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PIAS proteins: pleiotropic interactors associated with SUMO
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Abstract The interactions and functions of protein inhib-

itors of activated STAT (PIAS) proteins are not restricted to

the signal transducers and activators of transcription

(STATs), but PIAS1, -2, -3 and -4 interact with and regulate

a variety of distinct proteins, especially transcription factors.

Although the majority of PIAS-interacting proteins are

prone to modification by small ubiquitin-related modifier

(SUMO) proteins and the PIAS proteins have the capacity to

promote the modification as RING-type SUMO ligases, they

do not function solely as SUMO E3 ligases. Instead, their

effects are often independent of their Siz/PIAS (SP)-RING

finger, but dependent on their capability to noncovalently

interact with SUMOs or DNA through their SUMO-inter-

acting motif and scaffold attachment factor-A/B, acinus and

PIAS domain, respectively. Here, we present an overview of

the cellular regulation by PIAS proteins and propose that

many of their functions are due to their capability to mediate

and facilitate SUMO-linked protein assemblies.

Keywords Protein inhibitor of activated STAT (PIAS) �
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Discovery of PIAS family

The term protein inhibitor of activated STAT (PIAS)

derives from the identification of two members of a

mammalian protein family as inhibitors of signal trans-

ducer and activator of transcription-1 (Stat1) and -3 (Stat3)

[1, 2]. After the initial characterization of PIAS1 and

PIAS3 as inhibitors of STAT signaling, it has become clear

that the interactions and functions of PIAS proteins are not

specific for the STATs, but they have a wide role in cellular

regulation, especially in the regulation of transcription

(reviewed in [3]). Human PIAS proteins are encoded by

four genes, PIAS1, PIASx (PIAS2), PIAS3 and PIASy

(PIAS4). To simplify the nomenclature, PIAS2 and PIAS4

are used instead of PIASx and PIASy, respectively,

throughout this review. PIAS mRNAs are ubiquitously

expressed, albeit PIAS2 and PIAS4 mRNAs are clearly

more abundant in the testis than in other human tissues

(http://ist.genesapiens.org/). PIAS orthologs are found in

nonvertebrate animal species, plants and yeasts [4–6].

Proteins, such as non-structural maintenance of chromo-

somes element 2 homolog (NSE2), zinc finger MIZ

domain-containing protein 1 (ZMIZ1) or ZMIZ2, that

possess the PIAS RING (SP-RING) signature or its

extended version but that are otherwise dissimilar are

considered only very distantly related the PIAS proteins

and not discussed here [7–9]. Since the regulatory role of

PIAS proteins in the immune system and cytokine signal-

ing has been recently extensively reviewed [10, 11], this

review will focus on the function of PIAS proteins in

cellular regulation apart from cytokine signaling. Most of
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the PIAS functions are by some means linked to small

ubiquitin-related modifier (SUMO) modifications. This

review aims to underline SUMOylation-linked, but not

necessarily E3 ligase activity-dependent, functions of the

PIAS family for which the acronym might better stand for

Pleiotropic Interactors Associated with SUMO.

SUMO modification system

Attachment of SUMO (SUMOylation) is a bulky covalent

modification in which a protein, SUMO, is attached via an

isopeptide linkage to lysine residues of target proteins [12,

13]. The modification has emerged as a significant regu-

latory mechanism in cell physiology, especially in

transcription and signal transduction. In these processes,

the modification can affect, in a target-specific fashion,

protein’s subcellular and subnuclear localization, its ability

to interact with other proteins and/or its activity in tran-

scription [12]. Mammals contain three *100-amino acid

SUMO proteins, SUMO-1, -2 and -3, that can form iso-

peptide linkages. SUMO-2 and SUMO-3 are nearly

identical (from now on collectively called SUMO-2/3),

whereas SUMO-1 is only *50% identical with SUMO-2/

3. SUMOs are similar to ubiquitin in their three-dimen-

sional structure, but their amino acid sequences and surface

charge distributions differ considerably from those of

ubiquitin. In contrast to ubiquitylation, the SUMO attach-

ment lysines are often found within a minimal consensus

motif WKxE (where W is I, L or V; x is any residue). The

SUMO conjugation pathway is similar to that of ubiquitin,

but cells contain distinct E1 (activating enzyme), E2

(conjugase) and E3 (ligase) activities for both processes

(Fig. 1). SUMOs are first activated in an ATP-consuming

fashion by SAE1 and -2 dimer and subsequently conju-

gated by Ubc9 [12, 13]. The presence of only one SUMO

E2 enzyme contrasts with the ubiquitylation pathway,

where multiple E2s participate in ubiquitylation of distinct

sets of targets. SUMOylation is a highly dynamic modifi-

cation that is reversed by a family of six SUMO-specific

proteases (SENP1-3 and SENP5-7) (reviewed in [14, 15]).

