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Silencing of lncRNAMALAT1 Prevents Inflammatory
Injury after Lung Transplant Ischemia-Reperfusion
by Downregulation of IL-8 via p300
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Ischemia-reperfusion injury is a common early complication
after lung transplantation. It was reported that long non-cod-
ing RNA (lncRNA)metastasis-associated lung adenocarcinoma
transcript 1 (MALAT1) is involved in ischemia-reperfusion
injury and regulates inflammation. This study aimed to explore
the role of MALAT1 in inflammatory injury following lung
transplant ischemia-reperfusion (LTIR). A LTIR rat model
was successfully established, with the expression of MALAT1
and interleukin-8 (IL-8) in lung tissues detected. Then,
in vitro loss- and gain-of-function investigations were conduct-
ed to evaluate the effect of MALAT1 on pulmonary epithelial
cell apoptosis and IL-8 expression. The relationship among
MALAT1, p300, and IL-8 was tested. Moreover, a sh-MALAT1-
mediated model of LTIR was established in vivo to examine in-
flammatory injury and chemotaxis infiltration. Both IL-8 and
MALAT1 were highly expressed in LTIR. MALAT1 interacted
with p300 to regulate the IL-8 expression by recruiting p300.
Importantly, silencing of MALAT1 inhibited the chemotaxis
of neutrophils by downregulating IL-8 expression via binding
to p300. Besides, MALAT1 silencing alleviated the inflamma-
tory injury after LTIR by downregulating IL-8 and inhibiting
infiltration and activation of neutrophils. Collectively, these re-
sults demonstrated that silencing of MALAT1 ameliorated the
inflammatory injury after LTIR by inhibiting chemotaxis of
neutrophils through p300-mediated downregulation of IL-8,
providing clinical insight for LTIR injury.
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INTRODUCTION
Lung transplantation is considered one of the effective therapies for pa-
tients suffering from end-stage lung disease at final stage, and lung
transplantation increased year after year.1 However, ischemia-reperfu-
sion injury (IRI) remains a severe complication in early lung trans-
plant, and may contribute to the mortality and morbidity induced by
lung transplantation and result in development of bronchiolitis obliter-
ans syndrome.2 Statistical data have shown that 25% patients after lung
transplant are affected by IRI, which then leads to major histocompat-
ibility complex class II expression, severe graft dysfunction, and rising
mortality.3 A previous study has reported the risk factors of IRI, such as
the preservation techniques, ischemic time of grafts, and the unsus-
pected donor lung pathology.4 The therapy for IRI after lung transplan-
Molecular Thera
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tation has always been studied; for instance, Kawamura et al.5 have re-
vealed that hydrogen inhalation could protect against lung IRI and
greatly enhance the function of lung grafts after prolonged cold preser-
vation, transplant, and reperfusion. Although numerous strategies
have been conducted to reduce IRI after lung transplantation, the phys-
iopathology of IRI after lung transplantation has not yet been fully
elucidated, suggesting that more studies are required for ameliorating
the outcomes of IRI after lung transplantation.6

Long non-coding RNA (lncRNA) metastasis-associated lung adeno-
carcinoma transcript 1 (MALAT1), also named as nuclear-enriched
abundant transcript 2 (NEAT2), is a highly conserved nuclear non-
coding RNA (ncRNA) and is identified as a prognostic biomarker
for metastasis and the progression of lung cancer.7 Previous study
has reported that MALAT1 is identified as an essential prognostic
factor for recurrence of hepatocellular carcinoma after liver trans-
plantation.8 Besides, the association between MALAT1 and IRI has
been reported in accumulating studies; for instance, MALAT1 is re-
vealed to highly express in patients with acute myocardial infarction,
which was correlated with the pathomechanism of myocardial IRI,
MALT1 plays crucial roles in renal IRI with regulatory effect
on inflammation-induced hyperglycemia in endothelial cells, and
MALAT1 displays a cardio-protective role in fentanyl in myocardial
IRI.9–11 Also, MALAT1 has been reported to participate in regulating
cardiac inflammation and dysfunction through mediating miR-125b
and p38 mitogen-activated protein kinase/nuclear factor kB (MAPK/
NF-kB) in sepsis.12 Interleukin-8 (IL-8), a proinflammatory factor,
has been demonstrated to not only regulate activation and migration
of neutrophils into tissue from peripheral blood but also serve as che-
moattractant and activator of neutrophils in severe inflammation and
lung injury.13 IL-8 also expresses in premalignant epithelial cells in
lung cancer, and its high expression relates to an unfavorable
py: Nucleic Acids Vol. 18 December 2019 ª 2019 The Authors. 285
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Figure 1. Upregulation of IL-8 and MALAT1 in LTIR Rat Models

(A) The graft pulmonary vena PO2 after LTIR. (B) The pathological changes of lung tissues after LTIR examined by H&E staining (scale bars, 25 mm; original

magnification�400). (C) The infiltration of macrophages (F4/80) in lung tissues after LTIR examined by IHC (scale bars, 50 mm; original magnification�200). (D) The apoptosis

of pulmonary epithelial cells after LTIR examined by TUNEL assay (scale bars, 25 mm; original magnification �400). (E) The W/D ratio of lung tissues after LTIR. (F) The

expression of IL-6, IL-8, TNF-a, IL-4, and IL-10 in peripheral venous blood and BALF after LTIR. (G) The expression of MALAT1 in lung tissues after LTIR examined by FISH

assay (scale bars, 25 mm; original magnification �400). (H) The expression of MALAT1 in lung tissues after LTIR examined by qRT-PCR. *p < 0.05 versus the blank or sham

(legend continued on next page)

