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Abstract: Post-translational modification by small ubiquitin-like modifier (SUMO) has emerged as a 

global mechanism for the control and integration of a wide variety of biological processes through the 

regulation of protein activity, stability and intracellular localization. As SUMOylation is examined in 

greater detail, it has become clear that the process is at the root of several pathologies including heart, 

endocrine, and inflammatory disease, and various types of cancer. Moreover, it is certain that pertur-

bation of this process, either globally or of a specific protein, accounts for many instances of congeni-

tal birth defects. In order to be successful, practical strategies to ameliorate conditions due to disrup-

tions in this post-translational modification will need to consider the multiple components of the SU-

MOylation machinery and the extraordinary number of proteins that undergo this modification. 

Keywords: SUMO, SUMO ligase, SENP protease, heart development, heart failure, cancer, neurodegenerative disease, con-
genital birth defects, spina bifida, neural tube.�

1. INTRODUCTION�
1.1. The SUMO Pathway�
 Small ubiquitin-like modifier (SUMO), an 11 kDa poly-
peptide, is present in four isoforms in higher eukaryotes (re-
viewed in [1-3]). SUMO2 and SUMO3 share 97% identity 
and are frequently represented as SUMO2/3; they share only 
about 50% identity with SUMO1. To a large degree, 
SUMO1 and SUMO2/3 are functionally distinct, exhibiting 
different target specificity in most, but not all, cases [4, 5]. 
SUMO isoforms 1 to 3 are expressed ubiquitously, whereas 
the occurrence of SUMO4 appears to be restricted to renal, 
immune, placental, and pancreatic cells [6-8].�
 The mechanism of SUMO conjugation to target proteins 
is similar to that of the ubiquitination pathway (Fig. 1). The 
precursor forms of SUMO are activated through proteolytic 
processing by members of the sentrin-specific proteases 
(SENP) to generate a C-terminal di-glycine, which is a sub-
strate for the first enzyme in the pathway, the E1 SUMO-
activating enzyme. This heterodimer, comprised of SAE1 
and UBA2 subunits, uses ATP to form a thioester linkage 
between SUMO and a cysteine in UBA2 [9]. The SUMO 
moiety is then passed to the E2 SUMO conjugating enzyme 
(UBC9). Although E2 is capable of acting directly on target 
proteins, in the majority of cases an E3 ligase is required for 
efficient transfer of the SUMO polypeptide to a specific tar-
get. Whereas only single E1 and E2 enzymes have been 
 

*Address correspondence to this author at the Department of Chemistry and 

Biochemistry,� University of Notre Dame,� Notre Dame, Indiana 46556, 

U.S.A;�Tel: 1-574-631-6042;�E-mail: phuber@nd.edu 

identified to date, there are multiple proteins with E3 activity 
that confer specificity and, thus, regulation on this process. 
Similarly, there are multiple members of the SENP family 
that remove SUMO from modified proteins and, thereby, add 
an additional level of control over this reversible post-
translational modification [10].�
 The SUMO modification of proteins appears to occur 
primarily in the nucleus. The expression of epitope-tagged 
SUMO2 in human cells combined with flow cytometry en-
abled the identification of more than 1,600 proteins conju-
gated to this SUMO isoform [11], the majority of which are 
nuclear proteins or those that are nucleocytoplasmic. This 
observation reflects the large number of transcription factors, 
RNA binding proteins, chromatin-associated proteins, and 
cell cycle regulators that are documented targets of SUMOy-
lation [12, 13]. However, a bioinformatics analysis of 
Xenopus egg extract revealed that an appreciable number 
(39.5%) of the identified SUMOylated proteins were linked 
to metabolic processes and protein synthesis (translation), 
indicating the importance of this post-translational modifica-
tion in cytoplasmic processes as well [14]. Subcellular com-
partmentalization of the SUMO machinery has also been 
reported. The E3 ligase, PIAS2b, is confined to the cyto-
plasm of Xenopus oocytes, but then immediately relocates to 
the nucleus after fertilization [15].�

1.2. Target Specificity�
 The steady-state level of SUMOylated protein in any 
given instance is typically low and has made detection of 
SUMO-modified proteins difficult [16]. A number of strate-
gies have been implemented in order to identify targets and a 
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recent compilation that encompassed all available proteomic 
data revealed that more than 3,500 human proteins undergo 
SUMOylation [17]. Formation of the isopeptide bond to tar-
get lysines usually occurs within the consensus sequence 
ΨKX(D/E) where Ψ  is a hydrophobic side chain. However, 
with the accumulation of more proteomic data, it is clear that 
lysines not embedded in this consensus sequence are also 
targeted. There is excellent evidence that SUMOylation of a 
particular site can be influenced by adjacent post-
translational modifications that include ubiquitination, acety-
lation, and methylation [18]. Notwithstanding these modifi-
cations, phosphorylation appears to be the most frequently 
used regulator of SUMOylation. Phosphorylation-dependent 
SUMO motifs (ΨKX(D/E)XXSP) are targets of proline-
directed kinases such as the cyclin-dependent kinases that 
likely account for the role of SUMO in progression through 
the cell cycle [12]. However, regulation of SUMOylation by 
phosphorylation in the absence of this sequence motif has 
also been documented [3]. The SUMOylation of lysines that 
do not occur in a consensus sequence has been documented, 
however, it is not clear how specificity is achieved in these 
cases [19, 20]. 

1.3. SUMOylation Products�
 Like ubiquitin, SUMO2/3 adducts can occur in the form 
of polymeric chains whose formation is reversible due to the 
action of SENP6, SENP7, and Ulp2 proteases [21]. On the 
other hand, SUMO1 lacks a consensus sequence for E2, 

which presumably accounts for its presence as a monomer or 
a cap on SUMO2/3 chains. Interestingly, the SUMO family 
members can undergo a variety of post-translational modifi-
cations that include phosphorylation, acetylation, and ubiq-
uitination [17]. The variety of possible polymeric structures 
combined with different post-translational modifications of 
individual subunits can generate molecules that rival glyco-
proteins in structural complexity and the ability to produce 
intricate signaling codes.�

1.4. SUMO Interaction Motifs�
 SUMO conjugation can affect the target protein in a 
number of ways: stability, intracellular localization, confor-
mation, or as a substrate for other post-translational modifi-
cations (often as a mutually exclusive alternative to ubiquiti-
nation). However, the primary role of SUMOylation is the 
control of protein-protein interactions. While the addition of 
the polypeptide could block an interaction simply by steric 
exclusion, SUMO often mediates contact to proteins that 
contain SUMO-interacting motifs (SIMs). β-strand structures 
in the SIM and SUMO interact chiefly by hydrophobic con-
tacts with electrostatic contacts also contributing to binding 
[22, 23]. For some SIMs, phosphorylation of an adjacent 
serine residue can enhance interaction with SUMO [24]. It is 
particularly notable that just as transcription factors are fre-
quent targets of SUMOylation, many also possess SIMs, 
explaining the major role of SUMO in the regulation of tran-
scription and chromatin structure. �

Fig. (1). The SUMO pathway. SUMO precursor polypeptide undergoes cleavage by a SENP protease to reveal a C-terminal di-glycine se-

quence (1) which is the substrate for the ATP-dependent formation of the covalent intermediate with the E1 SUMO activating enzyme (2). 

The SUMO polypeptide is transferred to the E2 SUMO conjugating enzyme (3). In most cases, an E3 SUMO ligase brings together the E2 

enzyme and substrate protein (4) to promote the transfer SUMO to the target (5). SUMO moieties can be removed by members of the SENP 

family of proteases (6). (The color version of the figure is available in the electronic copy of the article).�
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1.5. The SUMO Pathway is Essential for Viability�
 Knockout and knockdown mutations have shown that the 
SUMO pathway is essential in eukaryotes from yeast to ver-
tebrates [12, 25-28]. Mice deficient in the E2-conjugating 
enzyme die at an early post-implantation stage [27]. The loss 
of E2 enzyme results in a wide variety of nuclear phenotypes 
that include nuclear envelope dysmorphy, disruption of nu-
clear bodies, and failure of RanGAP1 to incorporate into the 
nuclear pore complex [27]. Similarly, SUMO2 deficiency is 
embryonic lethal, whereas, SUMO3 is not [29]. SUMO1 
knockout is not lethal and loss of this isoform appears to be 
compensated by SUMO2/3 [30, 31]. Gene knockout or other 
methods of gene inactivation that target other components of 
the SUMOylation machinery (i.e., E3 ligases and SENP pro-
teases) result in a variety of phenotypes [26].�

2. SUMO AND DISEASE�
 Given the large number of proteins regulated by SU-
MOylation and the variety of outcomes, it is not surprising 
that this post-translational modification has now been impli-
cated in a number of disparate diseases. We present a brief 
summary of pathologies where a connection to SUMOyla-
tion is firmly established and note those where a practical 
drug target may exist. We also call attention to those cases 
where a therapeutic strategy is less obvious.�

2.1. Cancer�
 SUMO targets proteins involved in the cell cycle [12, 32, 
33], chromatin structure [34, 35], DNA repair [36], as well 
as a variety of transcription regulatory factors that act as on-
cogenes and tumor suppressors [37, 38], accounting for the 
frequent connection of various cancers to this post-
translational modification. Indeed, among the first SUMO 
targets identified were promyelocytic leukemia protein 
(PML), a nuclear phosphoprotein, associated with acute 
promyelocytic leukemia [39] and p53 tumor suppressor [40, 
41].�
 Correlations of SUMOylation activity with cancer can 
involve components of the SUMO machinery (i.e., E1, E2, 
E3, or SENP proteases), transcription factors, or signaling 
molecules. In the first instance, altered levels of E1 
(SAE1/SAE2) have been implicated in lung [42, 43] and 
gastric [44] cancers and lymphoma [45]. A much greater 
number of cancers have been linked to E2 (Ubc9) activity 
[46-53] and E3 (ligase) activity [52, 54-62]. An equally large 
number of carcinoma cells have exhibited changes in the 
expression of SENP proteases (see reviews in [12, 37, 63]). 
The mutations that have been associated with various can-
cers can result in either an increase or decrease in the levels 
of SUMO-modified proteins, underscoring the fact that a 
simple imbalance in this post-translational modification is 
enough to be carcinogenic. SUMOylation itself is neither 
pro- nor anti-oncogenic. �
 The wide range of SUMO targets and the disparate ef-
fects of under or overexpression of constituents of the 
SUMO pathway make them challenging drug targets. None-
theless, several small molecule inhibitors of E1, E2, and 
SENP proteases have been reported [63, 64]. Therapeutic 
success may be realized only in cases where the drug can be 

delivered specifically to cancer cells. However, if such speci-
ficity can be realized, these molecules could be highly effec-
tive cytotoxins, given the appreciable number of cell cycle 
regulators and DNA repair enzymes that are regulated by 
SUMOylation [12, 36, 65-67]. Thus, cell death could be ini-
tiated through a number of disparate pathways working in 
parallel.�
 The epithelial-to-mesenchymal transition (EMT) is an 
essential process for cancer cell invasion and metastasis; 
moreover, the underlying changes in gene expression are 
also necessary for the establishment of cancer stem cell 
properties. The reprogramming of the transcriptome during 
the EMT is obviously controlled by the activity of an appre-
ciable number of transcription factors, many of which are 
regulated by SUMOylation [68]. Again, the consequences of 
changes in SUMOylation activity are likely to be complex, 
since several of the transcription factors that promote EMT 
and its converse, MET, are targeted by SUMO. And while 
SUMOylation of this group of factors generally activates 
transcription that favors the mesenchymal phenotype, this 
outcome is not absolute. Whereas inhibition of SUMOyla-
tion of FOXM1 and TFAP2A should promote an epithelial 
phenotype [69, 70], loss of SUMOylation should promote a 
TGFβ-induced mesenchymal phenotype [68]. Thus, many 
factors such as cell type, metabolic status, and microenvi-
ronment likely would determine how a change in SUMOyla-
tion activity impacts EMT in any particular instance. In 
Xenopus embryos in which SUMOylation activity is 
knocked down, there is a decreased expression of twist, zeb2, 
vimentin, and laminb1, and increased expression of zo2 that 
together indicate an epithelial phenotype [71]. The overall 
balance between mesenchymal and epithelial states may be 
tipped by SUMOylation, but in a therapeutic regimen, other 
cellular factors and processes may also need to be simulta-
neously manipulated along with any drug that targets the 
SUMOylation machinery. �
 Several proteins that are classified as tumor suppressors 
or oncogenes are targeted by SUMOylation. Regulation of 
p53 [72], Ras [73], and Myc [64] by SUMO have been re-
viewed. Myc controls the expression of several components 
of the SUMO pathway and overexpression of the oncogene 
can account for a hyper-SUMOylation state that promotes 
proliferation of breast cancer cells and B-cell lymphoma [45, 
74]. When E1 activity is knocked down, Myc-driven cell 
growth is halted and cells ultimately undergo cell death. Im-
portantly, small molecule inhibitors of E1 (anacardic acid) or 
E2 (2-D08) were effective in inducing growth arrest and 
apoptosis in B-cell lymphoma cells, but not in cells that 
overexpress other oncogenes. This differential effect indi-
cates that these small molecules are promising candidates for 
cancers driven by Myc. The usual caveat still applies con-
cerning specificity and the complexity of the SUMO regula-
tion [74]. Transcription factor network building demon-
strated that Myc is highly connected to genes affected by 
knock down of SUMOylation, indicating that dosing and 
duration of action will also be aspects of any therapeutic 
regiment [71]. Nonetheless, preliminary studies in mice are 
promising [45]. �
 Other examples of synthetic lethality or “non-oncogene 
addition” to SUMOylation have been reported for NOTCH1 
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[75] and Ras [76]. In the latter case, the mutant cells did not 
exhibit a hyper-SUMOylation state, but rather a more limited 
number of proteins whose degree of modification was 
changed [76]. Thus, there is an expanding number of malig-
nant transformations that require and depend on an elevated 
level of SUMOylation activity. Success at exploiting this 
phenotype will, in the first instance, require the development 
of drugs that target the SUMO pathway at considerably 
lower IC50 concentrations and, in the second instance, have 
minimal impact on the steady-state SUMOylation activity of 
normal cells.�
 There has been less examination of p53 most likely be-
cause regulation of p53 activity by SUMOylation is complex 
with the modification having a positive, negative, or no ef-
fect depending on the target gene in question [72]. In addi-
tion, regulators and co-activators of p53 such as MDM2 are 
also targets of SUMO [77]. However, it is reasonable to ex-
pect that, given the role of p53 in DNA repair, inhibition of 
SUMOylation activity would compromise its role in this 
process and, thus, contribute to cell death. �
 The exceptional number of cases in which a particular 
cancer exhibits dysregulation of SUMOylation, either glob-
ally or of a specific protein, makes a powerful case for the 
development of new drugs with improved IC50 and/or cell 
specificity. General inhibitors of the SUMO pathway, i.e., 
those that target E1, E2, or SENP proteases, would be par-
ticularly useful in those cases where the malignant transfor-
mation depends on highly elevated levels of SUMOylation 
activity, provided these drugs do not perturb the activity of 
normal cells. In cases that arise from a mutation in a single 
protein, the challenges are considerably greater, since the 
drug would likely need to be targeted specifically to the ab-
errant protein. �

2.2. Cardiovascular Disease�
 SUMO plays multiple and varied roles in the develop-
ment and function of the cardiovascular system [78-83]. De-
creased levels of SUMOylated proteins have been detected 
in cardiac injury due to ischemia [84, 85], dilated cardiomy-
opathy [86], and cardiac failure [87, 88], while increased 
levels are observed in some conduction system defects [89]. 
These cardiac phenotypes can, in some instances, be amelio-
rated by restoration of SUMOylated protein levels or SU-
MOylation activity.  

 Dysfunction of individual components of the SUMO 
pathway has been specifically attributed to particular cardio-
vascular abnormalities. Elevated levels of SENP5 occur in 
some instances of human idiopathic cardiac failure. Trans-
genic mice overexpressing SENP5 under control of the car-
diac specific α-MHC promoter exhibited dilated cardiomy-
opathy and heart failure due to decreased cell proliferation 
and increased apoptosis [90]. The hearts of these transgenic 
mice presented with diminished levels of SUMOylated Drp1, 
which is a factor critical for mitochondrial fission during 
steady state and apoptosis [90]. Knockdown of E2 expres-
sion using coronary artery infusion of short hairpin RNA 
lentiviral vectors significantly reduced the progression of 
cardiac fibrosis in mice that had undergone transverse aortic 
constriction [91]. Alternatively, transgenic mice overexpress-
ing E2 in cardiomyocytes exhibited increased cardiac auto-

phagy, which was associated with decreased fibrosis, re-
duced hypertrophy, and improved cardiac function and sur-
vival [92]. These studies reflect a discordant role for E2 in 
cardiac disease that is likely due to widespread disruption of 
SUMOylation activity in cardiomyopathy and illustrates the 
need for targeted therapies that spare global SUMOylation 
machinery and instead modify the specific factors perturbed 
during the disease state.  

 The ATPase controlling calcium reuptake in the mem-
brane of the sarcoplasmic reticulum of cardiac muscle, 
SERCA2a, is activated and stabilized by SUMOylation [87]. 
Reduction of SERCA2a activity compromises cardiac con-
tractility and results in cardiac failure in a mouse model [87]. 
Restoration of SUMOylated SERCA2a via SUMO-1 over-
expression rescued the cardiac failure phenotype by improv-
ing hemodynamic function and reducing mortality. Both 
SUMO-1 and SERCA2a gene delivery using an Adeno-
Associated Vector type 1 (AAV1) administered by antegrade 
coronary artery infusion significantly improved cardiac func-
tion and stabilized left ventricular volumes in a swine model 
of ischemic cardiac failure [85]. Post-mortem examination of 
the AAV1-treated swine two months following gene delivery 
did not reveal pathologies associated with off target effects. 
However, it will be critical to monitor for long term sequela 
of these therapies considering the systemic drug access af-
forded by coronary artery infusion and the compelling evi-
dence of SUMOylation anomalies in many malignancies 
[37].  