The pathway is conserved in eukaryotes, and the single

SUMO genes in Caenorhabditis elegans and Saccharo-

myces cerevisiae are clearly essential for viability or

normal embryogenesis [16–18]. Deletion of Ubc9 in mouse

results in embryonic lethality with severe abnormalities in

nuclear architecture and chromosome segregation, but

Sumo-1 functions appear to be compensated for by Sumo-2/

3 [19, 20]. Moreover, mutation of the mouse Senp1 gene

indicates that a fine-tuned balance of SUMO conjugation–

deconjugation is essential for normal mammalian devel-

opment [21].

Modification with ubiquitin can have very different

outcomes, depending on whether the substrate is conjugated

by a single ubiquitin or a polymeric chain of ubiquitins [13,

22]. It is well established that addition of a polyubiquitin

chain can target proteins for proteasomal degradation,

whereas monoubiquitylation can have a regulatory function.

In transcriptional regulation, for example, polyubiquityla-

tion-targeted degradation of several transcription factors is

important for the dynamic nature of signal-induced tran-

scription [23], whereas specific monoubiquitylation of

histone H2B and H2A regulates chromatin structure [24].

As with ubiquitin, SUMO-2/3 can form polymeric chains

through a conserved lysine embedded in a consensus

modification site [25]. In contrast, SUMO-1 is not thought

to be modified to form a polymeric chain, but it can be

linked to the end of a poly-SUMO-2/3 chain and thus ter-

minate the chain growth. Interestingly, conjugation of

SUMO-2/3, but not that of SUMO-1, has been reported to

be induced in response to various stresses [26]. Different

SUMO paralogs may thus have, at least in part, distinct

targets and regulation.

SUMOylation and ubiquitylation have been long

thought to be distinct pathways, but having antagonistic

roles on a limited number of targets. Recent identification

of RING domain-containing proteins Slx5/8 in S. cerevi-

siae, Rfp1/2 in Schizosaccharomyces pombe and RNF4

(also known as SNURF) in mammals as SUMO-targeted
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Fig. 1 SUMO modification pathway. SUMO proteins are C-termi-

nally processed by a SUMO-specific protease (SENP) prior to

attachment to the activating enzyme (SAE1/SAE2) and transfer to the

conjugating E2 (Ubc9) enzyme. Ligation to target proteins is assisted

by E3 ligases, such as PIAS proteins. Depending whether the target is

modified by mono- or polySUMOylation, two alternative fates of the

substrates are illustrated: MonoSUMOylation regulates the function,

interaction or cellular localization of the substrate, whereas polySU-

MOylated protein is recognized by a SUMO-targeted ubiquitin ligase,

such as RNF4, subsequently ubiquitylated and directed to proteaso-

mal degradation
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ubiquitin E3 ligases (STUbLs) has directly connected

SUMOylation to ubiquitylation and thereby changed our

view dramatically [27]. The STUbLs use their SUMO-

interacting motifs to recognize SUMO-modified proteins

and direct them for degradation [28–30]. The mammalian

STUbL RNF4 prefers SUMO-2-conjugated polySUMO

chains over monomeric SUMO [30], and its depletion leads

to accumulation of SUMO-2/3-modified proteins and

chains, which resembles the situation in cells with inhibited

proteasome function [31]. These findings imply an exten-

sive cross-talk between SUMO-2/3 conjugation and the

ubiquitin–proteasome system and suggest that, as in the

case of ubiquitin, monomeric and polymeric chains of

SUMO can have distinct biological functions.

Domain structure of PIAS proteins

The four members of the mammalian PIAS family

share a high degree of sequence homology within their

*430 N-terminal amino acids. Their sizes vary from the

smallest, PIAS4 with 510 amino acid residues, to the

largest, PIAS1 with 651 amino acids (human sequences).

Splice variants have been functionally characterized for

PIAS2, -3 and -4, but not yet for PIAS1. Overall, five

different domains or motifs have been identified: N-ter-

minal SAP (scaffold attachment factor-A/B, acinus and

PIAS) domain, a PINIT motif, a RING-type zinc-binding

structure, a SIM (SUMO-interacting motif) and a serine/

threonine-rich C-terminal region (S/T) [32–35] (Fig. 2).