Molecular Therapy: Nucleic Acids

286 Molecular Therapy: Nucleic Acids Vol. 18 December 2019



www.moleculartherapy.org
prognosis of lung cancer.14 Additionally, IL-8 was highly expressed in
patients after lung transplantation,15 and inhibition of IL-8 displays a
protective role in IRI rat models after kidney transplantation.16 The
histone acetyltransferase p300, a transcriptional coactivator, is essen-
tial in various cellular activities including proliferation, apoptosis, and
DNA damage response, and its intrinsic activity can regulate chro-
matin during transcription and other DNA template phenomenon.17

Importantly, the transcriptional regulation of IL-8 has been reported
to participate in chromatin remodeling by histone acetylation.18

Besides, the association among lncRNA, DNA injury, and histone
H4 acetylation has been revealed.19 Furthermore, neutrophils and
neutrophil elastase display significant function in endothelial injury
and enhanced vascular permeability, which are the features of acute
lung injury,20 and the effect of cystic fibrosis transmembrane conduc-
tance regulator expressed by neutrophils on regulating acute lung
inflammation and injury has been reported.21 Interestingly, Xue
et al.22 demonstrated that lncRNA CMPK2 could promote neutro-
phils interferon production in systemic lupus erythematodes
(SLEs). Based on these findings, we hypothesized that MALAT1 regu-
lated inflammatory injury of rats after lung transplant ischemia-
reperfusion (LTIR), and investigated whether IL-8 and p300 are
involved in the regulating process.

RESULTS
IL-8 and MALAT1 Are Highly Expressed in the LTIR Rat Model

First, we measured the lung function after transplantation to verify
the successful establishment of the LTIR rat model. The results
showed that the graft pulmonary vena partial pressure of oxygen
(PO2) was lower in the LTIR group than in the blank and sham
groups (Figure 1A). H&E staining revealed that more serious pulmo-
nary alveolar hemorrhage, edema, and interstitial inflammation were
observed in the LTIR group than in the blank and sham groups (Fig-
ure 1B). The positive expression of macrophages was higher in the
LTIR group than in the blank and sham groups (Figure 1C). The
number of apoptotic cells was higher in the LTIR group than in the
blank and sham groups (Figure 1D). Furthermore, the wet/dry
(W/D) ratio increased in the LTIR group compared with the blank
and sham groups (Figure 1E). All of the results revealed that the
model of LTIR rats was successfully established. Next, the level of in-
flammatory factors, IL-6, IL-8, tumor necrosis factor alpha (TNF-a),
IL-4, and IL-10, in serum was assessed by ELISA, suggesting that IL-8
showed the highest expression in peripheral venous blood and bron-
choalveolar lavage fluid (BALF) among all of the tested inflammatory
factors (Figure 1F). Also, a close correlation betweenMALAT1 and an
inflammatory reaction has been reported in previous studies;23,24 we
applied fluorescence in situ hybridization (FISH) and qRT-PCR to
examine the expression of MALAT1, and the results showed that
the expression ofMALAT1was significantly higher in the LTIR group
than in the blank and sham groups (Figures 1G and 1H).
group. All experiments were repeated three times. n = 10 in each group. Measuremen

analyzed using one-way ANOVA, followed by Tukey’s post hoc test. BALF, bronchoalveo

IL-8, interleukin-8; LTIR, lung transplant ischemia-reperfusion; MALAT1, metastasis-ass

tumor necrosis factor alpha; TUNEL, terminal deoxynucleotidyl transferase (TdT) dUTP
All of these findings suggested that LTIR causes apparent lung tissue
injury, with significantly increased expression of IL-8 in peripheral
venous blood and BALF, and increased expression of MALAT1 in
lung tissues.

Silencing of MALAT1 Reduces IL-8 Expression and Inhibits

Apoptosis of Pulmonary Epithelial Cells

To study the relationship between MALAT1 and IL-8, the expression
of IL-8 has been examined in the BEAS-2B cells treated with sh-MA-
LAT1 and overexpressing (oe)-MALAT1. The efficacy of transfection
was verified by RT-PCR (Figure 2A). Then, qRT-PCR and ELISA
were conducted to detect the mRNA and protein expression of IL-8
in each group. The results revealed that inhibition of MALAT1 signif-
icantly decreased mRNA and protein expression of IL-8; in contrast,
overexpression of MALAT1 increased mRNA and protein expression
of IL-8 (Figures 2B and 2C). Next, cell apoptosis was assessed by flow
cytometry, and decreased apoptotic ratio was observed in the sh-MA-
LAT1 group, whereas increased apoptotic ratio was observed in
the oe-MALAT1 group (Figure 2D). Subsequently, western blot anal-
ysis was conducted to detect the protein expression of apoptosis-
related factors, and results revealed that the protein expression of
phosphorylated c-Jun N-terminal kinase (p-JNK), phosphorylated
P53 (p-P53), and poly-ADP-ribose polymerase (PARP) was appar-
ently decreased in the shMALAT1 group, whereas it was significantly
increased in the oe-MALAT1 group (Figure 2E).

Therefore, it could be concluded that silencing of MALAT1 decreased
the apoptosis of pulmonary epithelial cells by downregulating IL-8.

MALAT1 Regulates the Expression of IL-8 through Recruiting

p300

In order to investigate the relationship between MALAT1 and IL-8,
we performed FISH assay, and the results revealed a co-localization
of MALAT1 and p300 (Figure 3A), suggesting a potential relationship
between MALAT1 and p300. Furthermore, RNA immunoprecipita-
tion (RIP) results indicated that the expression of MALAT1 and the
protein expression of p300 were apparently higher in blank and
shRNA negative control (sh-NC) groups than in the sh-MALAT1
group (Figure 3B). Then, RNA pull-down and western blot analysis
(Figure 3C) suggested that MALAT1 directly bound to p300. Subse-
quently, qRT-PCR and ELISA were conducted, and the results re-
vealed that the mRNA and protein expression of IL-8 were inhibited
by downregulation of p300, whereas they were enhanced by p300
overexpression; besides, the expression of IL-8 was higher in the
sh-MALAT1 + oe-p300 group than in the sh-MALAT1 + oe-NC
group (Figures 3D and 3E). Additionally, according to the immuno-
precipitation (IP) assay results, p300 did not bind to IL-8, suggesting
that the expression of IL-8 was regulated byMALAT1 instead of p300
(Figure S1).
t data were expressed as mean ± SD. Comparisons among multiple groups were

lar lavage fluid; FISH, fluorescence in situ hybridization; IHC, immunohistochemistry;

ociated lung adenocarcinoma transcript 1; PO2, partial pressure of oxygen; TNF-a,

nick-end labeling; W/D, weight/dry.
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Figure 2. Silencing of MALAT1 Suppresses Apoptosis of Pulmonary Epithelial Cells through Inhibiting the Expression of IL-8

