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Abstract. Protein inhibitor of activated STATs (PIAS)
proteins were initially identified as negative regulators of
cytokine signalling that inhibit the activity of STAT-tran-
scription factors. Evidence is accumulating that PIAS
proteins function as transcriptional coregulators in vari-
ous other important cellular pathways, including Wnt sig-
nalling, the p53 pathway and steroid hormone signalling.
Most interestingly, recent work from several laboratories
revealed that PIAS proteins act as E3-like ligases that
stimulate the attachment of the ubiquitin-like SUMO
modifier to target proteins acting in these pathways.

Since in most cases the SUMO ligase activity and the
transcriptional coregulator activity are functionally corre-
lated, the PIAS/SUMO pathway appears to be an impor-
tant mechanism of transcriptional regulation. In this re-
view we will discuss some key findings that exemplify
the role of PIAS proteins in the regulation of transcrip-
tional processes and propose a model how the PIAS/
SUMO system may modulate transcriptional activities by
mediating the assembly of coactivator or corepressor
complexes within distinct subnuclear structures.
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The eukaryotic family of PIAS proteins

The eukaryotic family of protein inhibitor of activated
STATSs (PIAS) proteins represents a group of proteins that
play a pivotal role in the control of various important cel-
lular pathways. The acronym PIAS stems from the initial
finding that members of this family act as inhibitors of
STAT-transcription factors. Work by many research
groups during the last few years has demonstrated that the
cellular function of PIAS proteins goes far beyond inhi-
bition of STATSs. This is best illustrated by the growing
number of cellular proteins that were identified as bind-
ing partners of PIAS proteins (table 1). In this review we
will try to give a general overview of the PIAS protein
family and dissect their function as E3-like SUMO lig-
ases and transcriptional regulators.

* Corresponding author.

The eukaryotic family of PIAS proteins is evolutionarily
conserved from yeast to humans. In the yeast Saccha-
romyces cerevisiae two members of the family
(Siz1/Siz2) are found. In higher eukaryotes the family is
more diversified. The human family of PIAS proteins
consists of at least five members, PIAS1, PIAS3, the a
and f splice variants of PIASx, and PIASy [1]. With a
length of 651-amino acid residues PIASI is the largest
protein within this family, whereas PIASy is the smallest
with about 500 residues. With the exception of a variable
C-terminal region the family members are highly homol-
ogous, showing an overall identity ranging from 50 to
60% at the amino acid level. Together with their ortho-
logues from yeast or Drosophila all mammalian PIAS
forms share a characteristic domain structure that is
schematically depicted in figure 1. Within the N-terminus
of PIAS a region of about 35 amino acids spans a so-
called SAP module [2]. The acronym SAP refers to three
of the defining members of the class of SAP-containing
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Table 1. Currently known cellular interaction partners of mammalian PIAS proteins.

PIAS/SUMO in transcriptional regulation

Protein function PIAS forms SUMOylation Functional role of PIAS Reference
STAT1 transcription factor PIAS1, PIASy unknown inhibition of transactivation 37,42
STAT3 transcription factor PIAS3 unknown inhibition of transactivation 40
STATS transcription factor PIAS3 unknown inhibition of transactivation 41
IRF-1 transcription factor PIAS3 yes inhibition of transactivation 43
LEF1 transcription factor PIASy yes inhibition of transactivation 5
MITF transcription factor PIAS3 binds Ubc9 inhibition of transactivation 45
duplin inhibitor of f-catenin ~ unknown yes unknown 48
pS3 transcription factor all forms yes activation/inhibition of 24,56, 57,97
transactivation
p73 transcription factor PIASxa yes unknown 24
mdm?2 E3 ubiquitin ligase PIASI, PIASxS yes unknown 59
for p53
AR, GR, PR transcription factor all forms yes activation/inhibition of 6468,
transactivation 74-76
GRIP1/TIF2 transcriptional co- PIAS1, PIAS3, yes stimulation of coactivation 69-71
activator PIASx
Sp3 transcription factor PIAS1 yes inhibition of transactivation 23
C/EBPa transcription factor PIASy yes inhibition of transactivation 88
c-Myb transcription factor PIASy yes inhibition of transactivation 86, 87
c-Jun transcription factor PIAS1,PIASx yes unknown 20,21
Gfi-1 transcription factor PIAS3 unknown activation of STAT3 29
transactivation
TFII-1 transcription factor PIASxa unknown activation of transcription 98
CRP2 transcriptional cofactor PIASI unknown unknown 99
Gu RNA helicase PIAS1 unknown unknown 100
Msx-2 transcription factor PIASxa unknown unknown 101
HMG1-C transcriptional cofactor PIAS3 unknown inhibition of GR transactivation 102
mouse disabled 2 unknown PIASxa unknown unknown 103
DJ-1 unknown PIASxa yes activation of AR transactivation 104

proteins, scaffold attachment factor (SAF), acinus, and
PIAS. The SAP domain shows a bipartite distribution of
conserved hydrophobic and polar amino acids that are
separated by a region containing an invariant glycine
residue. Secondary structure modelling predicts that the
module forms two amphiphatic helices that fold into a
hooklike structure sharing significant homology with the
orientation of helix 1 and helix 2 of the homeodomain [3].
A common feature of SAP-containing proteins is their
ability to bind to chromatin. In particular, the SAP mod-
ule in SAF recognises distinct A-T-rich DNA sequences
known as matrix or scaffold attachment regions
(MARs/SARs). MARs/SARs are operationally defined
as DNA regions that are associated with the nuclear ma-
trix, a proteinaceous meshwork, which mediates the or-
ganisation of higher-order chromatin structures. MAR
sequences are involved in chromatin remodelling and
transcriptional regulation. The N-termini of PIAS1 and
PIASy containing the SAP module can bind to
MAR/SAR-containing synthetic DNA sequences in vitro
[4, 5]. Moreover, PIASy is associated with the nuclear
matrix in vivo, suggesting that PIAS proteins participate
in the organisation of higher-order chromatin structure
[5]. This idea is supported by the recent finding that the
Drosophila homologue of PIAS [Su(var)2-10] controls
chromosome organisation in interphase nuclei [6]. The

exact role of PIAS proteins in these processes and the im-
pact on nuclear functions remain to be elucidated.

