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WTX encodes a tumor suppressor gene inactivated in Wilms tumor
and recently implicated in WNT signaling through enhancement of
cytoplasmic �-catenin (CTNNB1) degradation. Here, we report that
WTX translocates to the nucleus, a property that is modified by an
endogenous splicing variant and is modulated by a nuclear export
inhibitor. WTX is present in distinct subnuclear structures and
co-localizes with the paraspeckle marker p54NRB/NONO, suggest-
ing a role in transcriptional regulation. Notably, WTX binds WT1,
another Wilms tumor suppressor and stem cell marker that en-
codes a zinc-finger transcription factor, and enhances WT1-
mediated transcription of Amphiregulin, an endogenous target
gene. Together, these observations suggest a role for WTX in
nuclear pathways implicated in the transcriptional regulation of
cellular differentiation programs.

cancer biology � subcellular localization � tumor suppression

W ilms tumor, the most common pediatric kidney cancer, is
a pluripotent tumor that arises from a kidney-specific

stem cell population (1). Genetic studies of Wilms tumor have
consistently implicated genes that are critical mediators of
differentiation, underscoring the link between normal kidney
development and tumorigenesis. Loss of function mutations in
WT1, a transcription factor with multiple roles in the developing
kidney, are present in 5%–10% of cases (2–4), often in associ-
ation with activating mutations in �-catenin (CTNNB1) (5, 6), a
key regulator of WNT signaling. Loss of imprinting leading to
increased expression of insulin-like growth factor 2 (IGF2) has
also been implicated in approximately one-third of cases (7, 8).
In addition to these well-defined abnormalities, several other loci
have been implicated by loss of heterozygosity studies, suggesting
significant genetic heterogeneity in this disease (9).

We have recently identified an X chromosome gene, WTX,
which is targeted by deletions and truncations in up to 30% of
Wilms tumors (10). All WTX mutations were somatic, targeting
the single X chromosome in males or the active X chromosome
in females and thus leading to complete inactivation in both
sexes. WTX belongs to a gene family comprised of 3 genes with
no significant homology to known functional domains. Biochem-
ical studies of WTX have identified regions that mediate binding
to APC and �-catenin and an N-terminal domain that mediates
localization to the plasma membrane (11, 12). Functional studies
performed with a WTX ORF (ORF) predicted by automated
database annotation (WTX-PRED, 804 aa from a transcript
composed of 3 exons) indicated that WTX encodes a component
of the �-catenin destruction complex that inhibits WNT signal-
ing by increasing the degradation of �-catenin in the cytoplasm
(12). However, our characterization of the endogenous 7.5-kb
WTX mRNA transcript in diverse tissues does not confirm
expression of the WTX-PRED third exon, revealing instead a
larger 1135-aa ORF (WTX-WT) encoded by a longer second
exon with an additional 350 aa in the C terminus compared to
WTX-PRED (Fig. 1B) (10).

Here, we show that full-length WTX shuttles between the
cytoplasm and the nucleus and is present in a distinct subnuclear

compartment implicated in transcription and RNA processing.
Moreover, the additional C-terminal amino acids of full-length
WTX mediate binding to the transcription factor WT1 and
modulate its activity. Thus, in addition to its proposed role in the
degradation of �-catenin in the cytoplasm, WTX may play a role
in the transcriptional regulation of cellular differentiation.

Results
Full-Length WTX Contains an N-Terminal Internal Splice Site. Analysis
of the full-length WTX transcript and its encoded protein
demonstrated an N-terminal in-frame alternative splice, internal
to the ORF. Indeed, expression of WTX-WT produces 2 protein
bands of sizes 190 kDa and 150 kDa encoded by 2 mRNAs that
differ in size by approximately 800 nucleotides in the N terminus
(Fig. 1 A). These 2 transcripts are also present endogenously in
all tested cell lines and human tissues expressing WTX (Fig. 1C).
Sequencing of RT-PCR products from both embryonic kidney
tissue and HEK-293 cells established that the smaller transcript
is generated by splicing between nucleotides 148 and 980, leading
to the in-frame deletion of amino acids 50–326 (Fig. 1B and Fig.
S1). By comparing the endogenous transcript to reconstitution
experiments, performed by altering the ratio of plasmids for the
spliced and unspliced forms, the spliced form can be estimated
to represent up to 20% of endogenous WTX transcript levels. Of
note, the 2 transcripts are differentially expressed in the devel-
oping kidney, with the larger transcript declining in abundance
with tissue maturation and leading to a relative increase in the
spliced isoform (Fig. 1C).

