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Abstract. Diabetic retinopathy (DR) is an increasing global 
health concern that causes vision loss and blindness. Reactive 
oxygen species (ROS) are considered to be a principal cause of 
DR. An important source of ROS is the oxidization of NADPH. 
In the present study, NADPH oxidase 1 (Nox1)-expressing 
human retinal epithelial cell (HREC) lines were generated and 
infected with small ubiquitin‑like modifier 1 (SUMO1) and/or 
ubiquitin conjugating enzyme E2 I (UBC9) lentiviral pGMLV 
constructs. The viabilities, apoptotic capacities and ROS 
production levels of the HREC lines were quantified using 
Hoechst 33258, annexin V/propidium iodide and dichlorodihy-
drofluorescein diacetate assays, respectively. Additionally, rat 
DR models were established. From these models, the apoptotic 
capacities of retinal tissues were visualized using terminal 
deoxynucleotidyl transferase dUTP nick end labeling assays, 
and the pathologies were evaluated. The mRNA and protein 
expression levels of SUMO1, UBC9 and Nox1 were analyzed 
using reverse transcription-quantitative polymerase chain 
reaction and western blot analyses, respectively. Compared 
with controls, the relative mRNA levels of SUMO1 and UBC9 
were significantly upregulated, and the Nox1 levels signifi-
cantly downregulated, in cells infected with SUMO1 or UBC9 
alone or in combination. The ROS production and apoptosis 
rates of cells and retinal tissues were decreased. In addition, 
pathological symptoms in DR tissues improved when they 
were simultaneously transfected with SUMO1 and UBC9 via 
intraocular injection. In conclusion, the SUMO1/UBC9 axis 
may regulate Nox1-mediated DR by inhibiting ROS generation 
and apoptosis in rat and cellular model systems.

Introduction

Diabetic retinopathy (DR) is a major global cause of vision loss 
and blindness. It was reported that, of ~28.5% (4.2 million) 
cases of blindness reported between 2005 and 2008 in the 
USA, >40% were able to be attributed to DR (1). The most 
well-known risk factors for DR progression are the length of 
time with diabetes (hyperglycemia) and inadequate glycemic 
control (2). Patients with 5-year medical histories of diabetes 
mellitus had a ~17% chance of developing DR; patients who 
were diabetic for at least 15 years may have a ~97.5% chance 
of developing the disease (3). The classical features of DR 
include: Thickened basement membranes of retinal capillaries; 
permeability increases in retinal blood vessels; ocular tissue 
ischemia; and aberrant angiogenesis (4). Based on disease 
progression, DR may be classified as either non‑proliferative 
(DR characterized by microaneurysms and small dilatations 
in retinal blood vessels), or proliferative (DR characterized by 
angiogenesis from the retinal surface, frequently leading to 
vitreous hemorrhages and retinal detachment) (4,5).

Oxidative stress is the leading molecular cause of DR and 
is associated with the generation of the reactive oxygen species 
(ROS) O2

- and H2O2. ROS molecules regulate endothelial 
function and vascular tone; excessive ROS may lead to cellular 
injuries (6). NADPH oxidase generates superoxide from 
oxygen, has been demonstrated to be an intracellular ROS 
source, and regulates the function of the vascular system (7-9). 
NADPH oxidase 1 (Nox1), is one of seven isoforms, in addi-
tion to Nox2-5 and dual oxidase 1-2. Nox1 was reported to 
be the predominant Nox isoform in retinal ganglion cells, 
compared with expression levels of Nox2 and Nox4 (10). 
Additionally, small ubiquitin‑like modifier (SUMO) proteins 
are an evolutionarily conserved family of gene products that 
have been identified in all eukaryotes. Although SUMO 
proteins are structurally similar to ubiquitin, the two families 
do not share biological functions. Ubiquitination facilitates 
degradation of target proteins, while SUMOylation regulates a 
range of signal transduction and post-translational regulatory 
functions (11-13). SUMO1 protein, a member of the SUMO 
gene family, is subcellularly located in nuclear pore complexes 
and within nuclei.