Another characteristic feature of Siz/PIAS proteins is the
presence of a cysteine/histidine-rich domain, known
as Miz-zinc finger or SP-RING domain [7, 8]. This do-
main is related to the classical zinc-binding RING
motif, which is defined by the consensus sequence
CX,CX (g 30/CX(y 3y HX; 3 C/HX,CX 4 45CX,C [9]. The
RING-finger domain characterises a subclass of ubiqui-
tin E3 ligases (see below). E3s or ubiquitin-protein lig-
ases stimulate the attachment of ubiquitin to target pro-
teins and are largely responsible for substrate selection.
An alignment of the RING finger region from the c-cbl
ubiquitin ligase with the SP-RING motif from PIAS is
shown in figure 1. When compared with the canonical
RING finger, the SP-RING motif lacks the third and
sixth cysteine residues, that are part of the first and third
pair of cysteine/histidine residues in the RING motif. In
a so-called cross-brace arrangement this first and third
pair of cysteine/histidine residues forms one zinc bind-
ing site, while the second and fourth pairs form the sec-
ond binding site in the RING motif. It remains to be de-
termined whether the SP-RING domain can acquire a
similar conformation without two of the critical zinc co-
ordinating residues. Noteworthy, however, the U-box
motif, which also exerts ubiquitin ligase activity, repre-
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Figure 1. Domain structure of the Siz/PIAS family. On the left the N-terminal SAP module from SAF-A is aligned with the SAP region
from the human PIAS-family members. A schematic representation of the predicted secondary structure (two amphiphatic helices) is
shown above. On the right the RING-finger region from the c-cbl ubiquitin ligase is aligned with the SP-RING motif from the human PIAS-
family members. The ‘cross-brace’ arrangment of the zinc coordinating residues in c-cbl is shown above.

sents an example of a domain that folds into a RING-fin-
ger-like structure, despite lacking most of the zinc-
chelating cysteine/histidine residues [10, 11].

The presumed structural relationship of PIAS proteins to
the RING-finger family was one piece of evidence that
led to the idea that both protein families may share func-
tional properties. In a pioneering work Erica Johnson’s
and Yoshiko Kikuchi’s laboratories independently showed
that the yeast Siz proteins act in the pathway of SUMO
conjugation that is highly related to the ubiquitin-path-
way [12—14]. Siz proteins function as E3-like SUMO lig-
ases that stimulate the attachment of the ubiquitin-like
SUMO modifier to specific target proteins. Subsequent
work by several laboratories demonstrated that the mam-
malian orthologues of Siz also exert SUMO-ligase activ-
ity on a variety of target proteins.

PIAS proteins as E3-like factors in the SUMO
pathway

SUMO is a member of the growing family of ubiquitin-
like modifiers that can be covalently attached to target
proteins [15, 16]. SUMO is highly conserved from yeast
to humans. In mammals three SUMO forms, SUMO-1,
SUMO-2 and SUMO-3, are expressed from three differ-
ent genes. Research has mainly focused on SUMO-1, a
protein of 101 amino acids that shares 18 % identity with
ubiquitin. The conjugation of SUMO to target proteins,
termed SUMOylation, proceeds via a multistep pathway
that is mechanistically analogous to ubiquitination but
uses a set of enzymes that is distinct from that acting on
ubiquitin (fig. 2). Like ubiquitin, all SUMO forms are ini-
tially made as inactive precursor proteins that are

processed by a C-terminal proteolytic cleavage event.
This cleavage exposes two C-terminal glycine residues
that are essential for the formation of an isopeptide bond
between the C-terminus of SUMO with an e-amino group
of a lysine residue of a target protein. In most cases the ly-
sine residue is embedded in a consensus sequence com-
posed of a characteristic y KxE motif, where v is a large
hydrophobic residue. Subsequent to processing, the cas-
cade of conjugation proceeds via an ATP-dependent acti-
vation step catalysed by an El-activating enzyme. The
SUMO-specific El-activation enzyme is a heterodimer
composed of the proteins AOS1 (SUAL) and UBA2
(SUA2). Remarkably, UBA2 bears clear sequence simi-
larity to the C-terminal region of UBAL, the E1 enzyme
for ubiquitin, whereas AOS1 is related to the amino-ter-
minal part of UBAL. Following activation, SUMO is
transferred to the SUMO-specific E2-conjugating en-
zyme UBC9. As mentioned above, in the ubiquitin path-
way one additional factor, called E3 or ubiquitin-protein
ligase, is required in most cases for formation of an
isopeptide bond between ubiquitin and the target protein.
E3 ubiquitin ligases are considered to trigger ubiquitina-
tion by recruiting ubiquitin-conjugating enzymes to the
substrate proteins. Two major classes of ubiquitin ligases,
HECT-domain ligases and RING-type ligases, have been
identified [17]. HECT E3s catalyse ubiquitination by
forming thiol-ester intermediates between ubiquitin and a
conserved cysteine residue in the HECT domain. RING-
type ligases merely function as adaptor molecules that
have the ability to bind both the substrate and the E2. The
RING family can further be subdivided into two groups.
In the monomeric RING ligases, binding sites for E2 and
substrate are found on a single protein, while in multi-
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Figure 2. The pathway of SUMO conjugation/deconjugation. SUMO is synthesised as a precursor and C-terminally processed (arrowhead)
by a class of SUMO-specific cysteine proteases, termed SUSPs or SENPs. Subsequently, the conjugation to proteins involves SUMO-ac-
tivating E1 enzyme (AOS1/UBA2) and an E2-conjugating enzyme (Ubc9) that form thioesters (S) with the modifier. E3-like factors, such
as PIAS and RanBP2, stimulate the attachment to specific lysine residues within a target protein. In most SUMO target proteins the lysine
residue serving as the SUMO acceptor site resides within a short consensus sequence consisting of a Y KxE motif. The cleavage of SUMO
from its target proteins, termed de-sumoylation, is catalysed by the SUSP/SENP isopeptidase family. In humans at least seven members of

this family were identified.

meric ligases, such as the SCF complex, the RING-finger
component serves as a platform for E2 binding, and ad-
ditional associated factors recruit the substrate. Based on
the observation that Ubc9 can directly associate with
SUMO target proteins it had been proposed that in con-
trast to ubiquitination, no E3-like factors participate in
the process of SUMO conjugation. This view had to be
revised when it was demonstrated by genetic and bio-
chemical approaches that the yeast Sizl protein dramati-
cally stimulates the conjugation of SUMO to septins, the
major SUMO target proteins in yeast. Work by several
laboratories later showed that all mammalian PIAS pro-
teins also exert SUMO-ligase activity towards various
mammalian SUMO-target proteins. The concept of E3-
like activities in the SUMO system has been extended by
identification of the PIAS wunrelated nucleoporin,
RanBP2, as another type of E3-like SUMO ligase [18].
The exact molecular mechanism of PIAS action in the
SUMO pathway is still unclear. Remarkably, however,
PIAS E3-SUMO ligases share important similarities with
RING-type ubiquitin ligases. While RING-type ubiquitin
ligases require the RING domain for their ligase activity,
PIAS ligases depend on the integrity of the SP-RING do-
main for SUMO conjugation [5, 13, 14, 19-21]. Impor-
tantly, PIAS proteins themselves are covalently modified
by SUMO in a process that also requires the integrity of
the SP-RING domain [20, 21]. This automodification by

