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Abstract. A prospective study was performed to inves-
tigate the effects of hyperoxia on the expression of small
ubiquitin-related modifier (SUMO) and sirtuin 1 (SIRT1)
proteins, and to examine interactions between these proteins in
premature neonates with bronchopulmonary dysplasia (BPD).
Peripheral blood mononuclear cells (PBMCs) were isolated
from residual venous blood samples of 20 premature infants
with BPD and 20 gender-matched premature infants without
BPD (non-BPD group). Expression levels of SUMO and SIRT1
proteins in PBMCs were assessed by western blot analysis, and
their interactions in PBMCs were detected using the immuno-
precipitation assay. Based on the fraction of inspired oxygen
(FiO,) administered, neonates were divided into normoxia,
low-(21%<Fi0,<30%), medium-(30%=<Fi0,<40%) and
high-oxygen (Fi0,=40%) groups. Expression levels of SUMOI1
and SUMOZ2/3 proteins in the normoxia group were signifi-
cantly lower than those in the medium- or high-oxygen groups
(P<0.01), but were comparable to those in the low-oxygen
group. SIRT1 expression levels in both the medium- and
high-oxygen groups were significantly lower than those in
the normoxia group (P<0.01). In the BPD group, the expres-
sion of SIRT1 protein was significantly lower (P<0.01), and
its interaction with SUMOI and SUMO2/3 was significantly
attenuated compared with that in the non-BPD group (P<0.01).
Supplemental oxygen with FiO,=30% was associated with
upregulation of SUMOI and SUMO?2/3 expression and down-
regulation of SIRT1 expression. The present findings suggest
that decreased SIRT1 expression and its SUMOylation by
SUMOILI and SUMO?2/3 may be associated with the develop-
ment of BPD.
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Introduction

Bronchopulmonary dysplasia (BPD) is a neonatal chronic lung
disease characterized by impaired lung development (1,2). The
pathogenesis of BPD is complex, and is thought to be asso-
ciated with a number of features, including genetic factors,
premature birth, prenatal and postnatal infections, mechanical
ventilation, and oxygen toxicity (1,2). Supplemental oxygen
is an important aspect of treatment of respiratory failure in
premature neonates. However, oxidative stress induced by
hyperoxic exposure results in overproduction of reactive
oxygen metabolites (including hydrogen peroxide, singlet
oxygen, superoxide free radicals, and hydroxyl free radicals),
which overwhelms the immature antioxidant enzyme systems
of premature neonates, causes lung injury, impairs alveolariza-
tion and leads to BPD (3.4).

The mammalian sirtuin (SIRT) family is comprised of
seven nicotinamide adenine dinucleotide (NAD)-dependent
histone deacetylase (HDAC) members (5). Of these, SIRT1 is
the most-studied protein and has a role in the regulation of
several physiopathological processes, including gene expres-
sion, mitochondrial function, cellular metabolism and response
to oxidative stress (6-10). Furthermore, SIRT1 is known to
protect against oxidative stress-induced cell proliferation and
inhibit cell apoptosis (7,8,11-13).

Conjugation of small ubiquitin-related modifier (SUMO)
to target proteins, which is also referred to as SUMOylation,
is an important post-translational modification that regulates
a variety of cellular processes (14). Similar to ubiquitylation,
SUMOylation requires E1 (activating), E2 (conjugating) and E3
(ligating) enzymes to conjugate SUMO to its substrates (15).
The mammalian genome encodes four SUMO isoforms
(SUMOL1, SUMO2, SUMO3, and SUMO4) (16,17). Of these
isoforms, SUMO2 and SUMO3 are similar in structure and
are referred to as SUMO2/3; SUMOL1 is ~50% similar to
SUMO2/3, whereas SUMO4 shares 87% sequence identity
with SUMO2/3 (16,17). SUMO is crucial for oxidative stress
responses and SUMOylation is one of the biological processes
triggered by oxidative stress (15). An increasing number of
SUMOylated proteins have been identified in cells exposed
to stress, including oxidative stress, heat shock, DNA damage
and ethanol stress (14,18,19).