As demonstrated in a number of previous studies, the 
SUMO1/ubiquitin conjugating enzyme E2 I (UBC9) pathway 
increased ROS production by regulating Nox gene expression 
levels in human embryonic kidney cells, human vascular 
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smooth muscle cells and cancer cells (14,15). Increased 
expression of Nox1 caused excessive ROS and disorganized 
cellular functioning in pathological human case studies (16), 
and increased ROS-evoked aberrant SUMOylation via 
SUMO1 modification (17). In addition, SUMO family proteins 
and ROS overproduction have been implicated in the etiology 
of diabetes (18,19). Despite a body of literature, associations 
between SUMO1/UBC9, ROS, apoptosis and Nox1 have not 
been elucidated. Additionally, the mechanistic underpinnings 
of SUMO1/UBC- and Nox1-mediated regulation of DR remain 
poorly understood.

The present study employed human retinal microvas-
cular endothelial cell (HREC) lines to investigate whether 
SUMO1/UBC9 gene products may regulate Nox1-induced 
ROS and apoptosis in DR, using cell transfection, flow cytom-
etry, and reverse transcription-quantitative polymerase chain 
reaction (RT-qPCR) methodologies in in vitro and in vivo 
model systems. 

Materials and methods

Cell culture techniques and cell lines. HREC lines were 
purchased from a preservation commission cell bank (Chinese 
Academy of Sciences, Beijing, China). Cell culture and transfec-
tion techniques were performed as previously described (20,21). 
The cells were cultured in extracellular matrix supplemented 
with 5% fetal bovine serum (Gibco; Thermo Fisher Scientific, 
Inc., Waltham, MA, USA), endothelial cell growth supple-
ment (100 U/ml) and 1% penicillin/streptomycin at 37˚C with 
5% CO2 for 48 h. HREC cells stably expressing Nox1 were 
generated in the laboratory (22). Nox1-expressing HRECs 
(grown to 50‑70% confluence) were transfected with lentiviral 
vectors containing control, SUMO1, and/or UBC9 mRNA 
(30 nmol/l, Ambion) at 37˚C in a 5% CO2 incubator, and were 
incubated for a 48-h period. The HRECs were divided into 
five groups: i) Nox1‑expressing HRECs; ii) Nox1‑expressing 
HRECs treated with 30 mM glucose; iii) Nox1-expressing 
HRECs treated with 30 mM glucose and a lentivirus containing 
SUMO1 mRNA; iv) Nox1-expressing HRECs treated with 
30 mM glucose and a lentivirus containing UBC9 mRNA; or 
v) Nox1-expressing HRECs treated with 30 mM glucose and a 
lentivirus containing SUMO1 and UBC9 mRNA.

Lentiviral transfections. Full-length SUMO1 and UBC9 
cDNA was amplified with primers against the NheI and BamHI 
restriction digest sites using KOD-PLUS Neo polymerase at 
37˚C (Toyobo Life Science, Osaka, Japan). Amplified cDNA 
products were cloned into pGMLV lentiviral vectors (Shanghai 
GeneChem Co., Ltd., Shanghai, China) using NheI and BamHI 
restriction enzymes and DNA ligase. The recombinant vectors 
were combined with vesicular stomatitis virus, Rev and Gag 
vectors and the mixture was transfected into 293T cells using 
Lipofectamine 2,000 (Invitrogen; Thermo Fisher Scientific, 
Inc.) to obtain viral supernatants. When Nox1-expressing 
HRECs reached 50‑70% confluence, pGMLV lentiviral vectors 
overexpressing SUMO1 and/or UBC9 [multiplicity of infection 
(MOI) of 100 viral particles/cell] were added, with a polybrene 
supplement for infections. A total of 6 h post-infection, the 
culture medium was changed to Dulbecco's modified Eagle's 
medium (Gibco; Thermo Fisher Scientific, Inc.) supplemented 

with 10% serum for 48 h in standard conditions. The trans-
fected cells were cultured with puromycin and SUMO1 and/or 
UBC9 expressions were verified using RT‑qPCR analysis.