SUMO is very reminiscent of the RING-dependent
autoubiquitination of RING-type ubiquitin ligases. In
summary, these findings further extend the analogy be-
tween the ubiquitin and SUMO pathways. Noteworthy,
however, ubiquitin and SUMO ligases differ in some im-
portant aspects. One important difference concerns the
substrate specificity of PIAS- and RING-type E3s. While
in most cases a distinct RING-type E3 targets ubiquitina-
tion of a single substrate, a given PIAS protein can stim-
ulate SUMOylation of several target proteins, indicating
that PIAS proteins are less important determinants for
substrate specificity in the SUMO pathway than ubiqui-
tin ligases in the ubiquitin pathway. Moreover, in contrast
to E3 ubiquitin ligases, PIAS proteins do not seem to be
essentially required for the SUMOylation of substrates,
but rather function as factors that stimulate SUMO con-
jugation, suggesting that at higher concentrations Ubc9
may be sufficient for substrate recognition. In line with
this idea structural studies have recently shown that at
least in the case of the RanGAP1 protein, Ubc9 makes di-
rect contact with the yKxE SUMOylation motif [22].
One possible interpretation of these data is that in the
SUMO system it is primarily Ubc9 that contributes to
substrate recognition, whereas the major role of PIAS
proteins is to stabilise the interaction between Ubc9 and
substrate. This notion is supported by the finding that
PIAS proteins can make physical contact with Ubc9 and
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most substrates. Importantly, it has been observed that
SUMOylation of a target protein enhances its interaction
with PIAS [5, 21, 23]. This effect is mediated by a region
which has been proposed to function as a SUMO recog-
nition motif [24]. This region adjacent to the SP-RING
finger, which is composed of a central serine triplet
flanked by a C-terminal stretch of acidic residues, can di-
rectly bind to SUMO. Hence, PIAS proteins seem to ex-
ert a dual function as E3-like SUMO ligases and SUMO-
tethering factors. Considering that PIAS proteins pro-
mote their own modification and interact with many
proteins that undergo SUMOylation, this could provide a
self-perpetuating mechansim to assemble large protein
complexes.

The role of the PIAS/SUMO system in subnuclear
compartmentalisation

An increasing number of cellular proteins are reported to
undergo SUMOylation, yet the functional significance of
this modification is rather unclear. The currently avail-
able data indicate that in contrast to ubiquitination,
SUMOylation does not tag proteins for degradation but
rather seems to enhance their stability or modulate pro-
tein-protein interactions. The role of SUMO in protein
stabilisation has most convincingly been illustrated on
the inhibitor of nuclear factor kappa B alpha (IxBa) [25].
In this particular case SUMO modification occurs at the
same lysine residue that is used for ubiquitination, thus
antagonising ubiquitination and proteasomal degradation
of IxBa. The alternative modification by SUMO or ubig-
uitin at the same lysine residue has recently also been de-
scribed for the PCNA (proliferating cell nuclear antigen)
protein [26]. Ubiquitination of PCNA, however, is not im-
plicated in protein degradation, but plays a pivotal role in
DNA repair. Intriguingly, SUMOylation seems to inhibit
the role of PCNA in DNA repair. This led to the idea that
lysine residues that are affected by alternative modifica-
tions may function as regulatory switchboards that can di-
rect proteins to alternate functions [26]. The switch of
modifications may allow the exchange of binding part-
ners and thus control protein-protein interactions. The
SUMO-dependent regulation of protein-protein interac-
tions is in many cases associated with changes in the sub-
cellular localisation of the respective target proteins. This
was first shown for the nuclear import factor RanGAP1,
which can bind the nuclear pore complex protein RanBP2
upon SUMO conjugation and concomitantly is recruited
from the cytosol to the nuclear envelope [27, 28]. Impor-
tantly, SUMO also seems to play a crucial role in com-
partmentalisation of proteins within the nucleus. In par-
ticular, SUMO-modified proteins are frequently found in
distinct subnuclear foci, the so-called PML nuclear bod-
ies (NBs, also known as ND10 or PODs), indicating that
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SUMO directs proteins to NBs or, alternatively, that NBs
are sites for SUMOylation. Remarkably, all mammalian
PIAS proteins concentrate in subnuclear structures that
resemble PML NBs [5, 21, 29]. In the case of PIASy it
has indeed been demonstrated that at least a subset of
PIASy-containing foci colocalise with a subpopulation of
PML nuclear bodies [5]. This suggests that for other
PIAS forms, the PIAS-containing nuclear foci also over-
lap with PML NBs. Noteworthy, however, the number of
PIAS foci generally exceeds the number of PML NBs, in-
dicating that PIAS proteins also target nuclear structures
distinct from NBs. PML NBs are a particular subtype of
nuclear structures that are tightly associated with the nu-
clear matrix. Normal cells possess between 10 and 30
NBs per nucleus that appear as dense spherical particles,
0.3-0.5 pm in diameter [30]. They all contain the NB
core components PML and Sp100, and a number of addi-
tional proteins that transiently associate with NBs.
Among these are various transcription factors, such as the
tumor suppressor p53, as well as transcriptional coregu-
lators, such as the corepressor Daxx or the coactivator
CBP. Many of these proteins, including PML, Sp100, p53
or Daxx, have been shown to undergo SUMOylation, and
this modification appears to modulate their association
with NBs. In particular, SUMOylation of PML has a
pivotal role in controlling the assembly of NBs and is es-
sential for recruitment of NB-associated proteins such as
Daxx, CBP or Sp100 to these structures. Although NBs
have been implicated in a number of cellular processes,
their main biological function remains largely enigmatic.
The presence of transcription factors and transcriptional
coregulators clearly argues for a role of NBs in the con-
trol of transcriptional processes [31]. However, NBs do
not seem to be active sites of transcription but rather rep-
resent storage or assembly sites for transcription factors
and transcriptional coregulators. The localisation of the
PIAS E3-like SUMO ligases to a subset of PML NBs
supports the idea that SUMO modification plays an im-
portant role in regulating NB activity. Proper localisation
of PIAS proteins to nuclear foci depends on the integrity
of the SP-RING domain, indicating that the ligase activ-
ity is implicated in the targeting process [5, 21]. In line
with this notion, coexpression of SUMO promotes re-
cruitment to these structures. Interestingly, the SUMO in-
teraction motif described above is also required for
proper localisation [21]. Thus, it is tempting to speculate
that targeting of PIAS to nuclear foci involves binding to
SUMO-modified core components of the PML NBs. Im-
portantly, as described in detail below, targeting of PIAS
proteins to NBs can trigger recruitment of PIAS-associ-
ated transcriptional regulators to these structures. This
compartmentalisation appears to be a critical determinant
for regulation of these factors.
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PIAS proteins as transcriptional coregulators

In the following section we will discuss the regulatory
role of PIAS proteins in important cellular signalling
pathways. Our particular focus will be to dissect the func-
tion of PIAS proteins as transcriptional regulators and to
highlight the role of SUMO modification in these
processes.

