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TGFB2-OT1 (TGFB2 overlapping transcript 1) is a newly discovered long noncoding RNA (lncRNA) derived from the
30UTR of TGFB2. It can regulate autophagy in vascular endothelial cells (VECs). However, the mechanisms of TGFB2-OT1
action are unclear, and whether it is involved in VECs dysfunction needs investigation. Here, the level of TGFB2-OT1 was
markedly increased by lipopolysaccharide and oxidized low-density lipoprotein, 2 VECs inflammation triggers. A
chemical small molecule, 3-benzyl-5-((2-nitrophenoxy) methyl)-dihydrofuran-2(3H)-one (3BDO) significantly decreased
TGFB2-OT1 levels and inhibited the effect of LPS and oxLDL. The NUPR1 level was upregulated by the 2 inflammation
inducers and modulated the TGFB2-OT1 level by promoting the expression of TIA1, responsible for TGFB2-OT1
processing. We focused on how TGFB2-OT1 regulated autophagy and inflammation. Use of miRNA chip assay, TGFB2-
OT1 overexpression technology and 3BDO revealed that TGFB2-OT1 regulated the levels of 3 microRNAs, MIR3960,
MIR4488 and MIR4459. Further studies confirmed that TGFB2-OT1 acted as a competing endogenous RNA, bound to
MIR3960, MIR4488 and MIR4459, then regulated the expression of the miRNA targets CERS1 (ceramide synthase 1),
NAT8L (N-acetyltransferase 8-like [GCN5-related, putative]), and LARP1 (La ribonucleoprotein domain family, member
1). CERS1 and NAT8L participate in autophagy by affecting mitochondrial function. TGFB2-OT1 increased the LARP1
level, which promoted SQSTM1 (sequestosome 1) expression, NFKB RELA and CASP1 activation, and then production of
IL6, IL8 and IL1B in VECs. Thus, NUPR1 and TIA1 may control the level of TGFB2-OT1, and TGFB2-OT1 bound to MIR3960,
MIR4488 and MIR4459, which targeted CERS1, NAT8L, and LARP1, respectively, the key proteins involved in autophagy
and inflammation.

Introduction

In recent years, numerous studies have documented that only
2% of the mammalian genome is composed of genes that encode
proteins. This finding is particularly surprising because most
human genes are transcribed as noncoding RNA.1 Long noncod-
ing RNAs (lncRNAs) are defined as nonprotein-coding tran-
scripts longer than 200 nucleotides that represent a large portion
of the mammalian transcriptome.2 Whether these lncRNAs

participate in important cellular functions or merely represent
transcriptional noise remains a matter of debate in the initial
phases of study.3,4

The roles of lncRNAs in regulating gene transcription have
been extensively studied. Some lncRNAs interact with chroma-
tin-modifying enzymes and regulate the transcriptional activation
or silencing of some genes. For example, the lncRNA XIST par-
ticipates in the inactivation of one X chromosome.5-8 Some
lncRNAs are involved in post-transcriptional gene regulation.
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LncRNA MALAT1 (metastasis-associated lung adenocarcinoma
associated transcript 1) can sequester serine/arginine proteins to
modulate pre-mRNA alternative splicing.9

MicroRNAs (miRNAs) are small, 19- to 22-nucleotide
sequences of noncoding RNA that mostly work as gene expres-
sion regulators.10 The crossregulation between lncRNAs and
miRNAs has attracted increasing interest. This crossregulation
can be artificially divided into 4 forms.11 First, miRNAs target
lncRNAs and reduce lncRNA stability. The miRNA MIRLET7B
contributes to lowering TP53COR1 stability in human cervical
carcinoma cells.12 Additionally, the recruitment of MIRLET7
decreases the stability of another lncRNA, HOTAIR.13 Second,
lncRNAs compete with miRNAs to bind with the common tar-
get mRNAs. BACE1-AS is an antisense lncRNA of BACE1
(b-site APP-cleaving enzyme 1). In HEK293 cells,MIR485 over-
expression reduces BACE1 mRNA level, which is rescued by
overexpressing BACE1-AS, complementary to BACE1 mRNA in
a region that contains the MIR485 binding site.14 Third,
lncRNAs generate miRNAs to induce target mRNA silencing.
LINCMD1 can generate MIR206 and MIR133B from an intron
and an exon.15 LncRNA H19 can also generate MIR675.16

Finally, lncRNAs act as molecular decoys or “sponges” of miR-
NAs. These lncRNAs are known as competing endogenous
RNAs (ceRNAs).17 CeRNAs share the same miRNA recognition
sequences with mRNAs and compete for miRNA binding and
then affect the regulation and functions of target mRNAs.
CeRNA was first described by Poliseno and colleagues,18 who
report that the expression of the tumor suppressor PTEN (phos-
phatase and tensin homolog) depends on the expression of the
pseudogene PTENP1 transcript. PTENP1 can act as a decoy for
miRNAs targeting PTEN mRNA and affect PTEN expression.
Despite the extensive existence and abundant expression of
lncRNAs, their functions have been rarely revealed. Research
into mammalian lncRNAs that sponge miRNAs from target
binding mRNAs has focused on muscle differentiation and stem-
cell self-renewal.