The most conserved of these regions are the SAP domain

and the central RING-type zinc finger, whereas the C-ter-

minal S/T-rich region is the least conserved region within

the family. Interestingly, the S/T region is considerably

shorter in PIAS4 than in other PIAS proteins, and a splice

variant of PIAS4 is devoid of the PINIT motif [36, 37].

Splice variants PIAS2a (PIASxa, androgen receptor-inter-

acting protein 3, ARIP3) and PIAS2b (PIASxb, Miz1)

differ from each other with regard to the length of the S/T

region [38, 39], while the isoforms of PIAS3 and PIAS3L

(K? channel-associated protein, Kchap) differ with respect

to a 35-amino acid stretch between the SAP and the PINIT

motif. Non-vertebrate PIAS orthologs contain essentially

the same motifs and domains as their mammalian

counterparts.

The SAP domain is found in many chromatin-associated

proteins and is involved in sequence- or structure-specific

DNA binding [40]. Interestingly, the N-terminal region of

PIAS4 has been reported to bind to nuclear matrix

attachment region (MAR) DNA, playing a role in nuclear

architecture and often residing close to enhancer regions

[37, 41]. The three-dimensional structure of the PIAS1 N-

terminal domain (amino acids 1–65) revealed the presence

of a four-a-helix bundle that has a strong affinity towards

A–T rich DNA but can also recognize proteins, such as p53

[42]. Within the SAP domain, PIAS proteins harbor an

LxxLL motif that is often found in proteins interacting with

nuclear receptors [43, 44]. C-terminal to the SAP domain,

there is the PINIT motif that, at least for PIAS3L, has been

shown to be essential for the nuclear retention [34].

Between the SP-RING and the S/T-rich regions, PIAS

proteins harbor the SIM. The SIM was initially identified in

the PM-Scl75 protein and defined as a sequence wwxSxS/

Taa (w, hydrophobic amino acid; x, any amino acid; a,

acidic amino acid) [33]. The motif interacted noncova-

lently with SUMO proteins, and its deletion abolished the
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interaction. Later, the motif was shown to be more variable

and have a less stringent consensus sequence, consisting of

an essential hydrophobic core of wxww or wwxw (where w
is often V or I) usually next to a C-terminal cluster of

negatively charged residues. Interestingly, the acidic clus-

ter is considerably longer in PIAS4 than in other members

of the PIAS family (16 E/D residues vs. 4 residues)

[45–48]. SIMs are found in a large number of nuclear

proteins, typically in those with known roles in SUMOy-

lation, including the STUbL RNF4 [30], many of which

can associate with promyelocytic leukemia (PML) bodies

[49, 50]. Interestingly, a lot of the physiological conse-

quences of SUMO modifications seem to be mediated by

‘effector’ proteins that recognize SUMO through SIMs.

In the central part of PIAS proteins, there is a cysteine-

rich region forming a putative RING-type of zinc finger

termed Siz/PIAS RING (SP-RING) [32]. The classical

RING domain contains eight zinc-binding cysteine or his-

tidine residues [51]. The residues can coordinate two zinc

ions in an interleaved fashion, creating a globular domain

that can mediate protein–protein interactions. Many RING

proteins mediate E2 enzyme-dependent attachment of

ubiquitin to target proteins, i.e., function as ubiquitin E3

ligases. The ubiquitin E3s bind substrates with their RING

directly interacting with the E2s and thereby govern the

specificity of ubiquitylation. They are thought to facilitate

the transfer of ubiquitin from the E2 to the substrate,

probably without formation of covalent intermediates. The

SP-RING motif is suggested to have a similar fold as in the

RING finger, although it lacks two zinc-coordinating cys-

teines found in the classical RING domain.

PIAS proteins as SUMO E3 ligases

In contrast to ubiquitylation, where the E3 ligase activities

are mandatory for a specific substrate modification to occur

[51], SUMO E1 and E2 enzymes are sufficient for covalent

attachment of SUMO to specific substrates, at least in vitro.