Since the splice junctions are internal to the WTX ORF, synthetic
cDNA expression constructs recapitulate the alternative splicing of
WTX, producing variable levels of the full-length and truncated
species. To study the functional properties of these isoforms, we
therefore generated expression constructs for full-length wild-type
WTX (WTX-WT), the isoform lacking amino acids 50–326
(WTX-S), and a full-length nonspliceable transcript (WTX-NS) with
a single nucleotide change that ablates the donor splice site while
maintaining the same amino acid sequence. Transfection studies of
these constructs confirmed the expected proteins, including the
splicing of WTX-WT to produce both isoforms, and the absence of
such splicing with WTX-NS (Fig. 1D).

Alternative Splicing and CRM1 Inhibition Change the Intracellular
Localization of WTX. Residues 2–209 at the N terminus of WTX
contain multiple phosphatidylinositol (4, 5)-bisphosphate bind-
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ing sites that appear to mediate its localization to the plasma
membrane (11). Given that alternative splicing removes this
domain, we first tested the cellular localization of the proteins
encoded by the various WTX constructs. For this purpose, we
used lentiviral vectors to generate U2OS cells with inducible
expression of GFP-tagged WTX-WT, WTX-S, and WTX-NS.
At 24 h postinduction, WTX-NS was localized primarily in the
plasma membrane and cytoplasm, whereas WTX-S, lacking the
presumed plasma membrane retention signal, was present in
the nucleus and cytoplasm (Fig. 2A). The nuclear signal dis-
played a predominantly ‘‘speckled’’ appearance in most cells.
Consistent with its expression as both unspliced and spliced
isoforms, WTX-WT was present in a mixed pattern, with
expression in the plasma membrane, cytoplasm, and nucleus
(25% of cells). These observations are consistent with a plasma
membrane retention signal at the N terminus of WTX, which is
disrupted by the alternative splicing event, and a domain re-
sponsible for nuclear localization in the C terminus. Although
the C terminus of WTX does not contain a characteristic nuclear
localization signal, WTX may enter the nucleus due to its
interaction with other nuclear proteins. To test whether the
membrane binding WTX-NS isoform may also be capable of

localizing to the nucleus, we treated WTX-NS expressing cells
with Leptomycin B, an inhibitor of CRM1 mediated nuclear
export (13). Remarkably, we observed redistribution of
WTX-NS to the nucleus in 20% of cells within 10 h of treatment
(Fig. 2B and C). The subnuclear localization of WTX-NS was
similar to that of WTX-S, suggesting that once they enter the
nucleus, both WTX isoforms interact with the same nuclear
compartment.