In a previous study, we have used the small chemical molecule
3-benzyl-5-((2- nitrophenoxy) methyl)-dihydrofuran-2(3H)-one
(3BDO) and have identified a novel long noncoding RNA,
TGFB2-OT1 (TGFB2 overlapping transcript 1), located in the
30UTR (30 untranslated region) of TGFB2 (transforming growth
factor, b 2). TGFB2-OT1 can sequester MIR4459 (microRNA
4459), regulate the level of theMIR4459 target ATG13 (autoph-
agy related 13) and then promote autophagy.19 Our subsequent
study shows that 3BDO can inhibit the production of inflamma-
tory cytokines both in vitro and in vivo.20 Autophagy and inflam-
mation are very closely related processes. Autophagy can be
induced by the inflammatory response and modulate it.21,22

SQSTM1 (sequestosome 1) is a multifunctional scaffold pro-
tein that participates in various processes, including signal trans-
duction, cell proliferation, cell survival and death, inflammation,
tumorigenesis, and oxidative stress response. SQSTM1 is an
autophagy substrate and widely used marker of autophagic degra-
dation but also acts as a scaffold of numerous interacting proteins
that promote the interaction of effector proteins with their sub-
strates, and then transmits the signal downstream to activate

NFKB signal pathway.23 Previous studies show that SQSTM1
also activates CASP1 (caspase 1, apoptosis-related cysteine pepti-
dase) and then increases IL1B (interleukin 1, b) levels.24

In this study we first observed that the inflammation inducers
lipopolysaccharide (LPS) and oxidized low-density lipoprotein
(oxLDL) elevated the level of TGFB2-OT1, and 3BDO inhibited
this effect, then we investigated the underlying mechanisms of
autophagy and inflammation induced by TGFB2-OT1, possibly
via SQSTM1.

Results

LPS and oxLDL increased TGFB2-OT1 levels and 3BDO
inhibited this process

To understand the relationship between TGFB2-OT1 and
vascular endothelial cells (VECs) inflammation, we first investi-
gated the effects of LPS and oxLDL, inducers of human umbili-
cal VECs (HUVECs) inflammation, on the level of TGFB2-
OT1. LPS stimulation increased TGFB2-OT1 RNA level in
HUVECs, which was significantly inhibited by 3BDO (Fig. 1A).
LPS increased TGFB2-OT1 mRNA level dose- and time-depen-
dently, which was also reversed by 3BDO (Fig. 1B-C). In addi-
tion, oxLDL increased TGFB2-OT1 level, which was reversed by
3BDO.(Fig. 1D)

LPS and oxLDL elevated NUPR1 (nuclear protein,
transcriptional regulator, 1) and TIA1 (TIA1 cytotoxic
granule-associated RNA binding protein) levels

Our previous study shows that LPS induces the expression of
the NUPR1,25 and TIA1 is responsible for processing TGFB2-
OT1.19 However, the effect of oxLDL on NUPR1 and TIA1 lev-
els and whether LPS affects TIA1 expression are unclear. Here,
we showed that oxLDL increased NUPR1 levels, and 3BDO
inhibited this effect (Fig. 2A). Similarly both oxLDL and LPS
increased TIA1 protein levels, and 3BDO inhibited these effects.
(Fig. 2B)

NUPR1 and TIA1 regulated TGFB2-OT1 level
Next, we determined the role of NUPR1 in regulating

TGFB2-OT1 level. When NUPR1 was knocked down, LPS did
not increase the level of TGFB2-OT1 in HUVECs (Fig. 3A-B).
In our previous study, we demonstrated that TIA1 is responsible
for TGFB2-OT1 processing, and knockdown of TIA1 decreases
the TGFB2-OT1 level.19 Here we further indicated that when
TIA1 was knocked down, LPS did not increase TGFB2-OT1 lev-
els (Fig. 3C). Furthermore, when NUPR1 was knocked down,
LPS did not increase the TIA1 level (Fig. 3D). NUPR1 may
modulate the expression of TIA1 responsible for processing
TGFB2-OT1.

TGFB2-OT1 regulated the levels of MIR3960 and
MIR4488

In a previous study, we showed that TGFB2-OT1 binds to
MIR4459, modulates the expression of ATG13, an MIR4459
target, and then participates in autophagy.19 Moreover, our
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bioinformatics analysis revealed
that 57 presumed miRNAs could
recognize and bind to TGFB2-
OT1 (http://bioinfo.uni-plovdiv.
bg/microinspector/). So we fur-
ther detected new miRNAs regu-
lated by TGFB2-OT1 in this
study.

We first performed an miRNA
microarray assay to identify miR-
NAs with changed expression
when TGFB2-OT1 was up- or
downregulated (Fig. S1). We
considered both bioinformatics
analysis and microarray assay
results and identified the top 5
miRNAs, including MIR3960,
MIR4459, MIR149-3p,
MIR4688 and MIR4488, with
significantly changed expression
(Table S2). We excluded
MIR4688 because of low expres-
sion in HUVECs and MIR149-
3p because we did not find an
appropriate MIR149-3p target
involved in autophagy or inflammation. We further chose
MIR3960 and MIR4488, which could bind to TGFB2-OT1 and
showed significantly changed expression on miRNA array assay.
We verified the miRNA microarray results by qPCR. TGFB2-
OT1 downregulation by 3BDO increased and TGFB2-OT1
overexpression decreased the levels of MIR3960 and MIR4488.
(Fig. 4A-B)

MIR3960 and MIR4488
directly bind to TGFB2-OT1

According to the prediction
results, TGFB2-OT1 has one puta-
tive MIR3960 binding site at posi-
tions 623 to 642 and one putative
MIR4488 binding site at positions
619 to 636. So we recombined the
TGFB2-OT1 cDNA (Luc-
TGFB2-OT1-WT) and muta-
tional cDNA with the presumed
MIR3960 and MIR4488 deleted
recognition sequences (Luc-
TGFB2-OT1-3960D and Luc-
TGFB2-OT1-4488D) downstream
the luciferase reporter gene
(Fig. S2A and B). The vectors
were transfected in HEK293 cells
along with the corresponding
miRNA mimics. With MIR3960
and MIR4488 mimics transfec-
tion, luciferase activity was
reduced by about 60% and 40%

respectively, as compared with control miRNA. When adding
mutant substrates for MIR3960 and MIR4488, the decreased
luciferase activity was abolished (Fig. 4C-D). Therefore,
MIR3960 andMIR4488 directly bind TGFB2-OT1.

