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The blood-tumor barrier limits the delivery of therapeutic
drugs to brain tumor tissues. Selectively opening the blood-tu-
mor barrier is considered crucial for effective chemotherapy of
glioma. RNA-binding proteins have emerged as crucial regula-
tors in various biologic processes. This study found that RNA-
binding Fox-1 homolog 1 (RBFOX1) was downregulated in
glioma vascular endothelial cells derived from glioma tissues,
and in glioma endothelial cells obtained by co-culturing endo-
thelial cells with glioma cells. Overexpression of RBFOX1
impaired the integrity of the blood-tumor barrier and
increased its permeability. Additionally, RBFOX1 overexpres-
sion decreased the expression of tight junction proteins
ZO-1, occludin, and claudin-5. Subsequent analysis of the
mechanism indicated that the overexpression of RBFOX1
increased musculoaponeurotic fibrosarcoma protein basic
leucine zipper [bZIP] transcription factor F (MAFF) expression
by downregulating LINC00673, which stabilized MAFF
messenger RNA (mRNA) through Staufen1-mediated mRNA
decay. Moreover, MAFF could bind to the promoter region
and inhibit the promoter activities of ZO-1, occludin, and clau-
din-5, which reduced its expression. The combination of
RBFOX1 upregulation and LINC00673 downregulation pro-
moted doxorubicin delivery across the blood-tumor barrier, re-
sulting in apoptosis of glioma cells. In conclusion, this study
indicated that overexpression of RBFOX1 increased blood-tu-
mor barrier permeability through the LINC00673/MAFF
pathway, which might provide a new useful target for future
enhancement of blood-tumor barrier permeability.
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INTRODUCTION
Glioma is a primary intracranial tumor with rapid progression and
invasiveness. Despite continuous improvement of treatments, the
median survival time of patients with high-grade gliomas is still less
than 15 months.1 Chemotherapy is an essential part of glioma ther-
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apy. The presence of the blood-tumor barrier (BTB) severely limits
the delivery of chemotherapeutic drugs to tumor tissues and affects
the efficacy of chemotherapy.2 Specialized brain microvascular endo-
thelial cells (ECs) in glioma tissues are the structural basis for BTB
permeability. Therefore, selectively opening of the BTB is considered
one of the effective means to increase the efficacy of chemotherapy for
glioma.

Although there is a large repertoire of RNA-binding proteins (RBPs)
present in tumor cells, little is known about the functional role of
RBPs in endothelial cell biology. The RBP Quaking (QKI) has been
shown to regulate the development of embryonic blood vessels.3

Additionally, RBP HuR has been shown to inhibit Sirtuin 1 mRNA
stabilization to repress the endothelial inflammatory response.4

RNA-binding Fox (RBFOX) protein is involved in many RNA meta-
bolism processes.5 RBFOX1, also known as A2BP1 or FOX1, with a
high affinity with the (U) GCAUG domain, plays a crucial role in
regulating RNA metabolism during mammalian development.6 In
addition, RBFOX1 regulates mRNA stability, translation, and micro-
RNA (miRNA) processing.5 RBFOX1 has been shown to profoundly
inhibit glioma tumorigenesis.7 However, the expression level of
RBFOX1 in glioma endothelial cells (GECs) and its potential role in
the regulation of BTB permeability remain unclear.

Long non-coding RNAs (lncRNAs) are ncRNAs with transcripts of
more than 200 nt. Studies have reported that lncRNA can regulate
the biological processes of cells at the level of epigenetics, transcrip-
tion and post-transcription.8 Long intergenic non-protein coding
RNA673 (LINC00673), located in human chromosome 17q25.1, is
or(s).
://creativecommons.org/licenses/by-nc-nd/4.0/).
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upregulated in lung adenocarcinoma.9Moreover, LINC00673 is high-
ly expressed in pancreatic ductal adenocarcinoma and enhances the
risk of disease.10 Also, recent data indicate that LINC00673 is upregu-
lated in gastric cancer and acts as an oncogenic function in the
progression of gastric cancer.11 However, little is known about its
expression in GECs. Bioinformatics software (RBPDB) predicts that
LINC00673 harbors a binding site of RBFOX1. Accordingly, the po-
tential interaction of the two above factors and their roles in the regu-
lation of BTB permeability have attracted our interest.