Nuclear WTX Co-Localizes with a Marker of Paraspeckles. We used a
panel of characterized antibodies against subnuclear domains to
identify the WTX-associated structures. No co-localization was
observed between WTX and PML bodies (anti-PML), splicing
speckles (anti-SC35), or other nuclear structures defined by
antibodies to Sam68 or coilin (14). In contrast, precise co-
localization was observed between WTX and p54NRB/NONO,
a marker of nuclear structures known as paraspeckles (Fig. 3A)
(15). Furthermore, inhibition of transcription by actinomycin D
led to a redistribution of WTX toward perinucleolar caps, a
characteristic feature shared by proteins that localize to
paraspeckles (Fig. 3B) (15). Paraspeckles are recently described
subnuclear domains that are found adjacent to splicing speckles
and have been implicated in transcription and RNA processing.
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Fig. 1. The N terminus of WTX is modified by alternative splicing. (A)
WTX-WT produces 2 RNA products detectable by RT-PCR of the N terminus
(nucleotides 1–1380). After transfection of HEK-293 cells, the expected
1380-bp product is present, and there is an additional band at approximately
550 bp. (B) Schematic of the different isoforms of WTX (WTX-WT and WTX-S)
and the ORF predicted by automated database annotation (WTX-PRED). APC
binding domains are shown as red boxes (amino acids 280–368, 380–431, and
717–834). The N-terminal PtdIns(4,5)P2 binding region (amino acids 2–209),
acidic (DE, 370–411), and proline rich (P, 952–1104) regions are also shown.
The transcripts for unspliced WTX-WT (1135 aa) and WTX-S (858 aa) are
composed of 1 noncoding and 1 coding exon. WTX-S is produced by an
internal splicing event that removes amino acids 50–326. The transcript for
WTX-PRED (804 aa, in brackets) is predicted to arise from a shorter second
exon (785 aa) and an additional third exon that have not been confirmed
endogenously. Arrows indicate the position of primers used to detect alter-
native splicing. Asterisks mark the 2 transcripts detected endogenously. (C)
WTX-S is present in human kidneys, brain, and spleen and represents up to
20% of the endogenous transcript. RT-PCR of the N terminus of WTX was
performed for selected fetal (F) and adult (A) human tissues and for recon-
stitution experiments using different ratios of WTX-WT and WTX-S plasmids.
The highest relative levels of endogenous WTX (adult kidney) are similar to a
mixture containing 20% of the spliced plasmid. (D) WTX-WT produces 2
protein bands (190 kDa and 150 kDa) that correspond to the unspliced and
spliced isoforms of WTX. After transfection in HEK-293 cells, WTX-S (lacking
the nucleotides removed by splicing) produces a protein corresponding to the
lower band produced by WTX-WT. WTX-NS (maintaining the same amino acid
sequence but lacking the splice donor site due to a single nucleotide change)
produces a protein corresponding to the upper band generated by WTX-WT.
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Fig. 2. WTX localizes to the plasma membrane, cytoplasm, and nucleus.
Lentiviruses were used to generate inducible U2OS cells expressing several
WTX-GFP fusions, and cells were analyzed by spinning disk confocal micros-
copy 24 h after induction. (A) WTX-NS, WTX-S, and WTX-WT have different
intracellular localization patterns. WTX-NS is present in the plasma membrane
and cytoplasm. Plasma membrane localization is more apparent at cell-cell
contacts. WTX-S localizes to the cytoplasm and nucleus, where it is present in
distinct intranuclear compartments with a ‘‘speckled’’ appearance and also
diffusely. WTX-WT has features of both isoforms. Nuclei were stained with
DAPI. Original magnification, 1000�. (B) WTX-NS is detectable in the nucleus
after inhibition of nuclear export. Cells were treated with 2 ng/mL LMB 10 h
before analysis to inhibit CRM1 mediated nuclear export. After LMB treat-
ment, WTX-NS was readily detected in the nucleus in a pattern similar to that
of WTX-S and WTX-WT. Original magnification, 400�. (C) Quantification of
the nuclear localization of WTX isoforms. Significant increases in nuclear
localization were detected after LMB treatment for WTX-S, WTX-NS, and
WTX-WT. The error bars represent the standard deviation of 3 separate counts
(100 cells each).
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In particular, 2 paraspeckle proteins, p54NRB itself (16) and
PSP2 (17), have been shown to enhance the transcriptional
activity of specific transcription factors.

WTX Binds WT1, a Zinc-Finger Transcription Factor that Is Inactivated
in Wilms Tumor. The specific nuclear localization of WTX led us
to test whether WTX itself can modulate gene expression
through an interaction with relevant transcriptional regulators.
Given the somatic inactivation of WTX in Wilms tumors, we first
tested whether WTX interacts with the other bona fide Wilms
tumor suppressor, the zinc-finger transcription factor WT1.
Co-transfection of tagged constructs encoding WT1 and WTX
in both HEK-293 and U2OS cells readily demonstrated recip-
rocal co-immunoprecipitation of these proteins (Fig. 4A and Fig.
S2). In agreement with our previous results, both isoforms of
WTX were able to bind the 2 major isoforms of WT1 (�/�KTS),
implying that they can both interact with nuclear proteins. This
protein interaction was confirmed using bacterially synthesized
GST-WT1 and WTX immunoprecipitated under stringent con-
ditions from mammalian cells (Fig. 4B and Fig. S2). Interestingly,

in vitro translated WTX did not interact with GST-WT1, either
in the presence or absence of cellular lysates, suggesting that the
interaction between these proteins is likely direct but dependent
upon posttranslational modification or appropriate folding of
WTX protein. Mapping of the relevant domains with a variety
of deletion constructs, identified amino acids 786–952 in the C
terminus of WTX and the C-terminal zinc-finger domain of
WT1 as required for this interaction (Fig. 4C and Fig. S3).
Importantly, all WTX truncation mutations detected in Wilms
tumors result in loss of the C-terminal WT1-binding domain,
consistent with a physiological interaction whose disruption may
contribute to tumorigenesis.