RT‑qPCR analysis. Total RNA was extracted from each 
HREC population using TRIzol reagent (Invitrogen, USA), 
according to the manufacturer's protocol. Using standard 
reverse transcription kit HiFiScript cDNA (CW2569; CWBIO, 
Beijing, China), 2 µg total RNA was transcribed into cDNA. 
The RT-qPCR was performed on a StepOne Real-time PCR 
system (Applied Biosystem; Thermo Fisher Scientific, Inc.) 
using the following protocol: i) 70˚C for 5 min; ii) 37˚C for 
1 h; and iii) 85˚C for 10 min. SUMO1, UBC9, Nox1 and 
β-actin primers were synthesized by Sangon Biotech Co., Ltd. 
(Shanghai, China) and the sequences were: SUMO1 forward, 
5'-ATT GCC CTT CTT CCT TTA-3' and reverse, 5'-TTC CAC 
AGT TCG GTT CTC-3'; Nox1 forward, 5'-CTG GGT GGT TAA 
CCA CTG GTT T-3' and reverse, 5'-ACC AAT GCC CGT GAA 
TCC CTA AG-3'; UBC9 forward, 5'-TCC TGA TGG GAC GAT 
GAA CC-3' and reverse, 5'-TGG GTG GTG AAG AGG GGT 
AGT-3'; and β-actin forward, 5'-CCT CTA TGC CAA CAC AGT 
GC-3' and reverse, 5'-GTA CTC CTG CTT GCT GAT CC-3'. The 
reference gene was β-actin. RT-qPCR was performed using 
SYBR Green qPCR SuperMix (Invitrogen; Thermo Fisher 
Scientific, Inc.), according to the manufacturer's protocol. 
The protocol for qPCR amplification was: i) 95˚C for 55 sec; 
ii) 40 cycles of 95˚C for 15 sec and 60˚C for 20 sec; iii) 72˚C 
for 30 sec. The relative expression of the target genes was 
analyzed using the 2-ΔΔCq method (23).

Hoechst 33258 assay. The viabilities of the HREC lines were 
detected using Hoechst 33258 as described previously with 
minor modifications (24). The cells were fixed by treating with 
an acetic acid-ethanol solution, followed by a 5-min wash with 
sterile 0.01 M PBS. Subsequently, cells were stained with a 
working solution of Hoechst 33258 according to the manu-
facturer's instructions (Beyotime Institute of Biotechnology, 
Haimen, China) for 15 min at room temperature, followed 
by three 5-min washes with sterile 0.01 M PBS. Slides were 
mounted using a (1:9) mixture of glycerol and PBS. As Hoechst 
33258 fluorescently stains the nuclear chromosomes of apop-
totic cells, a fluorescence microscope (magnification, x200; 
Leica Microsystems GmbH, Wetzlar, Germany) was used to 
quantify the number of apoptotic cells. Initial concentrations 
of HRECs were 1.5x104 cells/well. Normal cells were counted 
in five randomly chosen fields to calculate the percentages of 
living cells in each cohort. 

Annexin V/propidium iodide assay. HREC apoptosis levels 
were assessed using a KGA107 staining kit (Nanjing KeyGen 
Biotech Co., Ltd., Nanjing, China). Following EDTA-trypsin 
digestion, cells were pelleted by centrifugation at 450 x g for 
5 min at room temperature, rinsed twice in sterile PBS and 
resuspended in 500 µl binding buffer. The cells were mixed 
with 5 µl annexin V‑fluorescein isothiocyanate and 5 µl prop-
idium iodide for 5-15 min of incubation at room temperature 
in the dark. Apoptotic events were observed and recorded on a 
FACScan flow cytometer (BD Biosciences, Franklin Lakes, NJ, 
USA) equipped with FACSComp software (Quadra 650; both 
from BD Biosciences, Franklin Lakes, NJ, USA) within 1 h. 
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Intracellular ROS quantification assays. Intracellular ROS 
levels were evaluated by measuring the oxidative conver-
sion of cell permeable dichlorodihydrofluorescein diacetate 
(DCFH-DA; Beyotime Institute of Biotechnology) to green 
fluorescent 2',7'‑dichlorofluorescein (DCF;). DCFH‑DA was 
dissolved in dimethyl sulfoxide to a final concentration of 
5 µM. HREC lines (1x106 cells/ml) were incubated with 2 mM 
DCFH-DA for 20 min in standard conditions, followed by 
three washes in PBS and resuspension. The cells were assessed 
by flow cytometry (FACSCan; BD Biosciences) equipped with 
FACSComp software (Quadra 650), at excitation/emission 
wavelengths of 488/525 nm.

