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Diabetic retinopathy (DR) is a severe diabetes-induced eye dis-
ease, in which its pathological phenomena basically include
abnormal proliferation, migration, and angiogenesis of micro-
vascular endothelial cells in the retina. Long non-coding RNAs
(lncRNAs) have been proven to be important regulators in
various biological processes, but their participation in DR re-
mains largely undiscovered. In the present study, we aimed to
unveil the role of lncRNA small nucleolar RNA host gene 16
(SNHG16) in regulating the functions of human retinal micro-
vascular endothelial cells (hRMECs) under a high-glucose (HG)
condition.We found that SNHG16 expression was significantly
upregulated in hRMECs treated with HG. Functionally,
SNHG16 could facilitate hRMEC proliferation, migration,
and angiogenesis. Moreover, SNHG16 was associated with nu-
clear factor kB (NF-kB) and phosphatidylinositol 3-kinase
(PI3K)/AKT pathways. Mechanistically, SNHG16 could pro-
mote hRMEC dysfunction by sequestering microRNA (miR)-
146a-5p and miR-7-5p to act as a competing endogenous
RNA (ceRNA) with interleukin-1 receptor-associated kinase 1
(IRAK1) and insulin receptor substrate 1 (IRS1). In conclu-
sion, our results illustrated the potential role of SNHG16 in
facilitating hRMEC dysfunction under HG treatment,
providing a novel approach for DR therapy.

INTRODUCTION
Diabetic retinopathy (DR) is a typical microvascular complication of
diabetes mellitus. This serious oculopathy is prominent as the major
cause of vision loss and blindness in diabetes patients, thereby impair-
ing their quality of life.1,2 In recent years, DR has become a worldwide
public health issue with the sustained rise of diabetes occurrence,
highlighting the significance of this severe disease.3 In spite of the
adoption of many techniques for DR management, such as laser sur-
gery, intraocular drug injection, and vitrectomy, the lesions of DR can
hardly be thoroughly cured through these conventional treatments.4

Therefore, the underlying molecular mechanisms of DR pathogenesis
need to be further investigated in order to exploit more novel and
effective therapeutic strategies.

Retinal endothelial cells lining the microvascular system are critical in
maintaining normal functions of retina. Besides, dysfunction of
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retinal endothelial cells plays an important role in the progression
of many vasculopathies, including DR.5 Specifically, the prevalence
of DR is closely associated with diabetes duration, hypertension,
and hyperglycemia. These risk factors can lead to pathological endo-
thelial cell dysfunction, such as excessive proliferation, migration, and
angiogenesis of endothelial cells. These abnormal behaviors can sub-
sequently result in pathological retinal neovascularization during the
proliferative stage of DR, which can gradually develop into blurred
vision, severe visual impairment, and eventually result in blind-
ness.6–8 Therefore, our research was aimed at exploring the mecha-
nism in regulating the behaviors of human retinal microvascular
endothelial cells (hRMECs) cultured under high-glucose (HG) stim-
ulation, imitating DR circumstances.

Long non-coding RNAs (lncRNAs), commonly defined to be long
RNA transcripts (>200 nucleotides in length) with poor or no pro-
tein-coding capacity,9,10 can involve in many physiological and path-
ological processes.11 Although the participation of lncRNAs in DR
remains largely undiscovered, increasing studies have been eluci-
dating significant regulatory functions of various lncRNAs in vascular
diseases and diabetes with different molecular mechanisms impli-
cated.12,13 For instance, lncRNA myocardial infarction-associated
transcript (MIAT) regulates endothelial cell function in DR through
a feedback loop with vascular endothelial growth factor (VEGF) and
microRNA (miR)-150-5p.14 MEG3 knockdown aggravates diabetes-
related retinal vessel dysfunction via activating the phosphatidylino-
sitol 3-kinase (PI3K)/AKT signaling pathway.15 H19 prevents trans-
forming growth factor (TGF)-b1-mediated endothelial-mesenchymal
transition of retinal endothelial cells through the mitogen-activated
uthor(s).
vecommons.org/licenses/by/4.0/).
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Figure 1. SNHG16 expression is upregulated in hRMECs under high-glucose (HG) condition

(A) SNHG16 expression in hRMECs cultured under different conditions was detected using quantitative real-time PCR, showing the upregulation of SNHG16 in hRMECs

stimulated with HG (25mMD-glucose) in comparison with low-glucose (LG; 5mMD-glucose) or osmotic control (Osm; 25mML-glucose) groups. n = 3 in each group. (B and

C) Multiple trials of quantitative real-time PCR showed that the SNHG16 level in hRMECs was increased in a glucose dose-dependent pattern (treated for 48 h) and in a

culturing time-dependent pattern (25 mM). n = 3 in each group. (D) SNHG16 expression in the cytoplasm and nucleus of hRMEC using quantitative real-time PCR following

hRMEC subcellular fractionation. GAPDH and U6 served as cytoplasmic and nuclear markers, respectively. n = 3 in each group. (E) SNHG16 subcellular distribution in

hRMECs under LG or HG condition for 48 h was visualized using FISH (scale bars, 20 mm), in which data quantification was recorded as mean fluorescence intensity of

SNHG16 probes accordingly. n = 3 in each group. All data were acquired from three independent experiments and presented as the mean ± SD. *p < 0.05, **p < 0.01, ns,

difference was not statistically significant.
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protein kinase (MAPK)-extracellular signal-regulated kinase (ERK)
1/2 pathway during DR progression.16 Since, to date, only a few types
of lncRNAs have been thoroughly identified as key molecular targets
for DR therapy, further studies are still required for uncovering the
participation of specific lncRNAs in regulating DR progression.

In this study, we focused on lncRNA small nucleolar RNA (snoRNA)
host gene 16 (SNHG16), which can facilitate proliferation, migration,
and angiogenesis of hemangioma endothelial cells.17 Based on this
discovery, we explored the potentiality of SNHG16 in regulating these
pathological behaviors in RMECs and discussed the underlying mo-
lecular mechanism by which SNHG16 could exert its function in
hRMECs.