MIR3960, MIR4488 and MIR4459 targeted the 30UTRs of
CERS1 (ceramide synthase 1), NAT8L (N-acetyltransferase

Figure 2. The increased NUPR1 and TIA1 levels induced by LPS and oxLDL were inhibited by 3BDO. (A)
HUVECs were exposed to 50 mg/ml nLDL or oxLDL with or without 3BDO (60 mM) for 24 h, then 20 and
40 mg cell extracts was loaded on the SDS-PAGE respectively. Western blot analysis of NUPR1 and TIA1 pro-
tein levels, with ACTB and Ponceau staining as the loading control, and (B) quantification. (C) HUVECs were
treated with LPS (1 mg/ml, 6 h) with or without 3BDO (60 mM), then 20 and 40 mg cell extracts was loaded
on SDS-PAGE respectively. Western blot analysis of TIA1 protein level, with ACTB and Ponceau staining as
the loading control, and (D) quantification. *, P < 0.05; **P < 0.01; n D 3.

Figure 1. The increased TGFB2-OT1 level induced by LPS and oxLDL was inhibited by 3BDO. (A) LPS increased
TGFB2-OT1 expression and 3BDO (120 mM) inhibited the increase of TGFB2-OT1 induced by 1 mg/ml LPS for
12 h in HUVECs with in situ hybridization. (B) Quantified real-time PCR analysis of RNA levels of TGFB2-OT1
after HUVECs were exposed to 1 mg/ml or 5 mg/ml LPS for 3 h, and treated with 1 mg/ml LPS for 3 h or 12 h.
(C) Quantified real-time PCR analysis of TGFB2-OT1 expression in HUVECs treated with 1 mg/ml LPS in pres-
ence or absence of 120 mM 3BDO for 3 h. (D) HUVECs were exposed to 50 mg/ml nLDL and oxLDL in pres-
ence or absence of 3BDO (60 mM and 120 mM) for 24 h, then TGFB2-OT1 levels were determined by qPCR. *,
P < 0.05; **, P < 0.01; n D 3.
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8-like [GCN5-related, putative]) and LARP1 (La ribonucleopro-
tein domain family, member 1), respectively.

Next, we predicted the downstream targets of MIR3960 and
MIR4488 by bioinformatics analysis. We selected CERS1 as an
MIR3960 target protein and NAT8L as an MIR4488 target pro-
tein, both involved in regulating autophagy by affecting mito-
chondria.26,27 We first examined the modulation of miRNA on
the targets. HUVECs were transfected with MIR3960 and
MIR4488 mimics or inhibitor. The efficiency of miRNA mimics
and inhibitor was determined by qPCR. miRNA mimics and the
inhibitor at 25 and 50 nM effectively increased or decreased the
corresponding miRNA level, respectively (Fig. S3A). We further
determined the mRNA level of miRNA targets by transfecting
HUVECs with miRNA mimics or inhibitor. miRNA mimics
decreased the corresponding target mRNA levels, and miRNA
inhibitor increased the corresponding target mRNA levels
(Fig. S3B).

Furthermore, we determined the effect of miRNAs on the
protein levels of miRNA targets. MIR3960 and MIR4488
mimics at 50 nM significantly decreased the protein levels of
CERS1 and NAT8L. Moreover, the MIR3960 and MIR4488
inhibitor increased the protein levels (Fig. 5A-B). Therefore,
MIR3960 and MIR4488 modulate the levels of CERS1 and
NAT8L.

A previous study shows that
ATG13 is a target of MIR4459;
however, an miRNA may have
several targets,28 so we studied
other predicted targets of
MIR4459. Among the predicted
targets, we chose the one with
the highest context score,
LARP1. We transfected
MIR4459 mimics into both
HEK293 cells and HUVECs,
and found that LARP1 protein
level was inhibited.(Fig. 5C)

Next, we cloned the 30UTRs
of CERS1, NAT8L and LARP1
within the predicted binding sites
of miRNAs into the luciferase
reporter vector (Fig. S2C) and
transfected the vectors into
HEK293 cells with the corre-
sponding miRNA mimics or the
negative control. The luciferase
activity was significantly
decreased by the miRNAs as
compared with the control
(Fig. 5D). So CERS1, NAT8L
and LARP1 were directly targeted
by MIR3960, MIR4488 and
MIR4459, respectively.

3BDO and TGFB2-OT1
overexpression regulated the

protein levels of CERS1, NAT8L and LARP1
We further detected the role of TGFB2-OT1 in the miRNA-

targeted proteins. 3BDO treatment in HUVECs decreased the
mRNA levels of CERS1, LARP1 and NAT8L (Fig. S4), which
was verified by western blot analysis of protein levels. Similarly,
TGFB2-OT1 downregulation by 3BDO dose-dependently
decreased the protein levels of CERS1, NAT8L and LARP1
(Fig. 6A-B). Next, HEK293 cells were transfected with different
amounts of pCMV6-TGFB2-OT1 plasmid or pCMV6 plasmid
as a control. TGFB2-OT1 overexpression increased the protein
levels of CERS1, NAT8L and LARP1.(Fig. 6C-D)

Overexpression of TGFB2-OT1 promoted translation of
autophagy-related proteins

LARP1 is an RNA binding protein related to transcript stabil-
ity and translation of mRNAs.29 siRNA knocks down LARP1
expression and inhibits global protein synthesis rates.30 So we
further investigated whether protein synthesis was affected by
TGFB2-OT1 and MIR4459. We first examined several proteins
related to autophagy.