Small musculoaponeurotic fibrosarcoma protein (sMaf) is a basic
leucine zipper (bZIP) transcription factor that plays a crucial role
in gene regulation, differentiation, tumorigenesis, and in the devel-
opment of many organisms.12 Musculoaponeurotic fibrosarcoma
proteins (MAFs) are divided into large MAFs (MAF, MAFA,
MAFB, NRL) containing activation domains, and small MAFs
(MAFF, MAFG, MAFK) lacking active activation domains.13 Small
MAFs exert transcriptional activation through forming hetero-
dimers by binding to other factors of the bZIP family; inversely,
by forming homodimers themselves, they play a transcriptional
inhibitory role to further affect gene expression.14 Recent studies
have shown that MAFF transcripts are highly expressed in the my-
ometrium and are involved in the regulation of uterine genes at the
beginning of labor.15 Moreover, MAFF is downregulated in type I
diabetes.16 However, the expression and function of MAFF in
GECs remain unclear. Analyses using bioinformatics software
(RepeatMasker and IntaRNA) suggest that both LINC00673 and
MAFF 30 UTRs contain the Alu elements. Also, the binding site
between LINC00673 and MAFF detected by bioinformatics infor-
mation provides further impetus to study the mechanism of the
interaction between LINC00673 and MAFF.

Tight junction-related proteins (TJPs) are essential molecular basis
for BTB function, including the primary component proteins ZO-1,
occludin, and claudin-5.17 The adhesion protein ZO-1 forms the basis
of support structure for TJPs; the transmembrane protein occludin
directly participates in the formation of TJPs on microvascular endo-
thelial cells; and claudin-5 is abundant in brain endothelial cells and
exerts an important role in regulating their permeability.18 ZO-1, oc-
cludin, and claudin-5 are crucial proteins that explicitly define the
paracellular pathways affecting BTB permeability, while their expres-
sions are downregulated when BTB permeability increases.19 In silico
analysis using JASPAR reveals that there are binding sites between
MAFF and the respective promoters of ZO-1, occludin, and clau-
din-5, which indicates that MAFF may regulate the expression of
these three genes at the transcriptional level.

In this study, we first investigated the expression of RBFOX1,
LINC00673, and MAFF in GECs and their effects on BTB perme-
ability. Furthermore, we determined their interaction in the regula-
tion of BTB permeability. Therefore, this study aims to explore the
mechanism on selectively opening the BTB as well as to provide
new theoretical and experimental evidence for improving the efficacy
of treatment against glioma.
RESULTS
Expression of RBFOX1 in Glioma Vascular Endothelial Cells