RESULTS
SNHG16 expression is upregulated in hRMECs under HG

condition

At first, we evaluated cell viability and proliferation under HG condi-
tion for 12 h and 48 h. It was found that the viability and proliferation
were strengthened at 48 h (Figures S1A and S1B). Thus, we chose 48 h
for subsequent experiments. The morphology of hRMECs treated
with low glucose (LG) or HG was observed under a microscope.
Cells become spindle in the HG group compared with the LG group
(Figure S1C). To explore the participation of SNHG16 in diabetes-
induced retinal endothelial cell dysfunction, we examined the expres-
sion level of different isoforms of SNHG16 in hRMECs cultured
under HG or LG condition for 48 h, imitating diabetic and normal
circumstances, respectively. The result revealed that the expression
of SNHG16-201 (named SNHG16 in subsequence) was upregulated
in the HG group (Figure S2A). Importantly, SNHG16 expression pre-
sented no statistical significance between LG and osmotic control
(Osm) groups (Figure 1A). Additionally, through a series of trials,
we found that the HG-induced elevation of the SNHG16 level was
associated with the increase of glucose concentration (Figure 1B) or
culturing time (Figure 1C). Subsequently, we detected the subcellular
distribution of SNHG16 in hRMECs by performing subcellular frac-
tionation and fluorescence in situ hybridization (FISH) assays. The
results showed that SNHG16 was located mostly in the cytoplasm
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Figure 2. SNHG16 positively regulates proliferation, migration, and angiogenesis of hRMECs

Experiments were conducted in cells treated with LG (5 mM) or HG (25 mM) for 48 h. (A) Efficiency of SNHG16 overexpression in LG-treated hRMECs and of SNHG16

knockdown in HG-treated hRMECs was assessed using quantitative real-time PCR. Two shRNAs for SNHG16 with relatively higher knockdown capacity were selected.

(legend continued on next page)
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of hRMECs. Furthermore, as illustrated by relative fluorescence in-
tensity of FISH probes, the higher level of SNHG16 in HG-treated
hRMECs could also been observed (Figures 1D and 1E). These results
indicated that SNHG16 upregulation was associated with HG condi-
tion, suggesting the potentiality of SNHG16 in aggravating diabetes-
related hRMEC dysfunction.

SNHG16 encodes three snoRNAs. Here, we also investigated whether
SNHG16 could regulate these three snoRNAs and thus led to hRMEC
dysfunction. As shown in Figure S2B, there were no significant differ-
ences of the expression of three snoRNAs between LG and HG groups.
In addition, overexpression of SNHG16 in LG-induced hRMECs and
knockdown of SNHG16 in HG-induced hRMECs had no significant
effect on the expression of three snoRNAs (Figure S2C). Subsequently,
we performed functional assays to demonstrate the role of three
snoRNAs in modulating hRMEC functions. As a result, silencing of
these three snoRNAs had no effects on the functions of hRMECs (Fig-
ures S2D�S2J). Therefore, we excluded the possibility that SNHG16
exerts functions through modulating its snoRNAs.

SNHG16 positively regulates proliferation, migration, and

angiogenesis of hRMECs

To evaluate the impact of SNHG16 overexpression or knockdown on
hRMEC functions, we performed gain-of-function and loss-of-func-
tion assays by transfecting pcDNA3.1/SNHG16 overexpression con-
structs into LG-treated hRMECs and lentiviral vectors with short
hairpin RNAs (shRNAs) targeting SNHG16 into HG-treated
hRMECs, respectively (Figure 2A). First, we performed Cell Counting
Kit 8 (CCK-8) and 5-ethynyl-20-deoxyuridine (EdU) assays to analyze
the cell proliferation level. The result showed that hRMEC prolifera-
tion was significantly promoted by SNHG16 overexpression and in-
hibited by SNHG16 knockdown, as illustrated by the absorbance at
450 nm in the CCK-8 assay (Figure 2B). The same tendency was
shown bymeasuring the ratio of EdU-positive cells (Figure 2C). Addi-
tionally, we uncovered that HG treatment induced the decrease of
reactive oxygen species (ROS) level and suppressed cell apoptosis,
whereas these tendencies were reversed by the silencing of SNHG16
(Figures S1D and S1E). Next, we detected hRMEC migration by con-
ducting wound-healing and Transwell assays and found that
SNHG16 overexpression significantly enhanced cell migration,
whereas SNHG16 knockdown significantly suppressed cell migration
(Figures 2D and 2E).

Furthermore, it is acknowledged that VEGF is an important angio-
genic cytokine that can potently accelerate vascular endothelial cell
n = 3 in each group. (B) CCK-8 assay was performed to assess the influence of SNHG16

the strongest effect was adopted for all following experiments. n = 3 in each group. (C) C

of EdU-positive cells using the EdU assay (scale bars, 200 mm). n = 3 in each group. (D) W

on hRMEC migration through measuring the wound-healing distance (scale bars, 100 m

Transwell assay. n = 3 in each group. (F) quantitative real-time PCR analysis of VEGF mR

(G) ELISA showed VEGF protein level influenced by SNHG16 overexpression or knockd

influence of SNHG16 overexpression or knockdown on angiogenesis (scale bars, 200 m

and presented as the mean ± SD. *p < 0.05, **p < 0.01.
proliferation, migration, as well as angiogenesis.18 Therefore, we eval-
uated the influence of SNHG16 on mRNA and protein levels of
VEGF. The result demonstrated that VEGF level was increased in
hRMECs with SNHG16 overexpression and decreased by SNHG16
knockdown (Figures 2F and 2G). We also detected whether HG-
induced SNHG16 affected the hypoxia-inducible factor (HIF)-1a/
VEGF axis. The results indicated that the levels of HIF-1a and
VEGF were increased in LG-treated hRMECs after SNHG16 overex-
pression. The levels of them were also enhanced by HG treatment but
were reduced again by the knockdown of SNHG16 (Figure S1F).
Based on the angiogenic role of VEGF, we analyzed the influence of
SNHG16 on angiogenesis using a tube formation assay. The result
showed the positive effect of SNHG16 overexpression and the inhib-
itory effect of SNHG16 knockdown on endothelial tube formation
(Figure 2H). Collectively, the above results convincingly demon-
strated that SNHG16 markedly promoted HG-induced hRMEC
proliferation, migration, and angiogenesis.

SNHG16 is associated with nuclear factor kB (NF-kB) and PI3K/

AKT pathways

To further explore the mechanism by which SNHG16 could regulate
diabetes-related hRMEC dysfunction, we performed a series of tran-
scription factor transactivation assays. The potential outcome of
SNHG16 knockdown in HG-treated hRMECs was evaluated through
analyzing the change of luciferase activity in each group of transcrip-
tion factor, which represents a certain signaling pathway that may
play a part in regulating hRMEC behaviors. Intriguingly, we observed
that the transactivation levels of NF-kB and forkhead box O (FOXO),
which, respectively, stand for NF-kB pathways and PI3K/AKT path-
ways, were dramatically decreased after SNHG16 knockdown,
whereas the influences on other transcription factors were not signif-
icant (Figure 3A). This association was verified by the enhanced
transactivation levels of NF-kB and FOXO in LG-treated hRMECs
with SNHG16 overexpression (Figure 3B).