 The small molecule, N-(4-methoxybenzo[d]thiazol-2-yl)-
5-(4-methoxyphenyl)-1,3,4-oxadiazol-2-amine (N106), in-
creases the level of SUMOylated SERCA2a and improves 
contractility in a model of heart failure [93]. This drug tar-
gets the E1 enzyme of the SUMO pathway and increases its 
activity. However, N106 increases the overall level of SU-
MOylated proteins in general, which may restrict its use to 
acute treatment strategies. Luteolin, a plant-derived flavone, 
can partially reverse myocardial ischemia and reperfusion 
injury. This natural product appears to work on many levels, 
decreasing expression of miR-208b-3p [94], stimulating sig-
naling through the PI3K/Akt pathway [95], and increasing 
expression of SUMO1 and concomitant SUMOylation of 
SERCA2 [84]. Moreover, this drug can have a protective 
effect, with pretreatment reducing myocardial infarct size 
after myocardial ischemia and reperfusion injury [84]. While 
N106 and luteolin represent promising therapeutic targets 
that improve cardiac contractility by increasing SERCA2a 
SUMOylation, studies of long-term dosing and possible side 
effects, particularly increased incidents of malignancies, will 
determine whether they lead to a practical treatment for pre-
dispositions to heart failure.  

 Lamin A is a nuclear structural protein that plays a criti-
cal role in maintaining the cell nucleus and is a target of 
SUMO2 modification. Two mutations identified in naturally 
occurring human familial dilated cardiomyopathy alter a 
region of the protein necessary for SUMO modification; pa-
tients bearing these mutations presented lower levels of 
SUMO-conjugated lamin A [86]. Therapeutic strategies 
aimed at increasing levels of SUMOylated lamin A in pa-
tients presenting with these mutations represent a promising 
drug target that could, in part, rescue these dilated cardiomy-
opathies.  
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 SUMOylation has also been implicated in defects of the 
cardiac conduction system. Mutations in TRPM4, a calcium-
activated nonselective cation channel, prevent deSUMOyla-
tion of TRPM4 [89]. This gain of function mutation results 
in impaired endocytosis and increased levels of cation chan-
nels at the cell surface. The resulting increase in membrane 
leak conductance prevents action potential propagation 
through Purkinje fibers, which are cardiac cells specialized 
for conduction. Phenotypically, this mutation results in pro-
gressive familial heart block (type 1), a disease characterized 
by diminished function of the cardiac electrical system [89]. 
In this instance, the disease state results from increased lev-
els of SUMOylated TRPM4. This is in contrast to the cardiac 
injuries due to ischemia, cardiac failure, and dilated cardio-
myopathy described above, which are characterized by re-
ductions in SUMOylation. These studies further iterate the 
need for therapeutic strategies that target the SUMOylation 
status of a specific protein rather than those that globally 
modify SUMOylation activity.�

2.3. Neurodegenerative Disease�
 A number of proteins implicated in a variety of neurode-
generative diseases are targets of SUMOylation ([96] for a 
recent review of this topic). Indeed, multiple targets of 
SUMO may contribute to a particular neurological disorder 
with a noteworthy number of these proteins being involved 
in stress responses. In the case of Parkinson’s Disease (PD), 
an example is DJ-1, a transcription co-activator that becomes 
SUMOylated as part of the antioxidant response to ROS (Re-
active Oxygen Species) [97] and to UV irradiation [98]. The 
loss of DJ-1 function is seen as a marker for early stage PD 
and two different mutations in the gene have been observed 
in PD patients. One mutant removes the site of SUMO 
addition at K130 [98], while a second mutation that involves 
a substitution of proline for leucine at position 166 (L166P) 
actually enhances SUMOylation of the protein and seem-
ingly leads to its degradation [99]. In the latter case, a drug 
specific for the L166P mutant protein that makes it a poorer 
substrate for either the E2 conjugating enzyme or its cognate 
E3 ligase could potentially restore the correct balance in DJ-
1 solubility and, thus, be an effective treatment to lessen or 
delay the onset of PD pathology. �
 Another causative agent of PD is α-synuclein, which is 
also implicated in certain dementias, because of its presence 
in Lewy bodies. SUMOylation of α-synuclein appears to 
decrease its propensity to form aggregates [100], although 
contradictory data, i.e., SUMO-induced aggregation of α-
synuclein, has also been presented [101]. Until there is a 
better understanding of the normal function of α-synuclein 
and the effects of SUMOylation on its activity, it is not a 
promising drug target for PD.�
 Parkin is a ubiquitin E3 ligase that is mutated in a signifi-
cant number of instances of PD, consistent with the idea that 
deficits in the ubiquitin-proteasome system contribute to this 
disease [102]. Parkin associates with SUMO1 and promotes 
the ubiquitination and degradation of the SUMO E3 ligase, 
RanBP2 as well as α-synuclein [103]. Information to date 
suggests that the noncovalent interaction of Parkin with 
SUMO1 has an allosteric effect on the former and its nuclear 
localization. Thus, screens for drugs that alter this protein-