According to The Cancer Genome Atlas (TCGA) analysis,
RBFOX1 had low expression levels in glioma tissue, and the pa-
tients who had relatively lower levels of RBFOX1 had poor overall
survival (Figure 1A). Laser-capture microdissection (LCM) is
capable of isolating cells of interest from archived paraffin-
embedded tissue specimens, and it permits microscopic localiza-
tion of cells at the site of a pathological process. Thus, LCM could
permit cells to be isolated from that site and sites not involved in
the pathological process for further comparative studies. To study
the BTB at the molecular level, RBFOX1 mRNA expression was
detected at first in brain microvessels captured from a panel of
surgical human brain specimens of brain tissues (normal brain tis-
sues [NBTs]), low-grade glioma (LGG, World Health Organiza-
tion [WHO] grade I–II), and high-grade glioma (HGG, WHO
grade III–IV) by using LCM. As shown in Figure 1B, we captured
microvessels from NBT, LGG, and HGG using LCM. Subse-
quently, after isolating the RNAs from cells, we conformed
qRT-PCR assay to detected RBFOX1 mRNA expression. The re-
sults showed that the RBFOX1 mRNA expression was downregu-
lated in the captured brain microvessels from LGG and HGG
compared with NBT. Additionally, RBFOX1 expression was
significantly downregulated in the captured brain microvessels
from HGG compared with those from LGG (Figure 1C). Thus,
RBFOX1 was also represented in glioma microvessels, and the
expression of RBFOX1 was negatively correlated with the patho-
logical grades of glioma. Furthermore, after in vitro BTB models
were established, western blot and qRT-PCR analyses showed
that the expression of RBFOX1 in GECs was significantly down-
regulated compared to astrocyte-exposed endothelial cells
(AECs) (Figures 1D and 1E). Thus, we hypothesize that RBFOX1
might regulate the function of GECs as tumor suppressor genes.
Overexpression of RBFOX1 Increased the Permeability of the

BTB and Decreased the Expression of the Tight Junction-

Related Protein in GECs

To explore the functional role of endothelial RBFOX1 in BTB
permeability, we established GEC lines with stable overexpression
or silencing of RBFOX1 successfully. Subsequently, the transendo-
thelial electric resistance (TEER) value and horseradish peroxidase
(HRP) flux were used to test the integrity and permeability of the
BTB, respectively.20 Figures 1F and 1G show that the TEER value
was significantly decreased whereas HRP flux was significantly
increased in the RBFOX1 overexpression (OE) group compared
with vector group. However, the opposite results were observed in
the short hairpin (sh)RBFOX1 group. Those results indicated that
overexpression of RBFOX1 in GECs impaired BTB integrity and
increased BTB permeability. ZO-1, occludin, and claudin-5 are
members of tight junction-related proteins. Then, we focused on
these three proteins to explore the mechanism of action of RBFOX1
on BTB permeability. The western blot analysis showed that the
expression of ZO-1, occludin, and claudin-5 was significantly
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Figure 1. Upregulation of RBFOX1 Increased BTB Permeability in GECs and Inhibited the Expression Levels of ZO-1, Occludin, and Claudin-5

(A) The expression levels of RBFOX1 in glioma and patient survival were analyzed through TCGA database. (B) Staining vessel from glioma or normal brain tissues with UEA-I.

LCM capture of UEA-I-stained vessel from human brain sections is shown. Scale bar represents 40 mm. (C) qRT-PCR analysis of RBFOX1 expression in brain microvessels

captured by laser capturemicrodissection (LCM) from a panel of surgical human brain specimens of normal brain tissues (NBTs), low-grade glioma (LGG,WHO I–II), and high-

grade glioma (HGG,WHO III–IV). Data represent means ± SD (n = 8, each). *p < 0.05, **p < 0.01 versus the NBTs group; ##p < 0.01 versus the LGG group. (D) The expression

levels of RBFOX1 protein in AECs and GECs were detected by Western bolt assay. (E) The expression levels of RBFOX1 mRNA in AECs and GECs were detected by qRT-

PCR assay. Data represent means ± SD (n = 3, each). *p < 0.05 versus the AECs group. (F) Effects of RBFOX1 upregulation or knockdown on TEER values. (G) Effects of

RBFOX1 upregulation or knockdown on HRP flux. Data represent means ± SD (n = 3, each). *p < 0.05 versus the vector group; #p < 0.05 versus the shNC group. (H) Effect of

RBFOX1 upregulation or knockdown on ZO-1, occludin, and claudin-5 protein expression levels as determined by western blot. Data represent means ± SD (n = 3, each).

