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Abstract
Small Ubiquitin-related Modifier (SUMO) is a member of the ubiquitin-like protein family. These proteins, which are typically 70-100 amino acid residues in length 
each become covalently conjugated to lysine side chains in multiple conjugation targets altering the function, subcellular localization, and turnover of the targets. Like 
other members of the family, SUMO is conserved throughout the eukaryotic domain. Analysis of Drosophila SUMO combining biochemical approaches with the 
powerful genetic and reverse genetic approaches available in the Drosophila system has revealed multiple roles for SUMO conjugation in metazoan development. 
Furthermore, studies in mammalian systems show that most of these functions are conserved in mammals. These include roles in signal transduction via pathways such 
as the Ras/MAPK, Decapentaplegic (Dpp), Jun N-terminal Kinse ( JNK), and Toll signaling pathways. Studies of the role of SUMO in Toll signaling have revealed 
roles in modulating the innate immune response. In addition, SUMO regulates developmental pattern formation by modulating the activities of transcriptional 
regulatory proteins such as the Polycomb group protein Scm. By converting linear polypeptides into branched polymers, SUMO may help to increase protein 
functional diversity.
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Introduction
The SUMO pathway

The ubiquitin-like protein Small Ubiquitin-related Modifier 
(SUMO) becomes covalently conjugated to a large variety of target 
proteins [1-3]. SUMOylation is a reversible protein modification and 
can thus reversibly alter protein activity. In this respect, SUMOylation is 
akin to other reversible protein modifications such as phosphorylation, 
acetylation, and methylation. However, in the case of SUMOylation, 
the much larger size of the modifying group increases the potential for 
molecular recognition.

SUMOylation is a multistep process (Figure 1). First, an activating 
enzyme (SAE1/SAE2) reacts with ATP resulting in the adenylation of 
an active site cysteine residue. The adenylate group is then displaced 
by the C-terminal carboxyl group of SUMO leading to the formation 
of a thioester linkage. SUMO is then handed off to an active site 
cysteine residue in the SUMO conjugating enzyme (Ubc9) before 
being transferred to the amino group of a lysine side chain in a final 
target protein forming an isopeptide linkage between the lysine and the 
C-terminus of SUMO. Unlike ubiquitylation, in which the final transfer 
to the target protein absolutely requires a ligase to assist in target 
recognition, SUMOylation does not have an absolute requirement 
for a ligase. Nonetheless, ligases, including the PIAS family proteins, 
RanBP2, and Pc2 [2,4-6] often assist in the final transfer (Figure 1). 
Lysine residues that are targeted for SUMOylation frequently fall 
within a sequence resembling ΨKXE (Ψ is any hydrophobic amino acid 
and X is any amino acid) [7]. SUMO modification can be reversed by 
SUMO deconjugating enzymes such as Ulp1, Ulp2, or related proteins, 
which catalyse the hydrolysis of the isopeptide linkage between SUMO 
and the lysine side chain in the target protein [8].

SUMO-modified proteins are able to interact non-covalently 
with other proteins through SUMO interaction motifs (SIMs). These 
motifs possess a hydrophobic core with the consensus sequence V/I-

V/I-X-V/I (X is any amino acid) [9,10]. The SIM forms a β strand that 
interacts with the β2 strand of SUMO in either a parallel or anti-parallel 
orientation [11,12]. Serine and threonine residues adjacent to the SIM 
hydrophobic core can be phosphorylated, and the phosphate group 
forms a salt bridge to a conserved lysine residue within SUMO [10].

SUMO in Drosophila and mammalian development

The remainder of this review will focus on a few of the many 
roles of SUMO in regulating signal transduction and development in 
Drosophila melanogaster. This will include a discussion of the role of 
SUMO in the Ras/MAPK, Decapentaplegic (Dpp), and Jun N-terminal 
Kinase (JNK) signalling pathways, as well as a discussion of the role of 
SUMO in Polycomb group mediated repression. In addition, we will 
review the evidence that SUMO regulates signalling through the Toll 
like receptors, and thus the innate immune response. Furthermore, we 
will present evidence showing that, in many cases, these functions in 
Drosophila are conserved in mammals.

