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Review Article
Sumoylation modulates oxidative stress relevant to the
viability and functionality of pancreatic beta cells
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Abstract: Sumoylation is an evolutionarily conserved regulatory mechanism to play an important role in various cel-
lular processes through modulation of protein localization, stability and functionality. Recent studies including ours
have consistently demonstrated that sumoylation provides protection for cells against oxidative stress. Given that
pancreatic beta cells are a vulnerable target of oxidative stress, we thus in this minireview, updated the advance-
ment of sumoylation in the regulation of ROS generation, and discussed its impact on several critical signaling path-
ways relevant to beta cells against oxidative stress and maintenance of functionality. Specifically, we bring together
how sumoylation represses intracellular ROS formation, and protects beta cells against oxidative stress through
regulating IkB/NFkB, JNK/c-Jun, and Maf/Nrf2 pathways. The tight implication of sumoylation in oxidative stress
reflects that it could be an essential mechanism for beta cells to adapt to the detrimental cellular microenvironment.
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Introduction

Oxidative stress is now known to be associated
with nearly all pathological states, especially
those involving inflammatory processes [1]. It
refers to a persistent imbalance between the
excessive productions of reactive oxygen spe-
cies (ROS) and the limited capacity to detoxify
those reactive intermediates. ROS, defined as
highly reactive molecules including charged
species such as superoxide anion (0%), hydroxyl
radicals (HOe), and uncharged species such as
hydrogen peroxide (H,0,) [2, 3]. In mammalian
cells, ROS are formed continuously under phys-
iological condition as a consequence of meta-
bolic reactions, and these cellular oxidants
have recently been recognized as signaling
molecules essential for the regulation of cellu-
lar processes and functionalities [4]. In con-
trast, ROS accumulation along with oxidative
stress is a common feature under diseased
condition. For example, under diabetic condi-

tion, increased glucose flux not only enhances
oxidant production but also impairs antioxidant
defenses, thereby leading to ROS accumulation
and oxidative stress [5, 6]. Extensive studies for
the past few decades have clearly demonstrat-
ed the enzymes implicated in ROS detoxifica-
tion, while the molecular mechanisms underly-
ing the regulation of ROS production and
detoxification are remained to be fully elu-
cidated.

In type 1 diabetes (T1D), autoimmune respons-
es against beta cell self antigens lead to the
production of copious amounts of inflammatory
cytokines, which then induce excessive ROS
generation and oxidative stress to mediate beta
cell destruction. Indeed, animals with beta cell
specific expression of antioxidant enzymes are
resistant to developing type 1 diabetes, and
beta cells deficient in Nox2, the main intracel-
lular ROS producer, are protected from cyto-
kine- or alloxan-induced apoptosis [7-9]. As
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such, oxidative stress resulted from autoim-
mune responses is believed to be the leading
cause for beta mass loss in the pathogenesis
of type 1 diabetes [10]. Unlike type 1 diabetes,
beta mass loss in type 2 diabetes, however, is
first manifested by a period of beta cell dys-
function [11]. Sustained exposure of isolated
islets to high glucose induces increases of
intracellular ROS [12, 13], which renders beta
cells undergoing apoptosis. It has now become
evident that oxidative stress caused by chronic
exposure to elevated glucose or fatty acid con-
tributes to beta cell death in type 2 diabetes
[14, 15]. Collectively, beta cell death caused by
oxidative stress is likely a major mechanism for
beta mass loss shared by both type 1 and type
2 diabetes.

Post-translational attachment of a small ubiqui-
tin-like modifier (SUMO) to the lysine (K)
residue(s) of a target protein (defined as
sumoylation) is an evolutionarily conserved reg-
ulatory mechanism [16, 17]. To be functionally
active, SUMO needs to be hydrolyzed by a
SUMO-specific protease (SENP) to expose its
C-terminal diglycine motif, a prerequisite for its
covalent conjugation to the substrate proteins.
The sumoylation process involves a SUMO-
activating enzyme (E1, Uba2/Aosl), a single
SUMO-conjugating enzyme (E2, Ubc9), and a
SUMO-E3 ligase (such as the PIAS family or
RanBP2) [18]. Sumoylation is a reversible pro-
cess and, in some cases, dynamic cycles of
sumoylation/desumoylation of target proteins
are required for cellular processes [18, 19].
Over the past few years, sumoylation is not only
found to be an important regulatory mecha-
nism for the functionality of many vital cellular
proteins, but also found to be a major player in
the pathogenesis of human diseases such as
Huntington’s disease, Parkinson’s disease,
Alzheimer’s disease, cancer and cardiovascular
diseases [20]. Particularly, studies including
ours have consistently demonstrated that
sumoylation regulates the capacity of cells
against oxidative stress [16]. Our recent stud-
ies further revealed that sumoylation regulates
cell viability through repressing intracellular
ROS generation [21, 22]. While these results
are important and exciting, its impact on pan-
creatic beta cells, a ROS vulnerable target, is
yet to be fully elucidated. Therefore, in this mini-
review we intend to summarize the advance-
ment for the impact of sumoylation on ROS gen-
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eration and the related signaling pathways for
beta cells against oxidative stress.