*p < 0.05 versus the vector group; #p < 0.05 versus the shNC group. (I) Effects of RBFOX1 upregulation or knockdown on ZO-1, occludin, and claudin-5 distribution and

expression levels as determined by immunofluorescence staining (n = 3, each). ZO-1, occludin, and claudin-5 (red) were labeled with secondary antibodies anti-ZO-1, anti-

occludin, and anti-claudin-5, respectively, and nuclei (blue) were labeled with DAPI. Scale bar represents 30 mm.
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decreased in the RBFOX1 OE group compared with vector group in
GECs. However, the expression of ZO-1, occludin, and claudin-5
increased in the shRBFOX1 group compared with the shNC group
(Figure 1H) in GECs. Subsequently, immunofluorescence staining
further confirmed that RBFOX1 overexpression suppressed ZO-1,
occludin, and claudin-5 expression, with discontinuous distribution
on the boundaries of GECs (Figure 1I). The above results indicate
that RBFOX1 overexpression increased BTB permeability.
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LINC00673 Was Upregulated in GECs, and LINC00673

Knockdown Increased the Permeability of BTB andReduced the

Expression of the Tight Junction-Related Protein in GECs

Accumulating studies have demonstrated that RBPs may exert their
biological functions through mediating lncRNAs.21,22 lncRNA array
analysis was performed in GECs with overexpression of RBFOX1.
The results showed that LINC00673 and TNRC6C-AS1 were two
of the most downregulated lncRNAs in the RBFOX1 OE group.



Figure 2. LINC00673 Was Highly Expressed in GECs, and Knockdown of LINC00673 Increased BTB Permeability and Inhibited the Expression Levels of

ZO-1, Occludin, and Claudin-5

(A) lncRNA microarray analysis of total RNAs isolated from GECs treated with overexpression of RBFOX1. Red indicates high relative expression, and green indicates low

relative expression. qRT-PCR was used to detected the selected molecules. Data represent means ± SD (n = 3, each). *p < 0.05, **p < 0.01 versus the vector group. (B) FISH

was conformed to investigate expression and location of LINC00673 in AECs and GECs (red, LINC00673; blue, DAPI nuclear staining). Scale bar represents 20 mm. (C) The

expression levels of LINC00673 in AECs andGECswere detected by a qRT-PCR assay. Data represent means ±SD (n = 3, each). *p < 0.05 versus the AECs group. (D and E)

Effects of LINC00673 upregulation or knockdown on TEER values (D) andHRP flux (E). (F) Effects of LINC00673 upregulation or knockdown on ZO-1, occludin, and claudin-5

expression levels determined by western blot. Data represent means ± SD (n = 3, each). *p < 0.05 versus the vector group; #p < 0.05 versus the shNC group. (G) Effects of

LINC00673 upregulation or knockdown on ZO-1, occludin, and claudin-5 distribution and expression levels determined by immunofluorescence staining (n = 3, each). ZO-1,

occludin, and claudin-5 (red) were labeled with secondary antibodies anti-ZO-1, anti-occludin, and anti-claudin-5, respectively, and nuclei (blue) were labeled with DAPI.

Scale bar represents 30 mm.
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Meanwhile, qRT-PCR analysis showed that expression of LINC00673
and TNRC6C-AS1 was downregulated, and the LINC00673 expres-
sion level was lower than that of TNRC6C-AS1 in GECs with upregu-
lation of RBFOX1 (Figure 2A). Accordingly, we selected LINC00673
to perform the subsequent analyses. In addition, the expression and
location of LINC00673 in AECs and GECs were investigated
by qRT-PCR and fluorescence in situ hybridization (FISH).
LINC00673 was significantly upregulated in GECs compared with
AECs (Figure 2C). In addition, the quantitative expression of
TNRC6C-AS1 is shown in Figure S1D. Also, LINC00673 was located
primarily in the cytoplasm of cells (Figure 2B). Hence, we hypothe-
sized that LINC00673 might be involved in the regulation of BTB
function.