STAT pathway

The STAT family of transcription factors (signal trans-
ducer and activator of transcription) plays a central role in
cytokine-dependent gene expression and regulates a vari-
ety of cellular processes, including immune response,
differentiation, cell-survival and cell proliferation
[32—34]. Currently seven mammalian STATs have been
identified, STAT1, STAT2, STAT3, STAT4, STATS5a,
STATSb and STAT6. In the unstimulated state STAT re-
side as latent transcription factors in the cytoplasm. Upon
binding of cytokines to a receptor at the cell surface,
STATs are activated via a cascade of phosphorylation that
is initiated by the autophosphorylation of a receptor asso-
ciated janus kinase (JAK). The activated JAK in turn
phosphorylates the receptor at tyrosine residues, inducing
the SH2-domain-dependent recruitment of STAT to the
receptor. Subsequently, the receptor-bound STATs them-
selves undergo JAK-mediated phosphorylation on a con-
served tyrosine residue, leading to formation of STAT
dimers that translocate to the nucleus and bind to a cog-
nate DNA binding motif in the promoter region of target
genes. The nature of the cytokine stimulus determines the
activation of a distinct STAT pathway. Here we will focus
on pathways that activate STAT1, STAT2 and STATS3, re-
spectively. Type I interferons (IFNa,f) signal through
STAT1/STAT?2 heterodimers that recruit as an additional
factor IRF9/p48 to form the heterotrimeric ISGF3 com-
plex. This complex recognises specific promoter ele-
ments termed ISRE (IFNa/f-stimulated response ele-
ment). Type II interferons (IFNy) or interleukin 6 family
members induce formation of STAT1 homodimers that
bind to a so-called GAS (y-activated sequence) motif. In-
terleukin 6 can also activate the formation of STAT3 ho-
modimers. STAT3 dimers form also in response to
growth factors, including epidermal growth factor (EGF)
and platelet-derived growth factor (PDGF) that signal via
a different class of tyrosine kinase receptors.

To allow tight control of cytokine signalling, the activity
of the STAT pathway is downregulated at several levels
[35, 36]. SOCS proteins are upstream negative regulators
that block JAK function by either directly inhibiting their
catalytic activity or promoting their degradation. In the
nucleus a tyrosine phosphatase inhibits STAT activity by
dephosphorylating the activated STAT dimer, allowing

PIAS/SUMO in transcriptional regulation

relocation to the cytosol in a CRM1-dependent nuclear
export process. Work from the laboratory of Ke Shuai has
illustrated that PIAS proteins function as another type of
important negative regulator of STATS in the nucleus. The
laboratory initially isolated PIAS1 as an interaction part-
ner of STAT! by performing a yeast two-hybrid screen
using a STAT1 variant lacking the C-terminal transacti-
vation domain as bait [37]. Subsequent experiments
demonstrated that PIAS1 specifically interacts with
STAT1, but not STAT2 or 3, in vivo in several cell lines.
The interaction is mediated by a C-terminal fragment of
PIASI that binds to the N-terminal region in STAT1. Re-
cent data show that an arginine residue within this region
of STAT1 undergoes methylation [38]. Inhibition of
methylation by the drug methylthioadensine strongly en-
hanced binding of PIASI to STAT1, indicating that the
interaction is negatively regulated by arginine methyla-
tion. The STAT1/PIASI interaction is strictly dependent
on the presence of interferon and consistently requires the
phosphorylation of STAT1 at tyrosine residue 701. Ac-
cordingly, PIAS1 binds to the activated STAT1 dimer
[39]. Remarkably, overexpression of PIASI drastically
downregulates the transcriptional activity of STAT1 in re-
sponse to interferon y on a luciferase reporter gene con-
struct harboring a GAS element in its promoter. In vitro
DNA binding experiments by electrophoretic mobility
shift assay (EMSA) further demonstrated that recombi-
nant PIAS1 inhibits the DNA binding of STAT1 to a
probe containing a high-affinity STAT 1 binding site. This
led to a model where binding of PIAS1 to the active
STAT1 dimer masks the DNA binding domain of STATI,
thereby blocking interaction with DNA. An alternative
model might be that PIASI1 interacts transiently with
STAT dimers to induce their dissociation and conse-
quently the loss of DNA binding activity. The finding that
after IFNa stimulation no STAT1/STAT2 heterodimers
can be immunoprecipitated together with PIASI from
cellular extracts may favor this second model.

Subsequent to the identification of PIASI, database
searches revealed the existence of four proteins homolo-
gous to PIAS1. Assuming that these proteins may also be
involved in STAT signalling, Shuai and co-workers could
show that one of these proteins, termed PIAS3, downreg-
ulates STAT3 activity in a manner analogous to the inhi-
bition of STAT1 by PIAS1 [40]. PIAS3 associates specif-
ically with STAT3 in cells that had been stimulated with
ligands that signal via STAT3. Moreover, PIAS3 blocks
the DNA binding activity of STAT3 homodimers, as well
as STAT1/STAT3 heterodimers, but not STAT1 homod-
imers. Accordingly, overexpression of PIAS3 inhibited
STAT3-mediated gene activation in transactivation as-
says. Hence, these results suggest that distinct PIAS pro-
teins act as specific inhibitors on a given STAT transcrip-
tion factor by specifically inhibiting its DNA-binding ac-
tivity. This view has been somewhat challenged by later
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findings that PTAS3 also serves as a repressor of STATS
[41], while PIASy is able to inhibit STAT1 activity [42].
Surprisingly, however, PIASy does not block the DNA
binding of STAT1, indicating that PIAS proteins may also
use alternate mechanisms to downregulate STAT activity.
Considering the SUMO ligase activity of PIAS proteins,
an obvious question is whether PIAS-mediated SUMO
modification of STATs may eventually be involved in the
inhibitory process. Future studies will undoubtedly tackle
this question to gain a full understanding of the role of
PIAS proteins in controlling STAT activity. Intriguingly,
however, recent data already revealed that PIAS-medi-
ated SUMO modification is implicated in the regulation
of'a downstream target gene of STAT1 and STAT3, the in-
terferon-regulated transcription factor IRF-1 [43]. STAT1
and STAT3 bind to GAS sites in the promoter region of
IRF-1, thereby inducing the expression of IRF-1 in re-
sponse to interferons. IRF-1 in turn controls the expres-
sion of numerous cell-cycle inhibitory proteins, such as
p53 and p21, indicating that it mediates the antiprolifera-
tive and proapoptotic effects of interferons. PIAS3 binds
to an N-terminal region of IRF-1 that exerts an inhibitory
function on transactivation, and consequently PIAS3 sup-
presses the transcriptional activity of IRF-1. Importantly,
the repressive activity requires the integrity of the SP-
RING domain, suggesting that the SUMO-ligase func-
tion is required for repression. Consistently, PIAS3
induces the SUMO modification of IRF-1. Although it
remains to be determined how PIAS-induced SUMOyla-
tion represses IRF-1 activity, these data illustrate that
PIAS proteins can inhibit cytokine signalling not only by
inhibiting STAT activity, but also by inhibiting down-
stream effectors. This dual function may have evolved to
ensure a tight and immediate downregulation of cytokine
action. In summary, these findings underscore the pivotal
role of PIAS proteins as negative regulators in the STAT
pathway.