Sumoylation regulates ROS generation

The NADPH oxidases (Nox) have been recog-
nized to be the major source of reactive oxygen
species (ROS) relevant to oxidative stress in
mammalian cells [23]. The Nox family is con-
sisted of 7 members (Nox1 to 5, and Duox 1
and 2) implicated in diverse pathophysiological
processes such as host defense, cellular sig-
naling, thyroid hormone synthesis and otoconia
formation [24]. The Nox enzymes are oxidore-
ductases characterized by 6 transmembrane
domains and two centrally coordinated heme
residues and C-terminal regions for binding of
FAD and NADPH [25]. The production of super-
oxide is featured by the donation of electrons
from NADPH along with reduction of oxygen.

Of note, the Nox enzymes responsible for ROS
formation was originally characterized in phago-
cytes such as dendritic cells and macrophages
[26, 27]. However, it was recently found that
other types of cells also express isoforms of
certain Nox enzymes [28, 29]. For example,
NOX2 is a complex consisting of membrane-
bound elements (gp91phox/Nox2 and p22-
phox) and cytosolic components (p47phox,
p67phox, and GTPases Racl1/2), while studies
in mice revealed that pancreatic beta cells also
express the NOX2 related elements such as
gp91phox (Nox2), p22phox and p47phox, sug-
gesting that NOX2 is also employed by pancre-
atic beta cells during physiological or pathologi-
cal processes. Indeed, combination of cyto-
kines (e.g., IL-1B, IFN-y and TNF-a) induced
excessive ROS production along with pancreat-
ic beta cells undergoing apoptosis through up-
regulation of Fas and Fas ligand [30]. As a
result, animals with ectopic expression of anti-
oxidant enzymes in the pancreatic beta cells
are resistant to developing type 1 diabetes [31,
32], and beta cells deficient in Nox2, a major
ROS producer, are protected from cytokine- or
alloxan-induced apoptosis [33].

Interestingly, previous studies including ours
have consistently demonstrated that sumoy-
lation regulates intracellular stress [34, 35].
Particularly, SUMO1 and the SUMO-specific
conjugating enzyme, Ubc9, are found to dose-
dependently suppress the activity of NAPDH
oxidase 5 (Noxb). Given that SUMO1 did not
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show a perceptible impact on Nox5 expression
and calcium levels, the suppressive effect is
likely caused by its direct sumoylation. Indeed,
sumoylated form of Nox5 was detected and
ectopic expression of SUMO1 prevented Nox5
from ubiquitin mediated degradation [36].
More importantly, SUMO1 is also found with the
capability to suppress ROS generation from
Nox1 and Nox4, and inhibition of sumoylation
function by anacardic acid attenuated ROS pro-
duction. Collectively, these results suggest that
sumoylation may function as a regulatory
mechanism to limit ROS generation for cells
against oxidative stress. It is worthy of note, a
significant protein sumoylation turnover in NIT-1
cells, anonobese diabetic (NOD) mouse derived
beta cell line, upon a combination of cytokine
stimulation was noted, and furthermore, ecto-
pic SUMO1 expression provided protection for
NIT-1 cells against cytokine induced apoptosis
(unpublished data). Taken together, there is
feasible evidence suggesting that sumoylation
of Nox enzymes may protect beta cells against
oxidative stress through limiting ROS genera-
tion.

Sumoylation wrestles with the IkB/NFkB
pathway

The nuclear factor kB (NFkB) is a family of tran-
scription factors including RelA (p65), RelB,
c-Rel, NFkB1 (p105/p50) and NFkB2 (p100/
p52) with implications in immune response and
cell survival or death. They can be either formed
as homo or heterodimers to regulate the
expression of downstream genes. Among
which, the p50/RelA and p52/RelA heterodi-
mers are the most commonly studied [37]. In
most cases NFKB maintains inactive in the
cytoplasm by non-covalent interaction with the
IKB proteins such as IkBa, 3 or y. Upon a variety
of stimuli such as cytokines, bacterial or viral
infections, IkB is phosphorylated by the IkB
kinase (IKK) complex, which then leads to the
degradation of IkB, and NFkB is thus released
from IkB and translocated into the nucleus for
transcription of genes relevant to immune
response or intracellular stress [38-40].

