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The Wnt-responsive transcription factor LEF1 can activate transcription in association with �-catenin and
repress transcription in association with Groucho. In search of additional regulatory mechanisms of LEF1
function, we identified the protein inhibitor of activated STAT, PIASy, as a novel interaction partner of LEF1.
Coexpression of PIASy with LEF1 results in potent repression of LEF1 activity and in covalent modification of
LEF1 with SUMO. PIASy markedly stimulates the sumoylation of LEF1 and multiple other proteins in vivo
and functions as a SUMO E3 ligase for LEF1 in a reconstituted system in vitro. Moreover, PIASy binds to
nuclear matrix–associated DNA sequences and targets LEF1 to nuclear bodies, suggesting that PIASy-mediated
subnuclear sequestration accounts for the repression of LEF1 activity.
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The regulation of complex biological processes by a lim-
ited number of transcription factors requires the diver-
sification and modulation of the activities of these pro-
teins by covalent modifications and/or associations with
multiple and distinct cofactors. Typically, the activities
of transcription factors can be regulated by changes in
protein stability, subcellular localization, and transcrip-
tional activation or repression potential. Although the
nucleo-cytoplasmic distribution of transcription factors
represents the most studied form of regulation of subcel-
lular localization, targeting of transcription factors to
specific subnuclear structures may also affect their ac-
tivity. The interphase nucleus is organized into different
domains, including chromosome territories and the in-
terchromatin space, also termed the nuclear matrix (for
review, see Cremer and Cremer 2001). The interchroma-
tin space contains various subnuclear structures and
bodies that can be distinguished by shape, constituents,
and proposed roles in cellular processes (Spector 1993;
Lamond and Earnshaw 1998).
PML nuclear bodies, also termed PML oncogenic do-

mains (PODs) or ND10, are nuclear matrix–associated
spherical structures of 0.2 to 0.5 µm in diameter that
occur in varying numbers and sizes in most mammalian
cells (for review, see Seeler and Dejean 1999; Hatta and

Fukamizu 2001; Zhong et al. 2001). The PML component
of PODs was initially detected in acute promyelocytic
leukemia, in which the PML gene is translocated to the
retinoic acid receptor-� locus, generating a dominant-
negative fusion protein that induces the disintegration of
PODs (de The et al. 1991; Kakizuka et al. 1991). Addi-
tional evidence for the role of PML in the formation of
PODs came from the analysis of fibroblasts from PML−/−

mice, which lack PODs and show increased cell growth
(Wang et al. 1998). PML nuclear bodies appear to be het-
erogeneous, and they have been implicated in both posi-
tive and negative regulation of gene expression. PML
promotes the localization of the transcriptional coacti-
vator, CBP, to nuclear bodies, and in this context, en-
hances the transcriptional activity of nuclear receptors
(Wang et al. 1998; Boisvert et al. 2001). However, PML
can also interact with multiple corepressors and histone
deacetylases, and the targeting of transcriptional regula-
tors to PML nuclear bodies can also result in their inac-
tivation (Khan et al. 2001; Wu et al. 2001). The seques-
tration of Daxx and Sp1 in PODs antagonizes the func-
tion of these transcription factors, and repression of
transcription via the Mad protein also requires interac-
tion with PML (Vallian et al. 1998; Li et al. 2000; Khan et
al. 2001). Another major component of PML nuclear bod-
ies, the Sp100 protein, interacts with heterochromatin
protein 1 (HP1), establishing a connection between
nuclear bodies and chromatin (Lehming et al. 1998;
Seeler et al. 1998). The dynamics of PML nuclear bod-
ies—which change in number and composition during
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the cell cycle, extracellular stress, and viral infection—
correlate with the conjugation of PML with the small
ubiquitin-like modifier 1 (SUMO1) protein (for review,
see Melchior 2000; Hay 2001; Muller et al. 2001). Sum-
oylated PML is found exclusively in PODs; sumoylation
is required for targeting of PML to mature nuclear bod-
ies, but it is dispensable for the association of PML with
the nuclear matrix (Muller et al. 1998; Lallemand-
Breitenbach et al. 2001).
The SUMO conjugation system has been extensively

studied and shows similarity with the ubiquitin conju-
gation system (for review, see Herschko and Ciecha-
nover 1998; Melchior 2000; Hay 2001; Muller et al.
2001). Specifically, SUMO is activated in an ATP-depen-
dent manner by an E1 enzyme, consisting of an Aos1/
Uba2 heterodimer (Johnson et al. 1997). Activated
SUMO is transferred to a SUMO-conjugating enzyme,
Ubc9, and subsequently attached to the �-amino group of
specific lysines of protein substrates (Johnson and Blobel
1997). Although the SUMO conjugation of substrates,
such as RanGAP1, requires only E1 and E2 enzymes, this
process is inefficient in comparison to sumoylation in
cell extracts (Saitoh et al. 1998; Azuma et al. 2001).
Thus, it is likely that the attachment of SUMO to targets
also involves E3-like proteins, which confer target speci-
ficity, but have not yet been identified in the SUMO
modification system. The conjugation of proteins with
SUMO can also be reversed by the action of isopepti-
dases, allowing for a dynamic regulation of SUMO-de-
pendent processes (for review, see Melchior 2000).
Lymphoid enhancer factor 1 (LEF1) is a member of the

LEF1/TCF subfamily of HMG domain proteins that act
as architectural transcription factors and nuclear media-
tors of Wnt signaling (for review, see Cadigan and Nusse
1997; Eastman and Grosschedl 1999; Bienz and Clevers
2000). LEF1 is unable to activate transcription on its
own, but it can activate transcription in collaboration
with other factors. In response to Wnt signals, �-catenin
is stabilized and interacts with the N terminus of LEF1,
thereby activating transcription of Wnt-responsive genes
(Cadigan and Nusse 1997; van de Wetering et al. 1997;
Hsu et al. 1998). In unstimulated cells, LEF1 can associ-
ate with the corepressor Groucho to repress Wnt-respon-
sive genes (Levanon et al. 1998; Roose et al. 1998). In
addition, LEF1 can interact with the cofactor ALY and
collaborate with other transcription factors to activate
enhancers of specific target genes, such as the T-cell re-
ceptor-� enhancer, independent of Wnt signaling (Giese
et al. 1995; Bruhn et al. 1997; Mayall et al. 1997).
Although most cofactors regulate the activity of tran-

scription factors by specific mechanisms, involving ei-
ther the augmentation or inhibition of transcriptional
activation, some cofactors can modulate the activity of
transcription factors both positively and negatively. Pro-
tein inhibitor of activated STAT1 (PIAS1) has been iden-
tified as a cofactor that inhibits the transcriptional acti-
vation potential of STAT1 (signal transducers and acti-
vators of transcription) and augments the transcriptional
activity of nuclear hormone receptors (Liu et al. 1998;
Kotaja et al. 2000; Gross et al. 2001). In mammals, four

PIAS proteins (PIAS1, 3, x, and y) have been identified
(Chung et al. 1997; Liu et al. 1998). PIAS1 and PIAS3
inhibit DNA binding of STAT1 and STAT3, respectively
(Chung et al. 1997; Liu et al. 1998). In contrast, PIASy
represses STAT1 and androgen receptor without inter-
fering with DNA binding (Gross et al. 2001; Liu et al.
2001). Moreover, a role for PIAS proteins in cytokine
signaling was inferred from genetic experiments in Dro-
sophila, which indicated that the orthologs dPIAS and
stat92E interact functionally to regulate blood cell and
eye development (Betz et al. 2001). An additional role of
PIAS in the regulation of chromosome structure and
function was inferred from the identification and char-
acterization of a suppressor of position-effect variega-
tion, Su(var)2-10, as Drosophila PIAS (Hari et al. 2001).
However, it is unclear how PIAS proteins function to
modulate the activity of transcription factors and regu-
late chromosome structure.
Here, we identify PIASy as a protein that interacts spe-

cifically with LEF1. We find that PIASy antagonizes
Wnt-independent and Wnt-induced transcriptional acti-
vation by LEF1. Coexpression of PIASy with LEF1 results
in the modification of LEF1 and multiple other proteins
with SUMO. Furthermore, PIASy can greatly augment
the sumoylation of LEF1 in an in vitro system, suggest-
ing that PIASy functions as a SUMO E3 ligase. We show
that PIASy binds to nuclear matrix DNA and targets
LEF1 into nuclear bodies that colocalize with SUMO and
partially colocalize with PML nuclear bodies. Thus,
PIASy-mediated sequestration of LEF1 to subnuclear
structures may underlie the repression of LEF1 activity.