Next, we explored whether the levels of key molecules involved in
NF-kB or PI3K/AKT pathways were affected by the SNHG16 level.
In LG-treated hRMECs, SNHG16 overexpression enhanced the phos-
phorylation level of the NF-kB inhibitory protein IkBa (p-IkBa), thus
facilitating its degradation. In HG-treated hRMECs, contrarily, p-IkBa
was inhibited by SNHG16 knockdown (Figure 3C). Then, we assessed
the level of nuclear or cytoplasmic p65, the pivotal transcriptional regu-
lation factor of NF-kB, and found that p65 nuclear translocation was
promoted by SNHG16 overexpression, whereas SNHG16 knockdown
induced p65 cytoplasmic retention (Figure 3D). Subsequently, we
overexpression or knockdown on hRMEC proliferation. The shRNA for SNHG16with

ell proliferation ratio of each group was illustrated through calculating the percentage

ound-healing assay illustrated the effect of SNHG16 overexpression or knockdown

m). n = 3 in each group. (E) Migration cell number of each group was counted using

NA level influenced by SNHG16 overexpression or knockdown. n = 3 in each group.

own. n = 3 in each group. (H) Tube formation assay was performed to evaluate the

m). n = 3 in each group. All data were acquired from three independent experiments
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Figure 3. SNHG16 is associated with NF-kB and PI3K/AKT pathways

Experiments were conducted in cells treated with LG (5mM) or HG (25mM) for 48 h. (A) The downstream signaling pathway of SNHG16was evaluated using Cignal Reporter

Assay to detect the activities of a series of transcription factors in hRMECs with SNHG16 knockdown. The transcription factors listed above represent endoplasmic reticulum

(ER) stress, hypoxia, MAPK/ERK, MAPK/c-Jun N-terminal kinase (JNK), NF-kB, Notch, PI3K/AKT, STAT3, TGF-b, and Wnt signaling pathways. n = 3 in each group. (B)

Cignal Reporter Assay was performed to explore the signaling activity of NF-kB and PI3K/AKT in SNHG16-overexpressed hRMECs. n = 3 in each group. (C) Western blot

analysis of p-IkBa and IkBa illustrated the effect of SNHG16 overexpression or knockdown on p-IkBa. n = 3 in each group. (D) Western blot analysis of nuclear and

cytoplasmic p65 following subcellular fractionation illustrated the effect of SNHG16 overexpression or knockdown on p65 nuclear translocation. Histone H3: nuclear control;

b-actin: cytoplasmic control. n = 3 in each group. (E) p65 activity in hRMECs with SNHG16 overexpression or knockdown was detected using ELISA-based NF-kB activity

assay. n = 3 in each group. (F) Western blot analysis of PI3K, p-AKT, and AKT showed that SNHG16 positively regulated the PI3K/AKT pathway in hRMECs. n = 3 in each

group. All data were acquired from three independent experiments and presented as the mean ± SD. *p < 0.05, **p < 0.01.
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performed an enzyme-linked immunosorbent assay (ELISA) and
found that the low p65 activity in LG-treated hRMECs was enhanced
by SNHG16 overexpression, whereas the high p65 activity in HG-
treated hRMECs was reduced by SNHG16 knockdown (Figure 3E).
As for the PI3K/AKT pathway, after SNHG16 overexpression, the
levels of PI3K expression and p-AKT were elevated, indicating the pos-
itive regulation of the PI3K/AKTpathway. In contrast, PI3K expression
and p-AKT were decreased after SNHG16 knockdown (Figure 3F).
These results suggested the activation of NF-kB and PI3K/AKT
signaling pathways by SNHG16 in hRMECs.

SNHG16 directly interacts with miR-146a-5p and miR-7-5p

Accumulating evidence has elucidated that lncRNAs can act as
competing endogenous RNAs (ceRNAs) to sponge specificmicroRNAs
(miRNAs), thus protecting target transcripts from being degraded.19,20

Since SNHG16 has been reported in many studies to serve as a ceRNA
and take important part in various diseases,21–23 and SNHG16 was
located mainly in the cytoplasm of hRMECs, we assumed that the
516 Molecular Therapy: Nucleic Acids Vol. 24 June 2021
possiblemechanismbywhich SNHG16 exerted its function in hRMECs
was to sequester key miRNAs involved in NF-kB and PI3K/AKT path-
ways. Therefore, we resorted to the Encyclopedia of RNA Interactomes
(ENCORI) online database (http://starbase.sysu.edu.cn/), a public bio-
informatics tool24 and searched out the putative target miRNAs for
SNHG16. Among these, miR-146a-5p and miR-7-5p were selected as
predicted candidate miRNAs, because they have been explicitly re-
ported to, respectively, inhibit NF-kB and PI3K/AKT pathways in
RMECs.25–27 The predicted binding sites for miR-146a-5p or miR-7-
5p on SNHG16 were also illustrated (Figure 4A).

Next, we found that in contrast with SNHG16, miR-146a-5p and
miR-7-5p levels were markedly downregulated in HG-treated
hRMECs (Figure 4B). Besides, SNHG16 overexpression led to
reduced miR-146a-5p and miR-7-5p levels in hRMECs under LG
condition, whereas SNHG16 knockdown resulted in elevated
miR-146a-5p and miR-7-5p levels under HG condition, indicating
that SNHG16 negatively regulated miR-146a-5p and miR-7-5p

http://starbase.sysu.edu.cn/


Figure 4. SNHG16 directly interacts with miR-146a-5p and miR-7-5p

Experiments were conducted in cells treated with LG (5 mM) or HG (25 mM) for 48 h. (A) ENCORI prediction showed the binding sites of miR-146a-5p and miR-7-5p in the

sequence of SNHG16. The sequences highlighted in red stand for themutant (Mut) binding sites ofmiR-146a-5p andmiR-7-5p for luciferase reporter assay. (B) miR-146a-5p

and miR-7-5p expression in hRMECs cultured with HG, LG, or Osm was detected using quantitative real-time PCR. n = 3 in each group. (C) Quantitative real-time PCR

showed the levels of miR-146a-5p and miR-7-5p influenced by SNHG16 overexpression or knockdown. n = 3 in each group. (D) RIP assay with Ago2 antibody or IgG as a

control, followed by quantitative real-time PCR, demonstrated the enrichment of SNHG16, miR-146a-5p, and miR-7-5p in RISCs. n = 3 in each group. (E) RNA pull-down

assay, followed by quantitative real-time PCR, was performed to detect the level of SNHG16 interacting with miR-146a-5p or miR-7-5p. n = 3 in each group. (F) Luciferase

reporter assay was performed in hRMECs co-transfected with SNHG16-WT or SNHG16-Mut1 luciferase reporters and miR-146a-5p mimics or NC mimics, as well as in

hRMECs co-transfected with SNHG16-WT or SNHG16-Mut2 luciferase reporters andmiR-7-5pmimics or NCmimics. n = 3 in each group. All data were acquired from three

independent experiments and presented as the mean ± SD. **p < 0.01, ***p < 0.001.
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(Figure 4C). Further, RNA immunoprecipitation (RIP) assay, using
hRMEC lysates, was conducted, illustrating that SNHG16, miR-
146a-5p, and miR-7-5p were enriched in Ago2 groups compared
with immunoglobulin G (IgG) control groups, illustrating their
recruitment to RNA-induced silencing complexes (RISCs) (Fig-
ure 4D). Besides, through RNA pull-down assay, the direct interac-
tion between SNHG16 and miR-146a-5p or miR-7-5p was identified,
since only by wild-type (WT) biotinylated miRNA probes could
SNHG16 be significantly pulled down (Figure 4E). Moreover, in a
luciferase reporter assay, luciferase activity of WT SNHG16 reporters
was significantly reduced in response to miR-146a-5p or miR-7-5p,
but luciferase activity of SNHG16 reporters with mutant (Mut) bind-
ing sites was not affected (Figure 4F). These results illustrated the
direct interaction between SNHG16 and miR-146a-5p or miR-7-5p
in hRMECs.