Animals. Sprague-Dawley rats (n=25; male; age, 4 years; 
weight, 180-220 g) were purchased from the Shanghai 
Laboratory Animal Center of the Chinese Academy of Sciences 
(Shanghai, China). The rats were maintained in facilities with 
controlled temperature (23±2˚C), humidity (50%) and lighting 
(12 h light/12 h dark). The rats were fed a standard laboratory 

diet and had ad libitum access to tap water. All animals were 
treated humanely, in compliance with institutional animal care 
guidelines, and their used was approved by the Experimental 
Animal Ethics Committee of The Second Affiliated Hospital 
of Nanchang University (Nanchang, China). Animals were 
randomly divided into five groups: Healthy controls; DR; 
DR infected with a lentivirus containing SUMO1 mRNA; 
DR infected with a lentivirus containing UBC9 mRNA; and 
DR infected with a lentivirus containing both SUMO1 and 
UBC9 mRNA.

Establishment of diabetic retinopathy model. Before experi-
ments were performed, streptozotocin (STZ; Sigma-Aldrich; 
Merck KGaA, Darmstadt, Germany), which has been 
frequently used in the establishment of DR models (25), was 
dissolved in 0.1 M citrate buffer (pH 4.5). Rats were anes-
thetized with 1% pentobarbital sodium [40 mg/kg injected 
intraperitoneally (i.p.)] and received a 65 mg/kg i.p. injec-
tion of STZ. Rats in the healthy control group received an 

Figure 1. Constructions of SUMO1 and UBC9 lentiviral transfections and their effects on the expressions of SUMO1, UBC9 and Nox1 in Nox‑1-expressing 
HRECs with high-glucose treatment. (A) Relative mRNA expression of SUMO1 and UBC9. (B) Representative images of western blot analysis with the relative 
protein expression of SUMO1 and UBC9 in Nox1-expressing HRECs, post-lentiviral transfection with SUMO1 and/or UBC9. (C) Relative mRNA expression 
of SUMO1, UBC9 and Nox1 in Nox‑1-expressing HRECs following treatment with glucose (30 mM) and lentiviral transfection with SUMO1, UBC9 or 
SUMO1 + UBC9. *P<0.05, **P<0.01 vs. control. SUMO1, small ubiquitin‑like modifier 1; UBC9, ubiquitin conjugating enzyme E2 I; Nox1, NADPH oxidase 1; 
HREC, human retinal microvascular endothelial cell; RT-qPCR, reverse transcription-quantitative polymerase chain reaction.
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equivalent dose of the citrate buffer vehicle. Following 72 h of 
incubation, glucose levels were monitored using blood glucose 
meters (One Touch UltraEasy; Lifescan, Inc., Milpitas, CA, 
USA); animals with blood glucose levels >16.7 mM were 
considered to be diabetic. Subsequently, 20 µl appropriate 
lentiviral mixtures were injected into the vitreous cavities of 
both eyes. The mice were sacrificed with 1% pentobarbital 
sodium (80 mg/kg i.p.), and the eyeballs were removed and 
processed for histopathology. Isolated retinal tissues were 
fixed in 4% paraformaldehyde, followed by cryoprotection 
in 30% sucrose, dehydration in increasing concentrations of 
alcohol, paraffin embedding, sectioning (thickness, 2 µm), 
and staining with hematoxylin and eosin for microscopic 
observation (26,27).

Terminal deoxynucleotidyl‑transferase‑mediated dUTP nick 
end labeling (TUNEL) assays. Paraffin‑embedded sections 
of the retinal layers of the eye specimens were deparaffinized 
and dried in a 60˚C oven for 1 h. Sections were deparaffinized 
in two xylene washes and hydrated with an ethanol gradient 
(100, 95, 90, 80 and 75%; 5 min/concentration). Sections 
were immersed in three 5 min PBS washes. Each section was 
treated with 100 µl freshly-prepared Proteinase K solution 
(98 µl PBS + 2 µl 50X Proteinase K) at 37˚C for 30 min, and 
subsequently washed three times for 5 min with PBS. Sections 
were treated with 50 µl TUNEL solution (2 µl TdT+48 µl 
fluorescent labeling solution) to detect apoptosis (In Situ Cell 
Death Detection kit; Roche Diagnostics GmbH, Mannheim, 
Germany) for 1 h at 37˚C in the dark. TUNEL signals were 

Figure 3. Evaluation of HREC cells by flow cytometry. Apoptosis (A) analysis and (B) quantification of HRECs across the five treatment groups. **P<0.01 vs. 
controls. PI, propidium iodide; FITC, fluorescein isothiocyanate; SUMO1, small ubiquitin‑like modifier 1; UBC9, ubiquitin conjugating enzyme E2 I.