Wnht signalling

The evolutionarily conserved Wnt signalling pathway
plays a crucial role during embryonic patterning and cell
fate determination [44]. Wnts are secreted glycoproteins
that activate receptor-mediated signal transduction path-
ways to control gene expression, cell behavior, cell adhe-
sion and cell polarity. Here we will concentrate on the
best-understood, so-called canonical Wnt pathway. The
key downstream effector of this pathway is the bipartite
transcription factor B-catenin/lymphoid enhancer factor-
1 (LEF1). Members of the T cell factor (TCF )/LEF fam-
ily of proteins are characterised by a high-mobility group
(HMGQG) box in their DNA binding region. They act as ar-
chitectural DNA-binding factors that upon binding in-
duce bending of DNA. LEF1 does not act as transcrip-
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tional activator by its own, but requires collaboration with
other factors, such as f-catenin, for transcriptional acti-
vation. In the absence of these factors LEF1 even acts as
a transcriptional repressor by tethering corepressors like
Groucho to the promoters of Wnt-responsive genes.
Binding of B-catenin to LEF1 displaces these corepres-
sors and generates a transcriptionally active complex. In
the absence of Wnt signals fB-catenin is kept inactive in
the cytosol by constitutive degradation via the ubiquitin-
proteasome pathway. Upon Wnt signalling a cascade is
initiated that leads to stabilisation of S-catenin, which can
then enter the nucleus and associate with the N-terminus
of LEF1. LEF1 can also be activated, independent of Wnt
signalling, by interacting with the cofactor ALY to acti-
vate enhancers of specific target genes, such as the T cell
receptor-enhancer.

Again, it was the result of a yeast two-hybrid interaction
screen that identified PIAS proteins as new important
regulators of LEF activity and Wnt signalling. Sachdev et
al. isolated PIASYy as a binding partner of LEF1 [5]. The
N-terminal domain of PIASy, including the SAP motif,
specifically binds within the C-terminal region of LEF1,
containing the HMG domain. Remarkably, in transient
transfection experiments overexpression of PIASy dra-
matically repressed the activity of LEF1/B-catenin on
various reporter genes harboring LEF1-responsive pro-
moter elements. Similarly, PIASy could downregulate
Whnt-independent LEF1 activity. Although this scenario is
very reminiscent of the inhibitory role of PIAS in the
STAT pathway, the underlying mechanism appears to be
different. Rather than interfering with the DNA binding
activity of the f-catenin/LEF1 complex, PIASy inhibits
the function of LEF1 by altering its subnuclear distribu-
tion. Coexpression of PIASy with LEF1 induces a dra-
matic relocalisation of LEF1 from a predominantely nu-
clear diffuse localisation to distinct nuclear dots that cor-
respond to a subset of PML nuclear bodies. Importantly,
coexpression of PIASy also induces SUMO modification
of LEF1, indicating that PIASy exerts SUMO-ligase ac-
tivity towards LEF1. Although these data provided evi-
dence for a direct link between SUMOylation of LEF1,
NB recruitment and transcriptional repression, the sce-
nario appears to be more complex. Mapping and mutation
of the SUMO attachment sites within LEF1 revealed that
SUMO-deficient LEF1 mutants can still be recruited to
PML bodies upon overexpression of PIASy, indicating
that SUMO modification of LEF1 is not essential for re-
cruitment, at least under conditions where PIASy and
LEF1 are overexpressed. This indicates that the binding
of PIASy to LEF1, but not the SUMO modification of
LEF1, determines sequestration to NBs. However, be-
cause SUMO modification of LEF1 augments the associ-
ation with PIASy, SUMO may facilitate NB targeting.
Consistent with this idea coexpression of SUMO together
with LEF1 and PIASy promotes recruitment to NBs. In
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summary, these results indicate that PIAS-mediated re-
cruitment of LEF1 to nuclear bodies represents an im-
portant and novel mechanism to inhibit LEF1 activity.
Intriguingly, PIAS proteins seem to target additional
components of the Wnt-signalling pathway. Hence, the
activity of MITF (microphtalima-associated transcription
factor), a member of the basic helix-loop-helix leucine
zipper family of transcription factors, is inhibited by
PIAS3 [45]. MITF has recently been shown to bind to
LEF1 and functionally cooperate with LEF1 and
P-catenin in the induction of a Wnt-responsive promoter
[46]. Since MITF is a candidate SUMO-target protein,
the inhibitory effect of PIAS3 on MITF is presumably
also linked to SUMO modification [47]. Another PIAS
target in the Wnt pathway is duplin, a nuclear inhibitor of
P-catenin [48]. Duplin has also been reported to bind to
PIAS. However, the functional outcome of this interac-
tion has not yet been elucidated. These data clearly
demonstrate that, as in cytokine signalling, PIAS proteins
interfere at several levels, with Wnt signalling underlin-
ing the importance of the PIAS/SUMO system in this
pathway.