Results

Identification of PIASy as an interaction partner
of LEF1

LEF1/TCF proteins have been shown to diversify their
functional properties by associating with positive cofac-
tors, such as �-catenin and ALY, and negative cofactors,
such as Groucho (for review, see Eastman and Gross-
chedl 1999; Bienz and Clevers 2000). To gain further in-
sight into the regulatory mechanisms of LEF1 function,
we searched for additional interaction partners of LEF1.
Toward this end, we performed a yeast two-hybrid
screen with a LEF-LexA fusion protein, in which the
HMG domain of LEF1 had been replaced with the DNA-
binding domain of LexA (Bruhn et al. 1997). One of the
positive clones that interacted specifically with LEF-
LexA was used to screen a pre–B-cell library for the iso-
lation of full-length cDNA clones. Sequencing of a full-
length clone, initially termed 60-7z, revealed that the
encoded protein was identical with a member of the pro-
tein inhibitor of activated STAT family, PIASy (Liu et al.
1998). To confirm the specificity of the interaction be-
tween LEF1 and PIASy, we performed a GST pull-down
experiment with an immobilized GST-PIASyN97 pro-
tein, in which the originally isolated cDNA clone, en-
coding the N-terminal 97 residues, was fused to a GST
cDNA. Full-length LEF1 and various N- and C-terminal
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truncations of LEF1 were radiolabeled by in vitro trans-
lation, and their association with immobilized GST-
PIASyN97 was determined relative to the binding of full-
length LEF1 (Fig. 1A,B). Deletion of the 98 N-terminal
residues of LEF1 modestly augmented the interaction
with PIASyN97, and further deletions to residue 243 of
LEF1 did not interfere with binding. However, C-termi-
nal truncations to residue 340 of LEF1 diminished bind-
ing by a factor of four, and further deletion of the HMG
domain virtually abolished interaction with PIASyN97.
Thus, amino acids 304 to 340 within the HMG domain
of LEF1 are critically required for association with the N
terminus of PIASy in vitro.
We also examined the interaction between LEF1 and

PIASy by coimmunoprecipitation of the proteins in
transfected 293T cells. Towards this end, we coimmu-
noprecipitated full-length LEF1 and truncated forms of
LEF1 with antibodies directed against a T7 epitope that
had been fused to the N terminus of PIASy (Fig. 1C). The
coimmunoprecipitated LEF1 proteins were detected by
immunoblot analysis with anti-LEF1 antiserum. Full-
length LEF1 and a truncation mutant lacking the N-ter-
minal 166 amino acids (�N166) were efficiently coim-
munoprecipitated from transfected cells expressing
PIASy (Fig. 1C). In contrast to the GST pull-down experi-
ments, further deletion of N-terminal residues of LEF1 to
amino acid 243 modestly but consistently reduced the
interaction with PIASy in vivo (Fig. 1, cf. B and C). We

Figure 1. PIASy associates with LEF1 in vitro
and in vivo. (A) Schematic line diagrams of
PIASy and LEF1. PIASy contains a putative
chromatin-binding SAP domain, a C2HC3
RING domain (RING), and a C-terminal serine-
rich and acidic domain (Ser/Ac). Amino acids 1
to 97 of PIASy (PIASyN97) were sufficient for
interaction with LEF1 in a yeast two-hybrid
screen. LEF1 contains a �-catenin interaction
domain (�BD), a context-dependent activation
domain (CAD), and a high-mobility group
DNA-binding domain (HMG). Numbers below
the line diagrams indicate the amino acid posi-
tions of the respective protein domains. The
nuclear localization signal in PIASy and in
LEF1 is indicated by a black box. The ability of
N- or C-terminal–truncated LEF1 proteins to
associate with immobilized GST-PIASyN97
was quantified by Phosphorimager analysis and
is presented as a percentage relative to the bind-
ing of full-length LEF1. (B) In vitro association
of LEF1 and PIASy. N- or C-terminal–truncated
LEF1 proteins were in vitro translated in the
presence of [35S]-methionine, resolved by SDS-
PAGE, and detected by fluorography. (Left) Ten
percent of the input LEF1 proteins. Numbers
indicate the molecular mass of protein markers
in kilodaltons. (Right) LEF1 proteins bound to
immobilized GST-PIASyN97. The in vitro
translated LEF1 proteins did not bind to immo-
bilized GST (data not shown). (C) In vivo asso-
ciation of LEF1 and PIASy. N- or C-terminal–
truncated LEF1 and T7 epitope-tagged PIASy
proteins were transiently expressed in 293T
cells. Equivalent amounts of total cellular pro-
tein were immunoprecipitated with anti-T7
mAb. Coimmunoprecipitated LEF1 proteins
were detected by an anti-LEF1 immunoblot
(right). The arrowheads indicate LEF1 proteins;
the asterisks, 18-kD-larger, modified forms of
LEF1. The prominent protein at 30 kD in all
lanes is IgG (right). The expression of LEF1 or
T7-PIASy proteins in total cell lysates was de-
termined by anti-LEF1 or anti-T7 immuno-
blots, respectively (left). PIASy�N93 contains a
deletion of amino acids 1 to 93 in PIASy and
migrates faster than full-length PIASy (bottom left). (D) Covalent modification of LEF1. LEF1 proteins in total cell lysates were
detected by an anti-LEF1 immunoblot. The arrowhead indicates LEF1; the asterisk, an 18-kD-larger, modified form of LEF1.
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were also able to detect an association between T7-
PIASy and LEF1-HA in reciprocal coimmunoprecipita-
tions with anti-HA antibody (data not shown).
Deletion of the N-terminal 93 residues of PIASy,

which were sufficient for the interaction with the LEF-
LexA fusion protein in the yeast two-hybrid screen, sig-
nificantly decreased the amount of coimmunoprecipi-
tated LEF1 protein (Fig. 1C; data not shown). This result
indicates that the N-terminal domain of PIASy is neces-
sary and sufficient for the interaction with LEF1. Similar
to the GST pull-down experiments, deletion of C-termi-
nal residues impaired the coimmunoprecipitation of
LEF1 with anti–T7-PIASy antibody (Fig. 1C). Thus, the
interaction of LEF1 with PIASy involves the N terminus
of PIASy and at least two domains in LEF1, which in-
clude a major interaction domain between amino acids
304 and 340 and a minor interaction domain between
amino acids 166 and 243.
In coimmunoprecipitation experiments, we consis-

tently detected a slower-migrating form of LEF1 that cor-
responded to an increase in the relative molecular mass
of LEF1 by ∼ 18 kD (indicated by an asterisk). This
slower-migrating form of LEF1 was also detected in im-
munoblots of total cell lysates from cells cotransfected
with LEF1 and PIASy expression constructs, but not
from cells expressing LEF1 alone (Fig. 1D). Thus, the
appearance of the slower-migrating form of LEF1 is a

consequence of PIASy expression rather than a conse-
quence of coimmunoprecipitation with PIASy.