The significant upregulation of LINC00673 in GECs prompted us to
explore the essential function of LINC00673 in GECs by investigating
the effects of LINC00673 knockdown or overexpression on BTB
integrity and permeability. Accordingly, stably LINC00673-overex-
pressed or LINC00673-silenced GEC lines were established success-
fully. The efficiency of LINC00673 is shown in Figure S1B. As shown
in Figures 2D and 2E, the TEER value was increased whereas HRP
flux was decreased in the LINC00673 OE group, compared with
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Figure 3. Upregulation of RBFOX1 Destabilized LINC00673, and LINC00673 Was Involved in RBFOX1-Mediated Regulation on BTB Permeability

(A) Effects of RBFOX1 overexpression or inhibition on LINC00673 expression by a qRT-PCR assay. Data represent means ± SD (n = 3, each). *p < 0.05, **p < 0.01 versus the

vector group; #p < 0.05, ##p < 0.01 versus the shNC group. (B) Enrichment of LINC00673 in RBFOX1 immunoprecipitates was measured by a RIP assay. Data represent

means ± SD (n = 3, each). **p < 0.01 versus the anti-normal IgG group. (C) RBFOX1 and GAPDH protein levels in immunoprecipitation with LINC00673 RNA were evaluated

by western blots. The expression levels of RBFOX1 and GAPDH proteins are shown. (D) The Click-iT Nascent RNA capture kit (Life Technologies) was used to label and

capture newly synthesized RNA, and nascent LINC00673 was analyzed using qRT-PCR. (E) GECs after RBFOX1 overexpression were exposed to actinomycin D (2 mg/mL),

and total RNAwas separated at the indicated times and subjected to qRT-PCR to assess the half-life of LINC00673 RNA. Data represent means ± SD (n = 3, each). *p < 0.05

versus the vector group. RBFOX1 and LINC00673 were co-transfected in GECs. (F and G) Effects of RBFOX1 upregulation and LINC00673 knockdown or RBFOX1

knockdown and LINC00673 upregulation on TEER values (F) and HRP flux (G). (H) Effects of RBFOX1 upregulation and LINC00673 knockdown or RBFOX1 knockdown and

LINC00673 upregulation on ZO-1, occludin, and claudin-5 expression levels as determined by western blot. Data represent means ± SD (n = 3, each). *p < 0.05, **p < 0.01

versus the RBFOX1 OE+LINC00673 OE group; #p < 0.05, ##p < 0.01 versus the shRBFOX1+shLINC00673 group; :p < 0.05, ::p < 0.01 versus the control group.
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vector group. Additionally, the TEER value was decreased whereas
HRP flux was increased in the shLINC00673 group, compared with
the short hairpin negative control (shNC) group. These results sug-
gest that LINC00673 knockdown could impair BTB integrity and in-
crease BTB permeability. To further explore the mechanisms in regu-
lating BTB permeability, the expression levels of ZO-1, occludin, and
claudin-5 were detected by western blot. The results indicated that the
expression levels of ZO-1, occludin, and claudin-5 were significantly
increased in the LINC00673 OE group, whereas they were signifi-
cantly decreased in shLINC00673 group, compared with the vector
and shNC groups (Figure 2F). Furthermore, immunofluorescence
analysis revealed that ZO-1, occludin, and claudin-5 were signifi-
cantly decreased and exhibited discontinuously distribution in the
shLINC00673 group (Figure 2G).