WTX Modulates WT1 Transactivational Activity. To test the func-
tional consequences of the WTX-WT1 interaction, we analyzed
the effect of WTX on Amphiregulin, a well-characterized WT1
transcriptional target (18). Activation of an Amphiregulin pro-
moter luciferase reporter by the WT1(-KTS) isoform was en-
hanced by co-expression of WTX-WT and WTX-NS in HEK-
293 cells. In contrast, only modest effects were evident with
WTX-PRED (Fig. 5A), which has decreased WT1 binding by
immunoprecipitation, WTX-S (Fig. 5B) or WTX truncation
mutants identified in Wilms tumor specimens (Fig. S4). Since
suppression of WNT signaling through enhanced �-catenin
degradation has been proposed as a mechanism of WTX func-
tion, we also tested the effect of a well-characterized dominant
negative TCF4 construct and found that disruption of WNT
signaling had no effect on the Amphiregulin promoter in this
system (Fig. S4) (19). To extend our analysis to the regulation of
endogenous genes, we tested the effect of WTX on WT1-
mediated induction of the native Amphiregulin transcript. Dra-
matic synergistic activation of the endogenous Amphiregulin
gene was evident following co-expression of WT1 and WTX
(Fig. 5C). Finally, in reciprocal experiments, shRNA-mediated
knockdown of WTX suppressed baseline expression of Amphi-
regulin (Fig. 5D), further supporting a physiologically significant
interaction in this WT1-dependent pathway.

Discussion
In summary, we have shown that full-length WTX has a complex
intracellular localization pattern that involves plasma mem-
brane, cytoplasmic and nuclear protein pools, and that it plays a
role in the nucleus that is distinct from inhibition of WNT
signaling in the cytoplasm. While the full details of the regulation
of WTX localization remain to be determined, we have estab-
lished that alternative splicing and CRM1-mediated nuclear
export can modulate the intracellular distribution of WTX. An
internal splicing event that removes an N-terminal plasma
membrane binding domain results in an isoform, WTX-S, that
represents up to 20% of the endogenous transcript and has
significantly increased nuclear localization. This spliced isoform
also contributes substantially to the products of ectopically
expressed WTX, making the use of spliced and ‘‘nonspliceable’’
constructs essential in testing the functional properties of this
gene. Importantly, in addition to differences in the relative
distribution of WTX-S and WTX-NS, nuclear localization is a
general property of WTX, since both transcripts produce pro-
teins that accumulate in the nucleus after inhibition of nuclear
export with Leptomycin B.

In the nucleus, WTX co-localizes with a marker for paraspeck-
les, a nuclear domain associated with transcriptional regulation,
and binds WT1, a transcription factor that is also inactivated in
Wilms tumor and plays a critical role in developmental processes
such as kidney and gonadal organogenesis, the formation of the
pleural/pericardial lining, and the maintenance of cardiac stem
cells (20–22). While nuclear WTX is predominantly associated
with a specific compartment, WT1 can be found in a diffuse
pattern and in several subnuclear domains where it may have
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Fig. 3. WTX localizes to a specific intranuclear compartment. (A) WTX
co-localizes with p54NRB, but not with PML or SC35. U2OS cells were trans-
fected with a WTX-WT-GFP fusion construct and tested for co-localization
with markers of subnuclear compartments using a spinning disk confocal
microscope. Precise co-localization was observed for WTX-WT and p54NRB.
Original magnification, 1000�. (B) Nuclear WTX redistributes to perinucleolar
caps after treatment with Actinomycin B. WTX-WT-GFP inducible U2OS cells
were treated with Actinomycin B, an inhibitor of RNA synthesis. After 2 h, WTX
was present mostly in perinucleolar caps, a property shared by proteins that
localize to paraspeckles. An RNA stain, Pyronin-Y (red), was used to highlight
nucleoli. Original magnification, 1000�.

8340 � www.pnas.org�cgi�doi�10.1073�pnas.0811349106 Rivera et al.