Ras/MAPK signalling

The Ras/MAPK signal transduction pathway (Figure 2) is required 
to pattern the follicle cell epithelium during egg chamber development 
[13]. This requires the secretion of the TGF-α-like protein Gurken from 
the presumptive dorsal side of the oocyte, and the binding of Gurken 
to the Torpedo receptor tyrosine kinase (RTK) in the membranes of 
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Figure 1. SUMO conjugation and deconjugation. SUMO is initially synthesized as a pre-protein with a C-terminal extension. In Drosophila, this extension is two amino acids long and has 
the sequence Ala-Pro (AP). The AP is cleaved off by a Ulp family protease to generate mature SUMO. SUMO is then attached to a target protein via a three-step pathway involving the E1 
activating enzyme SAE1/SAE2, the E2 conjugating enzyme Ubc9, and a ligation step, which may or may not require an E3 enzyme. The resulting isopeptide bond between the target protein 
and the C-terminus of SUMO can be hydrolyzed by a Ulp family protease.

Figure 2: Regulation of RAS/MAPK by SUMO. Upon activation of a receptor tyrosine kinase (RTK), SUMO (S) modification of Ras enhances signaling through the Ras/MAPK pathway 
and stimulates the deSUMOylation of MEK, SUMO of which initially inhibits its kinase activity. This leads to a phosphorylation cascade, in which Raf phosphorylates (P) MEK and 
phospho-MEK phosphorylates MAPK. Phospho-MAPK translocate to the nucleus and phosphorylates various transcription factors (TF) altering the transcriptional program of the cell.
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the overlying follicle cells. Subsequent dimerization and cytoplasmic 
autophosphorylation of Torpedo leads to the formation of a docking 
site for the adaptor protein DRK [14-16]. DRK, in turn, recruits the 
GTP exchange factor Son of Sevenless (SoS) for Ras activation through 
the exchange of GDP for GTP in the membrane tethered Ras protein 
[17]. Ras then stimulates a phosphorylation cascade involving the 
sequential activation of three Ser/Thr kinases, Raf, MEK, and MAPK 
[18-20], thus triggering the adoption of a dorsal follicle cell fate. These 
follicle cells then secrete dorsal eggshell structures such as the pair of 
dorsal appendages that act as respiratory filaments [21-23].

Because of the role of Ras/MAPK signalling in directing the 
dorsal follicle cell fate, hypomorphic ras alleles lead to ventralized egg 
shells (i.e., fused dorsal appendages). Consistent with the idea that 
SUMO is required for Ras/MAPK signalling, reduced SUMO activity 
enhances this defect [24]. In addition, several proteins that modulate 
Ras signalling, including protein phosphatase 2A(PP2A) and two 14-
3-3 family proteins, appear to be SUMO-conjugation targets [25]. 
Furthermore, RNAi knock down of SUMO in S2 cells reduces Ras/
MAPK signalling in response to the RTK ligands insulin and Spitz as 
indicated by reduced levels of activated MEK and MAPK. PP2A and 
14-3-3 family proteins are known to function via the Raf protein [26-
30]. For example, PP2A in mammals is known to remove an inhibitory 
phosphate group from a serine residue in Ras, while 14-3-3 proteins 
bind to phosphoserine residues in Raf modulating its activity. Thus, 
these finding suggest that that SUMO influences Ras signalling 
upstream of MEK, perhaps at the level of Raf.

Studies in mammalian systems also demonstrate that SUMO 
interacts with the Ras/MAPK pathway. Of the three Ras isoforms in 
humans (HRas, KRas, and NRas), KRas is most frequently mutated 
in solid tumors [31]. KRas mutant colorectal cells (CRC) depend on 
Ubc9 for their clonogenic growth, as knocking down Ubc9 prevents 
CRC from establishing colonies [32]. Furthermore, Ubc9 knockdown 
in CRC xenografts in mice induces apoptosis. SUMO3 (one of four 
SUMO family proteins encoded in the human genome) appears to 
be conjugated to all three Ras isoforms in HEK293 cells at lysine 42 
[33]. In addition, mutating lysine 42 to arginine reduces Ras/MAPK 
signalling in response to both wildtype and constitutively active Ras.

The above studies suggest that SUMO may have a conserved role in 
the activation of the Ras/MAPK pathway in Drosophila and mammals. 
However, other studies have demonstrated that conjugation of SUMO 
to MEK inhibits Ras/MAPK signalling [34]. SUMO appears to sequester 
MEK to the plasma membrane disrupting its ability to activate MAPK. 
Interestingly, activation of Ras abrogates MEK SUMOylation. Thus, 
SUMO appears to have complex roles, both positive and negative, in 
the regulation of Ras signalling (Figure 2).