(A) The expression of MALAT1 in pulmonary epithelial cells after transfection. (B) The mRNA expression of IL-8 in pulmonary epithelial cells after transfection, examined by

qRT-PCR. (C) The protein expression of IL-8 in pulmonary epithelial cells examined by ELISA. (D) The apoptosis of pulmonary epithelial cells in each group examined by

flow cytometry. (E) The protein expression of apoptosis-related factors (JNK, p-JNK, P53, Pp53, PARP) in pulmonary epithelial cells and GAPDH acts as an internal control.

*p < 0.05 versus the blank or sh-NC groups; #p < 0.05 versus the blank or oe-NC groups. All experiments were repeated three times. n = 10 in each group. Measurement data

were expressed as mean ± SD. Comparisons among multiple groups were analyzed using one-way ANOVA, followed by Tukey’s post hoc test. GAPDH, glyceraldehyde-3-

phosphate dehydrogenase; IL-8, interleukin-8; JNK, c-Jun N-terminal kinase; MALAT1, metastasis-associated lung adenocarcinoma transcript 1; PARP, poly-ADP-ribose

polymerase; p-JNK, phosphorylated c-Jun N-terminal kinase.
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All of these results indicated that MALAT1 bound to p300 in pulmo-
nary epithelial cells and regulated the expression of IL-8.

p300 Promotes the Activation of IL-8 Transcription through

Mediating H3K27ac

To further explore the downstream mechanism that MALAT1 regu-
lated the expression of IL-8, we applied bioinformatics analysis and
found H3K27 acetylation (H3K27ac) highly enriched in the IL-8
gene promoter region (Figure 4A). Then, chromatin immunoprecip-
itation (ChIP) was conducted using P300 or H3K27ac antibody, and
the results exhibited higher enrichment of p300 and H3K27ac in the
oe-p300 group than in the blank and oe-NC groups (Figures 4B and
4C), which suggested that overexpression of p300 elevated the enrich-
ment of H3K27ac and p300 on the IL-8 promoter region. Further-
288 Molecular Therapy: Nucleic Acids Vol. 18 December 2019
more, in order to investigate that the expression of IL-8 was affected
by the p300-induced enrichment of H3K27ac in the IL-8 promoter re-
gion, the expression of IL-8 was detected in the cells of the oe-NC and
oe-p300 with or without p300 inhibitor C646 treatment, and ChIP
was conducted using H3K27ac antibody to detect the degree of acet-
ylation. The results exhibited that the DNA enrichment of the IL-8
promoter was significantly reduced in the oe-p300-c646 group
compared with the oe-p300 and oe-NC groups (Figure 4D). Besides,
ELISA and western blot analysis demonstrated that the expression of
IL-8 was significantly decreased in cells of the oe-p300-c646 group
compared with the oe-p300 and oe-NC groups (Figure 4E).

These findings suggested that p300 enriched in the IL-8 promoter re-
gion and activated IL-8 transcription through regulating H3K27ac.



Figure 3. MALAT1 Regulates the IL-8 Expression

through Binding to p300 in Pulmonary Epithelial Cells

of the LTIR Rat Model

(A) The co-location of MALAT1 and p300 in pulmonary

epithelial cells examined by RNA-FISH (scale bars, 50 mm;

original magnification �200). (B) The relationship between

p300 and MALAT1 examined by RIP; *p < 0.05 versus the

IgG group. (C) The relationship between p300 and MALAT1

verified by RNA pull-down. (D) The mRNA expression of IL-8

in pulmonary epithelial cells after various transfections

examined by qRT-PCR. (E) The protein expression of IL-8 in

pulmonary epithelial cells after various transfections de-

tected by ELISA. *p < 0.05 versus the blank or sh-NC

groups; #p < 0.05 versus the blank or oe-NC groups; &p <

0.05 versus the sh-MALAT1 + oe-NC group. All experiments

were repeated three times. Measurement data were ex-

pressed as mean ± SD. Comparisons among multiple

groups were analyzed using one-way ANOVA, followed by

Tukey’s post hoc test. FISH, fluorescence in situ hybridiza-

tion; IL-8, interleukin-8; LTIR, lung transplant ischemia-re-

perfusion; MALAT1, metastasis-associated lung adenocar-

cinoma transcript 1; RIP, RNA immunoprecipitation.
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Silencing ofMALAT1Suppresses theChemotaxis andActivation

of Neutrophils through Regulating p300-Mediated IL-8

Expression

It has been reported that IL-8 is closely related to chemotaxis of neu-
trophils; in this study, we assessed the expression of IL-8 in pulmonary
epithelial cells treated with sh-NC, sh-MALAT1, oe-NC, and oe-P300,
and then further examined the chemotaxis of neutrophils after treating
with cells culture from various transfections. Western blot analysis
results showed that recombinant human IL-8 (rhIL-8) increased the
expression of IL-8, p-S6K1, p-Akt, and phosphorylated extracellular
signal-related kinases 1 and 2 (p-ERK1/2) in neutrophils; inhibition
of MALAT1 reduced the expression of IL-8, p-S6K1, p-Akt, and
p-ERK1/2; overexpression of p300 showed the opposite effect; and
overexpression of p300 reversed the inhibitory effect caused by down-
regulation of MALAT1 (Figure 5A). Moreover, the activity of myelo-
peroxidase (MPO) was detected in neutrophils treated with cell culture
after transfection. As shown in Figure 5B, the activity of MPO was
reduced by downregulation ofMALAT1 but increased by upregulation
of p300, and overexpression of p300 can restore the activity of MPO
decreased by downregulation of MALAT1 (Figure 5B). Furthermore,
Transwell assay results exhibited that migration of neutrophils was in-
hibited in the sh-MALAT1 group, whereas overexpression of p300
Molecular Ther
promoted migration of neutrophils and restored
migration of neutrophils in the sh-MALAT1-oe-
p300 group (Figure 5C). The extracellular
reactive oxygen species (ROS) of neutrophils in
each group was detected; the effect was the same
as activity of MPO (Figure 5D).