Figure 2. Evaluation of HREC cells by Hoechst 33258. (A) Morphology of apoptotic HRECs using Hoechst 33258 staining (x200) and (B) cell death rates 
of HRECs were assessed. HRECs were divided in five groups: Nox1‑expressing controls (control), Nox1‑expressing cells treated with 30 mM glucose (high 
sugar), Nox1-expressing cells treated with 30 mM glucose and transfected with SUMO1 (high-sugar + SUMO1), Nox1-expressing cells treated with 30 mM 
glucose and transfected with UBC9 (high-sugar + UBC9), and Nox1-expressing cells treated with 30 mM glucose and transfected with SUMO1 and UBC9 
(high-sugar + SUMO1 + UBC9). ***P<0.001 vs. control. HREC, human retinal microvascular endothelial cell; SUMO1, small ubiquitin‑like modifier 1; UBC9, 
ubiquitin conjugating enzyme E2 I; Nox1, NADPH oxidase 1.
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measured using a fluorescence microscope (20 fields, Olympus 
IX81; Olympus Corporation, Tokyo, Japan). 

Statistical analyses. All experiments were performed three 
times independently in triplicate. The data are presented as the 
mean ± standard deviation. Comparisons between two groups 
were analyzed using two-tailed Student's t-tests; data across 
groups were analyzed using one-way analysis of variance tests 
followed by the Least Significant Difference post hoc test. 
Statistical analyses were performed using SPSS 17.0 software 
(SPSS, Inc., Chicago, IL, USA). P<0.05 was considered to 
indicate a statistically significant difference.

Results

Overexpression of SUMO1 and/or UBC9 alters ROS and 
apoptosis levels following exposure to high‑sugar conditions. 
In order to evaluate the individual effects of SUMO1 and 
UBC9 overexpression and their combined overexpression 
in high-sugar conditions, lentiviral transfections were used 
to introduce the SUMO1, UBC9 and SUMO1+UBC9 genes 
into Nox1-expressing HRECs. Post-transfection, the relative 
mRNA and protein expression levels of SUMO1 and UBC9 
were upregulated significantly in all groups compared with 
the controls (P<0.01; Fig. 1A and B). Following exposure to 
high sugar, the mRNA expression levels of SUMO1, UBC9 
and Nox1 were analyzed; expression levels were increased 
1.75-2.22 (P<0.05-P<0.01), 2.04-2.93 (P<0.05-P<0.01) and 

Figure 4. Intracellular reactive oxygen species quantities were assessed using DCFH‑DA staining by flow cytometry at 488 nm excitation and 525 nm emission. 
DCFH‑DA, dichlorodihydrofluorescein diacetate; SUMO1, small ubiquitin‑like modifier 1; UBC9, ubiquitin conjugating enzyme E2 I.

Figure 5. Relative mRNA expression of SUMO1 and UBC9, analyzed by 
reverse transcription-quantitative polymerase chain reaction in rat retinal 
tissues following infections with lentiviruses expressing SUMO1 and/or 
UBC9. β-actin was used as the reference/housekeeping gene. **P<0.01 vs. 
controls. SUMO1, small ubiquitin-like modifier 1; UBC9, ubiquitin 
conjugating enzyme E2 I.
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1.03-2.77 (P<0.05-P<0.01) fold, respectively, across the 
different treatment groups versus the control (Fig. 1C). The 
survival rates of high sugar-exposed transfected cells were 
quantified using Hoechst 33258 staining. Morphologically, 
apoptotic cells were round, with condensed nuclei and high 
fluorescence levels (Fig. 2A). Cell death rates decreased in 
high sugar-exposed cell lines transfected with either SUMO1 
(P<0.001) or UBC9 (P<0.001). However, high sugar-exposed 
cells that were co-infected with SUMO1 and UBC9 exhib-
ited no significant alterations in cell death rates compared 