Jun N-terminal kinase

The Jun-N-terminal Kinase (JNK) pathway, another highly 
conserved MAPK signalling pathway, regulates multiple processes 
during Drosophila development, including dorsal closure in embryos, 
thorax closure in pupae, and stress induced apoptosis [35-37]. Intrinsic 
and external stimuli trigger the pathway by activating JNK Kinase 
(JNKKK), which then phosphorylates MAPK Kinase (MKK) for the 
subsequent phosphorylation and activation of JNK [38].

As mentioned above, the JNK pathway is known to upregulate 
apoptosis. SUMO was found to antagonize this process since SUMO 
knockdown by RNAi led to increased apoptosis in the wing disc [39]. 
However, when SUMO and JNK were knocked down at the same time, 
increased apoptosis was not observed. Studies in human neuroblastoma 

SH-SY5Y cells also revealed that SUMO antagonizes JNK induced 
apoptosis [40].

Genetic and biochemical analyses reveal that SUMO modifies and 
regulates JNK activity via homeodomain-interacting protein kinase 
(HIPK) in Drosophila and humans [39,41]. SUMO modifies HIPK at a 
conserved lysine residue (Lys 25) [41]. Studies conducted in Drosophila 
and mammalian systems demonstrate that SUMO negatively regulates 
HIPK-mediated activation of apoptosis by retaining it in the nucleus 
[39,42]. Apparently, when cells are depleted of SUMO, HIPK enters the 
cytoplasm where it encounters and activates the JNK pathway leading 
to apoptosis.

Dpp signalling

Dpp signalling, which is required for many developmental 
pathways, including embryonic dorsoventral patterning and imaginal 
disc patterning, is also regulated by SUMO. In this case, SUMO appears 
to interfere with signalling. Dpp is a member of the BMP subfamily 
of TGFβ family ligands and signals through a heteromeric receptor 
consisting of a type I subunit (Saxophone or Thick veins) and a type 
II subunit (Punt) [43]. Both type I and type II subunits possess Ser/
Thr kinase activity. After activation of the receptor by Dpp, the type II 
subunit phosphorylates the type I subunit, and then the type I subunit 
phosphorylates the Smad family transcription factor Mothers against 
Dpp (Mad). Phospho-Mad then interacts with the co-Smad Medea 
(Med) and activates downstream targets at the level of transcription [44].

A yeast two-hybrid screen uncovered an interaction between Med 
and Ubc9, and tissue culture experiments using S2 cells demonstrated 
Med SUMOylation [45]. Furthermore, overexpression of SUMO 
in the embryo inhibited the transcription of the Medea target genes 
Ance and ush, while expression of the two targets increased upon 
expression of a Med mutant containing a defective SUMO acceptor 
site. Fluorescent Recovery After Photobleaching (FRAP) studies 
showed that SUMOylation of Med occurs in the nucleus and allows 
for the shuttling of Med out of the nucleus, thus explaining how Med 
SUMOylation interferes with Dpp signalling.

Similarly, SUMO modifies the mammalian homologue of Med, 
Smad4 [46,47]. Lin and colleagues conducted a yeast two-hybrid screen, 
which revealed that SUMO-1 interacts with Smad4 and utilized site-
directed mutagenesis to map the SUMO acceptor sites to lysines 113 
and 159 [47]. Lee et al. also discovered that SUMO negatively regulates 
TGFβ signalling through an assay in which four tandem Smad binding 
sites were fused to a luciferase reporter. Mutagenesis of the SUMO-
acceptor lysines in Smad4 enhanced TGFβ induced expression of a 
reporter gene. Additional studies confirm that SUMO represses Smad4 
transcriptional activity [48,49].

Polycomb group function

While the spatially regulated transcription factors (i.e., the products 
of the gap and pair rule genes) that initiate homeotic gene expression 
are only present in the early embryo, the spatially restricted patterns 
of homeotic gene expression are somehow maintained throughout 
embryonic and imaginal development. This cellular memory is thought 
to be provided by two groups of genes termed the Polycomb-group 
(PcG) and the Trithorax-group (TrxG), with the former being required 
for epigenetic stability of the repressed state, while the latter is required 
for epigenetic stability of the active state [50].