In a previous study, lower expression of SIRT1 in leukocytes
isolated from tracheal aspirate was indicated to be associated
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with the development of BPD in premature infants (20). In addi-
tion, SUMOylation of SIRT1 increases its HDAC activity and
serves as a molecular regulator that determines the fate of cells
exposed to stress-induced DNA damage (5). Subsequently, it
was hypothesized that SUMOylation of SIRT1 in premature
neonates may be implicated in the development of BPD.

In the present study, the effects of hyperoxia on the expres-
sion of SUMO and SIRT1 proteins were examined, and the
interactions of these proteins in premature neonates with BPD
were investigated.

Materials and methods

Subjects and study design. In the present prospective
study, 40 premature neonates (20 neonates with BPD and
20 gender-matched premature neonates without BPD; 22
male and 18 female; mean gestational age, 29.1+0.6 weeks;
Table I) were enrolled at the Department of Neonatology in the
Affiliated Hospital of Southwest Medical University (Luzhou,
China) between July 1 2015 and August 31 2016. The following
inclusion criteria were used: Gestational age between 28 and
30 weeks; treatment with non-invasive positive pressure venti-
lation or normal oxygen inhalation; and availability of blood
samples for western blot analysis and immunoprecipitation
assay. The following exclusion criteria applied to the present
study: Presence of congenital heart diseases; multiple anomaly
syndromes; chromosomal abnormalities; or hospitalization
time <28 days. No other pre-existing conditions existed in the
neonates included in the present study.

BPD was defined as the requirement of supplemental
oxygen at the 28th postnatal day (4), and subjects were
assigned to the BPD or non-BPD group (20 per group)
based on this diagnostic criterion. According to fraction of
inspired oxygen (FiO,), obtained from ventilators, premature
neonates were divided into low (21%<FiO,<30% lasting
more than 24 h), medium (30%=<Fi0,<40% lasting more than
24 h), high-oxygen (Fi0,=40% lasting more than 24 h), and
normoxia (FiO,>21% lasting less than 24 h or FiO,=21%)
groups (12). Residual venous blood samples at 28 days post
hospitalization were obtained for isolation of peripheral blood
mononuclear cells (PBMCs). The Ethics Committee at the
Affiliated Hospital of Southwest Medical University approved
the present study. Written informed consent was obtained
from immediate family members of all premature neonates.

Reagents and antibodies. Human peripheral blood lympho-
cyte separation solution was purchased from Tianjin
Haoyang Biological Manufacture Co., Ltd. (Tianjin, China).
Radioimmunoprecipitation assay (RIPA) protein lysis buffer
was obtained from Amyjet Scientific, Inc. (Wuhan, China). A
BCA protein assay kit was purchased from Sigma-Aldrich;
Merck KGaA (Darmstadt, Germany). Antibodies used
included: Rabbit anti-human SIRT1 antibody (Santa Cruz
Biotechnology Inc., Dallas, TX, USA), rabbit anti-human
GAPDH antibody (Beyotime Institute of Biotechnology, Inc.,
Jiangsu, China), horseradish peroxidase (HRP)-labeled goat
anti-rabbit immunoglobulin G (IgG) antibody (Shanghai
YuanMu Biological Technology Co., Ltd., Shanghai, China),
anti-SUMOI1 monoclonal antibody (ab133352; Abcam,
Cambridge, UK), anti-SUMOZ2/3 polyclonal antibody (ab3742;
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Table I. Baseline characteristics of subjects.

Variable BPD group  Non-BPD group
Number of neonates, n 20 20
Male/female, n 11/9 11/9
Gestational age, week 28.9+0.5 29.2+0.5
Body weight, g 1,179.9+80.8  1,213.8+76.8
Oxygen therapy
Normoxia group, n 0 6
Low-oxygen group, n 0 12
Medium-oxygen group, n 16 2
High-oxygen group, n 4 0

EMD Millipore, Billerica, MA, USA), and anti-SUMO4
monoclonal antibody (ab126606; Abcam).