PIASy-associated LEF1 is modified by SUMO
conjugation

The appearance of an 18-kD-larger, slower-migrating
form of LEF1 in cells expressing both LEF1 and PIASy
raised the question as to whether the coexpression of
these proteins results in the covalent modification of
LEF1 by conjugation with ubiquitin or with the small
ubiquitin-like modifier SUMO. Toward this end, we
probed three parallel blots of T7-PIASy–coimmunopre-
cipitated proteins with anti-ubiquitin, anti-SUMO1, or
anti-SUMO2/3 antiserum and subsequently reprobed
these blots with anti-LEF1 antiserum. Coimmunopre-
cipitated LEF1 protein did not react with the anti-ubiq-
uitin antiserum or with the anti-SUMO1 antibody, but
the slower-migrating form of LEF1 reacted with the anti-
SUMO2/3 antiserum (Fig. 2A; data not shown). The anti-
SUMO2/3 immunoblot also showed that many SUMO-
modified proteins are coimmunoprecipitated from ly-
sates of cells transfected with the T7-PIASy expression
construct. In parallel immunoprecipitation experiments
under more stringent conditions, we were unable to de-
tect any SUMO2/3-modified proteins, suggesting that
these proteins represent PIASy-associated proteins

Figure 2. LEF1 is SUMO-modified in vivo. (A) PIASy associates with SUMO-modified LEF1. LEF1 and T7-PIASy were transiently
expressed in 293T cells. Equivalent amounts of total cellular protein were immunoprecipitated with anti-T7 mAb. Coimmunopre-
cipitated endogenous, SUMO-conjugated proteins were detected by an anti-SUMO2/3 immunoblot (upper left). The anti-SUMO2/3
immunoblot was stripped and reprobed with an anti-LEF1 antibody (upper right). Numbers to the right indicate the molecular mass
of protein markers in kilodaltons. The expression of LEF1 or T7-PIASy proteins in total cell lysates was determined by anti-LEF1
(middle) or anti-T7 (bottom) immunoblots, respectively. (B) LEF1 is SUMO-modified in vivo. LEF1, T7-PIASy, and Flag epitope-tagged
SUMO1 or SUMO2 were transiently expressed in 293T cells. Equivalent amounts of total cellular protein were immunoprecipitated
with anti-T7 mAb. Coimmunoprecipitated LEF1 proteins were detected by an anti-LEF1 immunoblot (top panel). The expression of
LEF1 or T7-PIASy proteins in total cell lysates was determined by anti-LEF1 (middle) or anti-T7 (bottom) immunoblots, respectively.
(C) LEF1, Flag epitope-tagged SUMO1 or SUMO2 and T7-PIASy were transiently expressed in 293T cells. LEF1 proteins in total RIPA
buffer cell lysates were detected by an anti-LEF1 immunoblot (top). The expression of T7-PIASy proteins in total cell lysates was
determined by an anti-T7 immunoblot (bottom).
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rather than SUMO-modified forms of PIASy (data not
shown). Immunoblot analysis of total cell lysates with
anti-LEF1 antiserum or anti-T7 antibody showed similar
expression levels of LEF1 and PIASy in the transfected
cells (Fig. 2A, lower panels).
To provide further evidence for SUMOmodification of

LEF1 in the presence of PIASy, we transfected gene con-
structs encoding LEF1 or T7-PIASy, together with a con-
struct encoding Flag-tagged SUMO1 or Flag-tagged
SUMO2. Immunoblot analysis of LEF1 proteins that
were coimmunoprecipitated with anti-T7 antibody al-
lowed for detection of an 18-kD-larger, slower-migrating
form of LEF1 (Fig. 2B, lane 3). In the presence of Flag-
SUMO2, two slower-migrating forms of LEF1 were de-
tected (Fig. 2B, lane 5). The relative increase in the mo-
lecular mass of the largest form of LEF1 is consistent
with the addition of the Flag epitope to SUMO2. This
slower-migrating form of LEF1 is less abundant in the
presence of Flag-SUMO1 (Fig. 2B, lane 4), which might
reflect a lower efficiency of conjugation with SUMO1
relative to SUMO2 and/or a lower extraction efficiency
of SUMO1-conjugated LEF1 under our coimmunopre-
cipitation conditions. To distinguish between these two
possibilities, we examined the sumoylation status of
LEF1 in the absence or presence of Flag-SUMO1 or Flag-
SUMO2 in total cell lysates harvested in RIPA buffer
(Fig. 2C). Under these stringent conditions, we could de-
tect LEF1 modified by endogenous SUMO and by ecto-
pically expressed Flag-SUMO1 and Flag-SUMO2. In-
trigu-
ingly, expression of T7-PIASy enhanced SUMO modifi-
cation of LEF1 with endogenous SUMO (cf. lanes 2 and 5)
and with Flag-SUMO2 (cf. lanes 4 and 7), but it did not
enhance SUMO modification of LEF1 with Flag-SUMO1

(cf. lanes 3 and 6). Taken together, these results suggest
that PIASy preferentially augments modification of LEF1
with SUMO2.
The anti-SUMO2/3 immunoblot analysis of proteins

that had been coimmunoprecipitated with antibodies di-
rected against T7-PIASy suggested that PIASy is in-
volved in the sumoylation of many proteins. To confirm
the general role of PIASy in sumoylation of proteins in
vivo and to examine the function of structural motifs in
PIASy, we coexpressed wild-type or mutant forms of
PIASy together with Flag-SUMO1 or Flag-SUMO2. As
the RING motif has been implicated as an important
functional determinant of ubiquitin E3 ligases (Jackson
et al. 2000; Joazeiro and Weissman 2000), we examined
the effects of mutations of Cys 330, 335, and 340 and His
337 in the RING domain of PIASy. In addition, we mu-
tated Ser 470–474 in the serine-rich and acidic domain of
PIASy, which bears similarity with a SUMO interaction
motif in the PM-Sc175 protein (Minty et al. 2000). Im-
munoblot analysis of total cell lysates indicated that
overexpression of wild-type PIASy increased the accu-
mulation of Flag-SUMO–conjugated proteins relative to
cells that had been transfected with the Flag-SUMO con-
structs alone (Fig. 3A, cf. lanes 2,3 and lanes 5,6). The
mutations of the Cys/His residues in the RING domain
markedly decreased the sumoylation of endogenous pro-
teins (lanes 7,8), whereas the Ser mutations had only a
modest effect (lanes 9,10). Immunoblot analysis with
anti-T7 antibodies confirmed the similar expression of
wild-type and mutant PIASy proteins (Fig. 3A, lower
panel).
Finally, we sought to identify the lysine residue(s) in

LEF1 that are conjugated with SUMO proteins. We
searched for the presence of consensus SUMO modifica-

Figure 3. PIASy enhances SUMO-conju-
gation in vivo. (A) Wild-type PIASy en-
hances, whereas mutant PIASy proteins
abrogate, SUMO-conjugation. Wild-type,
RING mutant, or Ser mutant T7-PIASy
proteins were coexpressed with Flag-
SUMO1 or Flag-SUMO2 in 293T cells.
The RING mutant contains serine substi-
tutions for cysteines 330, 335, and 340 and
an alanine substitution for histidine 337 in
the RING domain. The Ser mutant con-
tains alanine substitutions for serines 470
to 474 in the Ser/Ac domain. Flag-SUMO–
modified proteins from total sample buffer
cell lysates were detected by an anti-Flag
immunoblot (top). Numbers to the right
indicate the molecular mass of protein
markers in kilodaltons. The expression of
T7-PIASy proteins in total cell lysates was
determined by an anti-T7 immunoblot
(bottom). (B) Characterization of mutant
PIASy and LEF1 proteins. Wild-type or mutant LEF1 and T7-PIASy proteins were transiently expressed in 293T cells. Equivalent
amounts of total cellular protein were immunoprecipitated with anti-T7 mAb. Coimmunoprecipitated LEF1 proteins were detected
by an anti-LEF1 immunoblot (top). The LEF1 M2/K267R protein contains alanine substitutions for lysine 25, aspartate 26, and
glutamate 27 (Hsu et al. 1998) and an arginine substitution for lysine 267 within the two consensus SUMO motifs. The expression of
LEF1 or T7-PIASy proteins in total cell lysates was determined by anti-LEF1 (middle) or anti-T7 (bottom) immunoblots, respectively.
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tion sites (�KXE, in which � is a large hydrophobic resi-
due, and K is the lysine to which SUMO is conjugated;
Rodriguez et al. 2001; Sampson et al. 2001) in LEF1 and
identified two putative sites at lysine residues 25 (FKDE)
and 267 (VKQE). We generated mutations in both lysines
(M2/K267R) and examined their effects on sumoylation
of LEF1 in the presence of PIASy. The slower-migrating
form of LEF1, corresponding to SUMO-modified LEF1,
was not detected, suggesting that the mutated sequences
represent bona fide sumoylation sites (Fig. 3B, cf. lanes 2
and 5). Mutation of K267R alone decreased, but did not
abrogate, the amount of coimmunoprecipitated SUMO-
LEF1, suggesting that both sites in LEF1 can be conju-
gated with SUMO (data not shown). Mutations of the
RING domain in PIASy abrogated SUMO modification
of LEF1 and slightly reduced association with LEF1 (Fig.
3B, lane 3; data not shown). In contrast, the Ser muta-
tions did not abrogate SUMO modification or associa-
tion with LEF1 (Fig. 3B, lane 4). The relative levels of
LEF1 and PIASy expression were determined by immu-
noblot analysis of total cell lysates (Fig. 3B, lower pan-
els). Taken together, these experiments suggest that the
expression of PIASy results in extensive SUMO conju-
gation of multiple proteins, including LEF1. Moreover,
the experiments indicate that the RING domain is an
important structural determinant that is required for
SUMO conjugation.