TGFB2-OT1 overexpression increased the protein levels of
ATG3 and ATG7 (Fig. S5). SQSTM1 is the substrate of auto-
phagic degradation.31 However, SQSTM1 protein levels were
greatly increased after HUVECs transfection with 0.01, 0.05,

Figure 3. NUPR1 and TIA1 were involved in regulation of TGFB2-OT1 level. qPCR analysis of TGFB2-OT1 mRNA
levels in HUVECs subjected to scrambled siRNA (Scr) or NUPR1 siRNA (siNUPR1, 40 nM) for 24 h, then exposed
to LPS at various concentrations for 3 h (A) or treated with 1 mg/ml LPS for 3 or 12 h (B). (C) qPCR analysis of
TGFB2-OT1 mRNA levels in HUVECs subjected to scrambled siRNA (Scr) or TIA1 siRNA (siTIA1, 40 nM) for 24 h,
then treated with 1 mg/ml LPS for 6 h. (D) Western blot analysis of the TIA1 protein level in HUVECs subjected
to scrambled siRNA (Scr) or NUPR1 siRNA (siNUPR1, 40 nM) for 24 h, then exposed to 1 mg/ml LPS for 6 h. *,
P < 0.05; **, P < 0.01; #, P > 0.05; n D 3.
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0.1, 0.2 mg/ml pCMV6-TGFB2-
OT1 vector (Fig. 7A), and
SQSTM1 puncta were increased
in number in HUVECs treated
with pCMV6-TGFB2-OT1 plas-
mid (Fig. 7B). Furthermore, the
mRNA level of SQSTM1 was not
increased in cells transfected with
0.1, 0.2 and 0.4 mg/ml pCMV6-
TGFB2-OT1 vector as compared
with control transfection (Fig.
S6A). In addition, 3BDO inhib-
ited the increased SQSTM1 pro-
tein level induced by TGFB2-
OT1 (Fig. S6B) but did not affect
the SQSTM1 mRNA level
(Fig. S6C).

We next investigated whether
TGFB2-OT1 regulated SQSTM1
expression via protein synthesis.
TGFB2-OT1 overexpression did
not increase the level of SQSTM1
in the presence of cycloheximide,
a well-known protein synthesis
inhibitor (Fig. 7C). In addition,
transfection with MIR4459
mimics decreased SQSTM1 pro-
tein level, indicating that LARP1
was involved in SQSTM1 protein
synthesis.(Fig. 7D)

TGFB2-OT1 was involved in regulating NFKB RELA
nuclear translocation and CASP1 activation in HUVECs

SQSTM1 is a receptor protein involved in both autophagy
and inflammation. Therefore we deduced that TGFB2-OT1 and
MIR4459 might participate in inflammation via SQSTM1. We
first detected the location of the NFKB RELA by immunofluo-
rescence assay. Overexpression of TGFB2-OT1 significantly pro-
moted NFKB RELA nuclear translocation (Fig. 7E, Fig. S7A).
Furthermore, with SQSTM1 knockdown, TGFB2-OT1 overex-
pression did not induce RELA nuclear translocation.
(Fig. 7F, S7B and S7C)

RELA plays a crucial role in inflammatory and immune
responses. We found that overexpression of TGFB2-OT1 in
HUVECs promoted the production of IL6 and IL8 (Fig. 7G).
Furthermore, TGFB2-OT1 overexpression activated CASP1 and
increased the IL1B mRNA level, which was inhibited by 3BDO
(Fig. 7H-I). However, overexpression of TGFB2-OT1 did not
affect cell viability (Fig. S7D) or reactive oxygen species levels in
HUVECs (Fig. S7E).

LOC100129973 (Genbank accession no. NR_102751.1, also
known as AF007131) is annotated as an lncRNA in the NCBI
database, but its functions have not been identified. We chose
the lncRNA LOC100129973 as the nonrelated lncRNA expres-
sion plasmid control to avoid a nonspecific, stress-related effect
on the expression of the lncRNA. Transfection with pcDNA-

LOC100129973 plasmid did not affect SQSTM1 protein level
or NFKB RELA nuclear translocation.(Fig. S8)

Discussion

Recent research has demonstrated that lncRNAs play an essen-
tial role in a number of cellular, developmental and pathological
processes, such as cell apoptosis and differentiation,32,33 tumori-
genesis.34 and X-inactivation.35 Numerous reports suggest the
existence of a widespread interaction network involving ceRNAs,
with lncRNAs regulating miRNA by binding and titrating them
off their binding sites on protein coding messengers. A recent
study indicates that the lncRNA MIAT functions as a ceRNA
and forms a feedback loop with vascular endothelial growth fac-
tor and MIR150-5p to regulate endothelial cell function.36 How-
ever, the involvement of lncRNAs in endothelial cells biology is
just beginning to be studied, and research of lncRNAs in control-
ling NFKB signaling and inflammation has mainly concentrated
on other cell types such as macrophages.37 Here, we verified that
an lncRNA, TGFB2-OT1 regulated autophagy and inflamma-
tion in VECs.