miR-146a-5p and miR-7-5p inhibitors reverse the effects

generated by SNHG16 knockdown

Subsequently, we explored the influence of miR-146a-5p and/or
miR-7-5p inhibitors on the functions of HG-treated hRMECs with
Molecular Therapy: Nucleic Acids Vol. 24 June 2021 517
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SNHG16 knockdown. At first, we found that the expression level of
miR-146a-5p or miR-7-5p was decreased after transfection of corre-
sponding inhibitors compared with NC inhibitors (Figure 5A). With
the use of the CCK-8 assay and EdU assay, we observed that the inhib-
itory effect of SNHG16 knockdown on cell proliferation was partially
rescued after transfection of miR-146a-5p or miR-7-5p inhibitors and
was almost completely rescued by both of them (Figures 5B and 5C).
Also, the wound-healing assay and Transwell assay showed that the
inhibitory effect of SNHG16 knockdown on cell migration was
partially rescued by miR-146a-5p or miR-7-5p inhibitors and was
almost completely rescued by inhibition of both (Figures 5D and
5E). Then, we detected mRNA and protein levels of VEGF and found
that VEGF level reduced by SNHG16 silencing was upregulated after
miR-146a-5p and/or miR-7-5p knockdown (Figures 5F and 5G). Be-
sides, angiogenesis impeded by SNHG16 knockdown was facilitated
by transfection of miR-146a-5p and/or miR-7-5p inhibitors (Fig-
ure 5H). Taken together, the influence of SNHG16 knockdown in
hRMECs was reversed by miR-146a-5p and miR-7-5p inhibitors,
indicating that the biological function of SNHG16 was exerted via
sponging miR-146a-5p and miR-7-5p.

Interleukin-1 receptor-associated kinase 1 (IRAK1) and insulin

receptor substrate 1 (IRS1) are targeted, respectively, by miR-

146a-5p and miR-7-5p

Our study continued to detect potential genes that were targeted by
miR-146a-5p and miR-7-5p and could participate in hRMEC
dysfunction via activating NF-kB and PI3K/AKT pathways. As previ-
ous studies indicated, miR-146a-5p could inhibit diabetes-induced
defects in retinal endothelial cells via targeting several key molecules
of the NF-kB pathway,28,29 and miR-7-5p could reduce proliferation
of retinal endothelial cells through targeting IRS1 and deactivating the
PI3K/AKT pathway.27 The levels of three pivotal genes targeted by
miR-146a-5p were examined in response to SNHG16 knockdown
in HG-treated hRMECs. We observed that only IRAK1 was signifi-
cantly downregulated by SNHG16 knockdown (Figure 6A). We
thus selected IRAK1 and IRS1 as the objects of our study. With the
help of the ENCORI online database, we identified the binding se-
quences between miR-146a-5p and IRAK1 30 UTR and between
miR-7-5p and IRS1 30 UTR (Figure 6B).

As shown by quantitative real-time PCR and western blot analyses,
mRNA and protein levels of IRAK1 and IRS1 were significantly
increased under the HG condition (Figures S3A and S3B). Besides,
IRAK1 and IRS1 were upregulated by SNHG16 overexpression and
downregulated by SNHG16 knockdown on both levels of mRNA
Figure 5. miR-146a-5p and miR-7-5p inhibitors reverse the effects generated b

Experiments were conducted in cells treated with HG (25 mM) for 48 h. (A) Quantitative

hRMECs after SNHG16 knockdownwere suppressed by transfection of miR-146a-5p a

EdU assay illustrated the effect of miR-146a-5p and/or miR-7-5p inhibitors on cell prolife

healing assay and Transwell assay illustrated the effect of miR-146a-5p and/or miR-7-

group. (F and G) Quantitative real-time PCR and ELISA showed the influence of miR-

formation assay showed the influence of miR-146a-5p and/or miR-7-5p inhibitors on

experiments and presented as the mean ± SD. *p < 0.05, **p < 0.01.
and protein (Figures S3C and S3D). To determine the molecular
interaction, we conducted a RIP assay, showing the enrichment of
SNHG16, miR-146a-5p, miR-7-5p, and mRNAs of IRAK1 and
IRS1 in Ago2 groups (Figure 6C). Then, an RNA pull-down assay
illustrated that IRAK1 or IRS1 mRNAs directly interacted with WT
biotinylated probes for miR-146a-5p or miR-7-5p (Figure 6D). More-
over, as shown by the luciferase reporter assay, the luciferase activity
of WT IRAK1-30 UTR and IRS1-30 UTR reporters, not of reporters
with Mut binding sites, was, respectively, reduced by addition of
miR-146a-5p andmiR-7-5p mimics and then both partially enhanced
by SNHG16 overexpression (Figure 6E). These results elucidated that
miR-146a-5p and miR-7-5p, respectively, target their downstream
genes IRAK1 and IRS1 in hRMECs.

SNHG16 promotes hRMEC dysfunction via NF-kB pathway

activation through IRAK1

To verify that the function of SNHG16 was exerted through the
IRAK1 and NF-kB pathway, we transfected lentiviral vectors with
shRNAs targeting IRAK1 into hRMECs after SNHG16 overexpres-
sion and found that the level of IRAK1, which had been enhanced
by SNHG16 overexpression, was suppressed after transfecting
shRNAs for IRAK1 (Figure 7A). The promotional effect of
SNHG16 overexpression on cell proliferation was partially inhibited
by transfection of IRAK1 shRNAs, as well as by addition of the NF-
kB pathway inhibitor BAY 11-7082 (Figures 7B and 7C). Also, the
enhanced cell migration was suppressed by both IRAK1 silencing
and BAY 11-7082 addition (Figures 7D and 7E). After the upregu-
lated VEGF level in SNHG16-overexpressed hRMECs was found to
be reduced by both IRAK1 knockdown and NF-kB pathway inhibi-
tion (Figures 7F and 7G), we detected their influence on angiogenesis
and discovered that both IRAK1 knockdown and BAY 11-7082 could
impede angiogenesis facilitated by SNHG16 overexpression
(Figure 7H).