PIASy stimulates SUMO conjugation of LEF1
in a reconstituted system in vitro

The stimulatory effect of PIASy on the sumoylation of
proteins raises the question as to whether PIASy is di-
rectly involved in this process. The conjugation of
SUMO to target proteins shares many similarities with
the ubiquitin system, although no E3 ligase for SUMO-
modified proteins has yet been identified. To examine
whether LEF1 can be sumoylated in the presence of E1
and E2 enzymes alone or whether PIASy facilitates this
process, we used an in vitro reconstituted system with
purified proteins. Incubation of recombinant LEF1 with
SUMO1, the E1 enzyme Aos1/Uba2, the E2 enzyme
Ubc9, and ATP did not result in significant SUMO con-
jugation of LEF1 (Fig. 4A, lanes 2,14). However, addition
of a precipitated T7-PIASy immune complex or bacteri-
ally expressed GST-PIASy allowed for efficient and mul-
tiple conjugation of SUMO1 to LEF1 (Fig. 4A, lanes
3,15,16). Conjugation of SUMO1 was dependent on all
other components and was not detected with PIASy pro-
tein in which the RING domain had been mutated (Fig.
4A, lane 4). The slower-migrating forms of LEF1 were
identified as SUMO1 conjugates by immunoblot analy-
sis with an anti-SUMO1 antibody (data not shown).
PIASy also augmented the conjugation of SUMO2 to re-
combinant LEF1 in vitro (Fig. 4A, lane 12). The purity of
the T7-PIASy immune complexes was examined on a
silver-stained gel, showing that the T7-PIASy proteins
were the predominant proteins in the immune com-
plexes, and stoichiometric levels of additional copurify-
ing proteins could not be detected (Fig. 4B). Taken to-

gether, these data indicate that PIASy can function as a
SUMO E3 ligase for LEF1. Thus, the enzymatic require-
ments of SUMO modification are similar to those of the
ubiquitin modification process.
In LEF1, two consensus sites for SUMO conjugation

were identified, one within the �-catenin interaction do-
main at position 25 and one immediately upstream of
the HMG domain at position 267. To examine whether
SUMO modifications of LEF1 alter the DNA-binding
ability and/or the association with �-catenin, we gener-
ated SUMO1-modified LEF1 in vitro and performed an
electrophoretic mobility shift assay with a radiolabeled
LEF1-binding site. Similar DNA binding was detected
with LEF1 and SUMO1-modified LEF1 (Fig. 4C). In addi-
tion, we used LEF1 and SUMO1-modified LEF1 in pull-
down experiments with immobilized His-tagged
�-catenin, and we visualized the bound LEF1 proteins by
immunoblot analysis with anti-LEF1 antiserum. Both
LEF1 and SUMO-LEF1 associated with �-catenin with
similar efficiency (Fig. 4D). Together, these experiments
indicate that PIASy functions as a SUMO E3 ligase for
LEF1 and that SUMOmodification of LEF1 does not alter
its interactions with DNA and �-catenin.

Repression of LEF1 activity by PIASy

The function of LEF1 as a transcriptional regulator can
be positively or negatively modulated through associa-
tion with additional cofactors. In response to Wnt sig-
naling, the association of LEF1 with �-catenin results in
a marked increase in transcriptional activation (van de
Wetering et al. 1997; Hsu et al. 1998). Coexpression of
LEF1 and PIASy in transfected 293T cells, which lack
appreciable levels of endogenous LEF1, did not result in
any detectable activation of a LEF7-fos-luciferase re-
porter construct containing multiple LEF1-binding sites
(data not shown). However, PIASy markedly reduced
transcriptional activation of the reporter construct by
LEF1 and �-catenin in a dose-dependent manner, but it
did not reduce the basal activity of a reporter construct
lacking the LEF1-binding sites (Fig. 5A; data not shown).
Likewise, PIASy efficiently antagonized the activation of
the reporter gene by TCF1, another LEF1/TCF family
member, and �-catenin (data not shown). We also ob-
served the repressive effects of PIASy with a reporter
construct in which the natural Twin promoter was
linked to the luciferase gene (Fig. 5B; Nishita et al. 2000).
This PIASy-mediated repression was not observed with a
mutated Twin promoter lacking the LEF1-binding sites
(Fig. 5B). To determine whether PIASy antagonizes the
activation potential of LEF1 in the absence of �-catenin,
we used a TCR�-fos-CAT reporter construct, which is
stimulated by LEF1 in combination with Ets1 and AML1
(Fig. 5C). PIASy repressed the activity of the TCR� en-
hancer, suggesting that PIASy antagonizes both Wnt-de-
pendent and Wnt-independent activation by LEF1. We
also confirmed that PIASy represses the activity of en-
dogenous LEF1 in transfections of Jurkat T cells with the
LEF7-fos-Luc reporter construct and �-catenin (Fig. 5D).
Intriguingly, a mutant form of PIASy, in which the

PIASy-mediated subnuclear sequestration of LEF1

GENES & DEVELOPMENT 3093



RINGmotif had been mutated, increased transcriptional
activation by a factor of two, suggesting that this muta-
tion generates a dominant-negative form of PIASy (Fig.
5D). Furthermore, the ability of the RING mutant to
activate LEF1-dependent transcriptional activation sug-
gests that endogenous PIASy might normally repress
LEF1 activity. Mutation of the Ser-rich domain of PIASy
only modestly reduced the extent of repression relative

to wild-type PIASy (Fig. 5D). Finally, we examined the
contribution of the two SUMO conjugation sites in LEF1
for PIASy-mediated repression. PIASy repressed the tran-
scriptional activation potential of LEF1 M2/K267R al-
most as efficiently as that of wild-type LEF1 (Fig. 5E).
Thus, the repression of LEF1 activity by PIASy requires
the RING domain of PIASy, but it does not require the
two consensus sumoylation sites in LEF1.

Figure 4. PIASy functions as a SUMO E3 ligase for LEF1 in vitro. (A) PIASy stimulates SUMO conjugation of LEF1. Recombinant
LEF1 (25 ng) was incubated in the absence or presence of 5 mM ATP, 60 ng recombinant SUMO1 or SUMO2, 150 ng of recombinant
E1 (Aos1/Uba2 heterodimer), 10 ng of recombinant E2 (Ubc9), and 4 µL of immune complex (IC)–purified wild-type (wt), RINGmutant,
or mock-transfected T7-PIASy for 60 min at 30°C, as indicated. (Lanes 14–16) Bacterially expressed wild-type GST-PIASy (300 or 1000
ng) was used instead of IC-purified T7-PIASy, as indicated. Reactions were terminated by the addition of sample buffer. LEF1 and
SUMO-modified LEF1 were resolved by SDS-PAGE and detected by anti-LEF1 immunoblots. SUMO-modified LEF1 in lanes 15 and 16
migrates slower than in lanes 3 and 12 because of different electrophoresis conditions. (B) IC-purified T7-PIASy proteins were analyzed
by SDS-PAGE and detected by silver staining to determine their purity and relative abundance. (C) SUMO-modified LEF1 binds DNA.
Recombinant LEF1 either was sumoylated in the presence of ATP, E1, E2, SUMO1, and wild-type PIASy as described above (SUMO1-
LEF1) or was treated under the same conditions without the E1 enzyme (�E1), so that LEF1 did not become sumoylated. The extent
of LEF1 sumoylation was determined by an anti-LEF1 immunoblot using equivalent amounts of the �E1 and sumoylation reactions
(D, input). The ability of unmodified LEF1 (25 ng) or sumoylated LEF1 (25 ng) to bind to a wt or mutated (mut) LEF1 site was
determined by electrophoretic mobility shift assays. (D) SUMO-modified LEF1 binds to �-catenin. The ability of equivalent amounts
of unmodified or SUMO-modified LEF1 to bind to immobilized His6–�-catenin was analyzed by an in vitro association assay. The
input, unbound, and His6–�-catenin–bound LEF1 was detected by an anti-LEF1 immunoblot. The recombinant LEF1 proteins did not
bind to nickel beads alone (data not shown).
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PIASy binds to nuclear matrix attachment region DNA

The N-terminal domain of PIASy, which is involved in
interaction with LEF1, has sequence similarity with the
nuclear matrix–binding protein SAF-A (Kipp et al. 2000).
The region of homology between PIAS proteins and
SAF-A has been termed the SAP domain and has been
proposed to mediate binding to DNA sequences that are
found in nuclear matrix attachment regions (MARs; Ara-

vind and Koonin 2000). To examine the putative binding
of PIASy to nuclear matrix–associated DNA, we per-
formed an electrophoretic mobility shift assay with pu-
rified GST-PIASyN97 and radiolabeled oligonucleotides
encompassing a wild-type or mutated MAR consensus
sequence (Bode et al. 1992). Binding was detected with
the wild-type MAR sequence but was significantly di-
minished with a mutant MAR sequence or a LEF1-bind-
ing site oligonucleotide (Fig. 6A; data not shown).