p53 pathway

The p53 protein plays a key role in tumor suppression and
in the cellular response to DNA damage. Its label
‘guardian of the genome’ or ‘cellular gatekeeper’ most
adequately summarises the cellular function of p53 [49].
p53 mainly acts as a sequence-specific transcription fac-
tor on genes whose products regulate cell-cycle progres-
sion and apoptosis, such as the CDK inhibitor p21 and the
proapoptotic Bax protein. The p53 protein can be divided
structurally and functionally into four domains: the N-ter-
minal transactivation domain, the central sequence-spe-
cific DNA binding domain, the tetramerization domain
and the basic C-terminal negatively regulatory region. In
normal cells, the amount of p53 protein is very low since
interaction with the E3 ubiquitin ligase Mdm?2 promotes
its degradation through the ubiquitin-proteasome path-
way [50]. Upon stress, such as DNA damage, the half-life
and activity of p53 are dramatically increased. The tight
and rapid regulation of p53 activity is achieved by the or-
chestrated action of multiple posttranslational modifica-
tions [51]. Although the exact function of specific modi-
fication sites remains somehow controversial, the most
important sites appear to be clustered in the N-terminal
and C-terminal regions. Phosphorylation of N-terminal
residues upon DNA damage, including S15 and/or S20,
attenuates the p53/Mdm?2 interaction and thus induces the
accumulation of p53. Acetylation of residues in the C-
terminal region more likely directly activates transcrip-
tion through recruitment of coactivators, such as the
CBP/p300 acetyltransferases [52]. Within the C-terminal

PIAS/SUMO in transcriptional regulation

region a distinct lysine residue (K386) is also targeted by
SUMO modification, and recent data implicate PIAS
proteins in this process [19, 29, 53-55]. Although
PIAS1, PIASxf and PIASy were isolated as p53-interact-
ing proteins in different independent two-hybrid screens
some time ago [24, 56, 57], the connection to SUMOyla-
tion of p53 was only established after the E3-like activity
of the yeast Siz proteins became apparent. Subsequently,
we and others could show that PIAS proteins, such as
PIAS1 and PIASxf, strongly stimulate the attachment of
SUMO to p53 in vivo and in a reconstituted in vitro
SUMOylation system [19, 20]. The coexpression of
PIAS1 and PIASx S together with SUMO and p53 in tran-
sient expression experiments strongly induces the forma-
tion of SUMO-p53 conjugates. Remarkably, this is paral-
leled by inhibition of the transcripitional activity of p53
on a reporter gene, which harbors a synthetic p53 DNA
binding site in its promoter [20]. The repressive activity
requires the integrity of the SP-RING domain and at least
partially depends on the coexpression of SUMO, sug-
gesting that it is linked to the SUMO ligase activity of
PIAS. Surprisingly however, the pS3¥38R mutant that has
lost the major SUMOylation site was also repressed by
PIAS/SUMO. This situation is very reminiscent of the in-
hibitory effect of PIASy on LEF1 activity, which also
does not essentially depend on SUMOylation of LEF1.
Considering that p53 is associated with PML NBs [58], it
is tempting to speculate that as for LEF1, NB targeting of
p53 by the PIAS/SUMO system could be implicated in
transcriptional silencing. The role of SUMO modifica-
tion of p53 may only be to facilitate the interaction with
PIAS proteins and since SUMOylation may not be cru-
cial under conditions where both p53 and PIAS proteins
are overexpressed. Alternatively, the inhibition of p53 fol-
lowing expression of PIAS/SUMO may not be due to the
enhanced SUMOylation of p53 itself, but result from the
PIAS-mediated modification of another SUMO sub-
strate. In support of this idea, recent work by Yasuda and
co-workers has demonstrated that PIAS1 and PIASxf not
only stimulate SUMOylation of p53 but also induce
SUMOylation of the mdm2 ubiquitin ligase [59]. Al-
though the functional consequence on mdm?2 ligase ac-
tivity has not yet been investigated, the PIAS-induced
SUMO modification of mdm2 may be involved in inhibi-
tion of p53 activity. Consistent with the idea that PIAS
proteins function as negative regulators in the p53 path-
way, PIASy has also been shown to inhibit the ability of
p53 to activate the target genes p21 and Bax [56]. More-
over, expression of PIASy blocks the DNA-binding ac-
tivity of p53 in EMSA experiments. Hence, it is tempting
to propose a model where binding of PIAS, followed by
SUMOylation of p53 or an associated regulatory factor,
inhibits p53 by either directly interfering with its DNA-
binding activity or by sequestering p53 in an inactive
complex. Although this is an attractive model, a further
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level of complexity has been added by recent findings
that in other contexts, PIAS1 and PIAS3 may function as
activators of p53-dependent gene expression [60, 61].
Cotransfection of PIAS1 together with p53 in a p53-neg-
ative cell line (H1299) stimulates expression of the p21
protein and consistently induces cell-cycle arrest. How-
ever, since PIAS1 expression alone can also activate a re-
porter gene construct driven by the p21 promoter and in-
duce cell-cycle arrest in in the absence of functional p53,
these effects are only partially mediated by p53. More-
over, SUMO modification does not appear to be involved,
since a PIAS1 mutant lacking the SP-RING domain can
also exert these effects. Activating effects on p53 have
also been reported for a splice variant of PIAS3 termed
KchAP or PIAS38 [61]. Expression of PIAS3f in a
prostate cancer cell line harboring a wild-type p53 pro-
motes phosphorylation of serine 15 in p53 and induces
the accumulation of p53. This coincided with the induc-
tion of the p21 protein and cell-cycle arrest. It remains to
be elucidated how PIAS proteins can integrate both neg-
ative and positive regulatory effects on p53 and what
might be the particular role of SUMO in this process. One
possibility is that distinct PIAS proteins exert differential
effects on p53. Alternatively, PIAS proteins may exert
cell-type specific effects on the p53 pathway. Because for
some PIAS proteins a highly tissue specific expression
has been reported, one possible interpretation is that tis-
sue-specific factors modulate PIAS function.

Steroid hormone receptor signalling

The steroid hormone receptor family represents a sub-
group of the nuclear receptor superfamily [62]. It is com-
posed of the androgen (AR), estrogen (ER), progesterone
(PR), mineral (MR) and glucocorticoid (GR) receptors.
Steroid hormone receptors act as ligand-dependent tran-
scription factors that bind as homodimers to distinct hor-
mone response elements in the promoter region of their
respective target genes. All members of this family share
a characteristic modular structure that consists of an N-
terminal transactivation domain (AF-1), a central DNA
binding domain and the C-terminal ligand binding do-
main harboring a second activation domain (AF-2). In the
absence of ligand the receptors are kept in an inactive
state by binding to a large inhibitory complex mainly con-
sisting of heat shock proteins. Binding of ligand induces
a conformational change that displaces this inhibitory
complex and allows the receptors to bind to the regula-
tory regions of target genes. Subsequent to DNA binding,
distinct coactivator complexes are recruited to the pro-
moter to initiate transcription. The best-characterised
coactivator family is the p160 family, which is recruited
to the receptor via the AF-2 domain. This family includes
SRCI1 (also termed NcoA-1), GRIP1 (also termed TIF2)
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and pCIP (also termed TRAM-1 or Rac) [63]. A charac-
teristic feature of this family is the presence of a LXXLL
motif in the nuclear receptor interaction domain. Via this
motif pl60 family members interact with the AF-2 do-
main in nuclear hormone receptors. Binding of p160 to
the receptor seems to provide a platform for docking of
chromatin-modifying enzymes. Thus, p160 recruits the
histone acetyltransferases p300/CBP and the arginine
methyltransferase CARM1 to promoters to induce local
decondensation of chromatin via an acetylation-methyla-
tion cascade of histone tails.