Taking all of these results together, it can be
suggested that downregulation of MALAT1
inhibited the chemotaxis and activation of neutrophils through
downregulating the expression of p300 and IL-8.

Silencing of MALAT1 Ameliorates the Inflammatory Injury after

LTIR by Downregulating IL-8 and Inhibiting Infiltration and

Activation of Neutrophils

To further test the effect of MALAT1 on inflammatory injury after
LTIR in vivo, the LTIR rat model infected by adenovirus-mediated
sh-MALAT1 was injected with sh-NC and sh-MALAT1 adenoviruses
via tail vein. Initially, qRT-PCR was conducted to verify the MALAT1
expression. The results suggested that MALAT1was remarkably
downregulated in the sh-MALAT1 group compared with the sh-
NC group (Figure 6A), suggesting the successful establishment of a
sh-MALAT1-mediated model of LTIR rats. The pulmonary venous
blood gas analysis showed that the graft pulmonary vena PO2 was
lower in the sh-MALAT1 group than in the blank and sham groups
(Figure 6B). Then, H&E staining showed the lung injury was reduced
in the sh-MALAT1 group compared with the sh-NC group (Fig-
ure 6C). Besides, the number of positive cells in macrophages was
significantly lower in the sh-MALAT1 group than in the sh-NC group
(Figure 6D). Relative to the sh-NC group, the W/D ratio was dramat-
ically increased in the sh-MALAT1 group (Figure 6E). Moreover,
apy: Nucleic Acids Vol. 18 December 2019 289
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Figure 4. p300 Promotes the Activation of IL-8 Transcription through Mediating H3K27ac

(A) H3K27 acetylation (H3K27ac) highly enriched in the IL-8 promoter region predicted by bioinformatics analysis (http://genome.ucsc.edu). (B) The enrichment of

p300 in the IL-8 promoter examined by ChIP. (C) The enrichment of H3K27ac in the IL-8 promoter examined by ChIP. (D) The mRNA expression of IL-8 detected by

qRT-PCR. (E) The protein expression of IL-8 examined by ELISA and western blot analysis. *p < 0.05 versus the blank or oe-NC groups; #p < 0.05 versus the oe-NC-

c646 groups; &p < 0.05 versus the oe-p300 group. All experiments were repeated three times. Measurement data were expressed as mean ± SD. Comparisons

among multiple groups were analyzed using one-way ANOVA, followed by Tukey’s post hoc test. ChIP, chromatin immunoprecipitation; H3K27ac, H3K27 acetylation;

IL-8, interleukin-8.
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ELISA revealed that the expression of IL-8 was significantly lower in
the sh-MALAT1 group than in the sh-NC group (Figure 6F). Further-
more, immunohistochemistry (IHC) results exhibited that expression
of MPO in the sh-MALAT1 group decreased compared with the sh-
NC group (Figure 6G).

All of these results indicated that silencing of MALAT1 could
decrease the expression of IL-8 and reduce the infiltration and
activation of neutrophils, thus alleviating the inflammatory injury
in LTIR rats.

DISCUSSION
IRI following lung transplantation is a serious clinical problem due
to its tendency to result in primary graft dysfunction (PGD), and no
clinical therapeutic agents have been widely applied in preventing
IRI, nor effective treatment strategies.25 IRI refers to a complicated
pathological activity;6 therefore, understanding mechanisms of IRI
is critical for development of novel and effective therapeutic ap-
proaches. It has been proved that MALAT1 served as an essential
prognostic biomarker for hepatocellular carcinoma after liver trans-
290 Molecular Therapy: Nucleic Acids Vol. 18 December 2019
plantation.8 Besides, IL-8 serves as a major chemo-attractive that
plays a vital role in neutrophils chemotaxis, and IL-8 participated
in IRI of the rat model following kidney transplantation.16 There-
fore, we hypothesized that MALAT1 could regulate the IRI
following lung transplantation through chemotaxis of neutrophils
via mediating IL-8. Our results demonstrated that silencing of
MALAT1 could reduce the inflammatory injury following LTIR
by inhibiting neutrophils chemotaxis through p330-mediated
downregulation of IL-8, which provides clinical therapeutic insight
for LTIR injury.

It has been revealed that MALAT1 highly expresses in myocardial
IRI,10 and was also found in non-small cell lung cancer with its upre-
gulation related to high metastasis and unfavorable patient prognosis
in various diseases.26 IL-8 also exhibited increased expression in
patients occurred inflammation reaction and PGD after lung trans-
plantation.15 Our results also indicated that MALAT1 and IL-8
were highly expressed in the LTIR rat model. Moreover, we found
that MALAT1 could regulate the expression of IL-8, and downregu-
lation of MALAT1 inhibited the apoptosis of pulmonary epithelial

http://genome.ucsc.edu


Figure 5. Silencing of MALAT1 Suppresses the Chemotaxis and Activation of Neutrophils through Regulating p300-Mediated IL-8 Expression