Ubc9 is able to bind via its catalytic cleft to the SUMOy-

lation consensus motifs present in many substrates and

apparently donate SUMO directly to the substrates. Due to

the apparent lack of need of E3 activity for SUMOylation

in vitro, the existence of SUMO E3 ligases was initially

doubted. However, it is now clear that several, structurally

surprisingly different types of proteins can exhibit E3-type

ligase activity in SUMOylation reactions [12]. In addition

to PIAS and other SP-RING-containing proteins [5,

52–56], nuclear pore protein RanBP2 (Nup358) [57, 58]

and polycomb protein 2 (Pc2) [59], which are both non-

RING proteins, and TOPORS (topoisomerase I-binding,

arginine/serine-rich) [60], which harbors a RING domain,

all display SUMO E3 ligase activity. Interestingly, the

TOPORS appears to be capable of functioning also as a

ubiquitin ligase [61]. Also histone deacetylase 4 (HDAC4)

has been recently listed as a SUMOylation-enhancing

protein [62–65]. Compared to the PIAS proteins, these

other proteins display SUMO ligase-like activity only on a

limited number of substrates. In the case of Pc2, this may

derive from a restricted subnuclear localization and

mobility. Moreover, it is not completely clear whether Pc2

and HDAC4 function as bona fide SUMO ligases or

whether they stimulate SUMO modifications merely as

‘stoichiometric interaction partners’ [12].

A large number of the SUMOylated proteins identified

to date are directly recognized at least by one member of

the PIAS family. The SP-RING domain interacts with the

SUMO conjugase Ubc9 and is essential for the PIAS E3

function both in vivo and in vitro [5, 37, 54, 56, 66].

However, PIAS4-mediated SUMOylation of Yin Yang1

(YY1) has been reported to be independent on the

SP-RING integrity [67]. Since the SP-RING resembles the

RING domain, the mechanism of E3 function of PIAS

proteins is thought to be similar to that of the RING-type

ubiquitin ligases [51]. They are thought to promote the

modification by acting as adaptors that stabilize the inter-

action between the SUMO thioester-loaded Ubc9 and the

acceptor protein. Analysis of a (non-RING) RanBP2 E3

ligase domain co-crystallized with Ubc9 and a RanGAP1-

SUMO-1 conjugate revealed that the E2 is the central

component interacting with the three other proteins in the

complex and that the E3 ligase domain contacts both

SUMO and Ubc9. These and other biochemical data sup-

port a model in which RanBP2 acts as an E3 by binding

both SUMO and Ubc9 to position the SUMO-E2-thioester

in an optimal orientation to enhance conjugation [68, 69].

The PIAS SIM does not seem to be needed for the E3

ligase activity; for example, in the case of PIAS2a, deletion

of the SIM actually leads to augmented E3 activity [54]. In

addition to the SP-RING, the PINIT domain plays a role in

the ligase function with some substrates [70, 71]. Even

though both of the latter domains appear to contribute to

substrate selectivity [36, 54, 70, 71], the SUMO target

lysine seems to be mainly specified by the Ubc9. However,

crystal structures of PIAS-containing SUMOylation com-

plexes are needed to expose the exact mechanism by which

PIAS proteins facilitate SUMOylation processes.

Unlike in ubiquitylation cascades, where target dis-

crimination is governed by an interplay between hundreds

of different E3 activities and a number of distinct E2

enzymes, the specificity of SUMOylation is not likely to be

specified solely by the Ubc9 and the SUMO E3 activities

known thus far. The increase in the number of SUMO

acceptors showing conjugation to sites that considerably

deviate from the SUMOylation consensus also clearly hints

that additional activities or mechanisms are needed to

3032 M. M. Rytinki et al.



ensure the specificity [72–74]. In some cases, SUMO

substrates themselves may actually act as E3s via an

intramolecular reaction [75, 76]. Even though the number

of SUMO E3 ligases looks to be gradually increasing, it is

evident that target site discrimination involves additional

determinants of specificity, such as stoichiometric inter-

acting partners or extended SUMOylation motifs, like

phosphorylation-dependent ones (PDSMs) regulated by

extracellular signals [77–79]. The roles of PIAS proteins

with PDSM-harboring substrates have not been systemat-

ically elucidated.

There is only limited information about SUMO paralog

selectivity of PIAS proteins or their capability to promote

formation of SUMO-2/3 polymers. In the case of cardiac

progenitor Nkx2.5, PIAS1, PIAS2 and PIAS4 mediated

SUMO-1 attachment to the substrate, whereas only PIAS2

was able to conjugate SUMO-2 to the protein [80]. Inter-

estingly, the PINIT domain seems to dictate the capability

of PIAS4 to promote modification of cellular proteins by

different SUMO isoforms; the PIAS4 devoid of the PINIT

domain is still able to stimulate modification by SUMO-2,

while the capability to enhance modification by SUMO-1 is

apparently lost [36]. Even though the SIMs of PIAS pro-

teins do not generally seem to discriminate between SUMO

paralogs, PIAS proteins show selectivity in their own

SUMOylations in intact cells; e.g., PIAS2a is preferentially

modified by SUMO-1, whereas PIAS3 is equally modified

by SUMO-1 and -2 (S. Kaikkonen, unpublished results).