Figure 5. PIASy represses LEF1 activity. (A) PIASy represses LEF1 activity from a multimerized LEF1 reporter. 293T cells were
transfected with 1 µg of a LEF1 luciferase reporter construct containing multimerized LEF1-binding sites together with expression
constructs encoding for �-galactosidase (25 ng; for normalization), LEF1 (30 ng), �-catenin (1 µg), or increasing amounts of T7-PIASy
(0.1, 0.3, or 1 µg), as indicated. For this and subsequent experiments, the levels of luciferase or CAT activity were normalized for
�-galactosidase activity and are expressed as fold activation relative to the level of luciferase or CAT activity from cells transfected
with the reporter construct alone. All of the transfection experiments were performed at least three times, and the results of
representative experiments are shown. (B) PIASy represses LEF1-dependent Twn reporter activity. NMuMG epithelial cells were
transfected with 2 µg of the Twn luciferase reporter construct containing either wild-type (Twn-Luc) or mutated (�LEF-Twn-Luc)
LEF1-binding sites together with expression constructs encoding for �-galactosidase (0.5 µg; for normalization), LEF1 (0.5 µg), �-catenin
(5 µg), or PIASy (1 µg), as indicated. (C) PIASy represses TCR� enhancer activity. 293T cells were transfected with 0.25 µg of a
TCR�-CAT reporter construct together with expression constructs encoding for �-galactosidase (50 ng; for normalization), LEF1 (100
ng), Ets1, and AML1 (250 ng each) or T7-PIASy (0.3 or 1 µg), as indicated. (D) Wild-type PIASy represses endogenous LEF1 activity.
Jurkat cells were transfected with 1 µg of a LEF1 luciferase reporter construct containing multimerized LEF1-binding sites together
with expression constructs encoding for �-galactosidase (0.5 µg; for normalization), �-catenin (5 µg), or increasing amounts of wild-type
T7-PIASy (1 or 3 µg), RING-mutated T7-PIASy (1 or 3 µg), or Ser-mutated T7-PIASy (1 or 3 µg), as indicated. (E) Mutation of the SUMO
consensus sites in LEF1 does not abrogate PIASy-mediated repression of LEF1 activity. 293T cells were transfected with 1 µg of a LEF1
luciferase reporter construct containing multimerized LEF1-binding sites together with expression constructs encoding for �-galac-
tosidase (25 ng; for normalization), wild-type or mutant M2/K267R LEF1 (30 ng), �-catenin (1 µg), or increasing amounts of T7-PIASy
(0.1, 0.3, or 1 µg), as indicated.
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To confirm the role of the N terminus of PIASy in
mediating the association with the nuclear matrix, we
compared the retention of wild-type PIASy and a mutant
form of PIASy lacking the N-terminal 93 residues en-
compassing the SAP domain, on nuclear matrix prepara-
tions. Because the deletion of the N terminus of PIASy
impaired nuclear localization (data not shown), we added
a heterologous nuclear localization sequence to the mu-
tant protein. In these experiments, we used the MAR-
binding protein Bright as a positive control (Zong et al.
2000). As anticipated, Bright was retained in the nuclear
matrix preparation (Fig. 6B). Likewise, PIASy, but not
�N93-PIASy-NLS, was retained in the nuclear matrix
preparation, suggesting that the N terminus of PIASy
mediates the association with MARs and the nuclear
matrix.

PIASy targets LEF1 to nuclear bodies

SUMO proteins have been shown to localize to specific
subnuclear structures, known as PML-containing
nuclear bodies (for review, see Hay 2001; Zhong et al.
2001). These structures, which contain PML, Sp100, and
several other proteins, are associated with the nuclear
matrix (Dyck et al. 1994; Chang et al. 1995). To examine
the effects of PIASy on the subnuclear localization of
LEF1, we performed two-color immunofluorescence ex-
periments on transfected COS7 cells (Fig. 7). Confocal
microscopy revealed whole nuclear staining of LEF1,
whereas PIASy localized predominantly to punctate
structures in the nucleus (Fig. 7A, top panel). Coexpres-
sion of LEF1 with PIASy resulted in a striking redistri-
bution of LEF1 into punctate structures that colocalized
with PIASy and could be detected in varying numbers in
the nucleus (Fig. 7A, middle and bottom panels). To ex-
amine whether PIASy colocalizes with SUMO proteins,
we expressed PIASy together with Flag-tagged SUMO1

or SUMO2. A complete overlap in their nuclear distri-
bution was observed, consistent with the role of PIASy
as an E3 ligase (Fig. 7B, first panel; data not shown). We
also noted that expression of PIASy and Flag-SUMO2 or
Flag-SUMO1 enhanced the redistribution of LEF1 into
nuclear bodies (Fig. 7B, second panel; data not shown).
To determine the role of SUMO conjugation of LEF1
with PIASy, we analyzed the nuclear distribution of
LEF1 in the presence of the mutated RING domain
PIASy protein. In addition, we examined the localization
of the mutant M2/K267R LEF1 protein lacking the con-
sensus SUMO conjugation sites, in the presence of wild-
type PIASy. The mutant PIASy protein did not relocalize
LEF1 to nuclear bodies, whereas the mutant LEF1 pro-
tein was efficiently targeted to nuclear bodies in the
presence of wild-type PIASy (Fig. 7B, third and fourth
panels). Together, these data suggest that the integrity of
the RING domain, but not the sumoylation status of
LEF1, is important for the sequestration of LEF1 in
nuclear bodies.
Finally, we examined the identity of the PIASy- and

LEF1-containing nuclear bodies by comparing the stain-
ing pattern of LEF1 or PIASy with those of the Sp100
component of PML bodies, the splicing factor SC35, and
methylated histones, a hallmark of heterochromatin. Ex-
tensive colocalization of LEF1 and PIASy was only ob-
served with Sp100 (Fig. 7C), suggesting that PIASy tar-
gets LEF1 to a subset of PML nuclear bodies.

Discussion

PIASy functions as a SUMO E3 ligase

The SUMO conjugation system shows many similarities
with the ubiquitin conjugation system, including the ac-
tivation of SUMO by an E1-activating enzyme and the
transfer of SUMO to an E2-conjugating enzyme, which
can interact directly with protein substrates through the