with controls (Fig. 2B). In addition, apoptosis rates and ROS 
production rates were assessed in the models using annexin 
V/propidium iodide staining and DCFH-DA conversion 
assays, respectively. In high-glucose treated HRECs, the apop-
tosis rates were ~51.6% (P<0.01). However, the introduction of 
either SUMO1 or UBC9 significantly decreased the apoptosis 
rate to 38.7% (P<0.01) and 36.5% (P<0.01), respectively. In 
high-glucose treated HRECs co-transfected with SUMO1 and 
UBC9, apoptosis levels were comparable to controls (Fig. 3). 
Similarly, infection with SUMO1 or UBC9 decreased ROS 

Figure 6. Effect of lentiviral transfection of SUMO1 and UBC9 on retinal tissue pathology and mRNA and protein levels of SUMO1, UBC9 and Nox1 in 
an established DR model. (A) Pathological evaluation of retinal tissues. Relative (B) mRNA and (C) protein expressions of SUMO1, UBC9 and Nox1 in an 
established rat DR model across five treatment groups: Healthy controls (control), DR affected animals (DR), DR animals infected with SUMO1 expressing 
lentiviruses (DR + SUMO1), DR animals infected with UBC9 lentiviruses (DR + UBC9), and DR animals infected with both SUMO1 and UBC9 lentiviruses 
(DR + SUMO1 + UBC9). *P<0.05, **P<0.01 vs. control. SUMO1, small ubiquitin‑like modifier 1; UBC9, ubiquitin conjugating enzyme E2 I; Nox1, NADPH 
oxidase 1; DR, diabetic retinopathy.
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generation in high sugar-exposure conditions, while co-trans-
fection with SUMO1 and UBC9 further decreased ROS levels 
in these conditions (Fig. 4).

Infection with SUMO1‑and/or UBC9‑expressing lentivi‑
ruses alters the onset of DR. A rat model was established to 
assess the roles of SUMO1, UBC9 and Nox1 in the regula-
tion of DR. Infections of the animals with SUMO1, UBC9 
or SUMO1 + UBC9 increased the mRNA expression levels 
of SUMO1 and/or UBC9 compared with controls (P<0.01; 
Fig. 5). In retinal sections from DR rats, morphological altera-
tions were observed in the inner nuclear layers (INL) and outer 
nuclear layers (ONL) between the five groups. Compared with 
the healthy controls, the staining patterns were uneven, cellular 
morphologies were incomplete, and the presence of vacuoles 
was increased in the INL and ONL in the DR animals. 
However, following infection with SUMO1 and UBC9, the 
structures of the retinal layers were clear and the incidences 
of injured tissues were decreased (Fig. 6A). Post-infection 
mRNA expression levels of SUMO1, UBC9 and Nox1 rose 
by 1.83-3.48 (P<0.05-P<0.01), 1.91-3.68 (P<0.05-P<0.01) 

and 1.09-3.68 (P<0.05-P<0.01) fold, respectively, across the 
different treatment groups versus the respective controls 
(Fig. 6B). Immunofluorescence imaging and relative quanti-
tation of the western blotting assays confirmed the results of 
the gene expression analyses (Fig. 6C). TUNEL assays were 
employed to detect the effects of SUMO1 and UBC9 overex-
pression on apoptosis in DR models. Compared with the DR 
group, Nox1-induced apoptosis was inhibited; the number of 
cells with a fluorescent signal above background decreased 
in the presence of SUMO1 or UBC9 overexpression. Notably, 
apoptosis was more effectively inhibited when SUMO1 or 
UBC9 was transfected individually, compared with SUMO1 
and UBC9 co-transfection (Fig. 7).