Since BAY 11-7082 functions via inhibiting p-IkBa, we detected the
protein levels of IRAK1, p-IkBa, and IkBa in response to IRAK1
knockdown or BAY 11-7082. We found that the IRAK1 protein level
was affected by transfection of IRAK1 shRNAs but not by BAY 11-
7082 treatment. Also, we discovered that p-IkBa enhanced by
SNHG16 overexpression was reduced by both IRAK1 knockdown
and BAY 11-7082 addition (Figure S4A). Furthermore, both IRAK1
knockdown and BAY 11-7082 addition could inhibit p65 nuclear
translocation (Figure S4B) and attenuate NF-kB activity (Figure 7I),
which had been enhanced by SNHG16 overexpression. To further
strengthen the above results, we used another NF-kB inhibitor
y SNHG16 knockdown

real-time PCR showed that the enhanced levels of miR-146a-5p and miR-7-5p in

ndmiR-7-5p inhibitors, respectively. n = 3 in each group. (B and C) CCK-8 assay and

ration in hRMECs with SNHG16 knockdown. n = 3 in each group. (D and E) Wound-

5p inhibitors on cell migration in hRMECs with SNHG16 knockdown. n = 3 in each

146a-5p and/or miR-7-5p inhibitors on VEGF level. n = 3 in each group. (H) Tube

angiogenesis. n = 3 in each group. All data were acquired from three independent
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Figure 6. Interleukin-1 receptor-associated kinase 1 (IRAK1) and IRS1 are, respectively, targeted by miR-146a-5p and miR-7-5p

Experiments were conducted in cells treated with LG (5 mM) or HG (25 mM) for 48 h. (A) The levels of miR-146a-5p downstream genes, IRAK1, caspase recruitment domain

family, member 10 (CARD10), and tumor necrosis factor receptor-associated factor 6 (TRAF6), were assessed using quantitative real-time PCR to detect the influence of

SNHG16 knockdown on their expression. n = 3 in each group. (B) ENCORI prediction showed the binding sites of miR-146a-5p andmiR-7-5p in the sequences of IRAK1 and

IRS1 30 UTRs. The sequences highlighted in red stand for the Mut binding sites for luciferase reporter assay. (C) RIP assay followed by quantitative real-time PCR

demonstrated the enrichment of SNHG16, miR-146a-5p, miR-7-5p, and mRNAs of IRAK1 and IRS1 in RISCs. n = 3 in each group. (D) RNA pull-down assay followed by

quantitative real-time PCR was performed to detect the level of IRAK1 or IRS1 mRNA interacting with miR-146a-5p or miR-7-5p. n = 3 in each group. (E) Luciferase reporter

assay elucidated the interaction between IRAK1 or IRS1mRNA andmiR-146a-5p or miR-7-5p, as well as the competing effect of SNHG16 to sequester these miRNAs. n = 3

in each group. All data were acquired from three independent experiments and presented as the mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001.
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(JSH-23) to repeat the above experiments. As illustrated in Figures
S5A�S5H, JSH-23 had similar effects with BAY 11-7082. Meanwhile,
the JSH-23 addition could enhance p-IkBa and inhibit p65 nuclear
translocation (Figures S6A and S6B).

SNHG16 promotes hRMEC dysfunction via PI3K/AKT pathway

activation through IRS1

Similarly, to verify that the function of SNHG16 was exerted through
the IRS1 and PI3K/AKT pathway, shRNAs for IRS1 were transfected
into hRMECs with SNHG16 overexpression, and the enhanced level
of IRS1 was thus suppressed (Figure 8A). The promoted cell prolifer-
ation (Figures 8B and 8C) and migration (Figures 8D and 8E) was in-
hibited by both transfections of IRS1 shRNAs and addition of the
PI3K/AKT pathway inhibitor LY294002. Also, both IRS1 knockdown
and the PI3K/AKT pathway inhibition could reduce the VEGF level
(Figures 8F and 8G) and angiogenesis (Figure 8H), which had been
enhanced by SNHG16 overexpression. Furthermore, since
LY294002 functions via inhibiting p-AKT, the protein levels of
IRS1, PI3K, p-AKT, and AKT were measured in response to IRS1
knockdown or LY294002. We discovered that IRS1 and PI3K protein
levels were affected by transfection of IRS1 shRNAs but not by
520 Molecular Therapy: Nucleic Acids Vol. 24 June 2021
LY294002 treatment, whereas p-AKT enhanced by SNHG16 overex-
pression was reduced by both IRS1 knockdown and LY294002 addi-
tion (Figure S7A). For further demonstration, we applied ZSTK474 to
repeat the above experiments. As expected, ZSTK474 addition could
attenuate the effects of SNHG16 overexpression on hRMEC functions
(Figures S8A�S8G). The protein levels of IRS1 and PI3K enhanced by
SNHG16 were decreased by IRS1 silencing but not affected by
ZSTK474 treatment. The p-AKT enhanced by SNHG16 overexpres-
sion was reduced by both IRS1 knockdown and ZSTK474 addition
(Figure S9A). In conclusion, the promotional effect of SNHG16 on
hRMEC dysfunction was proven to be exerted via regulating
IRAK1 and activating the NF-kB pathway and also via regulating
IRS1 and activating the PI3K/AKT pathway.

DISCUSSION
Diabetes is associated with a variety of life-limiting complications,
including macrovascular complications, such as cardiovascular dis-
ease and stroke, and microvascular complications, such as nephrop-
athy and retinopathy.30 As one of the most common microvascular
complications of diabetes, DR leads to a rising number of visually
impaired people worldwide.31 Endothelial cells lining the inner



Figure 7. SNHG16 promotes hRMEC dysfunction via the NF-kB pathway activation through IRAK1

Experiments were conducted in cells treated with LG (5 mM) for 48 h. (A) Quantitative real-time PCR showed the change of IRAK1 level in SNHG16-overexpressed hRMECs

by transfecting shRNAs for IRAK1. Two shRNAs with relatively higher knockdown capacity were selected. n = 3 in each group. (B and C) CCK-8 assay and EdU assay

showed the effects of IRAK1 shRNAs and BAY 11-7082 on cell proliferation in SNHG16-overexpressed hRMECs. The shRNA with the highest knockdown capacity was

adopted. n = 3 in each group. (D and E) Wound-healing assay and Transwell assay showed the effects of sh-IRAK1#1 transfection and BAY 11-7082 addition on cell

migration in hRMECs after SNHG16 overexpression. n = 3 in each group. (F and G) Quantitative real-time PCR and ELISA showed the effects of sh-IRAK1#1 transfection and