Figure 6. PIASy binds to nuclear matrix
attachment region (MAR) DNA. (A) The
PIASy SAP domain binds to MAR DNA. A
GST-PIASyN97 recombinant fusion pro-
tein (0.1 or 0.3 µg) encompassing the pu-
tative SAP domain was examined for its
ability to bind to a wild-type (wt) or mu-
tated (mut) MAR consensus sequence by
electrophoretic mobility shift assays, as
indicated. (B) The N-terminal SAP domain
of PIASy is required for nuclear matrix as-
sociation in vivo. COS7 cells were tran-
siently transfected with expression vec-
tors encoding for wt T7-PIASy, a mutant
T7-PIASy protein lacking its N-terminal
93 amino acids and SAP domain but con-
taining a heterologous NLS for nuclear tar-
geting (T7-PIASy–�93-NLS), or protein A–tagged Bright. At 48 h posttransfection, the cells were either immediately fixed (upper
panels) or were processed for nuclear matrix preparations before fixation (lower panels). T7 epitope-tagged PIASy proteins were
detected by indirect immunofluorescence with an anti-T7 mAb. Bright, a protein known to associate with MARs and the nuclear
matrix, was detected by indirect immunofluorescence with rabbit IgG. Images were collected by confocal microscopy. The cells shown
are representative of >70% of transfected cells.
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Figure 7. (A) PIASy relocalizes LEF1 to nuclear bodies. COS7 cells were either mock transfected or were transfected with expression
constructs encoding for LEF1 or T7-PIASy. The intracellular distribution of the indicated proteins was detected by indirect immu-
nofluorescence and analyzed by confocal microscopy. The intracellular distribution of LEF1 and T7-PIASy was detected with anti-LEF1
antibody and anti-T7 mAb, respectively. LEF1 alone displays a homogeneous distribution throughout the nucleus (upper, middle
panel) but is detected in punctate nuclear bodies in the presence of T7-PIASy (middle, lower panels). Approximately 20% of the cells
showed colocalization of LEF1 and T7-PIASy in <20 nuclear bodies (middle panels),whereas >50% of the cells showed colocalization
of LEF1 and T7-PIASy in multiple (>20) nuclear bodies (lower panels). (B) PIASy colocalizes with SUMO-modified proteins. COS7 cells
were transfected with expression constructs encoding for wt T7-PIASy, T7-PIASy RING mut, Flag-SUMO1, Flag-SUMO2, wt LEF1, or
mut LEF1 M2/K267R, as indicated. PIASy in the upper panels was detected with anti-PIASy antibody. The T7-PIASy proteins in the
remaining panels were detected with anti-T7 mAb. Flag-SUMO1 was detected with anti-Flag mAb. T7-PIASy efficiently colocalized
with Flag-SUMO1 or Flag-SUMO2 in nuclear bodies in >80% of cotransfected cells (top panels; data not shown). Coexpression of
Flag-SUMO1 or Flag-SUMO2 with LEF1 and T7-PIASy enhanced nuclear body localization of LEF1 by approximately twofold (second
panels; data not shown). The T7-PIASy RING mutant protein displays homogeneous staining throughout the nucleus and is unable
to relocalize LEF1 to nuclear bodies (third panels). The LEF1 M2/K267R mutant protein is efficiently relocalized to nuclear bodies in
the presence of T7-PIASy and Flag-SUMO2 (bottom panels). (C) PIASy partially colocalizes with PML bodies. T7-PIASy, LEF1, and
epitope-tagged HA-Sp100 were transfected into COS7 cells, as indicated. The intracellular distributions of T7-PIASy and dimethyl-
lysine 9 of histone H3, a marker for heterochromatin, were detected with anti-T7 mAb and anti-MeK9, respectively (left). The
distribution of LEF1 (coexpressed with T7-PIASy) and SC35, a component of the splicing machinery, was detected with anti-LEF1 and
anti-SC35 mAb, respectively (center). The distribution of LEF1 (coexpressed with T7-PIASy) and HA-Sp100, a component of PML
nuclear bodies, was detected with anti-LEF1 antibody and anti-HA mAb, respectively (right). LEF1 only showed a partially overlapping
pattern of distribution with HA-Sp100 in PML nuclear bodies.
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consensus motif �KXE (for review, see Hershko and
Ciechanover 1998; Melchior 2000; Hay 2001; Muller et
al. 2001). However, target specificity, which is accom-
plished in the ubiquitin pathway by a third class of pro-
teins known as the E3 enzymes, remains unclear in the
SUMO modification pathway.
Three sets of data support the role of PIASy as a SUMO

E3 ligase. First, an N-terminal region of PIASy encom-
passing the SAP domain specifically interacts with LEF1,
a SUMO substrate. This region of PIASy also interacts
with DNA sequences associated with nuclear matrix at-
tachment regions and may be involved in the subnuclear
sequestration of target proteins. Second, wild-type PIASy
stimulates the SUMOmodification of LEF1 andmultiple
other proteins in vivo, and it greatly stimulates SUMO
conjugation of LEF1 in an in vitro system with recombi-
nant proteins. Mutations of the RING domain in PIASy
impair the sumoylation of protein substrates in vivo, and
SUMO conjugation of LEF1 is not detected in the pres-
ence of the RING mutant PIASy protein in vitro, consis-
tent with the functional importance of RING domains in
the major class of ubiquitin E3 ligases (for review, see
Joazeiro and Weissman 2000; Jackson et al. 2000). By
analogy with the ubiquitin pathway, the RING domain
of PIASy might be involved in interactions with the E2
enzyme Ubc9 and might also play a role in substrate
recognition. Consistent with this notion, mutations of
the RING domain markedly impair the association with
LEF1 under stringent coimmunoprecipitation condi-
tions, in which the interaction between LEF1 and wild-
type PIASy is retained (data not shown). Third, PIASy
extensively colocalizes with SUMO1 and SUMO2 in
nuclear bodies. This localization varies with the cell
cycle and cell type (data not shown), consistent with the
dynamic regulation of SUMO-containing PML nuclear
bodies and the regulated assembly of SUMO-modified
TEL protein into nuclear bodies during the cell cycle
(Everett et al. 1999; Chakrabarti et al. 2000).

Role of SUMO conjugation of LEF1 and PIASy
association

The expression of PIASy results in both sumoylation and
subnuclear sequestration of LEF1. Although the physi-
ological relevance of SUMO conjugation of LEF1 re-
mains unclear, three lines of evidence suggest that
SUMO modification of LEF1 augments its association
with PIASy and targeting of LEF1 to nuclear bodies. First,
the ratio of SUMO-conjugated LEF1 to unmodified LEF1
is markedly increased in coimmunoprecipitation assays
with T7-PIASy relative to that observed in total cell ly-
sates. The effect of sumoylation of LEF1 on its interac-
tion with PIASy is reminiscent of the enhancement of
the association between Sp100 and HP1 by SUMO con-
jugation of Sp100 (Seeler et al. 1998, 2001). Second, co-
expression of SUMO1 or SUMO2 with LEF1 and PIASy
enhances the targeting of LEF1 to nuclear bodies. Third,
the RING mutant PIASy protein, which is deficient for
SUMO conjugation, is unable to sequester LEF1 in
nuclear bodies and functions as a dominant-negative pro-

tein in transcriptional activation assays. These results
suggest that SUMO modification, nuclear body seques-
tration, and transcriptional repression are closely linked.
Although the analysis of the LEF1 M2/K267R mutant
indicates that sumoylation of LEF1 may not be a prereq-
uisite for its association with PIASy and its subnuclear
sequestration, SUMO modification of another critical
target in the PIASy pathway might be required to inhibit
transcription independent of SUMO modification of
LEF1. Alternatively, LEF1 might be sumoylated at low
levels at additional, nonconsensus SUMO conjugation
sites, which cannot be easily detected in Western blots
but might be sufficient for subnuclear sequestration and
repression of LEF1 activity.
The function of SUMO conjugation is, with a few ex-

ceptions, still fairly obscure (for review, see Melchior
2000; Muller et al. 2001). Similar to LEF1, the p53 pro-
tein is sumoylated and mutation of the major SUMO
conjugation site, K386R, does not affect p53-dependent
transactivation, growth suppression, or targeting of p53
to nuclear bodies (Fogal et al. 2000; Kwek et al. 2001).
However, coexpression of p53 with SUMO1 and Ubc9 or
with PML3 can enhance the recruitment of p53 to
nuclear bodies (Fogal et al. 2000). Thus, the recruitment
of LEF1 and p53 to subnuclear structures might be the
critical determinant for the regulation of these proteins,
and the sumoylation may simply be a consequence of the
sequestration.
PIASy-mediated targeting of LEF1 to nuclear bodies

correlates well with the repression of LEF1 activity.
PIASy itself is localized in nuclear bodies and the nuclear
matrix, and this localization depends on the presence of
the N-terminal SAP domain. The subnuclear localiza-
tion of LEF1 in the presence of PIASy overlaps with a
subset of PML nuclear bodies. These subnuclear struc-
tures are quite heterogenous and have been implicated in
transcriptional repression, transcriptional activation,
and protein degradation (for review, see Hatta and Fuka-
mizu 2001). The protein half-life of LEF1 does not sig-
nificantly change in the presence of PIASy (t1/2 = 13 h
without PIASy versus t1/2 = 10.2 h with PIASy; data not
shown). Therefore, the activity of LEF1 may be repressed
by targeting of LEF1 to heterochromatin or by recruit-
ment of LEF1 into complexes containing corepressors.
For example, targeting of the transcription factor Ikaros
to heterochromatin has been shown to mediate the re-
pression of Ikaros target genes (Brown et al. 1997). How-
ever, nuclear bodies containing LEF1 and PIASy do not
colocalize with dimethylated histones, a hallmark of
heterochromatin (Nielsen et al. 2001). PML nuclear bod-
ies have been found to contain transcriptional corepres-
sors, such as Smrt/N-CoR, and histone deacetylases
(HDACs). Treatment of cells with trichostatin A, an in-
hibitor of HDACs (for review, see Yoshida and Horinou-
chi 1999), did not antagonize PIASy-mediated repression
of LEF1 activity (data not shown). Therefore, PML com-
ponents different from HDACs likely account for PIASy-
mediated repression of LEF1 activity. All PIAS family
members contain a LXXLL signature motif within the
SAP domain, which is required for transrepression and
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may be recognized by as yet unidentified corepressor pro-
teins (Liu et al. 2001).