Preparation of venous blood samples. Residual venous blood
samples of premature neonates in the BPD and non-BDP
groups were collected to isolate PBMCs by Ficoll density
gradient centrifugation. Blood samples (1.0-1.5 ml) were
placed in an anticoagulant tube, diluted and mixed with an
identical volume of normal saline, and then transferred to a
centrifuge tube with lymphocyte separation solution at the
bottom. Following centrifugation at 900 x g for 20 min at
room temperature, the mononuclear cell layer was transferred
to another centrifuge tube with a pipette and washed twice
with normal saline. The supernatant was discarded and the
remaining PBMC pellets were collected and stored at -80°C.

Protein extraction and western blot analysis. PBMCs were
solubilized in RIPA protein lysis buffer for 30 min on ice
followed by centrifugation at 900 x g for 15 min at 4°C. The
supernatant was collected and protein concentrations were
quantitated using the protein assay kit according to the manu-
facturer's protocols. Equivalent protein extracts (1.8 yxmol/I)
were separated by 10% SDS-PAGE and transferred electro-
phoretically onto polyvinylidene difluoride (pore size, 0.2 ym)
membranes. Following incubation with blocking buffer
containing 5% non-fat dry milk for 1 h at room temperature,
membranes were incubated overnight with rabbit anti-SIRT1
(ab110304; 1:1,000), anti-SUMO1 monoclonal (1:800),
anti-SUMO?2/3 polyclonal (1:800), anti-SUMO4 monoclonal
(1:800) or rabbit anti-GAPDH antibodies (1:3,000) at 4°C.
The blots were washed three times for 5 min each with
TBS/Tween-20 (TBST), and subsequently incubated with
HRP-labeled goat anti-rabbit IgG antibody (1:3,000) for 1 h
at room temperature. Following three washes (5 min each)
with TBST, chemiluminescent signals were visualized using
an enhanced chemiluminescence kit (Pierce; Thermo Fisher
Scientific, Inc., Waltham, MA, USA) and band intensity was
analyzed using Quantity One software (version 4.6.6; Bio-Rad
Laboratories, Inc., Hercules, CA, USA). The expression levels
of target proteins were normalized relative to that of GAPDH.

Immunoprecipitation assay. Protein extracts were prepared
by adding the radioimmunoprecipitation lysis buffer (Pierce;
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Figure 1. Western blot analysis of SUMO expression following inhalation of different concentrations of oxygen. Protein extracts lysed from PBMCs were
immunoblotted with anti-SUMOL, anti-SUMO?2/3, or anti-SUMO4 antibody. The relative expression levels of SUMO proteins were normalized to that of
GAPDH. (A) Representative images; (B) quantitative data. SUMOI and SUMO2/3 expression levels in the normoxia group were significantly lower compared
with those in the medium- or high-oxygen group. Data were expressed as the mean + standard deviation (n=3 per group). "P<0.01 vs. normoxia group; “P<0.01
vs. medium-oxygen group. FiO,, fraction of inspired oxygen; PBMCs, peripheral blood mononuclear cells; SUMO, small ubiquitin-related modifier.

Thermo Fisher Scientific, Inc.) containing protease inhibitors
to PBMCs, and then incubated with rabbit anti-SIRT1 anti-
body (SC-135792) or control IgG antibody (Pierce, Rockford,
IL, USA) overnight at 4°C. Once antigen-antibody complexes
were precipitated with protein A-sepharose beads (Pierce;
Thermo Fisher Scientific, Inc.) for 30-60 min at room tempera-
ture, immunoprecipitated proteins (1.8 gmol/l) were separated
by 10% SDS-PAGE and incubated overnight at 4°C with
anti-SUMOI monoclonal (1:800), anti-SUMO2/3 polyclonal
(1:600) or anti-SUMO4 monoclonal antibody (1:600). SIRT1
was used as the reference protein. Chemiluminescent signals
were visualized using the enhanced chemiluminescence kit
(Pierce; Thermo Fisher Scientific, Inc.) and band intensity was
analyzed using Quantity One software (version 4.6.6; Bio-Rad
Laboratories, Inc., Hercules, CA, USA).

