface antigen (22, 23)
allows the identification of transfected cells using fluorescein-conju
gated anti-CD2O antibody and the determination of their cell cycle
distribution by quantitation of DNA content following staining with
propidium iodide. Transfection of WJ'I(â€”KTS) leads to a consistent
increase in the fraction of cells in G1 phase, an effect that is not
observed following transfection of the splicing variant Wf1(+KTS) or
a Wilms' tumor-associated mutant lacking zinc finger 3, V(J'AR (Ref.
25; Fig. 1). In contrast to a previous report (14), we find that the effect
of WT1 on cell cycle progression requires the (â€”KTS) DNA binding
domain and is independent of alternative splice I (data not shown).
The maximal increase in G@fraction observed with WTJ(â€”KTS) is
25%, compared with 35% following tranfection of the retinoblastoma
susceptibility gene RB, which is homozygously mutated in Saos-2
cells (24). To further characterize the effect of %VTJ,we analyzed
stable Saos-2 cell lines with tightly regulated, tetracycline-inducible
constructs encoding WTJ(â€”KTS), WTJ(+KTS), or VVTAR(12). A
12â€”15%increase in G: phase was observed 36 h after withdrawal of
tetracycline in multiple cell lines with inducible WTJ(â€”KTS). This
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Fig. 2. Expression ofendogenous p21 following induction of
W'Fl in Saos-2 cells. a, immunoblot analysis of Saos-2 cells
with inducible WfI(â€”KTS)in the presence of tetracycline and
at 48 h after tetracycline withdrawal. Duplicate blots were
probed with antibodies against WT1 and the CDKIS p21, p16,
p27, and p57. b, p21-immunoblot analysis of Saos-2 cells with
inducible WT!(â€”KTS),Wf1(+KTS), or mutant WTARat the
indicated times after withdrawal of tetracycline.

WTAR

p16â€”* @L*@@*8@â€”l4kD #. @Ã¸-p21

effect, which preceded the apoptosis observed 4â€”5days after with- of WTJ(â€”KTS) expression. A 15% increase in G1 phase cells is
drawal of tetracycline, was not evident following induction of observed at 24 h, consistent with a specific G1 cell cycle block (data
WTJ(+KTS) or WTAR (Table 1). To confirm that the increase in G1 not shown).
phase cells following expression of %4'Tl(â€”KTS)results from a pro- Induction of Endogenous p2! by WT1(â€”KTS). CDKIs are po
longation of G@,rather than from the selective loss of cells in S and tent inducers ofcell cycle arrest (26). Among these, p21 is induced by
G2-M, cells were synchronized in S phase by treatment with hy- the tumor suppressor p53 and has been implicated in diverse differ
droxyurea, followed by release from the cell cycle block and induction entiation pathways, raising the possibility that its expression might

Fig. 3. Induction of p21 by WT1 in U2OS and
BRK cells expressing a ts p53 allele. a, top panel,

p2l-immunoblot analysis of U2OS cells expressing
ts p53 and grown at 32'C (favoring the wild-type
p53 conformation) or at 39Â°C(favoring the mutant
p53 conformation) and at time intervals following
withdrawal of tetracycline and induction of of
WT1(â€”KTS).Bottom paneL immunoprecipitation
of labeled cellular lysates with antibody against
WT1 to demonstrate induction of WT1 following
withdrawal of tetracycline. b. top panel. p21-im
munoblot analysis of BRK cells immortalized with
adenovirusE1Aand ts p53 at time intervalsfol
lowing tetracycline withdrawal and induction of
WI'l(â€”KTS). Cells were grown at 39'C; shifting to
32'C triggers apoptosis. Bottompanel, immunopre
cipitation of labeled cellular lysates with antibody
against WT1 to demonstrate expression of WT1
following tetracycline withdrawal.