Of note, sumoylation has been recognized to
actively regulate the IkB/NFkB pathway through
modulation of their activation and functionality.
For example, studies revealed that H,0, induc-
es NFkB activation through sumoylation of
NFkB essential modulator (NEMO), the regula-
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tory subunit of the IkB kinase [41, 42], in which
H,O, increases PIASy-NEMO interaction and
NEMO sumoylation. Indeed, PIASy is found to
be a SUMO ligase for NEMO whose substrate
specificity seems to be controlled by IKK inter-
action and oxidative stress conditions [43].
Therefore, NEMO sumoylation provides protec-
tion for cells against apoptosis [44]. There is
also evidence that SUMO directly sumoylates
IkBa, by which it blocks the translocation of
NFkB p65 subunit into the nucleus to prevent
IL-12 secretion, which renders naive CD4 T
cells preferentially differentiate into Th2 cells
[45]. Recent data demonstrate a reciprocal
interaction between SUMO and NFkB. RelA
sumoylation mediated by PIAS3 is induced by
NFKB activation, which in turn represses NFkB
transcriptional activity, this could serve as a
negative regulatory mechanism for the NFkB
signaling [46]. In general, sumoylation stabiliz-
es IkBa from signal induced degradation, and
by which it suppresses NFKB transcriptional
activity associated with anti-inflammatory or
anti-apoptosis effect.

Sumoylation regulates the JNK/c-Jun signal-
ing

The c-Jun N-terminal kinase (JNK) is a kinase
strongly associated with many different stress
stimuli and cell death [47, 48]. Interestingly,
sumoylation acts on this signaling pathway
through various mechanisms. In a model with
H,O, induced oxidative stress, ectopic SUMO1
expression increased JNK phosphorylation and
exacerbated cell death. In contrast, inhibition
of sumoylation by transfection of SENP1 down-
regulated JNK activity, which protected cells
from H,0O, induced death [49]. The transcription
factor c-Jun, part of the activator protein 1 (AP-
1) complex, is a major downstream target in the
JNK pathway. Oxidative stress induced a
marked increase in protein sumoylation includ-
ing c-Jun, which is a part of hypersumoylation
response upon JNK activation in a ROS-
dependent manner [50]. JNK activates the
c-Jun transcription factor, while sumoylation
attenuates its transcriptional activity [51]. As a
result, knockdown of PIAS1, a SUMO E3 ligase,
not only inhibited hypersumoylation induced by
ROS, but also enhanced JNK signaling [52]. Of
note, sumoylation possesses a double-edged
function in modulating JNK-dependent oxida-
tive stress, in which PIAS1, a SUMO E3 ligase,
is a direct downstream target of JNK pathway
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[52], while sumoylation inhibits the apoptosis
signal-regulating kinase 1 (ASK1) activation,
which is an upstream activator of JNK [53].

Sumoylation of homeodomain-interacting pro-
tein kinase (HIPK) is actively participated in the
regulation of JNK signaling. HIPK is involved in
a variety of biological processes, some of which
are in common with the JNK pathway such as
apoptosis and morphogenesis [54-57]. For
example, knockdown of Drosophila SUMO gene
(Smt3) upregulates the JNK signaling pathway,
while this enhanced JNK activity can be attenu-
ated by suppression of HIPK expression.
Sumoylation sequesters HIPK in the nucleus,
while desumoylation renders HIPK cytoplasmic
translocation, leading to JNK activation [58].

Sumoylation modulates the Maf/Nrf2 activity

The Maf proteins, including c-Maf, MafA and
MafB, are transcriptional activators of tissue-
specific genes and regulators of cell differentia-
tion. MafA expression is primarily limited to the
insulin-producing beta cells and relates to the
insulin gene, as well as other genes relevant to
the function of pancreatic beta cells [59].
Recent studies revealed that sumoylation of
MafA serves as a post-translational regulatory
mechanism to negatively regulate its transcrip-
tional and transforming activities [60].
Incubation of beta cells in low glucose (2 mM)
or under oxidative stress condition induced by
H,0, increases the sumoylation of endogenous
MafA. The mutant MafA (K32R), which lacks the
SUMO1 acceptor site, is not able to repress
reporter gene expression, whereas wild-type
MafA sumoylated by SUMOA elicits statistically
significant repression. Given that the function-
ality of MafA is required for the development
and maintenance of mature insulin-producing
beta cells [61], sumoylation of MafA may play
an essential role in the regulation of insulin
secretion and beta cell viability.