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
18

, 2
02

1 

http://www.pnas.org/cgi/data/0811349106/DCSupplemental/Supplemental_PDF#nameddest=SF2
http://www.pnas.org/cgi/data/0811349106/DCSupplemental/Supplemental_PDF#nameddest=SF2
http://www.pnas.org/cgi/data/0811349106/DCSupplemental/Supplemental_PDF#nameddest=SF2
http://www.pnas.org/cgi/data/0811349106/DCSupplemental/Supplemental_PDF#nameddest=SF3
http://www.pnas.org/cgi/data/0811349106/DCSupplemental/Supplemental_PDF#nameddest=SF4
http://www.pnas.org/cgi/data/0811349106/DCSupplemental/Supplemental_PDF#nameddest=SF4


www.manaraa.com

access to WTX (1). In this context, it is interesting that the
WT1(�KTS) isoform has been observed to co-localize with
paraspeckle markers and nucleoli, although the functional con-
sequences of this finding have not been determined (23). No-
tably, the 2 major WT1 isoforms, WT1(-KTS) and WT1(�KTS),
have been implicated in transcriptional control and RNA pro-
cessing, 2 functions associated with proteins that localize to
paraspeckles (24).

The ability of WTX to enhance WT1-mediated transactivation
suggests a physiologically significant interaction between these 2
tumor suppressors. This is further supported by the fact that
WT1 and WTX display a significant degree of spatial and
temporal overlap in expression patterns within the developing
embryonic kidney (10). Given that truncation mutations in WTX
invariably affect the WT1 binding domain, this interaction may
also play a role in tumorigenesis (10). In fact, since several
truncation mutations map to the domain removed by splicing,
our finding that the modulation of WT1 function is mediated by
WTX-NS and not WTX-S implies that this property is consis-
tently lost in tumors. Nonetheless, the functional properties of
WTX are unlikely to be restricted to its interaction with WT1 as
demonstrated by differences in their patterns of expression
outside the kidney and distinct patterns of inactivation in Wilms
tumor. Somatic WTX mutations are more common than muta-
tions in WT1, but unlike WT1, germline WTX mutations have
not been observed in familial Wilms tumor. In addition, unlike
WT1-mutant Wilms tumors (6), WTX-mutant tumors do not
display a significantly increased frequency of �-catenin activat-
ing mutations (10, 25), suggesting different functional interac-
tions with the WNT signaling pathway.

While the selective pressures underlying WNT activation in
WT1-mutant Wilms tumors are not understood, the possibility
that WTX plays a role in mediating �-catenin degradation has
been taken as further evidence of a key role for WNT signaling
in Wilms tumorigenesis (12). Our observation of a potential
nuclear function for WTX, including a functional interaction
with WT1 itself, does not preclude a distinct cytoplasmic role for
WTX in modulating �-catenin turnover. In fact, through its
ability to shuttle between plasma membrane, cytoplasm, and nu-
cleus, WTX may provide an important connection between 2
pathways that are critical to renal differentiation. Thus, the nuclear
function identified in this work suggests that, in addition to inhi-
bition of WNT signaling in the cytoplasm, WTX may be directly
involved in the transcriptional regulation of cellular differentiation
programs through interactions with WT1 and potentially other
transcription factors in the kidney and in other tissues.