(A) The expression of IL-8 and the expression of S6K1, p-Akt, and ERK1/2 in neutrophils in each group (starvation, blank group; recombinant human IL-8 [rhIL-8] protein)

examined by western blot analysis. (B) The activity of MPO in neutrophils detected by chromatometry. (C) The migration of neutrophils in each group detected by Transwell

assay (scale bar, 50 mm; original magnification �200). (D) The extracellular ROS of neutrophils in each group. *p < 0.05 versus the sh-NC group; #p < 0.05 versus the oe-NC

group; &p < 0.05 versus the sh-MALAT1-oe-NC group. All experiments were repeated three times. Measurement data were expressed as mean ± SD. Comparisons among

multiple groups were analyzed using one-way ANOVA, followed by Tukey’s post hoc test. The data obtained bymultiple measurements at different time points were analyzed

using repeated-measures ANVOA followed by Bonferroni post hoc test. ERK, extracellular signal-related kinase; IL-8, interleukin-8; MALAT1, metastasis-associated lung

adenocarcinoma transcript 1; MPO, myeloperoxidase; ROS, reactive oxygen species.

www.moleculartherapy.org
cells, evidenced by decreased levels of p-JNK, p-P53, and PARP. Simi-
larly, a previous study has reported that lncRNA NEAT1 enhanced
the expression of antiviral genes including IL-8.27 Silencing of
MALAT1 suppresses the activation of several factors including
JNK1, overexpressed MALAT1 results in their phosphorylation,28

and MALAT1 could regulate or influence the activity and expression
of p53 in disease related to lung.29,30 Additionally, MALAT1 overex-
pression suppressed cell apoptosis in bronchopulmonary dysplasia.31
Molecular Therapy: Nucleic Acids Vol. 18 December 2019 291
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Figure 6. Silencing of MALAT1 Alleviates the

Inflammatory Injury after LTIR through Reducing IL-

8 Expression and Suppressing Infiltration and

Activation of Neutrophils

(A) The expression of MALAT1 in each group examined by

qRT-PCR. (B) The graft pulmonary vena PO2 in each group

examined by the pulmonary venous blood gas analysis. (C)

The pathological changes of lung tissues in each group

examined by H&E staining (scale bars, 25 mm; original

magnification �400). (D) The infiltration of macrophages

(F4/80) in lung tissues in each group detected by IHC

(scale bars, 50 mm; original magnification �200). (E) The

W/D ratio of lung tissues in each group. (F) The expression

level of IL-8 in peripheral blood in each group determined

by ELISA. (G) The expression of MPO in each group

examined by IHC, with the number of neutrophils counted

(scale bars, 50 mm; original magnification �200). *p < 0.05

versus the sh-NC group. All experiments were repeated

three times. n = 10 in each group. Measurement data were

expressed as mean ± SD. Comparisons among multiple

groups were analyzed using one-way ANOVA, followed by

Tukey’s post hoc test. IHC, immunohistochemistry; IL-8,

interleukin-8; LTIR, lung transplant ischemia-reperfusion;

MALAT1, metastasis-associated lung adenocarcinoma

transcript 1; MPO, myeloperoxidase; PO2, partial pressure

of oxygen; W/D, weight/dry.
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Figure 7. Proposed Molecular Mechanisms Involved in Regulation of

MALAT1 in the Inflammatory Injury after LTIR

MALAT1 is highly expressed in lung tissues of LTIR rats, and enriched the H3K27ac

in the IL-8 promoter region and promoted IL-8 transcription though recruiting p300,

ultimately promoting the chemotaxis of neutrophils and leading to the inflammatory

injury of LTIR. Our study demonstrated that silencing of MALAT1 alleviated the

inflammatory injury after LTIR through downregulating IL-8 and inhibiting the infil-

tration of neutrophils. IL-8, interleukin-8; LTIR, lung transplant ischemia-reperfusion;

MALAT1, metastasis-associated lung adenocarcinoma transcript 1.
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All of these findings, together with the results in the present study,
suggested that MALAT1 and IL-8 were involved in LTIR injury,
and aberrant expression of MALAT1 could regulate cell apoptosis.

Furthermore, we found that MALAT1 promoted the chemotaxis of
neutrophils through regulating p300-dependent IL-8. Importantly,
silencing of MALAT1 could inhibit the infiltration and activation of
neutrophils, thus reducing the inflammation injury after LTIR, as
evidenced by the decreased expression of IL-8, p-S6K1, p-AKT, and
p-ERK1/2, and reduced activity of MPO and extracellular ROS.
Previously, a number of lncRNAs including MALAT1 were reported
to strongly connect with the gene expression of neutrophil-enriched
cell fractions.32 lncRNA has also been demonstrated to serve as a
promising therapeutic target for inflammation-related disease charac-
terized by abnormal short-livedmyeloid cells including neutrophils,33

and MALAT1 was found to interact with NF-kB in the nucleus, thus
inhibiting its DNA-binding activity and consequently reducing the
generation of inflammatory factors.24 The inhibitory effect of knock-
down ofMALAT1 on lung injury has been reported in several studies;
for instance, silencing of MALAT1 could regulate the progression of
acute lung injury through NF-kB and p38 MAPK pathways, and
could also inhibit inflammation by upregulating miR-146a in lipo-
polysaccharide-induced acute lung injury.34,35 Besides, upregulation
of IL-8 could induce negative graft function, as well as increase
mortality after lung transplantation, whereas inhibition of IL-8 by
administration of mesenchymal stem cells (MSCs) improves the graft
function after transplantation.36 Therefore, these results, together
with our results, supported the conclusion that knockdown of
MALAT1 repressed the inflammation injury after LTIR.

In conclusion, this study demonstrated that silencing of MALAT1
could ameliorate inflammatory injury following lung transplantation
by suppressing chemotaxis of neutrophils by p300-mediated enrich-
ment of H3K27ac in an IL-8 promoter region, which provides novel
insights for future therapy for LTIR injury (Figure 7).