TGFB2-OT1 is a newly discovered lncRNA located in the
30UTR of TGFB2 and involved in VECs autophagy. In this
study, we found that 2 inflammation inducers (LPS and oxLDL)
promoted TGFB2-OT1 expression, and the small chemical mole-
cule 3BDO inhibited the increased TGFB2-OT1 level in

Figure 4. MIR3960 and MIR4488 directly bind to TGFB2-OT1. (A) qPCR analysis of MIR3960 and MIR4488 level
in HUVECs treated with or without 3BDO (0, 15, 30 and 60 mM) for 24 h and (B) transfected with the empty
vector pCMV6 (0.8 mg/cm2, indicated by 0 in the figure) or pCMV6-TGFB2-OT1 plasmid (0.2, 0.4 and 0.8 mg/
cm2) for 24 h. (C) Luciferase activity assay with Luc-TGFB2-OT1-WT and Luc-TGFB2-OT1-3960D plasmids
cotransfected into HEK293 cells with 80 nMMIR3960mimics or negative control for 24 h. (D) Luciferase activ-
ity assay with Luc-TGFB2-OT1-WT and Luc-TGFB2-OT1-4488D plasmids cotransfected into HEK293 cells with
80 nM MIR4488mimics or negative control for 24 h. *, P < 0.05; **, P < 0.01; n D 3.
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HUVECs (Fig. 1). How LPS and oxLDL affect TGFB2-OT1
production was not clear. Our previous study shows that LPS
can increase NUPR1 protein level and autophagy in VECs, and
3BDO inhibits this effect.25 We also discovered that TIA1 is
responsible for TGFB2-OT1 processing, and TIA1 phosphoryla-
tion inhibits TGFB2-OT1 production.19 In this study, we find
that NUPR1 regulates TGFB2-OT1 expression and acts
upstream TIA1 (Figs. 2 and 3). LPS and oxLDL modulated
TGFB2-OT1 via NUPR1 and TIA1. Moreover, the TIA1 pro-
tein level was increased with siRNA-mediated knockdown of
NUPR1 (Fig. 3D, lane 3). NUPR1 is a stress-inducible nuclear
protein involved in cellular stress responses as a transcription reg-
ulator. NUPR1 deficiency induces apoptosis and intracellular
reactive oxygen species level.38-40 TIA1 is a proapoptosis protein
involved in stress granule formation during cellular stress.41-43 So
the increase in TIA1 level might be due to the apoptosis and
stress induced by NUPR1 knockdown.

TGFB2-OT1 acts as a ceRNA, competes to bind withMIR4459
and regulates the level of ATG13.19 We have further determined
the mechanisms by which TGFB2-OT1 induced autophagy and
inflammation. Here, we further identify 2 other miRNAs
(MIR3960 and MIR4488) that bind TGFB2-OT1.(Fig. 4)

A previous study indicates that mouse Mir3960 promotes
osteoblast differentiation by targeting HOXA2 (homeobox

A2).44 There are no reports about
human MIR3960 functions. Among
the various predicted targets of
MIR3960, we first selected CERS1.
Luciferase activity assay confirmed
the binding of MIR3960 to the
30UTR of CERS1 (Fig. 5D). Cer-
amide synthases regulate the de novo
generation of ceramides with specific
fatty acid chain lengths.45 CERS1
preferentially generates C18-cer-
amide. CERS1-driven production of
C18-ceramide is defined as a tumor
suppressor in preclinical and clinical
research.46 C18-ceramide induces
autophagy via selective targeting of
mitochondria by MAP1LC3B-con-
taining phagophores via direct inter-
action between ceramide and
MAP1LC3B on mitochondrial mem-
branes.47 Furthermore, excessive
mitophagy induced by CERS1 is
lethal and leads to tumor suppres-
sion.26,47 TGFB2-OT1 downregula-
tion by 3BDO increased MIR3960
levels and reduced those of CERS1,
whereas TGFB2-OT1 overexpression
downregulated MIR3960 levels and
increased the CERS1 protein level
(Fig. 6). CERS1 indirectly regulated
by TGFB2-OT1 contributes to
explaining the autophagy alterations

observed with changes in TGFB2-OT1 level. Excessive promo-
tion of CERS1 might lead to injury of VECs, which is consistent
with overexpression of TGFB2-OT1 inducing VECs
inflammation.

So far, there are no studies of MIR4488 functions. By using
bioinformatics prediction analysis and luciferase activity assay
(Fig. 5D), we found that NAT8L was an important target of
MIR4488. NAT8L catalyzes the formation of N-acetylaspar-
tate (NAA) from acetyl-CoA and aspartate. In the brain, NAA
delivers the acetate moiety for synthesis of acetyl-CoA, which
is further used for fatty acid generation.48,49 Recent studies
discovered new functions for NAT8L in adipose tissues.
NAT8L is highly expressed in adipose tissues, murine and
human adipogenic cell lines and localized in mitochondria of
brown adipocytes. Upon NAT8L overexpression, mitochon-
drial mass and number as well as oxygen consumption are ele-
vated.27 So NAT8L may also be involved in autophagy by
affecting mitochondria. TGFB2-OT1 modulates NAT8L and
then autophagy by sponging MIR4488.

LARP1 is an RNA binding protein and related to transcript
stability and translation of mRNAs.29,50 siRNA-depleted LARP1
level inhibits global protein synthesis rate.30 As a ceRNA,
TGFB2-OT1 competed withMIR4459 to modulate LARP1 pro-
tein level (Fig. 6). Previous studies show that TGFB2-OT1 acts

Figure 5. MIR3960, MIR4488 and MIR4459 targeted CERS1, NAT8L and LARP1. Western blot analysis of pro-
tein levels of CERS1 (A) and NAT8L (B) in HUVECs transfected with 25 and 50 nM MIR3960 (A), MIR4488
(B) mimics, inhibitor or negative control for 24 h and quantification. (C) Western blot analysis of protein
levels of LARP1 in HEK293 cells (left) and HUVECs (right) transfected with 25 and 50 nM MIR4459 mimics
or negative control for 24 h and quantification. (D) Luciferase activity assay with Lu-CERS1-30UTR, Lu-
NAT8L-30UTR, and Lu-LARP1-30UTR plasmids cotransfected into HEK293 cells with 50 nM MIR3960,
MIR4488 and MIR4459mimics for 24 h, a negative miRNA as a control. *, P < 0.05; **, P < 0.01; n D 3.
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downstream MTOR,19 a master
controller of protein synthesis,
both in the initiation and elonga-
tion steps of protein synthesis.14

Here, we show that TGFB2-
OT1 overexpression increases
ATG3, ATG7, and SQSTM1 pro-
tein levels (Fig. 7A, Fig. S4),
which suggests that TGFB2-OT1
is a key regulator in modulating
protein synthesis. Furthermore,
the decreased LARP1 protein level
induced by MIR4459 mimics
transfection also decreased
SQSTM1 expression (Fig. 7D), so
TGFB2-OT1 modulated
SQSTM1 protein level by LARP1.