Materials and Methods
Vectors, Cells, and RNA. WTX-WT, WT-S, WT1(-KTS), WT1(�KTS), and frag-
ments of WTX were cloned by standard PCR cloning into an expression plasmid
(pcDNA4/TO; Invitrogen) or a Gateway shuttle plasmid (PENTR3C; Invitrogen)
with either 3� FLAG tags or 3� eGFP. WTX-NS and WTX-PRED were generated
by modifying WTX-WT using PCR cloning. WTX-NS contains a single nucleo-
tide change leading to ablation of the internal splice acceptor site (150 T�C).
Dominant negative TCF4 was a kind gift from Dr. Hans Clevers (Hubrecht
Institute, Utrecht, The Netherlands). pLenti4 inducible (Invitrogen) and pWPI-
IRES GFP (26) lentiviral vectors were derived from shuttle plasmids by Gateway
cloning. U2OS, HEK-293 (ATCC), and derivatives expressing the Tet-repressor
protein (U2OS-Trex and HEK-293-Trex; Invitrogen) were used for experiments
as described. Inducible WTX-GFP expressing cells were generated by infection
of U2OS-Trex cell lines with pLenti4 inducible lentiviruses expressing WTX-
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Fig. 4. WTX binds WT1, a transcription factor inactivated in Wilms tumor. (A) WTX binds both WT1(-KTS) and WT1(�KTS). HEK-293 cells were transfected with
FLAG-tagged WTX-WT and WT1(-KTS) or WT1(�KTS). After 24 h, lysates were immunoprecipitated and analyzed by Western blotting. Immunoblotting with
anti-FLAG antibodies after immunoprecipitation with anti-WT1 detected both the unspliced and spliced isoforms expressed by WTX-WT. Both major isoforms
of WT1 (-KTS and �KTS) were tested separately and produced the same results. The WTX-WT1 interaction was also evident after immunoprecipitation with
anti-FLAG. Similar results were obtained with U2OS cells (Fig. S1). (B) Purified WTX binds to bacterially expressed WT1. FLAG-tagged WTX-WT expressed in U2OS
cells was purified by immunoprecipitation and tested for binding to bacterially synthesized GST or WT1-GST on GST binding columns. Bound proteins were
analyzed by Western blotting. WTX-NS and WTX-S were detected when using WT1-GST but not when using GST alone. (C) The WTX-WT1 interaction maps to
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and H (marked with asterisks), while significant binding was detected for construct I. Thus, amino acids 786–952 define the critical region for WT1 binding. WTX
domains are labeled as in Fig. 1.
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WT-GFP, WTX-S-GFP, and WTX-NS-GFP. Infected cells were selected with Zeocin
for 1 week. Inducible WT1-KTS HEK-293 cells were generated using pLenti4
inducible lentiviruses and following the same procedure. Lentiviruses were pro-
ducedfollowingstandardprocedures (27). InfectionswereperformedatMOI�1.
RNA from fetal and adult tissues for RT-PCR studies of endogenous splicing was
obtained from Clontech.

Immunofluorescence. Immunofluorescence was performed with an Olympus
spinning disk confocal microscope. WTX-GFP constructs were visualized after
fixation with 4% formaldehyde, permeabilization with 0.5% Triton-X 100, and
nuclear staining with DAPI. Cells were induced with doxycycline 24 h before
analysis. For CRM1 inhibition experiments, 2 ng/mL Leptomycin B (LMB) were
added 10 h before fixation. Actinomycin D (1 �g/mL) was used 2 h prior fixation
in experiments requiring inhibition of transcription. For co-localization studies,
cells were analyzed 24 h hours after transfection with a pLenti4 plasmid encoding
WTX-WT-GFP. After fixation and permeabilization, cells were stained with anti-
bodies against markers of subnuclear compartments: p54NRB/NONO (BD Bio-
sciences), PML, sc35, Sam68, and coilin (Santa Cruz Biotechnology). Alexa-fluor
546 secondary antibodies (Invitrogen) were used for visualization.

Immunoprecipitation. HEK-293 or U2OS cells were transfected with pcDNA4/TO
expression constructs for WT1, HA-WT1, and FLAG-WTX using Lipofectamine
2000. Cells were lysed 24 h after transfection in high salt lysis buffer [50 mM Tris,
pH 7.4, 500 mM NaCl, 1% Nonidet P-40, and 1� proteinase inhibitor mixture
(Roche)]. Whole cell extracts were immunoprecipitated with the indicated anti-
bodies in binding buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1% Nonidet P-40, and
1� proteinase inhibitor mixture) at 4 °C for 3 h and further incubated with
protein G-Sepharose (GE Healthcare) for 1 h. After 5 washes with binding buffer,
the bound proteins were eluted by boiling in a 1� SDS loading buffer and were
subjected to the Western blotting for the detection of bound proteins. The
following antibodies were used: anti-FLAG M2, anti-FLAG rabbit polyclonal
(Sigma), anti-WT1 C19 (Santa Cruz Biotechnology), anti-HA.11 16B12 and rabbit
polyclonal (Covance).

GST Pull-Down Assay. To purify WTX, U2OS cells expressing FLAG-WTX were
lysed in radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris, pH 7.4, 150
mM NaCl, 1 mM EDTA, 1% Nonidet P-40, 0.5% deoxycholate, 0.1% SDS) with
1� proteinase inhibitor mixture, and cell lysates were immunoprecipitated
with anti-FLAG M2 agarose (Sigma) in RIPA buffer overnight at 4 °C. After
stringent washing with RIPA buffer, the bound protein was eluted using 50
�g/mL FLAG peptide (Sigma). For GST pull-down, bacterial cell lysates express-
ing GST or GST-WT1B were incubated with GST binding resin (Novagen) in
binding buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1% Nonidet P-40, and 1�
proteinase inhibitor mixture) for 3 h at 4 °C and washed 5 times with binding
buffer. Purified FLAG-WTX was then incubated in GST or GST-WT1B columns.
After washing with binding buffer, bound proteins were eluted and analyzed
by Western blotting with the indicated antibodies.