Many of the PcG proteins are members of one of three different 
complexes, the Pleiohomeotic Repressive Complex (PhoRC), Polycomb 
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Repressive Complex 1 (PRC1), and Polycomb Repressive Complex 2 
(PRC2) [51]. PhoRC, which contains Pleiohomeotic (Pho) and Scm-
related gene containing four MBT domains (Sfmbt), binds to cis-
regulatory elements in the homeotic gene complex termed Polycomb 
Response Elements (PREs), where they are thought to recruit PRC2. 
This complex contains Enhancer of zeste (E(z)) a SET family histone 
methyltransferase domain, which catalyses the trimethylation of 
lysine 27 on histone H3 (H3K27me3). H3K27me3 then serves as a 
docking site for PRC1. This complex ubiquitylates histone H2A and 
directs the compaction of chromatin, with this latter function serving 
to reduce the accessibility of associated genes to a TrxG-encoded 
chromatin remodeling complex that opens the chromatin allowing 
the transcriptional machinery to gain access to the DNA template. 
An additional PcG gene product that is essential for PcG function is 
Sex combs on midleg (Scm), which may be a peripheral component 
of PRC1.

Like its C. elegans homolog SOP-2, Drosophila Scm is regulated by 
SUMO [52]. Knockdown of SUMO in S2 cells was found to increase 
association of Scm with a PRE in the homeotic gene complex and to 
result in the de-repression of the homeotic gene Ultrabithorax (Ubx). 
Conversely, knockdown of the SUMO deconjugating enzyme Ulp1 
was found to decrease Scm association with the PRE. These findings 
are consistent with the idea that SUMO acts to negatively regulate Scm 
activity and, through Scm, to alleviate PcG-mediated repression. In 
support of this idea, mutagenesis of three consensus SUMO acceptor 
sites in Scm significantly reduced Scm SUMOylation and led to 
increased association of Scm with the PRE [53].

Consistent with the idea that SUMO negatively regulates Scm 
activity and therefore positively regulates Ubx expression, knockdown 
of SUMO in developing haltere discs results in an Ubx-like phenotype, 
i.e., a partial haltere-to-wing transformation.

The mechanism by which SUMO controls Scm and therefore 
polycomb group activity is unclear. Both Scm and the PRC1 component 
Polyhomeotic contain sterile alpha motif (SAM) domains, which are 
capable of mediating the formation of long protein filaments, and that 
may be required for chromatin compaction [54,55]. The functions of the 
Scm SAM domain are complex: it is required for recruitment of Ubc9 
and thus SUMOylation, but it also appears to have an independent 
requirement in the recruitment of Scm to the PRE [53]. We speculate 
that Scm SUMOylation could modulate PcG function by modulating 
the role of the SAM domain in such processes as Scm recruitment, 
filament formation, and chromatin compaction.

In contrast to what is observed in Drosophila, in mammalian 
systems, SUMO has been shown to upregulate PcG activity. SUMO 
modifies the PcG protein Pc2 at lysine 492 and is necessary for its 
recruitment to PcG target genes [56,57]. In addition, mutation of 
SUMO-Specific Protease 2 (SENP2) enhances Pc2 recruitment to 
H3K27me3 and reduces the expression of PcG target genes, GATA4 
and GATA 6, in mice [57].

Regulation of innate immunity by SUMO via the toll pathway

Mammals have both innate and adaptive immune responses, and 
both work together to neutralize pathogens. The Drosophila innate 
immune system serves as a powerful model system for studying 
innate immunity since its effects are not masked by the adaptive 
immune response, which is absent in Drosophila. In both Drosophila 
and mammals, the innate immune response is regulated by signaling 

through both the Toll Like Receptor (TLR) and Immune Deficiency 
(IMD) pathways, which activate NF-κB-targeted antimicrobial 
peptide (AMPs) genes [58]. One Drosophila TLR, Toll, is activated 
by the ligand Spätzle [59,60]. This leads to the destabilization of the 
cytoplasmic IκB protein Cactus by the MyD88, Tube and Pelle Kinase 
complex [58]. The kinase complex phosphorylates Cactus to promote 
its degradation. IκB is an inhibitor of nuclear uptake of NF-κB family 
proteins, which includes three rel transcription factors, Dorsal, Dif, 
and Relish. Thus, Toll signaling leads to translocation of these proteins 
from the cytoplasm to the nucleus.