protein interaction would appear to be a promising starting 
point for a PD therapeutic. �
 Multiple targets of SUMO are at the heart of Alzheimer’s 
disease (AD) etiology, including Amyloid Precursor Protein 
(APP), β-secretase (BACE1), and tau. It is widely held that 
the proteolytic cleavage of APP by BACE1 to generate amy-
loid-beta (Aβ) peptide is a major causative factor in AD 
[104]. Deposition of Aβ plaques is a critical feature of AD 
even at early stages of the disease. Increased SUMOylation 
of APP is correlated with decreased levels of Aβ aggregation 
[105]. Consistent with this observation, increased expression 
of the SUMO E2 enzyme along with SUMO1 has the same 
mitigating effect. Thus, one can envision a therapeutic strat-
egy directed towards APP that is similar to the employment 
of the small molecules, N106 and luteolin, used to increase 
SUMOylation of SERCA2 to treat predispositions to heart 
failure. Such a targeted approach, as opposed to simple over-
expression of SUMO1, circumvents the problem that in-
creased SUMOylation of BACE1 leads to increased levels of 
Aβ [106].�
 Defective variants of tau, a microtubule associated pro-
tein abundant in neurons, are implicated in both PD and AD. 
The protein undergoes three post-translational modifications 
that impact its activity: phosphorylation, ubiquitination, and 
SUMOylation. There is evidence that ubiquitination and 
SUMOylation of tau is mutually exclusive [107], while SU-
MOylation and phosphorylation have a mutually positive 
effect on each other that prevent ubiquitin-dependent degra-
dation of tau [108]. Therapeutically, combined inhibition of 
SUMOylation and phosphorylation could have a synergistic 
effect on the accumulation of tau that, in turn, would coun-
teract tau aggregation and the formation of neurofibrillary 
tangles.�
 An apparent competition between ubiquitination and 

SUMOylation has also been established for the Huntingtin 

protein (HTT), the causative agent of Huntington’s Disease 
(HD) [109]. SUMOylation of mutant HTT, which has an 

expanded poly-glutamine sequence, increases its stability, 

but decreases aggregation, that together may contribute to 
cytotoxicity [109]. In a Drosophila model of HD, decreased 

levels of SUMO reduced neurodegeneration, suggesting that 

targeting mutant HTT to reduce its SUMOylation could be 
an effective means to stop HD. However, a far better target 

may be the G protein, Rhes (Ras homolog enriched in stri-

atrum), that stimulates the SUMOylation of mutant HTT, but 
not the wild type protein [110]. In this case, Rhes is acting 

like an E3 ligase, specifically for the mutant protein. Thus, 

inhibiting Rhes activity would allow for exquisite specificity 
with no perturbation of the SUMO proteome. Since Rhes 

expression is limited to the corpus striatum, a drug targeted 

to this protein would act in a tissue-specific fashion. Given 
the many adverse consequences of globally increasing or 

decreasing SUMOylation activity, it is essential to identify 

targets, as exemplified by Rhes, that will alter the modifica-
tion of one or a limited number of proteins.�
 Other SUMOylated proteins that have been implicated in 
neurodegerative diseases include ataxin-1, hypoxia-inducible 
factor 1α (HIF-1α), PML, superoxide dismutase 1 (SOD1) 
and various ataxin variants [96].�
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2.4. Congenital Birth Defects�
 General disruption of SUMOylation activity has been 
tied to developmental defects. For example, SUMO1 knock-
out mice exhibit ventricular and atrial septal defects [79]. A 
16-base pair substitution mutation in the upstream promoter 
region of the SUMO1 gene was identified in a patient dis-
playing both oral-facial clefts and atrial septal defects, sug-
gesting that diminished SUMOylation activity during gesta-
tion can often be the source of certain congenital defects 
[79]. This notion was underscored when a cohort of 87 new-
borns with atrial septal defects and oral-facial clefts were 
compared to 100 control newborns. Five members of the 
former group had mutations in the promoter region of the 
SUMO1 gene that resulted in decreased levels of the protein, 
while no mutations at SUMO1 were found in the control 
group [79]. SUMO1 hypomorphic mice exhibit reduced ex-
pression of several cell proliferation genes and increased 
expression of liver enriched genes, reflecting the extremely 
wide range of gene regulation by SUMO and the challenges 
of developing therapeutics for either a deficiency or excess 
of this protein, especially for in utero treatment. 