Yeast two-hybrid interaction screens uncovered a link be-
tween PIAS proteins and nuclear hormone receptor sig-
nalling. Initially, two laboratories independently reported
the interaction of the androgen receptor with PIAS1 and
PIASxa (also termed ARIP3), respectively [64, 65]. In
both cases the interaction domain in the AR was mapped
to the central region, including the DNA binding domain.
Interestingly, the interaction was greatly stimulated by lig-
and binding to AR. Subsequently, interactions of AR with
all other PIAS family members were reported [66, 67].
Likewise, other steroid hormone receptors, such as GR,
PR and ER, were shown to bind to PIAS proteins [68].
Several independent studies showed that PIAS proteins
modulate the ligand-dependent transactivation potential
of the receptors. Depending on the receptor type, the cell
lines and promoters used in transactivation assays, both
activating and repressing effects on transcription were ob-
served upon expression of a distinct PIAS family member,
indicating that PIAS proteins play a context-dependent
dual role as activators or repressors in steroid hormone
signalling. In an attempt to study the mechanism underly-
ing the action of PIAS proteins in steroid hormone sig-
nalling, Kotaya and co-workers could show that PIASx
and PIAS1 not only bind to the hormone receptors but also
interact with the GRIP1/TIF2 coactivator [69]. Indepen-
dently, PIAS3 was identified as a binding partner of
GRIP1/TIF2 [70]. PIAS proteins act synergistically with
GRIP1/TIF2 to activate GR- and AR-dependent transacti-
vation, indicating that PIAS and GRIP1/TIF2 are compo-
nents of the same coactivator complex. Intriguingly,
GRIP1/TIF2 undergoes SUMOylation at three lysine
residues, two of which (K731, 788) are located in the
LXXLL nuclear receptor interaction domain, and very re-
cent data demonstrate that PIAS1 and PIASxf stimulate
the SUMO modification of GRIP1/ TIF2 [70, 71]. Muta-
tion of the SUMO-attachment sites impairs the ability of
GRIP1/TIF2 to coactivate AR-dependent transactivation
and to synergise with PIAS-mediated activation. In addi-
tion, the mutant has lost its ability to colocalize with AR-
containing nuclear foci. Together, these data suggest that
PIAS-mediated SUMOylation of GRIP1/TIF2 facilitates
its interaction with the androgen receptor, enhancing its
transcriptional activity. In support of this model SUMOy-
lation of the related p160 member SRC-1 has been shown
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to enhance binding to the progesterone receptor [72].
While such a scenario can explain the observed coactiva-
tor function of PIAS proteins in androgen and steroid hor-
mone signalling, how might the negative effects of PIAS
proteins be explained? The answer comes from new find-
ings demonstrating that PIAS1 and PIASx exert SUMO-
ligase activity not only towards p160 coactivators but also
towards the androgen receptor and presumably other
steroid receptors [21, 73]. AR, GR and PR undergo
SUMOylation at lysine residues that reside in a region that
functions as a transcriptional inhibitory domain [74—76].
Blocking SUMO modification by substituting these
SUMO-attachment residues to arginines enhances the
transactivation potential of the receptors. Conversely, in-
ducing SUMO modification by overexpression of PIAS
together with SUMO inhibits AR activity, indicating that
modification of the AR (and likely the other receptors)
negatively regulates transcriptional activity.

The picture that emerges from these data is that the ef-
fects of PIAS on AR-dependent gene activity likely re-
flect combinatorial effects of PIAS proteins on the
SUMOylation of both coactivators and receptors. This is
most convincingly illustrated by the differential effects of
the two PIASx splice variants on AR-dependent transac-
tivation [73]. Overexpression of PIASxa, which exerts
strong ligase activity on AR but only weak activity on
GRIP1, represses AR-dependent transactivation when co-
expressed with SUMO. PIASxf, in contrast, which has a
preference for SUMOylation of GRIP1, activates AR-de-
pendent gene expression. The function of PIAS1 appears
to be more complex since it can stimulate SUMO modi-
fication of both GRIP1 and the receptor. Kotaja and co-
workers propose a model where SUMO modification of
GRIP1 and AR occur sequentially at different stages of
the AR transcription complex formation. Initially
SUMOylation of GRIP-1 may promote the recruitment of
the coactivator to the receptor. Subsequent modification
of the receptor may later turn down the activity after suc-
cessful initiation of the transcription process [21].

A model for PIAS/SUMO function in transcriptional
regulation

The examples described above underline the crucial role
of the PIAS/SUMO pathway in the regulation of tran-
scriptional processes. Depending on the context, PIAS
proteins either function as transcriptional coactivators or
repressors. Since SUMO ligase activity and transcrip-
tional regulatory function are correlated, SUMO modifi-
cation is likely be important for this function. In the fol-
lowing section we will try to develop a general model for
how the PIAS/SUMO system could integrate both nega-
tive and positive functions by mediating the assembly of
coactivator or corepressor complexes.
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PIAS/SUMO-mediated targeting to subnuclear
structures and transcriptional regulation