BAY 11-7082 addition on VEGF level in hRMECs after SNHG16 overexpression. n = 3 in each group. (H) Tube formation assay showed the effects of sh-IRAK1#1 transfection

and BAY 11-7082 addition on angiogenesis in SNHG16-overexpressed hRMECs. n = 3 in each group. (I) ELISA-based NF-kB activity assay showed the change of NF-kB

activity in response to IRAK1 knockdown or BAY 11-7082 treatment. n = 3 in each group. All data were acquired from three independent experiments and presented as the

mean ± SD. *p < 0.05, **p < 0.01.
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Figure 8. SNHG16 promotes hRMEC dysfunction via the PI3K/AKT pathway activation through IRS1

Experiments were conducted in cells treated with LG (5mM) for 48 h. (A) Quantitative real-time PCR showed the change of IRS1 level in SNHG16-overexpressed hRMECs by

transfecting shRNAs for IRS1. Two shRNAs with relatively higher knockdown capacity were selected. n = 3 in each group. (B and C) CCK-8 assay and EdU assay showed the

effects of IRS1 shRNAs and LY294002 on cell proliferation in SNHG16-overexpressed hRMECs. The shRNA with the highest knockdown capacity was adopted. n = 3 in

(legend continued on next page)
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surface of blood vessels play a critical role in maintaining vascular
integrity and homeostasis.32 After DR progresses from nonprolifera-
tive DR to the severe stage as proliferative DR, RMECs in the hyper-
glycemic state are also endowed with a proliferative phenotype and
undergo abnormal proliferation, migration, and angiogenesis, which
can gradually evolve into pathological neovascularization, vitreous
hemorrhage, tractional retinal detachment, and loss of vision.1,33

Our study herein discussed a potential mechanism that could
contribute to these diabetes-related deleterious effects in hRMECs,
providing new insight into DR treatment.

lncRNAs are characterized by accumulating studies as key regulators
to modulate gene expression at various levels and thus play important
roles in multifarious biological processes.34 In recent years, lncRNAs
are gaining attention, owing to the discovery of their participation in
DR progression or prevention.35 lncRNA SNHG16 has been studied
in many cancers as an oncogene,21–23 but its potential role in diabetic
complications is still unclear. As previously reported, the promotional
effect of SNHG16 on cell proliferation, migration, and angiogenesis
has been identified in hemangioma endothelial cells.17 Our study
was aimed at evaluating the role of SNHG16 in modulating these
abnormal functions of RMECs.

In order to imitate hyperglycemia-evoked retinal endothelial dysfunc-
tion, hRMECs were cultured under an HG condition, and the alter-
ations of SNHG16 expression and subcellular distribution were de-
tected. We discovered that SNHG16 was significantly upregulated
after HG exposure in a dose-dependent pattern and in a time-depen-
dent pattern, indicating that the SNHG16 level could be related with
the development of DR. Thus, we hypothesized that SNHG16 could
contribute to the proliferative DR-related abnormalities of endothe-
lial cells. Therefore, we assessed the influence of SNHG16 overexpres-
sion or knockdown and discovered the promotional effect of
SNHG16 on cell proliferation and migration. Since VEGF has been
demonstrated as a pivotal factor in DR progression through stimu-
lating vascular endothelial cell proliferation andmigration via various
signaling pathways, thus facilitating neovascularization,18,33,36 the in-
fluence of SNHG16 on VEGF level and angiogenic activity of
hRMECs was also evaluated, verifying the potentiality of SNHG16
in facilitating hRMEC dysfunction. Importantly, we uncovered the
effect of SNHG16 on the HIF-a/VEGF axis.

Subsequently, to investigate the mechanism of SNHG16 in hRMECs,
we further detected the transactivation levels of various important tran-
scription factors after SNHG16 knockdown or overexpression using
Cignal Reporter Assay based on dual-luciferase technology. We found
that the transactivation levels of NF-kB and PI3K/AKT signaling were
remarkably influenced by differential expression of SNHG16. Accord-
each group. (D and E) Wound-healing assay and Transwell assay showed the effects o

SNHG16 overexpression. n = 3 in each group. (F andG) Quantitative real-time PCR and E

level in hRMECs after SNHG16 overexpression. n = 3 in each group. (H) Tube formati

angiogenesis in SNHG16-overexpressed hRMECs. n = 3 in each group. All data were

*p < 0.05, **p < 0.01.
ing to many reports, NF-kB and PI3K/AKT pathways are both impor-
tant signaling pathways participating in DR progression and pathogen-
esis, dysfunction of endothelial cells, and VEGF level.37–40 In our study,
the promotional influences of SNHG16 on p-IkBa, p65 nuclear trans-
location, and p65 activity, as well as PI3K expression and p-AKT, were
detected, illustrating the participation of SNHG16 in regulating NF-kB
and PI3K/AKT pathways in hRMECs.

The regulatory network of ceRNA has been widely demonstrated.
Previously, many convincing investigations indicated the ceRNA
role of SNHG16 in various diseases.21–23 Based on the cytoplasmic
location of SNHG16 in hRMECs, we considered that the possible
mechanism of SNHG16 was sponging critical miRNAs, which could
affect the expression of downstream genes involved in NF-kB and
PI3K/AKT pathways. With the help of a bioinformatics database,
among the candidate miRNAs to be directly targeted by SNHG16,
miR-146a-5p and miR-7-5p were chosen for the reason that they
could, respectively, inhibit NF-kB and PI3K/AKT pathways, thus
attenuating abnormalities in retinal endothelial cells25–27 and also
in many other cases.41–44 We thus validated the regulatory effects of
the HG condition and SNHG16 level on the expression of miR-
146a-5p or miR-7-5p and examined their molecular interactions by
performing RIP, RNA pull-down, and luciferase reporter assays.
Moreover, the regulatory effects induced by SNHG16 knockdown
were partially reversed by transfecting either miR-146a-5p or miR-
7-5p inhibitors and were almost completely rescued after transfection
of both inhibitors, suggesting that SNHG16 functioned by acting as a
molecular sponge of both miR-146a-5p and miR-7-5p in hRMECs.

Furthermore, miRNA downstream genes were selected by examining
expression change in response to SNHG16 knockdown. We chose
IRAK1 and IRS1, which were, respectively, targeted by miR-146a-
5p or miR-7-5p, for our investigation. The activating effects of
IRAK1 on the NF-kB pathway and of IRS1 on the PI3K/AKT pathway
were studied in retinal endothelial cells27–29 and also in many other
cases.45–47 Then the molecular interaction regarding the ceRNA
network of SNHG16/miR-146a-5p/IRAK1 or SNHG16/miR-7-5p/
IRS1 was determined. In our study, both HG condition and
SNHG16 upregulation were found to increase the expression of
IRAK1 and IRS1, activate NF-kB and PI3K/AKT signaling pathways,
and lead to hRMEC dysfunction. Besides, the influences of SNHG16
overexpression were attenuated by knockdown of IRAK1 or IRS1 or
by addition of the NF-kB or PI3K/AKT pathway inhibitor, indicating
the mechanism underlying the effect of SNHG16 on hRMEC
dysfunction.