c-Maf, another member of Maf families, trans-
activates the IL-4 gene to induce Th2 cell devel-
opment. Therefore, abnormalities in c-Maf may
contribute to the reduced IL-4 production by
CD4 T cells from NOD mice. Interestingly,
sumoylation of c-Maf represses its binding to
the IL-4 promoter, leading to less amount of
IL-4 production, and by which it limits the pro-
tective Th2 responses [62]. As a result,
enhanced c-Maf sumoylation is considered
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contributing to immune deviation in type 1 dia-
betes by reducing c-Maf access to and transac-
tivation of the IL-4 gene [63]. However, it
remained unclear whether sumoylation of
c-Maf also promotes T cell apoptotic sensitivity
other than inhibiting IL-4 secretion during the
development of type 1 diabetes [64].

Nrf2, a key transcriptional activator of the anti-
oxidant response pathway, usually forms a het-
erodimer with small Maf (sMaf) proteins and
binds to the antioxidant response elements
(AREs), through which it activates a battery of
genes involved in various aspects of cytopro-
tective and metabolic functions under oxidative
stress conditions [65]. For example, upon form-
ing the heterodimer with small Maf proteins it
transcripts antioxidant and detoxificant genes
implicated in cell survival [66]. Interestingly,
sumoylation was recognized to enhance Nrf2
and small Maf protein (MafG) heterodimeriza-
tion, and to increase their binding activity to the
antioxidant response element (ARE). Therefore,
sumoylation of Nrf2 and MafG is associated
with more GSH synthesis, which renders cells
with higher capacity against oxidative stress
[67]. Indeed, genes that regulate glucose
metabolism and several amino acid transport-
ers are identified as Nrf2-MafG targets, demon-
strating diverse roles for the Nrf2-MafG het-
erodimer in stress response [65]. There is also
evidence suggesting that Nrf2 serves as a
PPARy agonist to increase insulin sensitivity rel-
evant to enhanced antioxidant activity [68].
Furthermore, the Keapl-Nrf2 signaling path-
way has been found to down-regulate NFkB
transcriptional activity and attenuate cytokine-
induced expression of proinflammatory genes
[69]. Taken all these results together,
sumoylation of Maf and/or Nrf2 provides pro-
tection for beta cells against oxidative stress
during the course of diabetes development.

Perspectives

Sumoylation has been consistently recognized
to function as a revolutionarily conserved regu-
latory mechanism involved in different cellular
processes against oxidative stress. Given the
critical role of pancreatic beta cells played in
the regulation of blood glucose homeostasis,
sumoylation of substrate proteins in beta cells
has now been realized essential for beta cells
against oxidative stress and maintenance of
functionality. However, the overall impact of
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sumoylation on beta cells is a homeostatic
effect of multiple substrates in a manner of
temporal sumoylation turnover. On the one
hand, sumoylation of some particular targets is
beneficial, by which it selectively activates or
inhibits key proteins in different signal path-
ways to protect beta cells from oxidative stress.
On the other hand, sumoylation of certain tar-
gets may exhibit a disadvantageous effect; for
example, sumoylation of Keratin reduces its
solubility, thereby limiting its cytoprotective
function. It is worthy of note, the mechanisms
underlying temporal and spatial regulation of
sumoylation turnover during oxidative stress
are yet to be fully addressed. Also, the function-
al heterogeneity of different SUMO forms along
with various target proteins and corresponding
consequences in beta cells remained to be elu-
cidated. Therefore, future investigations aimed
to dissect those challenging questions would
be necessary.

Acknowledgements

This work was supported by the National
Natural Science Foundation of China (811-
30014 and 81100538), the Chinese Ministry
of Science & Technology (2012BAI39B05), and
the European Foundation for the Study of
Diabetes (EFSD)/Chinese Diabetes Society
(CDS)/Lilly Program for Collaborative Diabetes
Research between China and Europe.

Disclosure of conflict of interest

The authors declare no competing financial
interests.

Address correspondence to: Dr. Cong-Yi Wang or
Qi-Lin Yu, The Center for Biomedical Research,
Tongji Hospital, Tongji Medical College, Huazhong
University of Science and Technology, 1095 Jiefang
Ave., Wuhan 430030, China. Tel: 86-27-8366-3485;
E-mail: wangcy@tjh.tjmu.edu.cn (CYW); flyfish@126.
com (QLY)

References

[1] Reuter S, Gupta SC, Chaturvedi MM and Ag-
garwal BB. Oxidative stress, inflammation, and
cancer: how are they linked? Free Radic Biol
Med 2010; 49: 1603-1616.