Functions of PIAS proteins in the regulation
of chromosome structure and transcription

Recently, genetic experiments in Drosophila have pro-
vided some insight into the role of PIAS proteins. The
Drosophila ortholog dPIAS has been identified as a sup-
pressor of position-effect variegation, Su(var)2-10, and
extensive genetic analysis has shown that dPIAS is in-
volved in the regulation of diverse nuclear processes that
include the condensation and inheritance of chromo-
somes, and the clustering of telomeres and their associa-
tions with the nuclear lamina (Hari et al. 2001). The
dPIAS protein is localized in a punctate nuclear pattern,
and in interphase nuclei, an association with the nuclear
lamina is also observed (Hari et al. 2001). dPIAS does not
colocalize with HP1 and heterochromatic regions. Thus,
the nuclear expression pattern of the mammalian PIASy
protein and dPIAS showmany similarities. Although the
primary targets of dPIAS that account for the mutant
phenotypes are unknown, dPIAS is also involved in the
regulation of cytokine signaling by interacting with
STAT proteins (Betz et al. 2001).
Biochemical studies indicated that PIAS proteins in-

teract directly with multiple transcription factors, in-
cluding the STATs, androgen receptor, and p53, and can
regulate their activities both positively or negatively (Liu
et al. 1998; Kotaja et al. 2000; Gross et al. 2001; Nelson
et al. 2001). In particular, PIASy antagonizes the activi-
ties of STAT1, p53, and androgen receptor (Gross et al.
2001; Liu et al. 2001; Nelson et al. 2001). PIAS1 differs
from PIASy by its ability to inhibit DNA binding of
STAT1 and to augment the transcriptional activation of
androgen receptor (Kotaja et al. 2000; Gross et al. 2001;
Liu et al. 2001). Thus, the transcriptional effects of PIAS
proteins are quite diverse, and it will be important to
determine whether they reflect differences in PIAS pro-
teins or in their interaction partners.
In conclusion, our experiments provide insight into

the function of PIASy as a nuclear matrix–associated pro-
tein that stimulates SUMO conjugation of LEF1. A key
function of PIASy appears to be the targeting of LEF1
into nuclear bodies and the repression of LEF1 activity.
The regulation of PIASy expression and activity, which
may be regulated during the cell cycle, will be of great
future interest. Moreover, the identification of putative
PIASy-associated proteins and the identification of addi-
tional targets for PIASy-enhanced SUMO conjugation
will elucidate the diverse regulatory properties of PIAS
proteins and the pleiotropic phenotypes of PIAS muta-
tions.

Materials and methods

Yeast two-hybrid screen, cDNA library screen, and constructs

A fusion protein between LEF1 and the DNA-binding domain of
LexA (Giese and Grosschedl 1993) was used as “bait” to screen

a yeast two-hybrid E10 murine cDNA-VP16 library (Bruhn et al.
1997). A 291-bp two-hybrid clone, clone 60, was radiolabeled by
random priming and used to screen a murine thymocyte cDNA
library. Sequencing of a 1.6-kb cDNA clone, 60-7z, identified
this clone as murine PIASy. Full-length 60-7z was subcloned as
an XhoI-blunt insert into the SmaI site of pEVRF2-T7 to gener-
ate CMV-T7-PIASy and into the SmaI site of pGEX-2T (Phar-
macia) to generate GST-PIASy. GST-PIASyN97 was con-
structed by subcloning the original 60 two-hybrid clone into
pGEX-3X (Pharmacia) as a SmaI/EcoRI insert. T7-PIASy�N93
was constructed by site-directed mutagenesis of 60-7z and sub-
cloning of the resulting mutant as a SmaI/XhoI-blunt insert into
the SmaI site of pEVRF3-T7. T7-PIASy�N93-NLS was con-
structed similarly, except that the insert was subcloned into the
SmaI site of pEVRF3-T7-NLS. The T7-PIASy RING mutant and
the T7-PIASy Ser mutants were constructed by site-directed
mutagenesis of 60-7z and subcloning of the resulting mutated
cDNAs as XhoI-blunt inserts into the SmaI site of pEVRF2-T7.
Plasmids encoding for full-length and truncated LEF1 proteins
have been previously described (Giese and Grosschedl 1993;
Bruhn et al. 1997). LEF1 K267R-HA was constructed by site-
directed mutagenesis of pBluescript-LEF1 and subcloning of the
resulting mutant into pCG-LEF1-HA as a KpnI/XbaI insert.
LEF1M2 (Hsu et al. 1998) was cloned as a BspEI/XcmI insert
into pCG-LEF1 K267R-HA to generate pCG-LEF1 M2/K267R.
The LEF7-fos-luciferase and the TCR�-fos-CAT reporter plas-
mids, and the RSV–�-galactosidase, CMV-AML1, CMV-Ets1,
CMV–�-catenin, LEF1-His6, and His6–�-catenin expression
plasmids have been previously described (Bruhn et al. 1997; Hsu
et al. 1998). Human Uba2 was PCR amplified from EST clone
DKFZp434DO717 and cloned into the NheI and BglII sites of
pET11d (Novagen). Human Aos1 was PCR amplified from EST
clone DKFZp434J0913 and cloned into the NheI and BamHI
sites of pET28a (Novagen). Mouse Ubc9 was PCR amplified
from EST clone IMAGp998A061122 and cloned into the NdeI
and BamHI sites of pET23a. SUMO1 (1–97) was PCR amplified
from a full-length cDNA and cloned into the NdeI and BamHI
sites of pET11a (Novagen). Sequences of the oligonucleotides
are available upon request. All clones were confirmed by se-
quence analysis and protein expression.

Protein expression and purification

The 35S-labeled full-length and truncated LEF1 proteins were in
vitro translated from pBluescript KS+ (Stratagene) using rabbit
reticulocyte lysate (Promega). For the bacterially expressed pro-
teins, purification involved IPTG-induced expression in Esche-
richia coli BL21 gold (Stratagene). Buffers contained 1 µg/mL
each of leupeptin, pepstatin, and aprotinin and 1 mM DTT (or
�-mercaptoethanol). Lysis buffers also contained 0.1 mM PMSF.
For SUMO1 purification, bacteria lysed in 50 mM Tris-Cl (pH
8.0) and 50 mMNaCl were precleared with Q Sepharose (Sigma)
and purified by gel filtration. For purification of catalytically
active SUMO E1 enzyme, His-Aos1 and Uba2 were coexpressed
in bacteria; lysed in 50 mM Na-phosphate buffer (pH 8.0), 300
mM NaCl, and 10 mM imidazole; and purified on ProBond
Resin (Invitrogen), followed by molecular sieving (Superdex
200) and ion exchange chromatography (Mono Q, Pharmacia
Biotech). For purification of Ubc9, bacteria were lysed in 50 mM
Na-phosphate buffer (pH 6.5) and 50 mM NaCl, incubated with
SP-Sepharose beads (Sigma), eluted with 50 mM Na-phosphate
buffer (pH 6.5) and 300 mM NaCl, and sieved through a Super-
dex 200 column. All of the proteins were dialyzed against trans-
port buffer (20 mM HEPES at pH 7.5, 110 mM K-acetate, 2 mM
Mg-acetate, and 0.5 mM EGTA) before their use in the in vitro
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sumoylation assays. For purification of GST-PIASyN97 or full-
length GST-PIASy, bacteria were lysed in 10 mMNa-phosphate
buffer (pH 7.2), 150 mM NaCl, 10 mM EDTA, 2 mM DTT, and
protease inhibitor mix (5 µg/mL each of trypsin/chymotrypsin
inhibitor, antipain, aprotinin, bestatin, and leupeptin; 0.25 µg/
mL pepstatin; and 1 mM PMSF; Sigma) and purified on gluta-
thione-agarose beads according to the manufacturer’s instruc-
tions (Pharmacia). For purification of His6–�-catenin, bacteria
were lysed in 20 mM HEPES (pH 7.5), 300 mM NaCl, 0.2%
TX-100, 10% glycerol, 7 mM �-mercaptoethanol, and protease
inhibitor mix and purified on Ni-NTA beads according to the
manufacturer’s protocol (Qiagen). Protein concentrations were
determined by Bradford assay according to the manufacturer’s
protocol (Bio-Rad).