Statistical analyses. All statistical analyses were performed
using SPSS for Windows (version 17.0; SPSS, Inc., Chicago,
IL, USA). Data pertaining to normally distributed variables
were expressed as the mean + or + standard deviation as
indicated, and between-group differences were assessed using
Student's t-test. Multi-group comparisons were performed
using one-way analysis of variance with Dunnett's post hoc
test. Categorical data were compared using y” test. P<0.05 was
considered to indicate a statistically significant difference.

Results

Baseline characteristics. The present study included 40 prema-
ture neonates (22 male and 18 female; mean gestational age,
29.1+0.6 weeks; Table 1). Of the 20 neonates in the BPD group,
16 neonates were indicated in the medium-oxygen group and
4 neonates were identified in the high-oxygen group. However,
in the non-BPD group, 6 neonates were in the normoxia group,
12 in the low-oxygen group and 2 in the medium-oxygen group.
No significant differences were observed between the BPD and
non-BPD groups with regards to gestational age and body weight.

SUMO expression after inhalation of different concentra-
tions of oxygen. Western blot analysis was performed to
examine the expression levels of SUMO proteins in PBMCs
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Figure 2. Western blot analysis of SUMO expression levels in the BPD and
non-BPD groups. (A) Representative images; (B) quantitative data. Expression
levels of SUMOI1 and SUMO?2/3 proteins in the BPD group were significantly
higher compared with those in the non-BPD group. Data were expressed as
the mean + standard deviation (n=3 per group). P<0.01 vs. non-BPD group.
BPD, bronchopulmonary dysplasia; SUMO, small ubiquitin-related modifier.

of premature infants. The expression levels of SUMOI1 and
SUMO2/3 proteins in the normoxia group were significantly
lower than those in the medium- and high-oxygen groups
(P<0.01), but were comparable to those in the low-oxygen
group (Fig. 1). SUMO4 expression levels were comparable
among the normoxia, low-, middle- and high-oxygen groups
(Fig. 1). These results indicate that oxygen inhalation with
Fi0,=30% significantly upregulated SUMOI and SUMO2/3
expression levels in premature infants.
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Figure 3. Western blot analysis of SIRT1 expression levels associated with supplemental oxygen therapy at different concentrations in preterm infants. Protein
extracts lysed from peripheral blood mononuclear cells were immunoblotted with anti-SIRT1 antibody. (A) Representative images; (B) quantitative data.
SIRT1 protein expression levels in the medium- and high-oxygen groups were significantly lower compared with those in the normoxia group. Data were
expressed as the mean + standard deviation (n=3 per group). "P<0.01 vs. normoxia group; "P<0.01 vs. medium-oxygen group. SIRT1, sirtuin 1.

Comparison of SUMO expression in the BPD and non-BPD
groups. The expression levels of SUMOI1 and SUMO2/3
proteins in the BPD group were significantly higher compared
with those in the non-BPD group (P<0.01), whereas no signifi-
cant difference in SUMO4 expression was observed between
groups (Fig. 2).

SIRTI expression following inhalation of different concentra-
tions of oxygen. The expression levels of SIRT1 protein in the
medium- and high-oxygen groups were significantly lower
compared with those in the normoxia group (P<0.01; Fig. 3).
SIRT1 expression levels in the low-oxygen group were lower
than that in the normoxia group; however, the difference was
not statistically significant (Fig. 3). These results suggest that
oxygen inhalation with Fi0,>30% may significantly down-
regulate SIRT1 expression in preterm infants.

Comparison of SIRTI expression in the BPD and non-BPD
groups. SIRT1 expression was compared in the BPD and
non-BPD groups to assess its potential role in BPD. As indi-
cated in Fig. 4, the expression levels of SIRT1 protein in the
BPD group was significantly lower than that in the non-BPD
group (P<0.01).