MATERIALS AND METHODS
Ethics Statement

All animal experiments were performed with the approval of the
Guide for the Care and Use of Laboratory Animals by Henan Provin-
cial People’s Hospital.

Cell Culture and Transfection

Human pulmonary epithelial cells BEAS-2B purchased from Amer-
ican Type Culture Collection (ATCC, MD, USA) (https://www.atcc.
org/) were maintained in low-sugar DMEM (GIBCO, Carlsbad, CA,
USA) containing 10% fetal bovine serum (FBS; 10100147; GIBCO
BRL/Invitrogen, CA, USA) at 37�C with 5% CO2. When cells reach
50% confluence, 10 mmol/L C646 (methyltransferase inhibitor,
ab142163; Abcam, Bridge, UK) was used to inhibit methyltransferase
in cells.

For transfection, LV5-GFP (lentiviral vector carrying overexpressing
gene) and pSIH1-H1-copGFP (lentiviral vector carrying shRNA fluo-
rescent expression and silenced gene) were constructed. The oligonu-
cleotides of MALAT1 shRNA, p300 shRNA, and shRNA negative
control (sh-NC) were purchased from Shanghai GenePharma
(Shanghai, China). The lentiviral vectors and plasmids were trans-
fected into 293T cells using Lip2000 according to the manufacturer’s
protocol. After 48 h, the supernatant was collected and centrifuged to
collect the viral particles. Next, cells were inoculated into a six-well
plate at a density of 5 � 104 cells/mL and infected with blank, sh-
NC, overexpressing (oe)-NC, sh-MALAT1, oe-MALAT1, sh-p300,
oe-p300, sh-MALAT1 + oe-NC, and sh-MALAT1 + oe-p300, respec-
tively. After 48 h, the expression of GFP was observed under a fluores-
cence microscope. Besides, qRT-PCR was applied to verify the effi-
ciency of the transfection. The experiment was repeated three times.

Isolation and Culturing of Neutrophils

Neutrophils were isolated using Histopaque 1119/1077 (Sigma-
Aldrich, Poole, UK) according to the manufacturer’s instruction. In
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brief, peripheral venous blood was collected from healthy volunteers
and then mixed with 3.2% sodium citrate solution, followed by den-
sity gradient centrifugation. Then, the neutrophils were re-suspended
in PBS containing 0.5% BSA and lysed by cold MilliQ to remove in-
fected red blood cells.

Establishment of the LTIR Rat Model

A total of 30male Sprague-Dawley rats (aged 10–12 weeks with weight
of 230–270 g) were purchased from Shanghai Laboratory Animal
Centre, Chinese Academy of Sciences (Shanghai, China). All rats
were housed in a specific pathogen-free (SPF) condition and fasted
for 12 h before the experiments. To establish the LTIR model, the
rats were randomly assigned into blank, sham, and LTIR groups
(n = 10 in each group). The LTIR rat model was established according
to a previous study.1 Eight hours after lung transplant, the rats were
euthanized to collect the pulmonary venous blood and lung tissues.

Function Evaluation of Lung Transplant

The function of lung transplant was evaluated by the pulmonary
venous blood gas analysis using the iSTAT portable clinical analyzer
(iSTAT, East Windsor, NJ, USA) according to previous studies.1,5

H&E Staining

The left lung tissues of rats in different groups were collected, fixed in
10% neutral formalin, and then embedded in paraffin and dewaxed by
xylene. Then, the tissue sections were stained by hematoxylin, washed
by distilled water, immersed in 95% ethanol, stained by eosin, hydrat-
ed by gradient ethanol, cleared by xylene, air-dried, and mounted by
neutral balsam. The staining was observed under an optical micro-
scope to determine the pathological change of lung injury.

Lung Wet/Dry (W/D) Ratio

The wet/dry ratio of the lung was determined to quantify the level of
pulmonary edema. The collected lungs were weighed and then baked
at 80�C for 48 h; the W/D ratio was calculated using the weights
before and after drying.

ELISA

After 48 h of treatment, the cells were lysed with 60 mL western and IP
cell lysate buffer (Beyotime Biotechnology, Shanghai, China), and su-
pernatant was collected. Then, total protein concentration was deter-
mined according to the instructions of the bicinchoninic acid (BCA)
kit (Beyotime Biotechnology, Shanghai, China). The absorbance (A)
value at 562 nm was measured using an ELISA instrument (Vafioskan
Flash; Thermo Fisher Scientific, MA, USA); then the concentrations of
interleukin-6 (IL-6), IL-8, IL-4, and IL-10 were tested.

Immunohistochemistry (IHC)

IHCwas conducted using the HistostainTMSP-9000 IHC staining kit
(Zymed Laboratories, San Diego, CA, USA). In brief, the left lung
tissues from rats were fixed by 4% paraformaldehyde, embedded
by paraffin, cut into 4-mm serial sections, dewaxed, antigen repaired
under microwave heating, and then blocked by normal goat
serum and incubated with primary antibodies rabbit anti-F4/80
294 Molecular Therapy: Nucleic Acids Vol. 18 December 2019
(ab111101, 1:100) and rabbit anti-myeloperoxidase (MPO)
(ab9535, 1:100) at 4�C overnight. The next day, the sections were
incubated with secondary antibody rat anti-rabbit (ab6728,
1:1,000) at 37�C for 30 min and, developed by 3,30-diaminobenzidine
(DAB), counterstained by hematoxylin for 1 min and mounted by
balsam. Five representative fields were selected for observing and
counting cells under an optical microscope (Nikon Corporation,
Tokyo, Japan), and the cells with brown and yellow cytoplasm
were considered positive cells.

Terminal Deoxynucleotidyl Transferase (TdT) dUTP Nick-End

Labeling (TUNEL) Assay

A terminal deoxynucleotidyl transferase (TdT) dUTP nick-end
labeling (TUNEL) apoptosis detection kit (Millipore, Billerica,
MA, USA) was used to detect the cell apoptosis in lung tissues ac-
cording to a previous study.37 Ten fields in each section were
randomly selected, and the positive cells and podocytes were
counted. Cells with brown-yellow nucleus were apoptotic positive
cells and with a blue nucleus were normal cells. The apoptotic
rate of cells was expressed as: number of brown-yellow cells/num-
ber of blue cells � 100%.