In conclusion, our study elucidated the function and mechanism
of lncRNA SNHG16 in regulating diabetes-associated retinal
f sh-IRS1#1 transfection and LY294002 addition on cell migration in hRMECs after

LISA showed the effects of sh-IRS1#1 transfection and LY294002 addition on VEGF

on assay showed the effects of sh-IRS1#1 transfection and LY294002 addition on

acquired from three independent experiments and presented as the mean ± SD.
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endothelial cell dysfunction. Upregulation of SNHG16 in HG-stimu-
lated hRMECs facilitates proliferative DR-related abnormalities in
cell proliferation, migration, and angiogenesis through regulating
miR-146a-5p/IRAK1 and miR-7-5p/IRS1 to activate NF-kB and
PI3K/AKT signaling pathways. This research may pave the way for
developing improved therapeutics in treating diabetes-related micro-
vascular complications. Nevertheless, a limitation of this study needs
to be discussed. According to previous studies, upregulation of
lncRNAs can be induced by their upstream regulators, such as tran-
scriptional activators. Recently, SNHG16 has been reported to be
transcriptionally activated by CCCTC-binding factor (CTCF)48 and
transcription factor AP-2 alpha (TFAP2A)49 in human cancers.
Therefore, we will explore the mechanism that led to the upregulation
of SNHG16 in HG treatment in our future study.

MATERIALS AND METHODS
Cell culture and treatment

hRMECs (HEC09) for our study were bought from Neuromics (Ed-
ina, MN, USA) and cultivated using EGM-2 Endothelial Cell Growth
Medium-2 BulletKit (Lonza, Basel, Switzerland), comprised of endo-
thelial basal medium (EBM-2; Lonza) and EGM-2 SingleQuots Sup-
plement Pack (Lonza). Cells were allowed to grow in T75 flasks under
95% air and 5% CO2 at 37�C in a CO2 incubator (Thermo Scientific,
Glen Burnie, MD, USA). The confluent cells were collected after 48 h
of culturing with HG (25 mM D-glucose; termed HG group), LG
(5 mM D-glucose; termed LG group), or 25 mM L-glucose as Osm
(Osm group), unless otherwise specified. For pathway inhibition
assay, cell cultures were supplemented with NF-kB pathway inhibitor
BAY 11-7082 (2 mM) or PI3K/AKT pathway inhibitor LY294002
(10 mM). D-glucose and L-glucose were purchased from Sigma-Al-
drich (St. Louis, MO, USA). BAY 11-7082 and LY294002 were pur-
chased from MedChemExpress (Monmouth Junction, NJ, USA).

Cell transfection

hRMECs at 70%–80% confluence were reaped and transfected with
indicated plasmids for 48 h using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA, USA). Overexpression plasmid pcDNA3.1/SNHG16
and pcDNA3.1 negative control (NC), as well as triple shRNAs
against SNHG16 (sh-SNHG16#1/2/3), IRAK1 (sh-IRAK1#1/2/3),
IRS1 (sh-IRS1#1/2/3), and NC shRNAs (sh-NC), were all procured
from GenePharma (Shanghai, China). miRNAmimics and inhibitors
(miR-146a-5p mimics/inhibitors, miR-7-5p mimics/inhibitors, and
NC mimics/inhibitors) were all purchased from GeneChem
(Shanghai, China). The shRNA sequences were listed in Table S2.

RNA extraction and quantitative real-time PCR analysis

Total RNAs were extracted from hRMECs with the help of a TRIzol
reagent (Invitrogen) and then treated with DNase I (Invitrogen) for
removing DNA contaminates. After quantification using a Nanodrop
2000 spectrophotometer (Thermo Scientific), complementary DNAs
(cDNAs) were synthesized using the PrimeScript RT reagent Kit
(Takara, Kusatsu, Japan), and quantitative real-time PCR was then
implemented using the SYBR Premix ExTaqII kit (Takara) on a
CFX96 Touch Real-Time PCR Detection System (Bio-Rad, Hercules,
524 Molecular Therapy: Nucleic Acids Vol. 24 June 2021
CA, USA). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
and U6 served as loading controls. After cycle threshold value was
determined, data were analyzed through the 2�DDCt method. The
primers were purchased from GenePharma, and their sequences are
listed in Table S1.

Subcellular fractionation assay

The fractions of cytoplasm and nucleus were isolated from hRMECs
in light of the instruction manual of the PARIS Kit (Invitrogen).
Briefly, 1 � 106 hRMECs were initially rinsed in ice-cold phos-
phate-buffered saline (PBS; Sigma-Aldrich) and then treated in turn
with cell fractionation buffer and cell disruption buffer. Quantitative
real-time PCR was applied to detect the levels of GAPDH, SNHG16,
and U6 in cytoplasmic or nuclear fraction.

Western blot analysis

Total proteins from hRMECs were isolated using radioimmunopreci-
pitation assay (RIPA) lysis buffer (Solarbio, Beijing, China) contain-
ing protease inhibitors. Protein samples were separated using 10%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) gel (Beyotime, Shanghai, China) and transferred onto polyvi-
nylidene difluoride (PVDF) membranes (Millipore, Burlington, MA,
USA). After sealed with 5% nonfat milk for 2 h, PVDF membranes
were incubated with specific primary antibodies at 4�C overnight.
Horseradish peroxidase (HRP)-conjugated secondary antibodies
(1:20,000 dilutions; ab205718; Abcam, Cambridge, UK) were subse-
quently applied. Enhanced chemiluminescence (ECL) detection
system (Thermo Scientific) was used for detection of immunoblots.
ImageJ software (NIH, Bethesda, MD, USA) was used to analyze pro-
tein band grayscale normalized to b-actin. The primary antibodies are
listed below: p-IkBa (1:1,000; #9246; Cell Signaling Technology, Dan-
vers, MA, USA), IkBa (1:1,000; #4812; Cell Signaling Technology),
p65 (0.5 mg/mL; ab16502; Abcam), PI3K (1:400; sc-365290; Santa
Cruz Biotechnology, Santa Cruz, CA, USA), p-AKT (1:2,000;
#4060; Cell Signaling Technology), AKT (1:1,000; #9272; Cell
Signaling Technology), IRAK1 (1:1,000; ab238; Abcam), IRS1
(1:400; sc-8038; Santa Cruz Biotechnology), and b-actin (1:1,000;
ab69512; Abcam).