Several studies have demonstrated that SUMO upregulates TLR 
signaling induced transcription in both flies and mammals (Figure 
3). In mammals, the SUMO protease, SUMO-specific Protease 6 
(SENP6), down-regulates TLR activity [61]. Studies in Drosophila S2 
cells demonstrate that SUMO is necessary for Dorsal to localize to the 
nucleus and activate the immune pathway [62]. Overexpression of 
SUMO in S2 cells, significantly increases the transactivation potential of 
Dorsal in a reporter assay. Furthermore, the AMPs, cecropin A1 (cecA1) 
and drosomycin (drs), which are dependent on rel family proteins such 
as Dorsal for transcriptional activation, also require SUMO for their 
expression in cultured cells. In addition, transcription of AMP genes in 
response to induction by the TLR agonist lipopolysaccharide is reduced 
in first instar larvae homozygous for sumo, ubc9, or dl mutations.

Studies of Degringolade (Dgrn), a SUMO Targeted Ubiquitin 
Ligase (STUbL), also suggest a positive role for SUMO in the immune 
response [63,64]. dgrn mutant flies are susceptible to fungal and 
bacterial infection since they fail to express AMPs. Furthermore, Dgrn 
alleviates inhibition by Cactus of Dorsal and Dif nuclear translocation 
upon stimulation of the Toll pathway.

Groucho, a transcriptional co-repressor, could provide a link 
between Dgrn and the innate immune response. Groucho, which 
functions, in part, by mediating the recruitment of Histone Deacetylase 
1 (HDAC1) to its target genes, is required for repression by many 
of the transcriptional repressors that act throughout Drosophila 
development, including Dorsal [65,66-69]. Groucho is a SUMOylation 
target [25], and, in mammalian cells, SUMO appears to positively 
regulate Groucho function by helping to mediate the recruitment 
of HDAC1 through a SIM in HDAC1 [70]. In contrast, work in 
Drosophila suggests that SUMO antagonizes Groucho-mediated 
repression. Dgrn binds Groucho in a SUMO dependent manner 
leading to the sequestration and therefore inactivation of Groucho. 
Thus, in the absence of SUMO, sequestration does not occur allowing 
for Groucho-mediated repression [64]. Since Groucho is a corepressor 
for Dorsal, this could inhibit activation of Dorsal-targeted AMP genes.

While the above studies suggest SUMO promotes Toll signalling 
in Drosophila innate immunity, SUMO also appears to negatively 
regulate the pathway via β-arrestin, which, in flies, is encoded by 
Kurz (Krz) [3,71]. Proteomic analysis shows that Krz interacts with 
Ulp1. In addition, Krz and Ulp1 knockdown larvae exhibit melanotic 
masses and increased lamellocyte differentiation in the haemolymph, 
phenotypes that are indicative of hyperactive Toll signalling [72-74]. 
Consistent with these observations, Krz and Ulp1 appear to work 
synergistically to deSUMOylate Dorsal. Furthermore, Dorsal and Dif 
are predominantly localized to the nucleus in Krz mutant larvae and 
this leads to increased Drs expression.

Conclusion
SUMO acts as a genetic switch that targets hundreds or 

thousands of proteins to regulate a wide variety of essential cellular 
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and developmental processes. Illuminating its biological roles is as 
challenging as trying to arrive at a comprehensive understanding of the 
roles of other common protein modifications, such as phosphorylation, 
acetylation, and glycosylation [75]. Due to the pleiotropic functions 
of SUMO in development, global disruption of SUMOylation is not 
usually instructive. Therefore, approaches such as mapping and mutating 
individual SUMO acceptor sites, SUMO-substrate fusions, and tissue-
specific overexpression or knockdown of SUMO pathway components 
must be utilized to dissect specific SUMO functions from one another.

Another challenge to understanding the many biological roles of 
SUMO is the so-called “SUMO enigma” [76]. In most cases, it appears 
that only a small fraction of any given SUMOylation target is conjugated 
to SUMO at any one time. Paradoxically, however, SUMOylation of 
proteins such as Scm, Groucho, HIPK, and Med often leads to near 
quantitative effects on the activity or subcellular localization of these 
proteins. While this enigma remains unresolved, two speculative 
non-mutually exclusive explanations are as follows. First, it possible 
that cyclic rounds of conjugation and deconjugation are required for 
progress through a pathway. Second, perhaps deconjugation leaves 
behind a protein that still retains the memory of being SUMOylated. 
For example, SUMOylation could be required to overcome a kinetic 
barrier to the formation of a protein complex that remains stable after 
deconjugation has occurred.

The ease with which the Drosophila genome can be manipulated has 
allowed us to overcome the challenges described above. Since pathways 
regulated by SUMO are highly conserved across the eukaryotic domain, 
studies of SUMOylation in Drosophila may provide insight into how 
SUMO leads to increased developmental complexity by diversifying 
protein function in mammals.
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