However, the biological significance of these intra- or

intermolecular ‘automodifications’ is currently not known.

SUMOylation of Ubc9 has interestingly been shown to

influence its target discrimination [72]. All in all, due to the

significant sequence homology within the PIAS family and

their often redundant interactions, it is likely that other

post-translational modifications and/or their local concen-

trations largely govern their specificity in vivo.

PIAS proteins in cellular regulation

Although there are examples of cytoplasmic regulation in

which PIAS proteins are involved, such as SUMOylation of

septins by PIAS ortholog Siz1 in yeast bud neck, and

functional interaction of PIAS3 with metabotropic gluta-

mate receptor-8 and voltage-gated potassium channel

Kv1.5 [56, 81, 82], the majority of thus far reported

interactions of PIAS proteins occurred with transcription

factors or other proteins linked to nuclear regulation

(Fig. 3). The bulk of these interactions have been discov-

ered through yeast 2-hybrid screens. These screens also

often revealed more than one PIAS family member and

other components of the SUMOylation machinery, such as

Ubc9 and/or SUMOs, probably reflecting the tendency of

the PIAS-interacting partners towards SUMOylation. Since

not all of these interactions have been confirmed in other

experimental systems than yeast, some of them may rep-

resent false positives that derive from binding of the PIAS

SIM to the SUMO residue in a conjugate. However, in

most cases, the PIAS–partner interactions have been vali-

dated by using additional assays and proven to be

functionally relevant.

SP-RING-dependent mechanisms

According to an E3 SUMO ligase model, PIAS proteins

promote SUMOylation of their interaction partners, sub-

sequently altering the function, interaction or localization

of the interaction partner (Fig 4a–c). Even though this type

of mechanism does not always explain the effects of PIAS

proteins in transcriptional regulation, there are notable

cases with several PIAS proteins. For example, induction

of cellular senescence requires the E3 activity of PIAS4,

which stimulates SUMOylation and transcriptional activity

of p53 [83] (Fig. 4a). PIAS3 interacts with and promotes

SUMOylation of the photoreceptor-specific transcription

factor Nr2e3 when bound to the promoters of cone-specific

genes, which converts the factor to a transcriptional

repressor [84]. PIAS1-mediated SUMOylation of p73 in

turn targets the p73 to nuclear matrix, subsequently

repressing its transcriptional activity [85] (Fig. 4b). Even

though PIAS4 promotes SUMOylation of LEF1 (lymphoid

enhancer-binding factor 1), its repressive activity is not

dependent on the SUMOylation of LEF1, but mediated by

targeting of LEF1 to subnuclear bodies [37]. However,

since the integrity of PIAS4 SP-RING is essential for the

targeting, PIAS4-facilitated SUMOylation of a currently

unknown nuclear body protein may be involved in the

process. Similarly, SP-RING-dependent interaction

between PIAS4 and FIP200 (focal adhesion kinase family-

interacting protein of 200 kDa) results in recruitment of

the FIP200, not within the nucleus, but from the cytoplasm

to the nucleus, even though the FIP200 is not SUMOylated

[86].

SUMO modifications of nuclear receptors (NR), andro-

gen receptor (AR, NR3C4), glucocorticoid receptor

(GR, NR3C1), estrogen receptor (ER) a (NR3A1), miner-

alocorticoid receptor (MR, NR3C2) and peroxisome

proliferator-activated receptor (PPAR) c (NR1C3) have

been correlated with impaired transcriptional activation on

promoters containing compound binding sites [87–91].

These receptors all interact with PIAS proteins, most often

with PIAS1. Overexpression of PIAS proteins enhances

SUMOylation of NRs without influencing their subnuclear

localizations. In contrast to what one would assume, over-

expressed PIAS proteins can in many promoter contexts

coactivate these transcription factors instead of repressing

Versatile PIAS proteins 3033



them [54, 89–92]. Interestingly, the activating effects of, for

example, PIAS1 on AR- or GR-dependent transcription are

largely dependent both on the SP-RING and the SIM and

also require intact SUMOylation sites in the receptors [54,

93] (S. Kaikkonen, unpublished results). The mechanism

underlying the latter phenomenon is not well understood,

but it may in part relate to the ability of PIAS proteins to

reverse repression that is caused by SUMO attached to a

transcription factor (see [94]). In the case of STAT1, STAT3

and NF-jB, PIAS1 and PIAS3 exert their repressive action

by blocking the DNA-binding of the factors without influ-

encing their SUMOylation [1, 2, 95] (Fig. 4d). The E3 ligase

function of PIAS1 is however essential for its ability to

repress transcription mediated by NF-jB and STAT1 [96],

suggesting that SUMOylation of other proteins is needed for

the transcriptional repression to occur.
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and MINT [139] interaction databases. The graph is based on 120