[2] D’Autreaux B and Toledano MB. ROS as signal-
ling molecules: mechanisms that generate
specificity in ROS homeostasis. Nat Rev Mol
Cell Biol 2007; 8: 813-824.

357

(3]

(10]

(11]

[12]

(13]

(14]

(15]

(16]

Gill SS and Tuteja N. Reactive oxygen species
and antioxidant machinery in abiotic stress tol-
erance in crop plants. Plant Physiol Biochem
2010; 48: 909-930.

Kalghatgi S, Spina CS, Costello JC, Liesa M,
Morones-Ramirez JR, Slomovic S, Molina A,
Shirihai OS and Collins JJ. Bactericidal antibiot-
ics induce mitochondrial dysfunction and oxi-
dative damage in Mammalian cells. Sci Transl
Med 2013; 5: 192ra185.

Giacco F and Brownlee M. Oxidative stress and
diabetic complications. Circ Res 2010; 107:
1058-1070.

Brownlee M. The pathobiology of diabetic com-
plications: a unifying mechanism. Diabetes
2005; 54: 1615-1625.

Jiao J, Dou L, Li M, Lu Y, Guo HB, Man Y, Wang
S and Li J. NADPH oxidase 2 plays a critical role
in dysfunction and apoptosis of pancreatic be-
ta-cells induced by very low-density lipoprotein.
Mol Cell Biochem 2012; 370: 103-113.
Seleme MC, Lei W, Burg AR, Goh KY, Metz A,
Steele C and Tse HM. Dysregulated TLR3-de-
pendent signaling and innate immune activa-
tion in superoxide-deficient macrophages from
nonobese diabetic mice. Free Radic Biol Med
2012; 52: 2047-2056.

Morran MP, Omenn GS and Pietropaolo M. Im-
munology and genetics of type 1 diabetes. Mt
Sinai J Med 2008; 75: 314-327.

Lenzen S. Oxidative stress: the vulnerable be-
ta-cell. Biochem Soc Trans 2008; 36: 343-347.
Cnop M, Welsh N, Jonas JC, Jorns A, Lenzen S
and Eizirik DL. Mechanisms of pancreatic be-
ta-cell death in type 1 and type 2 diabetes:
many differences, few similarities. Diabetes
2005; 54 Suppl 2: S97-107.

Puddu A, Sanguineti R, Montecucco F and Vivi-
ani GL. Glucagon-like peptide-1 secreting cell
function as well as production of inflammatory
reactive oxygen species is differently regulated
by glycated serum and high levels of glucose.
Mediators Inflamm 2014; 2014: 923120.

Pi J, Bai Y, Zhang Q, Wong V, Floering LM, Dan-
iel K, Reece JM, Deeney JT, Andersen ME, Cor-
key BE and Collins S. Reactive oxygen species
as a signal in glucose-stimulated insulin secre-
tion. Diabetes 2007; 56: 1783-1791.

Zuo Z, Wu T, Lin M, Zhang S, Yan F, Yang Z,
Wang Y and Wang C. Chronic Exposure to Tri-
butyltin Chloride Induces Pancreatic Islet cell
Apoptosis and Disrupts Glucose Homeostasis
in male mice. Environ Sci Technol 2014; 48:
5179-86.

Donath MY, Ehses JA, Maedler K, Schumann
DM, Ellingsgaard H, Eppler E and Reinecke M.
Mechanisms of beta-cell death in type 2 diabe-
tes. Diabetes 2005; 54 Suppl 2: S108-113.
Yang P, Zhang Y, Xu J, Zhang S, Yu Q, Pang J,
Rao X, Kuczma M, Marrero MB, Fulton D, Kraj

Am J Transl Res 2014;6(4):353-360


mailto:86-27-8366-3485flyfish@126.com
mailto:wangcy@tjh.tjmu.edu.cn

[17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

358

Sumoylation in beta cell survival and function

P, Su'Y and Wang CY. SUMO1 regulates endo-
thelial function by modulating the overall sig-
nals in favor of angiogenesis and homeostatic
responses. Am J Transl Res 2013; 5: 427-440.
Yang XJ and Chiang CM. Sumoylation in gene
regulation, human disease, and therapeutic
action. F1000Prime Rep 2013; 5: 45.

Yeh ET. SUMOylation and De-SUMOylation:
wrestling with life’'s processes. J Biol Chem
2009; 284: 8223-8227.