ELISA

After 48 h of cell transfection, the culture medium of hRMECs was
collected from each group and preserved at�80�C. VEGF level in cul-
ture medium was measured using the Human VEGF Quantikine
ELISA Kit (R&D Systems, Minneapolis, MN, USA) based on the
user guide. Optical density at 450 nm (OD450) was detected by the
ELx808 Absorbance Microplate Reader (BioTek, Winooski, VT,
USA) and considered as the measurement of relative VEGF level.

Cell proliferation assay

Cell proliferation was assessed through the CCK-8 assay and EdU
assay. For the CCK-8 assay, after 0, 24, 48, 72, and 96 h of cell trans-
fection, hRMECs in 96-well plates were harvested after 2 h of incuba-
tion with 10 mL CCK-8 reagent (Dojindo Laboratories, Kumamoto,
Japan). Cell viability was monitored by measuring OD450 using a
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microplate reader (BioTek). For the EdU assay, transfected hRMECs
in 96-well plates were prepared for 3 h of incubation using the Cell-
Light EdUApollo488 In VitroKit (RiboBio, Guangzhou, China). EdU
labeling medium was applied at a concentration of 50 mM EdU. After
they were fixed and rinsed, cells were treated with 1�Apollo 488 and
Hoechst solution (5 mg/mL, 100 mL) in sequence for visualization un-
der a fluorescence microscope (Olympus, Tokyo, Japan).

Wound-healing assay

hRMECs were first placed into 96-well plates (5 � 104 cells/well) for
overnight incubation until confluence was about 90%. The cell layer
was scratched by a sterile pipette tip to prepare the wound. After
they were washed with PBS, hRMECs were incubated for 12 h. The
image of wound healing was visualized through optical microscopy
(Nikon, Tokyo, Japan) and analyzed using ImageJ software for
wound-healing distance quantification.

Transwell migration assay

The migration ability of hRMECs was evaluated using the Corning
Transwell Multiple Well Plate (Fisher Scientific, Pittsburgh, PA,
USA). The underneath of membrane insert was previously coated
with 10 mg/mL fibronectin (Fisher Scientific). Then the Transwell
units were maintained at 4�C overnight and sealed with 1% bovine
serum albumin (BSA; Fisher Scientific) at 37�C for 1 h. Next, 3 �
104 hRMECs were added into the top chamber and incubated at
37�C for 6 h. Finally, the migrated cells in the bottom chamber
were immobilized and dyed with crystal violet (Sigma-Aldrich), and
the migration cell number was calculated with the aid of an optical
microscope (Nikon).

Tube formation assay

The angiogenesis ability was detected using the In Vitro Angiogenesis
Assay Kit (Sigma-Aldrich), as instructed by the user guide. In brief,
hRMECs were cultured in 96-well plates (1.5 � 104 cells/well) coated
with ECMatrix solid gel at 37�C. After 24 h of incubation, the relative
endothelial tube number was determined using an inverse phase
contrast light microscope (Carl Zeiss Meditec AG, Jena, Germany)
and ImageJ software.

FISH assay

A specific FISH probe for SNHG16 was synthesized by RiboBio. The
probe sequences were listed in Table S2. hRMECs were incubated
with probe hybridization at 37�C overnight, immobilized with 4%
formaldehyde, and washed with PBS. Cell nucleus was counterstained
with Hoechst 33342 (Fanbo, Beijing, China). Images were captured
using a fluorescence microscope (Olympus). ImageJ software was
adopted for FISH data quantification.

RIP assay

A RIP assay was implemented using anti-Ago2 antibodies (ab32381;
Abcam) or NC anti-human IgG (ab6715; Abcam), according to the
guideline of EZ-Magna RIP Kit (Millipore). Cell lysate was prepared
with RIP lysis buffer containing protease inhibitors and RNase inhib-
itors. Then 100 mL lysate was coincubated with magnetic beads and
5 mg antibodies in 50 mL RIP buffer. After proteinase K treatment
and centrifugation, quantitative real-time PCR was conducted for
analyzing immunoprecipitated RNAs.

RNA pull-down assay

Biotin RNA Labeling Mix (Roche, Basel, Switzerland) was utilized to
construct WT orMut biotinylated oligonucleotides. Briefly, cell lysate
from hRMECs was collected and coincubated with biotinylated RNA
probes and streptavidin agarose beads (Life Technologies, Gaithers-
burg, MD, USA) on ice for 1 h. The levels of specific RNAs were
measured using quantitative real-time PCR after purification.

Dual-luciferase reporter assay

To detect the molecular interaction between miRNAs and their
target transcripts, luciferase reporter assay was performed via co-
transfection of luciferase reporters and the indicated transfection
plasmids in hRMECs for 48 h. pmirGLO Dual-Luciferase miRNA
Target Expression Vectors (Promega, Madison, WI, USA) were uti-
lized to construct luciferase reporters containing specificWT or Mut
binding sites. Mutation was established using the QuikChange Site-
Directed Mutagenesis Kit (Stratagene, La Jolla, CA, USA). Dual-
Luciferase Reporter Assay System (Promega) was finally applied
to examine relative luciferase activity (the ratio of firefly/Renilla
luciferase activity).

Cignal Reporter Assay

The Cignal Reporter Assay Kit was acquired from QIAGEN
(Germantown, MD, USA) for determining the transactivation of
transcription factors based on dual-luciferase reporter technology.
According to the protocol, in brief, hRMECs were cotransfected
with transcription factor-responsive reporters and the indicated
transfection plasmids. After cell transfection, cell lysate was obtained
using cell lysis buffer (Promega). Luciferase activities of firefly and
Renilla were severely tested by the Dual-Luciferase Reporter Assay
System (Promega). Firefly/Renilla activity ratios were normalized
by those from NC transfections to obtain relative luciferase units,
representing the signaling activities of specific pathways.

NF-kB activity assay

The ELISA-based TransAM NF-kB Family Kit was acquired from
Active Motif (Carlsbad, CA, USA). After the nuclear fraction of
hRMECs was isolated, the oligonucleotides coated on a plate contain-
ing a NF-kB response element sequence (50-GGGACTTTCC-30) were
used to sequester active NF-kB. Then antibodies against p65, a main
regulatory component of the NF-kB family, were applied, followed by
treatment with HRP-conjugated secondary antibodies. The absor-
bance at 450 nm was detect using a microplate reader (BioTek).

Statistical analysis

Statistical analysis of this study was conducted using GraphPad Prism
6.0 software (La Jolla, CA, USA). Significance of differences between
two groups was analyzed by two-tailed and unpaired Student’s t test,
whereas the differences amongmultiple groups were analyzed by one-
way or two-way analysis of variance (ANOVA). A probability value of
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p <0.05 was considered to be statistically significant. All quantitative
data were given as the mean ± standard deviation (SD) from indepen-
dent bio-triplications.
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