proteins and 596 protein–protein interactions. The interacting proteins

are listed in Supplementary Table 1
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respectively) utilized by PIAS

proteins. See text for examples
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‘‘Classic’’ coactivator and corepressor proteins have also

been implicated in the function of PIAS proteins. PIAS3 is

reported to activate transcriptional responses of Smad

(mothers against decapentaplegic homolog) proteins

through forming a complex with Smads and coactivator

p300/CBP (cAMP response element binding protein-bind-

ing protein) [97]. PIAS proteins, except for PIAS4, may also

enhance steroid receptor-dependent transcription through an

SP-RING-mediated interaction and SUMOylation of coac-

tivator protein GRIP1/SCR2 (glucocorticoid receptor-

interacting protein 1/steroid receptor coactivator 2) [93]. In

contrast, PIAS1-promoted SUMOylation of PPARc can

target the receptor to nuclear receptor corepressor (NCoR)-

histone deacetylase-3 (HDAC3) complexes on inflamma-

tory gene promoters, resulting in transcriptional repression

[98] (Fig. 4c).

SIM- or SAP domain-dependent mechanisms

Interestingly, PIAS proteins, such as PIAS2a, seem to be

also capable of reversing SUMO-mediated repression.

Activation of ETS-domain transcription factor Elk-1 by

PIAS2a requires the integrity of the SIM, but not that of the

SP-RING, and is dependent on the SUMOylation sites of

Elk-1 [94] (Fig. 4e). The de-repression process is linked to

alterations in the histone acetylase and deacetylase activi-

ties associated with Elk-1. PIAS2 proteins and PIAS4

appear to stimulate also the activity of neutrophil-specific

transcription factor C/EBPe (CCAAT/enhancer-binding

protein e) and that of GATA-binding protein 2 (GATA-2),

respectively, through a similar de-repression mechanism

[99, 100].

As mentioned above, the functional outcome of an

interaction with a PIAS protein does not necessarily require

SUMOylation of the interacting partner, but in many cases

derives from the changed subcellular or subnuclear local-

ization of the interacting partner. Moreover, the latter

effects are often dependent on the SAP domain instead of

the SP-RING. For example, the SAP domain-dependent

interaction of PIAS1 with Msx1 (Msh homeobox 1-like

protein) controls the homeoprotein’s DNA-binding activity

by altering its subnuclear localization and proximity to

target genes [101] (Fig. 4f). This is needed for the Msx1 to

function as an inhibitor of myoblast differentiation through

repression of myogenic regulatory genes. Even though

PIAS2a enhances SUMO modification of ETS family

member FLI-1, its repressive activity on FLI-1 is inde-

pendent of SUMOylation, but dependent on the SAP

domain, and the repression involves nuclear relocalization

of FLI-1 [102]. All three PIAS family members repress the

transcriptional activity of C/EBPd (CCAAT/enhancer-

binding protein d), with the PIAS4 being the most potent

PIAS [103]. The repression by PIAS4 is independent of its

ligase activity or the SUMOylation status of C/EBPd, but

again requires the SAP domain of PIAS4 and involves

translocation of C/EBPd from nuclear foci to the nuclear

periphery [103]. Similarly, PIAS4 interacts via its SAP

domain with POU domain transcription factor Oct4 and

acts as a potent inhibitor of Oct4-mediated transcriptional

activation without enhancing SUMOylation of Oct4, but

sequestering it from the vicinity of Cajal bodies and

splicing speckles to the nuclear periphery [104].

Regulation of PIAS proteins by post-translational

modifications

In addition to SUMOylation, PIAS proteins have been

recently shown to be modified by other post-transcriptional

modifications and exhibit crosstalk with other signaling

pathways. PIAS2a and -b are direct targets of p38 MAP

kinase signaling and are phosphorylated at S113 and S116

[105]. Interestingly, these sites are not conserved in the

other PIAS family members that also do not show signs of

stress-activated phosphorylation. The MAPK-catalyzed

phosphorylation of PIAS2a or -b does not have an apparent

effect on their SUMO ligase activity or autoSUMOylation.