Fluorescence In Situ Hybridization (FISH)

Fluorescence in situ hybridization (FISH) was used to detect the
expression of MALAT1 in lung tissues. The transplanted lung tissues
were fixed in paraformaldehyde, embedded in paraffin, and sectioned
into slices. The sections were detached by pepsin to reduce the
contamination of RNase. The slides were blocked by Dako and
then incubated with digoxin-labeled MALAT1 probe (EXIQON,
Vedback, Denmark) for detecting MALAT1. The sections were incu-
bated with secondary antibody (ab6728, 1:1,000; Abcam, Cambridge,
UK) at room temperature, stained by Prolong Gold Anti-fade Reagent
diamidino-phenyl-indole (DAPI; Invitrogen, Carlsbad, CA, USA),
and then photographed using Leica DFC360 FX Camera under a
Leica DMRA fluorescence microscope (Leica, Wetzlar, Germany).
Lastly, the images were assembled using Adobe Illustrator.

Establishment of the LTIR Cell Model

BEAS-2B cells were cultured at 37�C with 5% CO2 until cell fusion
and then cultured with icy lung preservation liquid Perfadex (Vitro-
life, Englewood, CO, USA) to establish the model of LTIR cells
according to the previous study.38

RNA Isolation and Quantitation

Total RNA was extracted from cell and tissue samples using TRIzol
(Invitrogen, Carlsbad, CA, USA; Thermo Fisher Scientific, MA,
USA), the quantity and concentration of RNA were determined
using UV spectrophotometer (ND-1000; NanoDrop Technologies,
Wilmington, DE, USA). Then 400 ng total RNA was reversely tran-
scribed into cDNA using the PrimeScript RT Reagent Kit (Takara
Biotechnology, Dalian, China). qRT-PCR was conducted according
to the instructions of SYBR Premix Ex Taq II (Tli RNaseH Plus) kit
(Takara Bio, Otsu, Shiga, Japan) on the Thermal Cycler Dice Real
Time System Instrument (TP800; Takara Bio, Otsu, Shiga, Japan).



Table 2. The Primer Sequences for the IL-8 Promoter

Gene Primer Sequences (50-30)

IL-8
F: 50-AAGTGTGATGACTCAGGTTTGC-30

R: 50-GAAGCTTGTGTGCTCTGCGT-30

F, forward; IL-8, interleukin-8; R, reverse.

Table 1. The Primer Sequences for qRT-PCR

Gene Sequences (50-30)

MALAT1 (Homo)
F: 50-TCTTAGAGGGTGGGCTTTTGTT-30

R: 50-CTGCATCTAGGCCATCATACTG-30

MALAT1 (Mus)
F: 50-TAAGCGCTTGCCTCTGTCTT-30

R: 50-CACCTGCATTCTGTGTGGTC-30

p300
F: 50-GACCCTCAGCTTTTAGGAATCC-30

R: 50-TGCCGTAGCAACACAGTGTCT-30

IL-8 (Homo)
F: 50-CTCTGTGGTATCCAAGAATCAGTGA-30

R: 50-TATTGCATCTGGCAACCCTACA-30

IL-8 (Mus)
F: 50-CCTAGGCATCTTCGTCCGTC-30

R: 50-CAGAAGCTTCATTGCCGGTG-30

GAPDH (Homo)
F: 50-GCAAATTCCATGGCACCGT-30

R: 50-TCGCCCCACTTGATTTTGGAGG-30

GAPDH (Mus)
F: 50-AAGGTCATCCCAGAGCTGAA-30

R: 50-GCCATGAGGTCCACCACCCT-30

F, forward; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; IL-8, interleukin-8;
MALAT1, metastasis associated lung adenocarcinoma transcript 1; R, reverse.
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The primers were synthesized by Guangzhou RiboBio (Guangzhou,
China) (Table 1). With glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) used as the internal reference, the expression of genes
was calculated by means of the relative quantification 2�DDCt
method.

Western Blot Analysis

The pulmonary epithelial tissues or neutrophils were lysed by western
cell lysate buffer (C0481; Sigma-Aldrich Chemical Company, St. Louis,
MO, USA). The protein concentration was determined using BCA kit
(Beyotime Biotechnology, Shanghai, China). Equal amounts of pro-
teins (20 mg) were separated by 10% SDS-PAGE and transferred
onto the polyvinylidene fluoride (PVDF) membrane (Millipore, Biller-
ica, MA, USA). After blocking with 5% dried skimmedmilk for 1 h, the
membrane was incubated with the following primary antibodies: rabbit
antibodies JNK (2305, 1:1,000), p-JNK (4668, 1:1,000), P53 (2527,
1:1,000), p-P53 (9284, 1:1,000), poly-ADP-ribose polymerase
(PARP) (9532, 1:1,000), S6K1 (2708, 1:1,000), p-S6K1 (97596,
1:1,000), Akt (4685, 1:1,000), p-Akt (4060, 1:2,000), Erk1/2 (4695,
1:1,000), and p-Erk1/2 (4370, 1:2,000) at 4�C overnight. All of the an-
tibodies were purchased fromCell Signaling Technology (Beverly, MA,
USA). After washing three times, the membrane was incubated with
horseradish peroxidase-labeled secondary antibody (ab6728, 1:1,000;
Abcam, Cambridge, UK) at room temperature for 1 h and then devel-
oped by electrochemiluminescence (ECL) (Baoman Biotechnology,
Shanghai, China). GAPDH was used as an internal reference.