L@JI

32Â° 39Â°

WT1 -@
â€” 45 kD
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1+_I

*â€”p21 mRNA

d Cycloheximide
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+
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Fig. 4. Regulation of endogenous p21 expression by WTI. a, timing of p21 protein induction. Immunoblot analysis of Saos-2 cells with inducible WJ'!(â€”KTS)at various time points
following tetracycline withdrawal, probed with antibodies against WT1 and p21. b. induction of p21 mRNA by WI'!. Northern analysis of total cellular RNA from Saos-2 cells with
inducible WT!(â€”K7@)in the presence or absence of tetracycline, probed with a p21 cDNA. The ethidium bromide-stained gel is shown to demonstrate equal loading. c, p21 mRNA
stability following WI'! expression. Northern analysis of Saos-2 cells with inducible WT!(â€”K1@5)grown in the presence or absence of tetracycline at various time points following block
of transcriptionwithDRBandprobedwitha p21cDNA.Theethidiumbromide-stainedgel is shownto demonstrateequalloading.d. p21proteintumoverfollowing147!expression.
p21-immunoblot analysis of Saos-2 cells with inducible WT!(â€”KTS). grown in the presence or absence of tetracycline and at various time points following inhibition of new protein
synthesis by cycloheximide. For comparison, different exposures were chosen for the two panels.

also be regulated by YTTJ. Western blot analysis of Saos-2 cells
demonstrates a 5-fold increase in endogenous p21 expression follow

ing induction of WTJ(â€”KTS) (Fig. 2a). No change was observed in
the expression of other CDKIs, including p16, p27, and p57, nor was
p21 expression affected by induction of WTJ(+KTS) or mutant VTJ'AR
(Fig. 2b). No difference in p21 levels was noted between cycling
Saos-2 cells and cells arrested in G1 by treatment with L-mimosine
(data not shown), indicating that the induction of p21 by WJ'l(â€”KTS)
is unlikely to be a nonspecific consequence of G1 arrest. To determine
whether the induction ofp2l by Wfl(â€”KTS) can be observed in other
cell types, we first examined another osteosarcoma cell line, U2OS,
containing wild-type p53 alleles. Baseline p21 expression in these
cells is â€”10-fold higher than in Saos-2 cells, and induction of
â€˜4'71(â€”KTS) expression from a tetracycline-regulated promoter does
not result in a further increase in p21 levels, nor does it lead to a
phase arrest (data not shown). However, 5-fold induction of p21 by
WTJ(â€”KTS) becomes evident when baseline p21 expression in U2OS
cells is lowered, by transfection of a ts p53 allele (codon 135; Ref. 27)
and growth at the nonpermissive temperature (39Â°C;Fig. 3a). The
dominant negative p53 mutant presumably oligomerizes with wild
type p53, abrogating its effect on baseline p21 expression and Un
masking the induction of p21 by WJ'l(â€”KTS). A 5-fold increase in
endogenous p21 expression is also observed in BRK cells following
inducible expression of VvTl(â€”KTS)(Fig. 3b). These BRK cells are
derived from developing rodent kidneys following immortalization by
adenovirus E1A and ts p53 (13), confirming the ability of
W71(â€”KTS)to inducep21expressionin theappropriatecell typeand
independent of p53.

Regulation of p2! mRNA Expression by WT1(â€”KTS). The
regulation of p21 expression appears to be complex: p53 has been
shown to activate transcription of p21 (15), whereas posttranscrip
tional regulation of p21 has been proposed in some p53-independent
differentiation models (28). To determine the mechanism underlying
the effect of WTI, we first analyzed the time course of p21 expression
in Saos-2 cells with inducible WTJ(â€”KTS). Western blot analysis
demonstrated that the induction of p21 closely follows that of WI'l,
evident within 24 h after tetracycline withdrawal (Fig. 4a). Northern
blot analysis showed a 5â€”10fold increase in p21 mRNA levels,
consistent with the magnitude of the increase in p21 protein levels
(Fig. 4b). To test for any effect of VvTl(â€”KTS)on p21 mRNA
stability, cells grown in the presence or absence of tetracycline were
treated with the RNA polymerase-2 inhibitor DRB and p21 mRNA
levels were determined serially. No difference in the stability of the
p21 transcript (t112 = 2â€”3h) was apparent following induction of
WTJ(â€”KTS) (Fig. 4c). The half-life of WT1 protein in these cells has
been previously calculated to be 6 h (12), suggesting that DRB
treatment would not lead to a significant reduction in WT1 levels