Discussion

The results of the present study demonstrated that 
overexpression of either SUMO1 or the SUMO-specific 
conjugating enzyme, UBC9, decreased Nox1 expression and 
Nox1-mediated ROS production. Additionally, Nox1 and ROS 
inhibition was potentiated by the combined overexpression of 

Figure 7. Representative images of apoptotic events were visualized following TUNEL assays in retinal tissues from the DR models. DR, diabetic retinopathy; 
SUMO1, small ubiquitin‑like modifier 1; UBC9, ubiquitin conjugating enzyme E2 I.
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SUMO1 and UBC9 following exposure to high-sugar media. In 
addition to inhibiting Nox1 expression levels and ROS produc-
tion, overexpression of SUMO1 or UBC9 decreased apoptosis 
rates in retinal endothelial cells and relived DR symptoms in 
animal models. The results of the present study suggested that 
SUMO1 may be an endogenous suppressor of Nox1-induced 
ROS production in DR model systems.

SUMOylation regulates a series of biological activities, 
including gene product production, intracellular protein 
localization, protein-protein interactions and signal transduc-
tion (12). SUMOylation may be initiated by stressors, including 
heat, osmosis and ROS (14,27), and exhibits increased activity 
in cases of diabetes (18). SUMOylation is considered to be 
cytoprotective. However, not all SUMOylation activities 
promote cell survival. In the present study, Nox1 expression 
levels and ROS were regulated by SUMO1. This likely func-
tioned to limit further cellular damage by decreasing ROS, 
exhibiting the protective nature of SUMOylation. Previous 
studies have demonstrated that the transcriptional activities 
of extracellular-signal-regulated kinase-5 was downregulated 
by increased SUMOylation, resulting in worsened cardiac 
function following myocardial ischemia (28). Additionally, 
ROS-induced tissue transglutaminase SUMOylation promoted 
inflammation (29).

It is well-understood that SUMO conjugates with its 
substrates through activation of the (E1) enzyme [SUMO acti-
vating enzyme subunit (SAE)1/SAE2] and a conjugating (E2) 
enzyme (UBC9). This complex efficiently transfers SUMO 
to selected targets by binding to SUMO acceptor sites (18). 
Therefore, UBC9-mediated intracellular transport is 
dependent on SUMOylation. There is also evidence that 
UBC9-mediated intracellular transport may occur inde-
pendently of SUMOylation. UBC9 participated in visual 
system homeobox 1 (Vsx1) transport from the nucleus to the 
cytoplasm; Vsx1 is a homeobox transcription factor which is 
dynamically expressed during zebrafish development (30). 
UBC9 has additionally been demonstrated to transport 
DNA repair protein RAD51 homolog 1, a highly-conserved 
protein in all eukaryotes, out of the nucleus (31). In the present 
study, transfection of SUMO1 alone did not increase UBC9 
mRNA or protein expression in HREC cells (Fig. 1) or the 
DR model (Fig. 6). The results of the present study suggested 
that Nox1-mediated ROS production was regulated by 
UBC9-mediated intracellular transport that was dependent on 
SUMOylation.

Nox1 protein has subcellular localization in the plasma 
membrane, the endoplasmic reticulum, caveolae and endo-
somes (16). In previous studies, it was observed that SUMO1 
was able to alter the activity of Nox family members indi-
rectly, and that Nox2 was considered to be a target protein of 
SUMO1 (14,15). However, these previous studies did not report 
evidence of direct binding of SUMO1 with Nox2 or Nox5. 
Given that no Nox1‑specific antibodies are currently available, 
it has been difficult to determine whether Nox1 localization 
regulates its function. As previously described, Nox1 was the 
predominant isoform in retinal ganglion cells, and the present 
study demonstrated that combined SUMO1 and UBC9 overex-
pression significantly inhibited Nox1. Therefore, the results of 
the present study suggested that Nox1 localization was associ-
ated with its function. Future studies may focus on elucidating 

whether SUMO1 directly conjugates with Nox1 and whether 
Nox1 is a SUMO1 substrate.

In conclusion, the role of inhibition of SUMO1 overex-
pression in Nox1 activity, ROS production and apoptosis 
may be potentiated by co-overexpression with UBC9 in vitro 
and in vivo. The results suggested that endogenous SUMO1 
may suppress Nox1-controlled ROS production in DR via 
SUMOylation-dependent UBC9-mediated intracellular trans-
port. Further studies are required to elucidate the mechanism 
underlying SUMO1 and Nox1 activity, and to demonstrate the 
direct conjugation of SUMO1 and Nox1.
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