Luciferase Assays. For luciferase assays, 4 � 105 HEK-293 cells were transfected
with 925 ng plasmid DNA using Lipofectamine 2000 in a 12-well format
according to the manufacturer’s instructions (Invitrogen). Each transfection
included 100 ng of a pGL3 Firefly expression construct (Promega) under the
control of the Amphiregulin promoter (2 kb preceding the cDNA start site), 25
ng of a phRG-B Renilla expression construct (Promega), and 400 ng of pLenti4
expression constructs for the proteins of interest. After 24 h, cells were lysed
in 150 �L Passive Lysis Buffer (Promega) and analyzed in a SpectraMax L (Molec-
ular Devices) luminometer using the Dual Luciferase Reporter Assay System
(Promega). Each sample was analyzed in quadruplicate. Firefly activity was nor-
malized to Renilla activity, and mean values plus standard error of mean are
depicted. The results shown are representative of 3 similar experiments.

Lentiviral Infection and Quantitative PCR. For up-regulation experiments,
WT1(-KTS) inducible HEK-293 cells were infected with pWPI WTX-WT-IRES GFP
lentiviruses at MOI 2. WT1 was induced by the addition of 1 �g/mL doxycycline
24 h after infection. Cells were collected for analysis 48 h after infection. The
results shown are representative of 3 similar experiments. shRNA down-
regulation experiments were performed by infecting HEK-293 cells with
plKO.1 lentiviruses (27) encoding hairpins against WTX (target sequences
WTX-A CCCAATAGTGATGAAGGTTAT, WTX-B CCTCTGGAGAAGCGTTATGAA)
and GFP at MOI 4. Cells were collected 96 h after infection. The results shown
are representative of 2 similar experiments.

Quantitative PCR for WTX and Amphiregulin was performed using Power
SYBR Green (Applied Biosystems). GAPDH was used as a control. RNA was
prepared using the RNAeasy kit (Qiagen), and cDNA was synthesized using
SuperScript III (Invitrogen). After testing the performance of each primer set,
the ddCt method was used to estimate relative amounts of expression, and
standard deviations were calculated from triplicate measurements. The
primers used were GAPDH (5�-GGTCTCCTCTGACTTCAACA-3�, 5�-GT-
GAGGGTCTCTCTCTTCCT-3�), WTX (5�-GACAATAACCGGGCTAGGAAC-3�, 5�-
CTGCTGTTTGTTCACGGGTACT-3�), Amphiregulin (5�-ACGAACCACA-
AATACCTGGCTA-3�, 5�-ATGTTACTGCTTCCAGGTGCTC-3�).
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Fig. 5. WTX modulates the transcriptional activity of WT1. (A) WTX syner-
gizes with WT1 to activate a WT1 responsive promoter. Using a luciferase
reporter plasmid for the Amphiregulin promoter, co-transfection of WT1 and
WTX in HEK-293 cells produced a 3-fold increase in luciferase activity com-
pared to WT1 alone. WTX-PRED, which has decreased WT1 binding activity,
had a reduced effect. pLenti4 plasmids were used for protein expression.
Luciferase activity was measured 24 h posttransfection. (B) WTX-NS mediates
the effect of WTX on WT1 activity. After co-transfection, WTX NS synergizes
with WT1 luciferase activity on the Amphiregulin promoter. WTX-S has little
to no activity in this assay. (C) Synergy between WTX and WT1 can be detected
by measuring the endogenous Amphiregulin transcript. Lentiviruses express-
ing WTX-WT were used to infect WT1 inducible HEK-293 cells. WT1 was induced
after 24 h, and the levels of endogenous Amphiregulin were measured by
quantitative PCR 48 h after infection. WT1 alone increased Amphiregulin levels
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Levels of WTX and WT1 protein are shown by Western blot. (D) Down-regulation
of WTX decreases endogenous Amphiregulin. HEK-293 cells were infected with
lentiviruses encoding 2 different shRNAs against WTX. Levels of WTX and Am-
phiregulin were measured 96 h after infection by qPCR. Significant decreases in
endogenous Amphiregulin were observed with both shRNAs.
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