during the time course studied. To determine whether W1'l has any
effect on p21 protein stability, cells were grown in the presence or
absence of tetracycline, and protein synthesis was inhibited by cyclo
heximide, followed by determination of p21 protein levels by immu
noblotting. WI'! expression does not result in any difference in p2!
protein turnover (t@,-@ I h; Fig. 4d). Again, WT1 protein levels were
not significantly affected by cycloheximide treatment during this time
course (data not shown). These observations suggest that the effect of
V/Ti on p21 expression is likely to be at the level of transcriptional
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Fig. 5. Coexpression of WT1 and p21 in the developing kidney. Immu
nohistochemicalanalysisof WI! and p21 expressionin human 13 week
kidney.Glomerularpodocytes(G)shownuclearstainingwithbothantibod
ies. Some cells in the surrounding tubular epithelium also show staining with
antibody against p21. . @i.4

Si,
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regulation. However, transient transfection of a p2 1 promoter
reporter construct shows minimal transcriptional activation follow
ing induction of WTJ(â€”KTS) (data not shown). A number of
possible explanations may account for this discrepancy: the p21
regulatory sequences affected by WTJ(â€”KTS)may be absent from
reporter constructs that demonstrate p53-mediated transactivation
(21). Alternatively, because WTJ(â€”KTS) can mediate both tran
scriptional activation and repression of GC-rich promoters in tran
sient transfection assays (29), it is possible that overexpression of
the GC-rich p21 promoter may lead to antagonistic transactiva
tional efiects in such assays. In this context, it is interesting that
expression of WTJ(â€”KTS)consistently leads to 2-fold transcrip
tional activation of a p21 reporter containing 245 nucleotides
upstream of the TATA box (21) but not of reporters containing up
to 2 kb of additional upstream sequences (data not shown). Finally,
the effect of WTJ, directly or indirectly, may be on transcriptional
elongation of the endogenous p21 mRNA, rather than on transac
tivation of the p21 promoter, an intriguing possibility raised re
cently for the von Hippel-Lindau tumor suppressor (30, 31).

Coexpressionof WT1 and p2! in the DevelopingKidney. To
address the potential physiological significance of p21 induction by
V/Ti, we analyzed the expression patterns of these two genes in the
kidney. The level of p21 expression in the kidney is below detection
by immunoblotting analysis of whole tissue lysates, but staining of
specific cells was evident by immunocytochemistry, the specificity of
which was confirmed using BRK cells with ts p53 (data not shown).
In the developing (13 weeks) human kidney, both WT1 and p21 are
expressed in the podocyte layer of developing glomeruli (Fig. 5).
Staining of glomeruli for both WTI and p21 is markedly reduced in
the adult kidney. Uneven p21 staining is also observed in some
proximal tubules. The observation that p21 is primarily localized in
the kidney within the same developing structures that express V/Ti
supports a role for p21 in WT1-mediated renal differentiation.

In summary, we report that inducible expression of V/Ti leads to
the induction of endogenous p21, associated with a G1 phase cell
cycle arrest. This effect, which is independent of the p53-mediated
induction of p2l, requires an intact WT1 DNA binding domain and is
abrogated by insertion of the alternative splice KTS between zinc
fingers 3 and 4. In addition to its role in p53-mediated cell cycle
arrest, p2l has been implicated as an important intermediate in muscle
and hematopoietic cell differentiation (21 , 28, 32â€”38),where it has

been postulated to involve exit from the cell cycle, preceding the
activation of differentiation pathways. Recently, p21 expression has
also been shown to prevent the apoptosis that normally accompanies
myocyte differentiation in culture (39). The observation that inducible
expression of %Vf1in our osteosarcoma cell model system leads to the
triggering of apoptotic signals (12), as well as to induction of p21,
suggests that V/Ti may be involved in a similar differentiation pro
gram. In addition, within the subset of Wilms' tumors that harbor
mutations in VvTi, loss of the WI7-p2l pathway may deprive cells of
a cell cycle checkpoint and contribute to cellular transformation.
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