 Cardiac specific overexpression of SENP2, a deSUMOy-
lation enzyme, results in septal defects and cardiomyopathy 
in adult mice [111]. A decrease in cardiomyocytes was also 
observed. Since the SENP2 enzyme is specific for proteins 
conjugated to the SUMO1 isoform, it is likely that the re-
maining SUMO isoforms partially compensate for this loss 
[29, 31]. Furthermore, a SENP2 knockout in mice caused 
defects in the embryonic heart, which were correlated to an 
accumulation of SUMOylated forms of Pc2/CBX4 that led to 
a repression of GATA4 expression [82].  

 Experiments with Xenopus embryos in which all SU-
MOylation activity was temporarily knocked down follow-
ing fertilization up to early neuralization exhibited two 
prominent phenotypes later in development: heart defects 
and failure of neural tube closure (spina bifida) [71]. The 
former phenotype is consistent with earlier work [82, 112]; 
whereas, other than a report of SUMOylation of thymidylate 
synthase and dihydrofolate reductase [113], there has been 
no proposed causative link between SUMO and spina bifida. 
However, the knockdown of SUMOylation activity in 
Xenopus embryos disrupted planar cell polarity and supports 
the proposed relationship between this pathway and risk for 
spina bifida [114]. Perhaps the most notable observation in 
this case is that the temporary disruption of SUMOylation 
activity during the earliest stages of embryogenesis can have 
phenotypic consequences long after the activity has returned 
to normal levels, emphasizing the challenges of treating in-
stances of SUMOylation dysfunction that give rise to con-
genital defects. It is noteworthy that developmental abnor-
malities of the heart and neural tube are the two most com-
monly occurring birth defects in humans.  

 Transcription factors represent the majority of SUMO 
targets. Thus, it is not surprising that the post-translational 
modification has been implicated in congenital birth defects. 
While the most prominent are cleft lip/palate [115, 116] and 
heart defects [78, 79, 111, 112, 117], other developmental 
processes are likely disrupted due to aberrant SUMOylation 
[26]. Transcription factors that serve as master regulators of 
heart development and are modified by SUMO include se-

rum response factor (SRF) [118], myocardin [81], GATA4 
[80], Nkx2.5 [83], mef2 [119], YY1 [120], and prox1 [121]. 
Consequently, it is not surprising that proper development of 
the cardiovascular system is exceptionally sensitive to any 
perturbations of SUMOylation activity.�
 SRF is a highly conserved transcription factor required 
for mesoderm formation [122] and for the emergence of car-
diac sarcomeres [123]. Conditional SRF knockout in cardiac 
progenitor cells blocks the appearance of rhythmic beating 
myocytes [123]. Rescue of SRF

–/–
 null embryonic stem cells 

with a virally expressed SRF lysine 147 to alanine substitu-
tion mutation, which prevents SUMOylation, did not restore 
the expression of several SRF target genes, demonstrating 
the necessity of this post-translational modification for 
proper cardiovascular development [123]. Myocardin is a co-
activator of SRF that must also be SUMOylated in order to 
turn on critical cardiac genes such as MLC2 and BMP10 
[81].  

 The homeobox gene Nkx2.5 is required for normal car-
diac development and is highly conserved among verte-
brates. It is expressed both in early cardiac progenitor cells 
before cardiogenic differentiation and in adult cardiac cells. 
Nkx2.5 is modified by SUMOylation at lysine 51 and muta-
tion of this site to an arginine residue prevents addition of 
SUMO and reduces the ability of Nkx2.5 to bind DNA [83]. 
Homozygous knockout mice develop hearts that fail to un-
dergo looping morphogenesis, exhibit poor blood circulation, 
and develop pericardial edema [124]. These embryos die 
during embryogenesis due to early hemodynamic insuffi-
ciency.  

 YY1 is a ubiquitously expressed transcription factor that 
regulates genes involved in embryonic development, apopto-
sis, and cell cycle regulation; as such, it has been associated 
with a number of cancers [125, 126]. YY1 is necessary for 
cardiomyocyte differentiation; knocking out YY1 during 
early development (before formation of the precardiac meso-
derm) prevents cardiomyocyte formation [127]. YY1 activity 
is regulated by SUMOylation on lysine 288 [120, 126].  