Wang Y and Dasso M. SUMOylation and deSU-
MOylation at a glance. J Cell Sci 2009; 122:
4249-4252.

Sarge KD and Park-Sarge OK. Sumoylation and
human disease pathogenesis. Trends Biochem
Sci 2009; 34: 200-205.

Shrivastava V, Pekar M, Grosser E, Im J and Vi-
godner M. SUMO proteins are involved in the
stress response during spermatogenesis and
are localized to DNA double-strand breaks in
germ cells. Reproduction 2010; 139: 999-
1010.

Bossis G and Melchior F. SUMO: regulating the
regulator. Cell Div 2006; 1: 13.

Reinehr R, Gorg B, Becker S, Qvartskhava N,
Bidmon HJ, Selbach O, Haas HL, Schliess F
and Haussinger D. Hypoosmotic swelling and
ammonia increase oxidative stress by NADPH
oxidase in cultured astrocytes and vital brain
slices. Glia 2007; 55: 758-771.

Bokoch GM, Diebold B, Kim JS and Gianni D.
Emerging evidence for the importance of phos-
phorylation in the regulation of NADPH oxidas-
es. Antioxid Redox Signal 2009; 11: 2429-
2441,

Bedard K, Lardy B and Krause KH. NOX family
NADPH oxidases: not just in mammals. Biochi-
mie 2007; 89: 1107-1112.

Kotsias F, Hoffmann E, Amigorena S and Savi-
na A. Reactive oxygen species production in
the phagosome: impact on antigen presenta-
tion in dendritic cells. Antioxid Redox Signal
2013; 18: 714-729.

van der Vliet A. Nox enzymes in allergic airway
inflammation. Biochim Biophys Acta 2011;
1810: 1035-1044.

Touyz RM, Briones AM, Sedeek M, Burger D
and Montezano AC. NOX isoforms and reactive
oxygen species in vascular health. Mol Interv
2011; 11: 27-35.

Bokoch GM and Knaus UG. NADPH oxidases:
not just for leukocytes anymore! Trends Bio-
chem Sci 2003; 28: 502-508.

Suarez-Pinzon W, Sorensen O, Bleackley RC,
Elliott JF, Rajotte RV and Rabinovitch A. Beta-
cell destruction in NOD mice correlates with
Fas (CD95) expression on beta-cells and proin-
flammatory cytokine expression in islets. Dia-
betes 1999; 48: 21-28.

(31]

(32]

[33]

(34]

[35]

(36]

(37]

(38]

(39]

[40]

[41]

[42]

Song MY, Kim EK, Moon WS, Park JW, Kim HJ,
So HS, Park R, Kwon KB and Park BH. Sulfora-
phane protects against cytokine- and strepto-
zotocin-induced beta-cell damage by suppress-
ing the NF-kappaB pathway. Toxicol Appl
Pharmacol 2009; 235: 57-67.

Wang J, Cao Y, Chen Y, Chen Y, Gardner P and
Steiner DF. Pancreatic beta cells lack a low glu-
cose and 02-inducible mitochondrial protein
that augments cell survival. Proc Natl Acad Sci
U S A2006; 103: 10636-10641.

Xiang FL, Lu X, Strutt B, Hill DJ and Feng Q.
NOX2 deficiency protects against streptozoto-
cin-induced beta-cell destruction and develop-
ment of diabetes in mice. Diabetes 2010; 59:
2603-2611.

Chen CH, Chang CC, Lee TH, Luo M, Huang P,
Liao PH, Wei S, Li FA, Chen RH, Zhou XZ, Shih
HM and Lu KP. SENP1 deSUMOylates and reg-
ulates Pinl protein activity and cellular func-
tion. Cancer Res 2013; 73: 3951-3962.
Dangoumau A, Veyrat-Durebex C, Blasco H,
Praline J, Corcia P, Andres CR and Vourc’h P.
Protein SUMOylation, an emerging pathway in
amyotrophic lateral sclerosis. Int J Neurosci
2013; 123: 366-374.

Pandey D, Chen F, Patel A, Wang CY, Dimitro-
poulou C, Patel VS, Rudic RD, Stepp DW and
Fulton DJ. SUMO1 negatively regulates reac-
tive oxygen species production from NADPH
oxidases. Arterioscler Thromb Vasc Biol 2011;
31: 1634-1642.

Legrand-Poels S, Schoonbroodt S, Matroule JY
and Piette J. Nf-kappa B: an important tran-
scription factor in photobiology. J Photochem
Photobiol B 1998; 45: 1-8.