Interestingly, however, the activating and repressing

effects of PIAS2a on the Elk-1-dependent transcription are,

at least in part, determined via its p38 MAPK-catalyzed

phosphorylation. In addition to physical and chemical

stress, the MAPK pathway is activated by certain growth

factors and proinflammatory cytokines, and it is involved in

the regulation of various cellular processes, such as growth,

inflammation, differentiation, progression of the cell cycle

and apoptosis (reviewed in [106]). The MAPK signaling

mediated phosphorylation of PIAS2 thus links the

SUMOylation machinery to several types of extracellular

signals and regulatory processes. Phosphorylation of yeast

PIAS orthologs Siz1 and Siz2 has also been reported

[5, 56].

Interestingly, the SIM of PIAS proteins harbors three

potential phosphorylation sites for the S/T kinase CK2.

NMR analyses of a monophosphorylated peptide corre-

sponding to the SIM of PIAS2 implied that the

phosphorylation favors binding to SUMO-1 over SUMO-2

and may modulate the spatial orientation of SUMO-SIM

interactions [48]. Recently, CK2 was indeed reported to

phosphorylate S466, S467 and S468 of PIAS1 adjacent to

the hydrophobic core of the SIM. The phosphorylation

governed binding of SUMO and SUMO conjugates to

PIAS1 in intact cells, albeit without an apparent SUMO

paralog selectivity [107]. In keeping with the nonessential

role of SIM for the E3 function, the CK2-catalyzed phos-

phorylation had no apparent effect on the function, but
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interestingly regulated the ability of PIAS1 to function as a

transcriptional coregulator.

PIAS1 becomes rapidly phosphorylated on S90 close to

the SAP domain in response to various inflammatory

stimuli, with IKKa mediating the phosphorylation [95].

The S90 phosphorylation is essential for the capability of

PIAS1 to repress transcription mediated by NF-jB and

STAT1, and the E3 ligase function (i.e., intact SP-RING

domain) of PIAS1 is needed for the phosphorylation. This

may be due to SUMOylation of PIAS1 itself or other

proteins involved in the process. Interestingly, the serine

residue is conserved in PIAS2 and PIAS3, but it is cur-

rently not known if they are also targeted by IKKa. PIAS1

was recently also found to be dimethylated on R303,

located between the PINIT motif and SP-RING domain, by

protein arginine methyltransferase 1 (PRMT1) in response

to interferon [108], which resulted in repression of STAT1

signaling. It is possible that also PIAS2 and PIAS3 are

targeted by PRMT1, since the region encompassing the R

residue is fully conserved in them.

Relatively little is known about the regulation of PIAS

protein levels, but both PIAS1 and PIAS4 have been reported

to be by ubiquitylated by ubiquitin E3 ligases hSiah2

(seven in absentia homologue 2) and Trim32, respectively,

and thereby targeted for degradation [109, 110]. The hSiah2

also interacts with PIAS2 and PIAS3, and overexpression of

hSiah2 influences their cellular levels.

Studies in model organisms

Knowledge about the biological roles of PIAS proteins is

mainly based on experiments in mammalian or yeast

cell cultures. S. cerevisiae contains two PIAS orthologs

Siz1 (SAP and Miz1)/Ull1 (ubiquitin-like ligase 1) and

Siz2/Nfi1 (neck filament interacting 1) [5]. Genetic studies

indicate that they have some overlapping functions and

are required for most SUMOylation in S. cerevisiae. In

spite of growth defects and problems with chromosome

maintenance after disruption of the Siz1 and the Siz2

function, their genes are not essential for the yeast [70,

111, 112]. S. pombe harbors only one PIAS ortholog Pli1,

which is required for the majority of SUMOylation in the

organism. Similar to the situation in baker’s yeast,

deletion of the fission yeast PIAS gene results in no

dramatic growth defects, but milder defects in genome

and chromosome stability, including increased telomere

length and heterochromatin silencing [113, 114]. The

other SUMO E3 ligase Nse2 (Mms21 in S. cerevisiae)

may be able to compensate for the loss of PIAS ligase

function [115, 116].