 GATA4, a zinc-finger transcription factor, regulates ex-
pression of several cardiac genes such as α-myosin heavy 
chain (α-MHC) and Atrial Natriuretic Factor (ANF). Muta-
tion of lysine 366 to arginine blocks SUMOylation of 
GATA4 and alters its nuclear localization [80]. In mice, 
point mutations in GATA4 that impair its interaction with 
FOG-2, an essential cardiac co-factor, result in septation and 
coronary vasculature defects [128] similar to those seen in 
human patients with congenital heart defects linked to 
GATA4 mutations [129]. 

 SUMOylation also impacts development through its 
regulation of autophagy [130, 131], which is critical for 
many morphological processes, including cardiac develop-
ment [132-134]. Morpholino knockdowns of essential auto-
phagy genes (atg5, atg7, becn1) in zebrafish embryos re-
sulted in numerous cardiac abnormalities including failure in 
looping and valve defects [133]. 

 While there is overwhelming evidence that mutations that 
disrupt SUMOylation, either globally or of a specific protein, 
are frequently the basis for congenital defects that occur dur-
ing early development, how they can be identified and cor-
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rected is much less obvious. The experiments with Xenopus 
revealed that even temporary repression of SUMOylation 
activity during early embryogenesis can engender acute 
morphological defects at later points in development [71], 
meaning preventative intervention would likely have to oc-
cur prior to fertilization. At this time, genetic screening 
combined with gene editing (of eggs) appears to be the most 
feasible, albeit complex, means to this end. 

CONCLUSION AND FUTURE DIRECTIONS 

 The activity, stability, and intracellular location of a con-
siderable number of proteins, implicated in a spectrum of 
diseases, are regulated by SUMOylation. This has prompted 
considerable interest in the development of drugs that target 
members of the SUMOylation pathway. However, the scope 
of the SUMO network and the huge number of biological 
processes under its control presents seemingly insurmount-
able challenges. The association of various cancers with ei-
ther increased or decreased levels of SUMOylation suggests 
that any perturbation of this activity can have a negative out-
come. Notwithstanding this caveat, general inhibitors may 
still hold promise in cases of synthetic lethality where the 
cancer relies on a hyper-SUMOylation state. This therapeutic 
strategy will require dosing that leaves the SUMOylation 
activity of normal cells unchanged while reducing the activ-
ity of cancer cells sufficiently to prevent oncogene-driven 
malignant transformation. Another reasonable approach is to 
deliver an inhibitor of the SUMOylation machinery directly 
to cancer cells.  

 Similar concerns apply to the small molecule drug, N106, 
which increases E1 activity and, thereby, increases SUMOy-
lation of SERCA2, and has been proposed as a treatment for 
heart failure [93]. Long-term studies will be needed to de-
termine whether there are increased incidents of cancers or 
neurodegenerative diseases with prolonged treatment. 

 In cases where the disease can be traced to a single pro-
tein, different strategies can be envisioned. If a mutation 
does not eliminate the site of SUMOylation, but only 
changes the degree, efforts can be made to identify a mole-
cule that targets and restores normal levels of modification 
specifically of this protein. It is worth noting that only a frac-
tion of any given protein appears to be SUMOylated in vivo, 
suggesting that there may be considerable latitude in identi-
fying molecules that change the degree of SUMOylation of 
any individual protein [16]. Between drugs that globally af-
fect SUMOylation by targeting the SUMO pathway and 
drugs that bind to an individual protein and change its activ-
ity as a substrate for SUMO modification, there could poten-
tially be a class of drugs that target one of the E3 SUMO 
ligases. Since the ligases promote SUMOylation of a subset 
of proteins, targeting a specific E3 ligase would be less dis-
ruptive to the SUMO-proteome, reducing the potential for 
inducing other diseases associated with SUMOylation dys-
function. An excellent example is the aforementioned Rhes 
protein that acts as an E3 ligase, specifically for the mutant 
HTT protein [110]. Drugs that target E3 ligases of the ubiq-
uitin system have, in fact, shown some success [135].  

 There is accumulating evidence that an appreciable num-
ber of incidents of congenital birth defects are due to muta-
tions that either reduce SUMOylation activity in general [71, 

79, 114] or prevent modification of a specific protein [117, 
128, 136]. These cases will require identification of muta-
tions and corrective measures (i.e., gene therapy or gene ed-
iting) prior to fertilization. While there are no examples of 
this type of intervention at present, its ultimate realization 
gives additional urgency to the development of CRISPR 
methods for gene repair [137].  
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