Beg AA, Ruben SM, Scheinman RI, Haskill S,
Rosen CA and Baldwin AS Jr. | kappa B inter-
acts with the nuclear localization sequences of
the subunits of NF-kappa B: a mechanism for
cytoplasmic retention. Genes Dev 1992; 6:
1899-1913.

Baeuerle PA and Baltimore D. NF-kappa B: ten
years after. Cell 1996; 87: 13-20.

Feldmann M, Andreakos E, Smith C, Bondeson
J, Yoshimura S, Kiriakidis S, Monaco C, Gaspa-
rini C, Sacre S, Lundberg A, Paleolog E, Hor-
wood NJ, Brennan FM and Foxwell BM. Is NF-
kappaB a useful therapeutic target in rhe-
umatoid arthritis? Ann Rheum Dis 2002; 61
Suppl 2:ii13-18.

Wuerzberger-Davis SM, Nakamura Y, Seufzer
BJ and Miyamoto S. NF-kappaB activation by
combinations of NEMO SUMOylation and ATM
activation stresses in the absence of DNA
damage. Oncogene 2007; 26: 641-651.

Yang W, Sheng H, Warner DS and Paschen W.
Transient global cerebral ischemia induces a
massive increase in protein sumoylation. J
Cereb Blood Flow Metab 2008; 28: 269-279.

Am J Transl Res 2014;6(4):353-360



[43]

[44]

[45]

[46]

[47]

(48]

[49]

(50]

(51]

[52]

(53]

(54]

[55]

359

Sumoylation in beta cell survival and function

Mabb AM, Wuerzberger-Davis SM and Miya-
moto S. PIASy mediates NEMO sumoylation
and NF-kappaB activation in response to geno-
toxic stress. Nat Cell Biol 2006; 8: 986-993.
Stilmann M, Hinz M, Arslan SC, Zimmer A, Sch-
reiber V and Scheidereit C. A nuclear poly(ADP-
ribose)-dependent signalosome confers DNA
damage-induced lkappaB kinase activation.
Mol Cell 2009; 36: 365-378.

Kim EM, Lee HH, Kim SH, Son YO, Lee SJ, Han
J, Bae J, Kim SJ, Park CG, Park Y, Hwang KW
and Chun T. The mouse small ubiquitin-like
modifier-2 (SUMO-2) inhibits interleukin-12 (IL-
12) production in mature dendritic cells by
blocking the translocation of the p65 subunit
of NFkappaB into the nucleus. Mol Immunol
2011; 48: 2189-2197.

Liu'Y, Bridges R, Wortham A and Kulesz-Martin
M. NF-kappaB repression by PIAS3 mediated
RelA SUMOylation. PLoS One 2012; 7: e37636.
Xia Z, Dickens M, Raingeaud J, Davis RJ and
Greenberg ME. Opposing effects of ERK and
JNK-p38 MAP kinases on apoptosis. Science
1995; 270: 1326-1331.

Harper SJ and LoGrasso P. Signalling for sur-
vival and death in neurones: the role of stress-
activated kinases, JNK and p38. Cell Signal
2001; 13: 299-310.

Feligioni M, Brambilla E, Camassa A, Sclip A,
Arnaboldi A, Morelli F, Antoniou X and Borsello
T. Crosstalk between JNK and SUMO signaling
pathways: deSUMOylation is protective against
H202-induced cell injury. PLoS One 2011; 6:
e28185.

Hibi M, Lin A, Smeal T, Minden A and Karin M.
Identification of an oncoprotein- and UV-re-
sponsive protein kinase that binds and potenti-
ates the c-Jun activation domain. Genes Dev
1993; 7: 2135-2148.

Muller S, Berger M, Lehembre F, Seeler JS,
Haupt Y and Dejean A. c-Jun and p53 activity is
modulated by SUMO-1 modification. J Biol
Chem 2000; 275: 13321-13329.

Leitao BB, Jones MC and Brosens JJ. The
SUMO E3-ligase PIAS1 couples reactive oxy-
gen species-dependent JNK activation to oxi-
dative cell death. FASEB J 2011; 25: 3416-
3425.

Lee YS, Jang MS, Lee JS, Choi EJ and Kim E.
SUMO-1 represses apoptosis signal-regulating
kinase 1 activation through physical interac-
tion and not through covalent modification.
EMBO Rep 2005; 6: 949-955.