SQSTM1 acts as a signaling
hub by recruiting and oligomeriz-
ing important signaling molecules
in cytosolic speckles to determine
cell survival or death by triggering
the TRAF6-NFKB pathway or
activating the aggregation of cas-
pase 8 and its downstream effector
caspases.23,31 SQSTM1 similarly
plays a role in the activation of
CASP1, thereby inducing IL1B
production, as an important com-
ponent in the inflammasome complex.24 The data showing that
pCMV6-TGFB2-OT1 elevated SQSTM1 but did not affect cell
viability (Fig. S6C) indicate that caspase 8 and its downstream
effector caspases were not activated. So we further examined the
inflammation-related signal pathways.

The evidence that overexpression of TGFB2-OT1 induced
NFKB RELA nuclear translocation and IL6 and IL8 production
in VECs suggested that the NFKB pathway was activated
(Fig. 7E and G). Furthermore, with SQSTM1 knockdown,
TGFB2-OT1 overexpression did not induce RELA nuclear trans-
location (Fig. 7F). Activation of the NFKB pathway leads to the
expression of various inflammation-associated genes, including
cytokines, chemokines, and adhesion molecules.51 Furthermore,
TGFB2-OT1 overexpression induced CASP1 activation and then
IL1B expression (Fig. 7H-I), so TGFB2-OT1 might be involved
in activation of inflammasomes. Therefore, we demonstrated
that TGFB2-OT1 promoted inflammation responses via elevat-
ing SQSTM1 level. In contrast, a recent study shows that
SQSTM1 deficiency in the tumor stroma results in the creation
of a protumorigenic inflammatory environment driven by IL6.52

SQSTM1 may present different outcomes depending on the cell
type.

In summary, as shown in Figure. 8, lncRNA TGFB2-OT1,
with decoy activity for MIR3960, MIR4488 and MIR4459 and
by sequestering these miRNAs, increases the levels of CERS1,
NAT8L, ATG13 and LARP1. LARP1 further elevates the levels
of ATG3, ATG7 and SQSTM1, and then TGFB2-OT1

promotes autophagy via CERS1, NAT8L, ATG13, ATG3 and
ATG7 and participates in inflammation by promoting SQSTM1
protein synthesis and activating RELA and CASP1. LPS and
oxLDL promotes TGFB2-OT1 processing via NUPR1 and
TIA1, so TGFB2-OT1 is involved in autophagy and inflamma-
tion. 3BDO induces TIA1 phosphorylation via FKBP1A and
MTORC1, which inhibits TGFB2-OT1 processing,19 then
autophagy and inflammation as induced by TGFB2-OT1. There-
fore, TGFB2-OT1 is an attractive target against inflammation in
VECs, and 3BDO might be a potential therapeutic compound
for the development of new drugs for vascular diseases.

Materials and Methods

Cell culture and treatment
All cells were cultured at 37�C with 5% CO2 in a humidified

incubator. HUVECs were obtained as previously described,53

and cultured in M199 medium (Gibco, 31100-035) with 10%
fetal bovine serum (Hyclone, SV30087.02) and FGF2 (2 ng/
ml). The cells used were not greater than passage 10. Human
embryonic kidney 293 (HEK293) cells were cultured in DMEM
medium (Gibco, 12800-017) with 10% fetal bovine serum. Cells
at 80% confluence were activated by LPS (Sigma–Aldrich,
L2880) and oxLDL (Biomedical Technologies Inc., BT-910).
3BDO was synthesized as described.54 and dissolved in DMSO
(0.1 M, Sigma-Aldrich, D2650) as a stock solution. DMSO

Figure 6. 3BDO and TGFB2-OT1 overexpression regulated the protein levels of CERS1, LARP1 and NAT8L. (A)
Western blot analysis of protein levels of CERS1, LARP1 and NAT8L in HUVECs treated with 3BDO (0, 15, 30,
60 and 120 mM) for 24 h and (B) quantification. (C) Western blot analysis of protein levels of CERS1, LARP1
and NAT8L in HEK293 cells transfected with the empty vector pCMV6 (0.8 mg/cm2, indicated by 0 in the
figure) or pCMV6-TGFB2-OT1 plasmid (0.2, 0.4 and 0.8 mg/cm2) for 48 h and (D) quantification. *, P < 0.05;
**, P < 0.01; n D 3.
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used in the experiment was below
0.1% in culture medium (v/v) and
did not affect cell viability.

RNA interference
The efficiency of TIA1.19 and

NUPR1.25 silencing was previ-
ously described. Cells at 50% to
60% confluence were transfected
with TIA1 (Santa Cruz Biotech-
nology, sc-29504), NUPR1 (Santa
Cruz Biotechnology, sc-40792) or
scrambled siRNA (Santa Cruz
Biotechnology, sc-37007) for
24 h by use of RNAiFect Trans-
fection Reagent according to
the manufacturer’s protocol
(QIAGEN, 301605). The effi-
ciency of RNA interference was
determined by protein gel blot
analysis.