Immunoprecipitation assay of interactions between SUMO
and SIRTI. Interactions between SUMO and SIRT1 were
detected by immunoprecipitation with anti-SIRT1 antibody
and followed by western blot analysis using anti-SUMOI,
anti-SUMO2/3 or anti-SUMO4 antibodies. As indicated in
Fig. 5, SIRT1 interacted with SUMOI1 and SUMO2/3 in both
the non-BPD and BPD groups. However, SIRT1-SUMO4
interaction was not observed in either the non-BPD or BPD
group. Both SIRT1-SUMOI and SIRT1-SUMO2/3 interac-
tions in the BPD group were significantly weaker than those in
the non-BPD group (P<0.01; Fig. 5).

Discussion

In the present study, the expression levels of SUMO
and SIRTI in PBMCs of premature neonates who were

A
SIRT1 w—
GAPDH D T
Q Q
& &
eé(

B
c 15=
ke]
[72]
]
Q
S
c 10+
7]
o
=4
b
o 05-
w
4
=
©
L]
14 0.0 =

Q Q
Q Q
2 <
&

-

Figure 4. Western blot analysis of SIRT1 expression levels in the BPD
and non-BPD groups. (A) Representative images; (B) quantitative data.
Expression levels of SIRT1 protein in the BPD group were significantly lower
than that in the non-BPD group. Data were expressed as the mean + standard
deviation (n=3 per group). "P<0.01 vs. non-BPD group. BPD, bronchopulmo-
nary dysplasia; SIRT1, sirtuin 1.

administered different concentrations of oxygen were inves-
tigated. Furthermore, the expression levels of SIRT1 and
SUMO proteins and their interactions in BPD and non-BPD
groups were determined. The present findings demonstrated
that oxygen inhalation with Fi0,=30% significantly upregu-
lated SUMOI1 and SUMOZ2/3 expression, but downregulated
SIRT1 expression. Compared with the non-BPD group, the
expression of SIRT1 protein and SUMOylation of SIRT1 by
SUMOI1 and SUMO2/3 was significantly attenuated in the
BPD group. To the best of our knowledge, SUMOylation of
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Figure 5. Immunoprecipitation assay indicated the interactions between SUMO and SIRT1. Protein extracts were immunoprecipitated with anti-SIRT1 or
control IgG antibody and underwent western blot analysis with anti-SUMOI, anti-SUMO2/3 or anti-SUMO4 antibody. (A) Representative images; (B) quanti-
tative data. SIRT1-SUMOLI and SIRT1-SUMO?2/3 interactions in the BPD group were significantly attenuated compared with that in the non-BPD group. Data
were expressed as the mean + standard deviation (n=3 per group). ‘P<0.01 vs. non-BPD group. IP, immunoprecipitation; IgG, immunoglobulin G; SUMO, small

ubiquitin-related modifier; BPD, bronchopulmonary dysplasia; SIRT1, sirtuin 1.

SIRT1 in premature neonates with BPD has not been previ-
ously investigated.

Supplemental oxygen is an important aspect of treatment of
premature neonates with respiratory failure. However, hyper-
oxic exposure triggers oxidative stress, results in lung injury
and contributes to the development of BPD (3.4). Infants with
BPD who were administered higher concentrations of supple-
mental oxygen were previously demonstrated to have more
persistent lung disease (4). Increased oxidative stress has also
been detected in adolescents with BPD (2). SUMO is crucial
for the cellular response to oxidative stress (19). Huang er al (21)
previously reported that exposure to high glucose upregu-
lated SUMOI1 and SUMO?2/3 expression levels in a time- and
dose-dependent. manner. In the present study, oxygen inhalation
with Fi0,=30% significantly increased SUMOI and SUMO2/3
expression levels in PBMCs of preterm infants. However, no
significant difference was observed between the normoxia,
low-, middle- and high-oxygen groups with respect to SUMO4
expression. Although previous studies have indicated a role of
SUMO4 in the modulation of cellular response to stress, its
function is not well-characterized (16). In the present study,
expression levels of SUMOI and SUMO?2/3 in the BPD group
were significantly higher compared with those in the non-BPD
group. These findings indicate that SUMOI and SUMO2/3 may
serve as oxidative stress-related proteins and may have a role in
the pathogenesis of BPD in premature neonates. In a previous
study by Yuan et al (22), individual deletion of either SUMOI or
SUMO2/3 did not affect the development of zebra fish, whereas
inactivation of all three SUMOs triggered p53-dependent apop-
tosis and resulted in severe developmental defects.