An important mechanism for controlling the activity of
transcriptional regulators appears to be their targeting to
specific subnuclear sites. Accumulating evidence indi-
cates that the PIAS/SUMO system is involved in this
process. Hence, as describd above, PIASy has been
shown to inactivate LEF1 by inducing its compartmental-
isation into PML NBs. Considering that NBs are unlikely
active sites of transcription, the most simple interpreta-
tion of these data is that recruitment to NBs via
PIAS/SUMO sequesters LEF1 away from its target
genes, thus neutralising its transcriptional activity. Recent
data on the GC box-binding transcription factor Sp3 ex-
tend this concept and provide evidence that NB targeting
via the PIAS/SUMO system not only neutralises tran-
scriptional activity but actively induces transcriptional si-
lencing. The Sp3 protein can act both as a transcriptional
activator and repressor. Sapetschnig and co-workers
could demonstrate that the repressor function of Sp3 re-
sides in a small inhibitory domain that serves as an inter-
face for binding to PIAS1 and harbors a SUMO attach-
ment site [23]. PIAS1 promotes the SUMO modification
of Sp3, and similar to what has been observed for the in-
teraction between PIASy and LEF1, this further enhances
the interaction of PIAS1 with Sp3. In an independent
study Ross and co-workers reported that SUMO triggers
the targeting of Sp3 to PML nuclear bodies, acting as a
major regulatory switch that converts Sp3 from a tran-
scriptional activator to a repressor [77]. Combining these
data, one can again delineate a pathway where the
PIAS/SUMO system initiates the recruitment of a tran-
scriptional regulator to NBs. But how might this convert
Sp3 to a repressor? Transcriptional repression is in many
cases mediated by corepressor complexes that contain hi-
stone deacetylase activity. Accordingly, the inhibitory
function of Sp3 is at least partially mediated by the
Sin3A/HDAC transcriptional repressor complex [78, 79].
Since components of this complex are associated with
PML [80], a very likely scenario is that recruitment of
Sp3 to the NBs facilitates the assembly of Sp3 with this
corepressor complex. The recent finding that PIAS pro-
teins can directly interact with histone deacetylase
(HDAC:) provides additional evidence for a role of PIAS
proteins in the assembly of such a complex [81]. More-
over, considering that p53 is associated with PML NBs
and is transcriptionally inhibited by repressor complexes
containing histone deacetylase activity [82—84], NB tar-
geting and tethering of deacteylases could also account
for the inhibitory effects of PIAS proteins on p53. Strik-
ingly, very recent data have also provided a link between
the inhibition of STAT signalling and PML NBs [85].
PML was reported to form a complex with STATS3,
thereby inhibiting its DNA-binding activity. In light of
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this finding it is tempting to speculate that PIAS3 may
control STAT3 activity by regulating its subnuclear local-
isation.

Interestingly, the presence of SUMO-modification sites
within inhibitory or negative regulatory domains in tran-
scription factors appears to be a common theme. Re-
markably, in most cases PIAS proteins promote the mod-
ification of these factors. In addition to Sp3, IRF-1 and
steroid hormone receptors, PIAS-triggered SUMO mod-
ification in inhibitory domains has been observed for the
c-Jun and c-myb protooncogenes and the CAAT en-
hancer binding protein C/EBPa [86—89]. In all cases,
mutation of the SUMO attachment sites enhances the
transcriptional activity, indicating that SUMO modifica-
tion exerts an inhibitory role on these factors. Although
it remains to be elucidated whether NBs are implicated
in this process, several lines of evidence support this
idea. Expression of a SUMO isopeptidase (SuPr-1), for
instance, induces disaggregation of NBs and concomi-
tantly stimulates the transcriptional activity of c-Jun
[90]. Furthermore, PIASy-mediated SUMOylation of c-
myb causes a shift in the nuclear distribution of c-myb
towards the insoluble matrix fraction [87]. In summary,
these data strengthen the idea that PIAS binding and
SUMOylation are a more widespread mechanism to
downregulate the activity of transcription factors and
suggest that assembly of transcriptional corepressors by
the PIAS/SUMO system within subnuclear structures,
such as PML NBs, could provide a more general mecha-
nism for transcriptional silencing (fig. 3). In this model
PIAS proteins play a dual role as E3-like factors for
SUMOylation and components or assembly factors of a
transcriptional coregulatory complex. Although it is not
yet clear how these two functions are connected, a simi-
lar duality was described for several E3 ubiquitin ligases
that bind within transactivation domains and can act as
transcriptional coactivators [91]. While these findings
connect transcriptional activation to the ubiquitin-pro-
teasome pathway, it is intriguing to speculate that the
PIAS/SUMO system may act antagonistically to coun-
terbalance these effects. It remains to be determined
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whether SUMO may directly interfere with ubiquitin at
distinct lysine residues in these cases.

Noteworthy, however, PIAS proteins can also exert acti-
vating functions on transcription factors in some con-
texts. As described above, activating functions have been
reported in steroid hormone signalling and in the p53
pathway. At least in steroid hormone signalling this effect
is linked to the assembly of a functional receptor coacti-
vator complex, since PIAS-mediated SUMOylation of
GRIP-1 or SRC-1 facilitates the interaction with the an-
drogen and progesterone receptor, respectively. This
process is likely connected to PML NBs, because GRIP1
and SRC-1 as well as the associated coactivator CBP are
found in nuclear substructures that overlap with PML
NBs [92, 93]. Hence, in analogy to the scenario described
above for transcriptional repression, recruitment of PIAS
and PIAS-associated transcription factors to PML NBs or
related matrix-associated structures could trigger the as-
sembly of coactivator complexes. An obvious question is
what determines whether the PIAS/SUMO system ulti-
mately leads to the formation of a coactivator or core-
pressor complex on a given transcription factor. One pos-
sibility might be that distinct PIAS forms function as tar-
geting factors to specific subpopulations of NBs, which
may contain either corepressors or coactivators. This idea
is supported by the observation that at least upon overex-
pression distinct PIAS forms show a different pattern of
subnuclear localisation. Hence, PIAS1 exhibits a micro-
granular localisation in small foci, whereas PIAS3 con-
centrates in fewer, but larger granules [21]. More detailed
localisation studies on the endogenous PIAS proteins
must elucidate the identity of the respective subnuclear
structures.

Conclusions and perspectives
Research on PIAS proteins during the last few years has
provided exciting new insights into the cellular function

of this protein family. In particular, the discovery of the
E3-like activity in the SUMO pathway has opened up new
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Figure 3. A model for the role of the PIAS/SUMO system in transcriptional silencing. PIAS-triggered SUMOylation induces the transient
recruitment of a transcription factor to PML NBs or related subnuclear structures. In these structures a corepressor complex is assembled
on the transactivator, leading to inhibition of its activity and gene silencing. As described in detail in the text, an analogous model can ex-

plain the context-dependent coactivator role of PIAS proteins.



2572 D. Schmidt and S. Miiller

perspectives in the study of PIAS proteins. The examples
described above illustrate the importance of the
PIAS/SUMO system as a regulatory mechanism of indi-
vidual transcription factors. However, the control of gene
expression is in most cases not achieved by a single tran-
scription factor but results from the interplay among
many factors at composite promoter/enhancer elements.
Interestingly, some of the PIAS-interacting factors de-
scribed above cooperate in the expression of selected tar-
get genes. Thus, STATs are engaged in transcriptional
cross-talk with nuclear hormone receptors to synergise in
gene activation [94]. C/EBPs in turn can cooperate with
c-myb on promoter/enhancer elements of myeloid-spe-
cific genes [95]. PIAS proteins may thus not only control
the activity of transcription factors individually, but may
orchestrate the complex interplay of several transcription
factors at a given promoter [96]. To understand the exact
role of the SUMO system in these processes will be one
major challenge in the field. Given the pace of recent re-
search on the PIAS/SUMO system it can be anticipated
that we will soon learn more about this exciting new path-
way.
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