McEwen DG, Cox RT and Peifer M. The canoni-
cal Wg and JNK signaling cascades collaborate
to promote both dorsal closure and ventral pat-
terning. Development 2000; 127: 3607-3617.
Zhang Q, Yoshimatsu Y, Hildebrand J, Frisch
SM and Goodman RH. Homeodomain interact-

(56]

[57]

(58]

(59]

[60]

[62]

[63]

[64]

[65]

[66]

ing protein kinase 2 promotes apoptosis by
downregulating the transcriptional corepres-
sor CtBP. Cell 2003; 115: 177-186.

Inoue T, Kagawa T, Inoue-Mochita M, Isono K,
Ohtsu N, Nobuhisa |, Fukushima M, Tanihara H
and Taga T. Involvement of the Hipk family in
regulation of eyeball size, lens formation and
retinal morphogenesis. FEBS Lett 2010; 584:
3233-3238.

Isono K, Nemoto K, Li Y, Takada Y, Suzuki R,
Katsuki M, Nakagawara A and Koseki H. Over-
lapping roles for homeodomain-interacting
protein kinases hipkl and hipk2 in the media-
tion of cell growth in response to morphoge-
netic and genotoxic signals. Mol Cell Biol
2006; 26: 2758-2771.

Huang H, Du G, Chen H, Liang X, Li C, Zhu N,
Xue L, Ma J and Jiao R. Drosophila Smt3 nega-
tively regulates JNK signaling through seques-
tering Hipk in the nucleus. Development 2011;
138: 2477-2485.

Aramata S, Han S| and Kataoka K. Roles and
regulation of transcription factor MafA in islet
beta-cells. Endocr J 2007; 54: 659-666.

Kanai K, Reza HM, Kamitani A, Hamazaki Y,
Han Sl, Yasuda K and Kataoka K. SUMOylation
negatively regulates transcriptional and onco-
genic activities of MafA. Genes Cells 2010; 15:
971-982.

Shao C and Cobb MH. Sumoylation regulates
the transcriptional activity of MafA in pancre-
atic beta cells. J Biol Chem 2009; 284: 3117-
3124.

Cameron MJ, Arreaza GA, Zucker P, Chensue
SW, Strieter RM, Chakrabarti S and Delovitch
TL. IL-4 prevents insulitis and insulin-depen-
dent diabetes mellitus in nonobese diabetic
mice by potentiation of regulatory T helper-2
cell function. J Immunol 1997; 159: 4686-
4692.

Leavenworth JW, Ma X, Mo YY and Pauza ME.
SUMO conjugation contributes to immune de-
viation in nonobese diabetic mice by suppress-
ing c-Maf transactivation of IL-4. J Immunol
2009; 183: 1110-1119.

Peng S, Lalani S, Leavenworth JW, Ho IC and
Pauza ME. c-Maf interacts with c-Myb to down-
regulate Bcl-2 expression and increase apop-
tosis in peripheral CD4 cells. Eur J Immunol
2007; 37: 2868-2880.

Hirotsu Y, Katsuoka F, Funayama R, Nagashi-
ma T, Nishida Y, Nakayama K, Engel JD and
Yamamoto M. Nrf2-MafG heterodimers con-
tribute globally to antioxidant and metabolic
networks. Nucleic Acids Res 2012; 40: 10228-
10239.

Martinez-Hernandez A, Gutierrez-Malacatt H,
Carrillo-Sanchez K, Saldana-Alvarez Y, Rojas-
Ochoa A, Crespo-Solis E, Aguayo-Gonzalez A,

Am J Transl Res 2014;6(4):353-360



[67]

[68]

360

Sumoylation in beta cell survival and function

Rosas-Lopez A, Ayala-Sanchez J, Aquino-Orte-
ga X, Orozco L and Cordova E. Small Maf Genes
Variants And Chronic Myeloid Leukaemia. Eur J
Haematol 2014; 92: 35-41.

Ramani K, Tomasi ML, Yang H, Ko K and Lu SC.
Mechanism and significance of changes in
glutamate-cysteine ligase expression during
hepatic fibrogenesis. J Biol Chem 2012; 287:
36341-36355.

Lee BH, Hsu WH, Chang YY, Kuo HF, Hsu YW
and Pan TM. Ankaflavin: a natural novel PPAR-
gamma agonist upregulates Nrf2 to attenuate
methylglyoxal-induced diabetes in vivo. Free
Radic Biol Med 2012; 53: 2008-2016.

[69] Turpaev KT. Keapl-Nrf2 signaling pathway:

mechanisms of regulation and role in protec-
tion of cells against toxicity caused by xenobi-
otics and electrophiles. Biochemistry (Mosc)
2013; 78: 111-126.

Am J Transl Res 2014;6(4):353-360