RBFOX1 Targeted LINC00673 and Reduced LINC00673 Stability

It was demonstrated that the differential expression of LINC00673 ex-
ists in the RBFOX1-depleted GECs. Also, qRT-PCR further deter-
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mined that LINC00673 expression was decreased in the RBFOX1
OE group, compared with the vector group. Additionally,
LINC00673 expression was increased in the shRBFOX1 group,
compared with the shNC group (Figure 3A). Subsequently, the
RNA immunoprecipitation (RIP) assay showed that LINC00673
was enriched in the RBFOX1 immunoprecipitates compared with
the immunoglobulin G (IgG) immunoprecipitates (Figure 3B).
RNA pull-down assays further demonstrated that LINC00673 bound
with RBFOX1, instead of LINC00673-mutant (Mut) and anti-sense
RNA (Figure 3C). Hence, RBFOX1 directly bound to LINC00673
and negatively regulated LINC00673 expression in GECs. Given the
possibility that some RBPs regulate lncRNA stability,23 we analyzed
the half-life of LINC00673 in RBFOX1 OE GECs. Newly synthesized
RNA was labeled and isolated using the Click-iT Nascent RNA cap-
ture kit, and further qRT-PCR results suggested that the nascent
LINC00673 was unaffected in the RBFOX1 OE group and vector
group (Figure 3D). Then, we evaluated LINC00673 stability with
RBFOX1 gain or loss in GECs under the action of actinomycin D
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(2 mg/mL). The results indicated that the half-life of LINC00673 is
5.5 h in the RBFOX1 OE group, while the half-life of LINC00673 is
8 h in the vector group (Figure 3E). Thus, RBFOX1 negatively
regulated the expression level of LINC00673 through inhibiting
LINC00673 stability.

LINC00673 Was Involved in RBFOX1-Regulated BTB

Permeability

To clarify whether LINC00673 was involved in RBFOX1-mediated
regulation of BTB permeability as well as the expression of ZO-1, oc-
cludin, and claudin-5, we performed a co-transfection assay. As
shown in Figures 3F and 3G, TEER values were decreased more in
the RBFOX1 OE+shLINC00673 group than those in the RBFOX1
OE+LINC00673 OE group. However, HRP flux was increased more
in the RBFOX1 OE+shLINC00673 group than that in RBFOX1
OE+LINC00673 OE group. Moreover, TEER values were increased
in the shRBFOX1+LINC00673 OE group, whereas HRP flux
decreased, compared with the shRBFOX1+LINC00673 OE group.
The expression levels of ZO-1, occludin, and claudin-5 were
decreased more in the RBFOX1 OE+shLINC00673 group than those
in the RBFOX1 OE+LINC00673 OE group. Additionally, these levels
were increased in the shRBFOX1+LINC00673 OE group, compared
with the shRBFOX1+shLINC00673 group (Figure 3H). These results
clarified that RBFOX1 increased BTB permeability by inhibiting
LINC00673 expression.

MAFF Was a Target of LINC00673, and LINC00673 Regulated

MAFF Expression by the Staufen1 (STAU1)-Mediated mRNA

Decay (SMD) Process

The regulation of protein-coding genes occurs in a series of processes
in their product messenger RNAs (mRNAs), indicating both synthe-
sis and decay. Accordingly, many human diseases are due to aber-
rancies in the regulation of mRNA half-life.24,25 In the present study,
we found that the Alu element exists in LINC00673 and MAFF
mRNA 30 UTRs by searching RepeatMasker and IntaRNA bioinfor-
matics tools, and LINC00673 bound to MAFF mRNA 30 UTR in a
sequence-specific manner with their Alu element (Figure 4A). A
subsequent dual-luciferase assay demonstrated that the luciferase
activity is significantly reduced in the MAFF-30 UTR-wild-type
(WT)+LINC00673 OE group compared with the MAFF-30 UTR-
WT+vector group. However, luciferase activity was not affected in
the control group and MAFF-30 UTR-Mut+LINC00673 OE group
(Figure 4B). Given that STAU1 was bound to the 30 UTR of a number
of mRNAs so as to reduce their half-life in UPF1-dependent mecha-
nisms,26,27 we performed a RIP assay. The results showed that
LINC00673 and MAFF mRNA were enriched in STAU1 immuno-
precipitates compared with IgG immunoprecipitates. However,
LINC00673 knockdown decreased the expression of LINC00673
and MAFF mRNA in STAU1 immunoprecipitates (Figure 4C). Sub-
sequently, qRT-PCR showed that the half-life of MAFF mRNA was
6 h in LINC00673 OE group and 9 h in the control group, whereas
the half-life of MAFF mRNA was 12.5 h in the shSTAU1 group
and shUPF1 group (Figure 4D). Furthermore, western blot demon-
strated that the expression levels of MAFF mRNA and protein were
decreased in the LINC00673 OE+shNC group, but increased in the
vector+shSTAU1 group, compared with the vector+shNC group.
Notably, the downregulation of STAU1 significantly reversed the
LINC00673 upregulation-induced decrease in MAFF mRNA and
protein expression (Figures 4E and 4F). These results demonstrated
that LINC00673 promotedMAFF degradation through the SMD pro-
cess in GECs.