Flow Cytometry

The flow cytometry (Thermo Fisher Scientific, MA, USA) was used to
detect the apoptosis of pulmonary epithelial cells. The pulmonary
epithelial cells at passages 3–6 were used and transfected with sh-
MALAT1 and oe-MALAT1. Cell suspension was successively stained
by 5 mL Annexin V-fluorescein isothiocyanate (FITC) and propidium
iodide (PI) dye. The apoptosis was analyzed by flow cytometry; the
ratio of cell apoptosis was obtained from the ratio of cells with green
fluorescence to the cells with red fluorescence.

Double FISH

Double FISH assay was conducted to detect the intranuclear localiza-
tion of MALAT1 and p300 as previously described.39 In brief, the
pulmonary epithelial cells were seeded in a 24-well plate at the
concentration of 5� 103 cells/well for 24 h and fixed in 4% paraformal-
dehyde at room temperature for 10 min. The cells were then washed
with PBS containing 0.5% Triton X-100, blocked with pre-hybridiza-
tion solution at room temperature, and incubated with MALAT1
probe and primary antibody to p300 (Sc-32244, 1:500, Santa Cruz,
USA) at room temperature overnight. After incubation with
secondary antibody (8890, 1:500, Cell Signaling), the cells were coun-
terstained with DAPI and observed using a Nikon Eclipse E800
confocal microscope.

Chromatin Immunoprecipitation (ChIP)

ChIP was conducted to examine the enrichment of p300 and
H3K27ac on the IL-8 promoter region using the EZ-Magna ChIP
TMA kit (Millipore, Billerica, MA, USA). The pulmonary epithelial
cells were cross-linked with 1% formaldehyde for 10 min and
then lysed in lysis buffer containing protease inhibitors. Then, the
supernatant was collected and incubated with antibodies. The precip-
itates were washed, eluted by ChIP Wash Buffer, and de-crosslinked.
After recovery of DNA, qRT-PCR was applied to quantify the IL-8
promoter. The primer sequences of the IL-8 promoter are shown in
Table 2.

RNA Immunoprecipitation (RIP)

RIP was applied to verify the interaction between p300 and MALAT1
using theMagna RIP TMRNA-Binding Protein Immunoprecipitation
Kit (Millipore, Billerica, MA, USA). In brief, the pulmonary epithelial
cells were lysed. A total of 100 mL cell extract was incubated with
900 mL RIP buffer containing magnetic bead coated by p300 rabbit
antibody (ab14984, 1:50; Abcam, Cambridge, UK) or immunoglobulin
G (IgG) for 3 h at 4�C. Beads were washed three times with lysis buffer,
and RNA was extracted by addition of TRIzol to the beads. Finally,
qPCR was performed to detect the MALAT1.
RNA Pull-Down

RNA pull-down was employed to examine the association between
p300 andMALAT1. The purified RNA 30 end ofMALAT1was labeled
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by biotin RNA-labeled mixture (Ambion; Thermo Fisher Scientific,
Waltham, MA, USA). A total of 400 ng biotinylated RNA in
500 mL RIP buffer was incubated with cell lysate. Western blot was
performed to detect the expression of p300.

Immunoprecipitation (IP)

To determine the interaction between p300 and IL-8, we conducted
IP to detect whether IL-8 antibody could immunoprecipitate p300;
carbohydrate-binding protein (CBP) that interacted with p300 was
used as a positive control, and immunoglobulin G (IgG) was used
as a negative control. Cells transfected with pCDNA3-HA-p300
were lysed, and protein samples were collected. Anti-IL-8 antibody
and Sepharose beads were incubated with protein samples overnight.
The IP beads were washed three times with cold lysis buffer. The
binding proteins were eluted and separated by SDS-PAGE and then
verified by western blot analysis.

Transwell Assay

The neutrophils were isolated from the whole blood of healthy volun-
teers; then the starved cells were pre-activated by formyl-leucyl-
methionine peptide (fLMP) (Nova Biochem, Darmstadt, Germany)
for 10 min and treated by inhibitor or IL-8 neutralizing antibody
for 10 min. A total of 1.5 � 105 cells were re-suspended and placed
in the Transwell migration chamber (3 mm; BD Biosciences, Franklin
Lakes, NJ, USA) supplemented with serum-free medium containing
0.1% BSA. The serum-free DMEMwas added into the lower chamber
of the Transwell. After removal of the un-migrated cells, the migrated
cells were stained by Hema-3 (Fisher Scientific, Pittsburgh, PA, USA)
and counted.

Establishment of the LTIR Rat Model with Depletion of MALAT1

A total of 50 clean Sprague-Dawley male rats weighing 230–270 g
(provided by Shanghai Laboratory Animal Center, Chinese Academy
of Sciences, Shanghai, China) were used in this study. The cuff
technique of artery, vein, and bronchus was used to establish the
orthotopic left lung transplant model in rats. After lung transplant,
1� 107 adenoviruses containing sh-NC or sh-MALAT1were injected
into rats via tail vein, and peripheral venous blood was collected at
corresponding time points; then the rats were euthanized by intrave-
nous injection of 3% pentobarbital sodium (P3761; Sigma-Aldrich
Chemical Company, St. Louis, MO, USA) (three times concentra-
tion). After 2 weeks, the lung tissues of rats were obtained to examine
the expression of related factors.

Detection of MPO by Chromatometry

Chromatometry was employed to detect the activity of MPO
according to the instructions of the MPO detection kit (K747-
100; BioVision, San Francisco, CA, USA) based on the previous
study.40

Statistical Analysis

All data were processed by SPSS 21.0 statistical software (IBM, Ar-
monk, NY, USA). Measurement data were expressed as mean ± SD.
Comparisons among multiple groups were analyzed using one-way
296 Molecular Therapy: Nucleic Acids Vol. 18 December 2019
ANOVA followed by Tukey’s post hoc test. The data obtained by
multiple measurements at different time points were analyzed using
repeated-measures ANOVA followed by Bonferroni post hoc test.
p < 0.05 was considered statistically significant.
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