In vitro sumoylation assays

For immune complex (IC) purification of T7-PIASy proteins,
293T cells were either mock transfected or were transfected
with expression constructs encoding for wild-type T7-PIASy or
T7-PIASy RING mutant. At 48 h posttransfection, cells were
harvested in WL buffer (50 mM Tris-Cl at pH 8.0, 400 mM
NaCl, 0.5% NP-40, 10% glycerol, 1 mM EDTA, 1 mM DTT,
protease inhibitor mix, 1 mM NaF, and 0.4 mM Na-orthovana-
date). Clarified lysates (∼ 4 mg total cellular protein) were di-
luted fivefold in WL buffer lacking NaCl, and the T7-PIASy
proteins were immunoprecipitated with 5 µg of anti-T7 mAb
and 200 µL of a 50% slurry of protein G-Sepharose as described
(Harlow and Lane 1988). The ICs were washed 4 times with WL
buffer containing 400 mMNaCl and washed 2 times with trans-
port buffer. The sedimented ICs were resuspended in an equal
volume of transport buffer. The purity and relative abundance of
the sedimented T7-PIASy ICs was determined by SDS-PAGE
and silver staining and by anti-T7 immunoblots. The sumoyla-
tion assays with recombinant proteins were performed in a total
volume of 20 µL in transport buffer supplemented with 0.05%
Tween 20, 0.2 mg/mL ovalbumin grade VI, and 1 mM each
aprotinin, leupeptin, pepstatin, AEBSF, and DTT (Sigma). Reac-
tions were incubated for 1 h at 30°C and stopped by the addition
of SDS sample buffer. The samples were resolved on a 7% poly-
acrylamide gel, and sumoylated LEF1 was detected by an anti-
LEF1 immunoblot. Concentrations of recombinant proteins
were as indicated in the figure legends.

Cell culture, transient transfections, and reporter assays

293T and COS7 cells were cultured in Dulbecco’s modified
Eagle medium (DMEM) supplemented with penicillin-strepto-
mycin-glutamine (PSG) and 10% fetal bovine serum (FBS; Invit-
rogen Life Technologies). NMuMG cells were cultured in
DMEM supplemented with PSG, 10 µg/mL insulin (Sigma), and
10% FBS. Jurkat T cells were cultured in RPMI 1640 supple-
mented with PSG, 50 µM �-mercaptoethanol (Sigma), and 10%
FBS. 293T, COS7, and NMuMG cells were plated onto 60-mm
tissue culture plates 12 h before transfection and were trans-
fected with 10 µg of plasmid DNA by the calcium phosphate
method (Sambrook et al. 1989). Jurkat cell transfections were
performed by electroporation with 30 µg of plasmid DNA as
described (Hughes and Pober 1996). The total DNA concentra-
tion in each transfection experiment was kept constant by add-
ing vector plasmid DNA. Cells were harvested 36 to 48 h post-
transfection in 200 µL of reporter lysis buffer, and luciferase
assays were conducted according to the manufacturer’s instruc-
tions (Promega). CAT and �-galactosidase assays were per-
formed as described (Starr et al. 1996).

In vitro association assays, immunoprecipitation,
and Western blot analysis

In vitro GST-PIASyN97 and His6–�-catenin pull-down assays
were conducted essentially as described (Bruhn et al. 1997). For
the in vitro His6–�-catenin association assays, recombinant
LEF1 or SUMO-LEF1 was dialyzed against 10 mM Tris-Cl (pH
8.0), 50 mM NaCl, 10% glycerol, 1 mM DTT, and protease
inhibitor mix before use in the pull-down assays. For coimmu-
noprecipitation experiments, cells were harvested in Coimmu-
noprecipitation buffer (20 mM Tris-Cl at pH 8.0, 25 mM NaCl,
1.5 mMMgCl2, 1 mM EGTA, 1% TX-100, 10% glycerol, 1 mM
DTT, protease inhibitor mix, 1 mM NaF, and 0.4 mM Na-or-
thovanadate). Equivalent amounts of total protein were pre-
cleared and immunoprecipitated with 2 µg of anti-T7 mAb (No-
vagen) as described (Harlow and Lane 1988). For direct immu-
noprecipitation of target proteins, cells were harvested in RIPA
buffer (10 mM Na-phosphate buffer at pH 7.2, 150 mM NaCl,
1% Na-deoxycholate, 1% Triton X-100, 0.1% SDS, 1 mM DTT,
protease inhibitor mix, 1 mM NaF, and 0.4 mM Na-orthovana-
date). Western blots were conducted by the ECLmethod accord-
ing to the manufacturer’s instructions (Amersham-Pharmacia),
with the following antibodies and dilutions: rabbit anti-LEF1
antiserum, 1:4000; anti-T7 mAb (Novagen), 1:5000; and anti-
Flag M2 mAb (Sigma), 1:4000.

Electrophoretic mobility shift assay

The wild-type MAR (5�-TCTTTAATTTCTAATATATT
TAGAATTC-3�) or mutant MAR (5�-TCTTTAATTTCTACT
GCTTTAGAATTC-3�) oligonucleotides were radiolabeled with
32P and gel purified on a 20% native polyacrylamide gel. The
LEF1 oligonucleotides have been previously described (Hsu et
al. 1998). DNA-binding reactions contained 20 mM HEPES (pH
7.9), 50 mM NaCl, 1 mM DTT, 5 mM EDTA, 5% glycerol, 2 µg
of BSA, 10 ng of poly dI-dC, 5000 cpm of radiolabeled probe, and
the amount of protein indicated in the figure legends. Electro-
phoretic mobility shift assays were conducted essentially as de-
scribed (Bruhn et al. 1997; Hsu et al. 1998).

Indirect immunofluorescence, nuclear matrix preparation,
and confocal microscopy

Cells were permeabilized for 2 min at room temperature with
0.5% TX-100 in cytoskeletal buffer (10 mM PIPES at pH 7.1, 1
mM EGTA, and 3 mM MgCl2) and fixed for 20 min with 3.2%
paraformaldehyde in cytoskeletal buffer. Indirect immunofluo-
rescence was conducted essentially as described (Zeng et al.
1997). For production of anti-PIASy antiserum, rabbits were im-
munized with GST-PIASyN97. Primary antibodies and dilu-
tions used were as follows: rabbit anti-LEF1, 1:500; rabbit anti-
PIASy, 1:200; anti-T7 mAb (Novagen), 1:1000; anti-Flag M2
mAb (Sigma), 1:1000; anti-HA mAb (Roche), 1:200; anti-di-
methyl lysine 9 H3 antiserum (Nielsen et al. 2001), 1:1000; and
anti-SC35 mAb (Zeng et al. 1997). Secondary antibodies used
were FITC-conjugated anti-rabbit antiserum (Jackson Laborato-
ries), 1:500; and Texas red–conjugated anti-mouse antiserum
(Jackson Laboratories), 1:1000. Images were obtained on a Leica
NT confocal microscope. Nuclear matrix preparations were
conducted essentially as described (Cai and Kohwi-Shigematsu
1999).
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Note

While this manuscript was under review, two reports provided
additional evidence that PIAS proteins function as SUMO E3
ligases. Johnson and Gupta (2001) reported that Siz1 and Siz2,
two Saccharomyces cerevisiae proteins related to mammalian
PIAS family members, function as E3-like factors that promote
SUMO conjugation to yeast septins. Kahyo et al. (2001) reported
that PIAS1 functions as a SUMO E3 ligase for p53.
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