Plasmid transfection
Cells were seeded onto 6-cm

dishes at 1 £ 106/mL and grown
for 24 h. Cells at 70% to 80% con-
fluence were transfected with the
indicated expression vectors by use
of Lipofectamine 2000 transfection
reagent (Invitrogen, 11668019)
according to the manufacturer’s
protocol. The pCMV6-TGFB2-
OT1 vector was generated as previ-
ously reported.19

Luciferase activity assay
A luciferase reporter vector

(pmirGLO Dual-Luciferase
miRNA Target Expression Vec-
tor; Promega) was used for the
luciferase constructs. The TGFB2-
OT1, 30UTRs of CERS1, NAT8L
and LARP1 were cloned by RT-
PCR, then Luc-TGFB2-OT1-
WT, mutants, Luc-CERS1-
30UTR, Luc-NAT8L-30UTR and
Luc-LARP1-30UTR were con-
structed as previously reported.19

HEK293 cells were seeded onto
96-well culture plates at 8000 cells
per well in DMEM medium con-
taining 10% fetal bovine serum
and incubated overnight. Cells
were cotransfected with Dual-
Luciferase (containing Firefly
and Renilla luciferase) reporter

Figure 7. TGFB2-OT1 promoted SQSTM1 translation, RELA nuclear translocation and IL6 and IL8 production in
HUVECs. (A) Western blot analysis of SQSTM1 protein level in HUVECs transfected with 0.01, 0.05, 0.1, 0.2 mg/
ml of pCMV6 or pCMV6-TGFB2-OT1 for 48 h. This result is representative of 3 independent experiments. (B)
Immunostaining of SQSTM1 in HUVECs transfected with pCMV6 or pCMV6-TGFB2-OT1 (0.2 mg/ml) for 48 h,
and the proportion of cells containing SQSTM1 puncta (> 5). The arrows indicate SQSTM1 puncta in cells.
Bar: 16 mm. (C) Western blot analysis of SQSTM1 protein level in HUVECs transfected with pCMV6 or pCMV6-
TGFB2-OT1 (0.2 mg/ml) for 12 h, then treated with or without cycloheximide (CHX) for 12 h. (D) Western blot
analysis of SQSTM1 protein level in HUVECs transfected with 25 and 50 nM MIR4459mimics or negative con-
trol for 24 h. (E) Representative photomicrographs of immunofluorescence staining showing RELA nuclear
translocation in HUVECs transfected with pCMV6 or pCMV6-TGFB2-OT1 (0.4 mg/ml) for 48 h. Bar: 16 mm. (F)
Immunofluorescent graphs of RELA nuclear translocation in HUVECs transfected with pCMV6, pCMV6-TGFB2-
OT1, or both siRNA against SQSTM1 and pCMV6-TGFB2-OT1 for 48 h. n indicates the nuclear. Bar: 16 mm. (G)
ELISA of IL6 and IL8 production in HUVECs transfected with 0.4 mg/ml pCMV6 or pCMV6-TGFB2-OT1 for 48 h,
then exposed to 3BDO (60 mM) for 6 h. (H) Western blot analysis of cleaved-CASP1 protein level in HUVECs
transfected with 0.4 mg/ml pCMV6 or pCMV6-TGFB2-OT1 for 48 h and quantification. (I) qPCR analysis of
mRNA levels of TGFB2-OT1 and IL1B in HUVECs transfected with 0.4 mg/ml pCMV6 or pCMV6-TGFB2-OT1 for
48 h, then exposed to 3BDO (60 mM) for 12 h. *, P < 0.05; **, P < 0.01; n D 3.
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constructs and corresponding
miRNA mimics or negative con-
trol by Lipofectamine 2000 trans-
fection reagent (Invitrogen,
11668019). After transfection for
24 h, luciferase activity assays
were determined by a dual-lucif-
erase reporter system according
to the protocol (Promega,
E2920).

RT-PCR and quantitative
real-time PCR (qPCR)

Total RNA was extracted
from cells with use of TriZol
Reagent (Sigma-Aldrich, T9424)
following the manufacturer’s pro-
tocol. An amount of 1 mg RNA
was reverse-transcribed by use of
the PrimeScript RT reagent Kit
with gDNA Eraser (TaKaRa,
DRR047A). qPCR reactions
involved use of the QuantiTect
SYBR Green PCR kit (Takara,
RR420) and LightCycler 2.0 sys-
tem (Roche, Basel, Switzerland).
Reactions were carried out in
a 20 ml volume containing
10 ml 2£SYBR Green PCR
Master Mix. The primer pair
sequences were for TGFB2-OT1,
forward 5’-GCAGTTTCACCTA
AAGAGCAGC-30, and reverse 5’-
TTCCTTCCCACCTCCACCC-
30; and GAPDH, forward, 50-
ACCACAGTCCATGCCAT-
CAC-30, and reverse, 50-TCCAC-
CACCCTGTTGCTGTA-30 as a
housekeeping gene. The rest of
primer sequences are listed in
Table S1. The fold changes in
mRNA level were calculated by
use of MxPro v4.00 (Stratagene).
Relative gene expression was nor-
malized to the GAPDH level.