Multicellular organisms Drosophila melanogaster and

C. elegans both contain only one PIAS ortholog.

Interestingly, Drosophila PIAS protein dPIAS (Zimp) is

encoded by the Su(var)2–10 (suppressor of variegation

2–10) locus which deletion leads to severe abnormalities in

the condensation and segregation of chromosomes and

embryonic lethality [4, 117]. The result suggests that the

dPIAS plays a role in heterochromatin-induced gene

silencing. A conditional overexpression approach in turn

indicates that the proper dose of dPIAS is critical for

normal eye and blood cell development in D. melanogaster

[118]. C. elegans PIAS ortholog GEI-17 interacts with the

T-box factor TBX-2 that is required for normal pharyngeal

development [119]. Depletion of GEI-17 by RNAi resulted

in defects in the pharyngeal development and retarded the

growth and development of the nematode. GEI-17 has also

been shown to be important for the embryonic DNA

damage response in C. elegans [120]. It is needed for the

protection of POLH-1 translesion synthesis DNA poly-

merase from destruction until it has executed its task during

the replication of damaged DNA in the nematode embryos

[121]. Interestingly, the sole PIAS ortholog of Arabidopsis

thaliana AtSIZ1 regulates in addition to stress responses,

such as cold tolerance, growth and flowering of the plant

[122, 123].

SUMOylation in general is important for normal mam-

malian development, as deletion of Ubc9 leads to

embryonic lethality caused by severe disorganization in

nuclear architecture and abnormalities in chromosomal

segregation [19]. Data of Pias3 knockouts are not avail-

able, but results from a study employing electroporation-

mediated overexpression Pias3 in developing mouse retina

suggest that Pias3-dependent SUMOylation of a photore-

ceptor-specific transcription factor is involved in rod

photoreceptor development [84]. Knockout mouse models

have been constructed for Pias1, Pias2 and Pias4, but no

clear defects in overall cellular SUMOylation have been

observed in the single gene mutants. Mice that lack Pias4

are phenotypically normal, but they have a modest reduc-

tion in their interferon and Wnt signaling [36, 124].

Interestingly, the cellular senescence response in PIAS4-/-

murine embryo fibroblasts (MEFs) is also significantly

delayed compared to PIAS4?/? MEFs [125]. Pias1-/-

mice appear at a frequency lower than the expected Men-

delian ratio, and especially males are smaller than their

wild-type littermates [126]. The mice show enhanced

immune responses to viral or microbial challenges, which

is consistent with a negative regulatory role of PIAS in

interferon signaling. Despite of the abundance of Pias2 in

the rodent testis [127], Pias2-/- mice are fertile and have

qualitatively normal spermatogenesis, albeit their sperm

counts and testes are reduced compared to their wild-type

littermates [128]. In contrast to the mild phenotypes of the

single Pias knockouts, Pias1-/-Pias4-/- embryos died

before day 11.5 [129]. Taken together, these data imply a
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considerable biological overlap in the functions of mam-

malian PIAS proteins.

Future challenges

Modification of proteins with mono- or polyubiquitin is

already established as an important, multifaceted means of

regulating cell growth and physiology [22, 130]. Also

mono- and polySUMOylation are emerging as modifica-

tions having distinct biological consequences. Given the

large number of proteins involved in transcription, chro-

matin-packaging, DNA replication/repair, apoptosis,

tumorigenesis and neuronal inclusions that can be targeted

both by ubiquitin and SUMOs [12, 13, 82, 131], the role

of PIAS proteins in the emerging cross-talk between

ubiquitin and SUMO pathways emphasizes the importance

of further studies. In transcriptional activation and

repression, PIAS proteins seem to employ several mech-

anisms. Even though PIAS proteins are more versatile

than mere SP-RING-type SUMO ligases, their regulatory

functions are still in many cases linked to SUMO, fre-

quently through their noncovalent SUMO-tethering

function. Although the direct interaction partners of PIAS

proteins may not always be subjected to SUMOylation,

the PIAS proteins may promote SUMO modifications of

other targets in the same protein complexes. Alternatively,

the complex formation may be facilitated via the SAP

domain-mediated interaction with the chromatin. The

latter domain appears to be particularly important for the

ability of PIAS proteins to regulate subcellular and sub-

nuclear localization of their interaction partners. Knockout

mouse models have been constructed for Pias1, Pias2 and

Pias4, but no clear defects in overall cellular SUMOyla-

tion have been observed in the single gene mutants, which

is consistent with the possibility that PIAS proteins pos-

sess overlapping functions. On the other hand, PIAS

family members seem to have the capability to interact

with each other and form multicomponent PIAS nuclear

scaffolds [35]. Silencing of the PIAS function in model

organisms, such as C. elegans, containing only one

PIAS-type SUMO ligase and affinity-tagged SUMO as a

transgene should enable elucidation of the role of the

PIAS function in mono- and polySUMOylation reactions

at the whole proteome level. Moreover, studies utilizing

chromatin immunoprecipitations coupled with massively

parallel sequencing (ChIP seq) can provide us with

unbiased views of PIAS interactions with the chromatin.
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