HDAC is associated with the regulation of cell differentiation
and proliferation. Decreased HDAC activity has been indicated
to cause cell cycle arrest and suppress alveolar cell prolifera-
tion (23). SIRT1 is a NAD-dependent HDAC, which has a crucial
role in the cellular response to nutritional and metabolic disorders,
inflammation, hypoxia and oxidative stress (24-26). In a neonatal
rat model of lung injury, exposure to hyperoxia was revealed to
induce the downregulation of HDAC expression (27,28). Similar
results were obtained in the present study, in that the expression
levels of SIRT1 in the medium- and high-oxygen groups were
significantly lower compared with those in the normoxia group.
Furthermore, SIRT1 has been indicated to protect against oxida-
tive stress and inhibit apoptosis (7,8).

Abnormal expression of SIRT1 was recently observed in
patients with pulmonary fibrosis, pulmonary inflammatory
diseases or lung tumors (29-31). Mody et al (20) previously
performed immunocytochemistry analysis to detect SIRT1
expression in tracheal aspirate leukocytes of 51 premature
infants, and demonstrated SIRT1 to be less localized in the
nuclei of tracheal aspirate mononuclear cells in infants with
BPD compared with those who did not develop BPD. In the
present study, SIRT1 expression in PBMCs of preterm infants
in the BPD group was significantly lower than that in the
non-BPD group. Additionally, SIRT1 has been suggested to
promote the survival of both aging and cancerous cells (32).
Lower SIRT1 in tracheal aspirate leukocytes has previously
been indicated to be associated with the development of BPD
in premature infants (20). In addition, SIRT1 is considered as a
potential therapeutic target in the context of diseases including
cancer, Alzheimer's diseases and diabetes (7).

SUMOylation is a reversible posttranslational modification
that contributes to various cellular processes, including genome
stability, gene expression, RNA processing, protein synthesis
and repair of DNA damage, and has a crucial role in a variety
of human diseases, including brain ischemia, heart diseases,
cancer and degenerative diseases (14,15). SUMOylation of target
proteins leads to alterations of their subcellular localization,
activity and stability (17). Furthermore, SUMOylation of SIRT1
by SUMOI1 was identified in DU145 prostate cancer cells, and
HDAC activity of SIRT1 was enhanced after SUMOylation (5).
A recent study by Han ez al (32) indicated that SUMOylation of
SIRT1 improved the stability of SIRT1 protein. In the present
study, SUMOylation of SIRT1 by SUMOI and SUMO2/3 was
demonstrated in PBMCs of premature neonates; however, no
notable interaction was observed between SUMO4 and SIRT]I.
A previous study has also indicated that the possible role of
SUMO4 in SUMOylation is yet to be understood (17). In a
previous study by Yang et al (5), decreased SUMOylation of
SIRT1 in response to acute DNA damage attenuated its HDAC
activity, enhanced the activity of its pro-apoptotic substrates
and ultimately resulted in cell death. In the present study,
SUMOylation of SIRT1 by SUMOI1 and SUMO2/3 in the BPD
group was significantly attenuated when compared with that
in the non-BPD group. These findings suggest that decreased
SUMOylation of SIRT1 may be associated with the pathogen-
esis of BPD in premature neonates.
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This prospective study has limitations. Firstly, the expres-
sion of SIRT1 and SUMO proteins and their interactions
were examined in PBMCs rather than in lung biopsy tissues.
However, PBMCs are widely distributed in the lung tissue,
and likely have a role in the development of BPD. Secondly,
only a small sample of premature neonates was included in the
present study.

In conclusion, oxygen inhalation with Fi0,=30% was
significantly associated with the downregulation of SIRT1
expression in PBMCs of premature neonates. Decreased
expression of SIRT1, and its interactions with SUMOI1 and
SUMO2/3 may be associated with the development of BPD.
As the present study is only a preliminary work, further inves-
tigation with a larger sample size is required to elucidate the
mechanism of SIRT1-associated SUMOylation in the develop-
ment of BPD.
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