Western blot analysis
Cell lysates were prepared in

RIPA lysis buffer (Beyotime,
P0013B) containing 1 mM
PMSF. Equal amounts of pro-
teins were run on SDS-polyacryl-
amide gel, then transferred to
polyvinylidene difluoride (PVDF) membrane (Millipore,
IPFL00010), probed with primary antibodies, horseradish perox-
idase-linked secondary antibodies (Santa Cruz Biotechnology,

sc-2004 and sc-2302), and detected with use of an enhanced
chemiluminesence detection kit (Thermo, 32209). The primary
antibodies specific to GAPDH (sc-47724), TIA1 (sc-166247),

Figure 8. Conceptual schematic of the miRNA signal pathway regulated by TGFB2-OT1 in autophagy and
inflammation. LPS and oxLDL promote TIA1 expression via NUPR1. TIA1 is responsible for TGFB2-OT1 process-
ing from 30UTR of TGFB2. TGFB2-OT1, as a miRNA sponge, decoys MIR3960, MIR4488, and MIR4459, then ele-
vates CERS1, NAT8L, ATG13, and LARP1 protein levels. LARP1 further increases the levels of ATG3, ATG7 and
SQSTM1. CERS1 and NAT8L regulate autophagy by affecting mitochondria. ATG13, ATG3 and ATG7 modulate
autophagy. The elevated synthesis of SQSTM1 protein activates RELA and CASP1, increase levels of inflamma-
tory cytokines IL6, IL8 and IL1B, and thereby induce inflammation. 3BDO induces TIA1 phosphorylation via
FKBP1A and MTORC1, which may result in inhibition of TGFB2-OT1 processing, autophagy and inflammation
induced by TGFB2-OT1.
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CERS1 (sc-135033), LARP1 (sc-102006), and RELA (sc-372)
were from Santa Cruz Biotechnology. Antibody for SQSTM1
(610833) was from BD Transduction Laboratories. Antibodies
for ACTB (A5441), NUPR1 (SAB1104559) and NAT8L
(HPA040677) were from Sigma-Aldrich. Antibodies for ATG3
(3415), ATG7 (8558) and CASP1 (2225) were from Cell Signal-
ing Technology. The relative quantity of proteins was analyzed
by ImageJ software and normalized to loading controls.

In situ hybridization
In situ hybridization to detect TGFB2-OT1 expression in

HUVECs was performed as described by Roche Applied Science.
Briefly, cells were fixed in 4% paraformaldehyde. Then the cells
were rehydrated, digested and then refixed in 4% paraformalde-
hyde. After that, the cells were prehybridized with hybridization
solution and then incubated with a digoxigenin-labeled TGFB2-
OT1 probe at 42�C for 20 h. The next day, the cells were washed
with 2£ SSC, 1£ SSC and 0.5£ SSC and then incubated with a
mouse anti-digoxin antibody conjugated with alkaline phospha-
tase (Sigma-Aldrich, A1054). For visualizing the positive signal,
the sections were incubated in NBT/BCIP (Roche,
11681451001) and counterstained with nuclear fast red (Sigma-
Aldrich, N8002). Staining of treated samples was performed for
an equal length of time and experiments were repeated at least
3 times.

Immunofluorescence assay of cells
Immunofluorescence assay was performed as described.19 In

brief, after treatment, HUVECs were fixed with 4% paraformal-
dehyde for 15 min and blocked with 3% normal goat serum
(ZSGB-BIO, ZLI-9026) or rabbit serum (ZSGB-BIO, ZLI-
9026) for 20 min at room temperature. Then, the cells were
incubated with primary antibody (1:100) at 4�C overnight and
then corresponding secondary antibody (1:200) at 37�C for 1 h.
Cells were rinsed 3 times with 0.1 M phosphate-buffered saline
(PBS; 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4,
2 mM KH2PO4) to eliminate the uncombined secondary anti-
body. The samples were evaluated by Zeiss LSM700 (Carl Zeiss,
Oberkochen, Germany).

Quantitative real-time PCR of miRNA expression
RNA was isolated with the Trizol reagent method. RNA sam-

ples were quantified by use of the NanoDrop. MiRNA was con-
verted into cDNA by using TaqMan MicroRNA Reverse
Transcription Kit (Applied Biosystems, PN4366596) and spe-
cific miRNA primers. The KAPA SYBR FAST qPCR Kits (Kapa
Biosystems, KK4601) was used to quantify the expression of

mature miRNA in HUVECs. Quantitative real-time PCR reac-
tions involved use of the LightCycler 480 Real-Time PCR Sys-
tem (Roche, Basel, Switzerland). Following a single cycle at 95�C
for 10 min, PCR involved 40 cycles at 95�C for 30 sec and 60�C
for 1 min. MiRNA expression was calculated as relative to
RNU6 expression, by independent triplicate measurements. The
primer sequences used for MIR3960 (stem-loop primer):
50-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCA
CTGGATACGACCCCCGCC-30, (PCR primer): 50-ATT-
TAAGGCGGCGGCGGA-30; MIR4488 (stem-loop
primer): 50-GTCGTATCCAGTGCAGGGTCCGAGG-
TATTCGCA CTGGATACGACGCCGGAG-30, (PCR
primer) 50-TAATAAAGGGGGCGGGCT-30; and RNU6,
50-CTCGCTTCGGCAGCACATATACT-30, 50-ACGCTT-
CACGAATTTGCGTGTC-30.

Transfection with miRNA mimics and inhibitor
RNA mimics and inhibitor for MIR3960, MIR4488,

MIR4459 and negative control (NC) were designed and pur-
chased from Invitrogen. The mimics and inhibitors were trans-
fected into HUVECs or HEK293 cells with RNAiFect
Transfection Reagent according to the manufacturer’s protocol
for 24 h. The final concentrations of the mimics or inhibitors
were 25 or 50 nM.

Statistical analysis
All experiments were repeated independently for at least

3 times. Data are expressed as mean § SE. SPSS 11.5 (SPSS
Inc., Chicago, IL) was used for analysis by one-way ANOVA
(followed by Scheff�e F test for post-hoc analysis). A P < 0.05
was considered as statistically significant.
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