MAFF Was Engaged in LINC00673-Mediated Regulation of BTB

Permeability

To investigate whether MAFF was involved in LINC00673-mediated
regulation of BTB function, we performed co-transfection assays.
TEER values were increased in the LINC00673 OE+shMAFF group,
whereas HRP flux was decreased, in comparison with the
LINC00673 OE+shMAFF group. Additionally, TEER values were
decreased in the shLINC00673+MAFF OE group, whereas HRP
flux was increased, in comparison with the shLINC00673+MAFF
OE group (Figures 4G and 4H). Meanwhile, the expression levels
of ZO-1, occludin, and claudin-5 were increased in LINC00673
OE+shMAFF group, compared with the LINC00673 OE+MAFF
OE group. However, the expression of ZO-1, occludin, and claudin-
5 were decreased in the shLINC00673+MAFF OE group, compared
with the shLINC00673+shMAFF group (Figure 4I). These results
demonstrated that LINC00673 increased BTB permeability by
increased MAFF expression.

MAFF Was Downregulated in GECs, and Upregulated MAFF

Increased the Permeability of the BTB and Reduced the

Expression of the Tight Junction-Related Protein in GECs

After confirming that MAFF was a target of LINC00673, we further
detected the location and expression of MAFF in AECs and GECs.
A FISH assay revealed that MAFF was located in both the nucleus
and cytoplasm in cells, and expression was lower in GECs than that
in AECs (Figure 5A). Also, qRT-PCR and western blot results showed
that the expression of MAFF mRNA and protein was downregulated
in GECs, compared with AECs (Figures 5B and 5C). To clarify the
functional roles of MAFF in BTB permeability, the stable MAFF over-
expression or MAFF silencing of GEC lines was established, respec-
tively. TEER values decreased whereas HRP flux increased in the
MAFF OE group compared with the vector group; however, opposite
results were found in the shMAFF group (Figures 5D and 5E). Subse-
quently, qRT-PCR and western blots suggested that the expression
levels of ZO-1, occludin, and claudin-5 decreased in the MAFF OE
group, compared with those in the vector group. However, the expres-
sion levels of ZO-1, occludin, and claudin-5 were increased in the
shMAFF group compared with the shNC group (Figures 5F and
5G). Furthermore, immunofluorescence analysis revealed that ZO-1,
occludin, and claudin-5 were significantly decreased and exhibited
discontinuous distribution in the MAFF OE group (Figure 5H)

MAFF Bound to the Tight Junction-Related Proteins ZO-1,

Occludin, and Claudin-5 and Inhibited Promoter Activities

Having confirmed that MAFF overexpression reduced the expression
of the tight junction-related proteins ZO-1, occludin, and claudin-5 at
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Figure 4. LINC00673 TargetsMAFF andNegatively RegulatedMAFF through the SMDPathway, aswell asMAFF Involved in LINC00673-MediatedRegulation

in Promoting BTB Permeability

(A) The putative LINC00673 binding site in MAFF 30 UTR (MAFF 30 UTR-WT) and the mutant sequence (MAFF 30 UTR-Mut) are illustrated. (B) Relative luciferase activity in

HEK293T cells co-transfected with MAFF-30 UTR-WT or MAFF 30 UTR-Mut and LINC00673 OE or vector. Data represent means ± SD (n = 3, each). *p < 0.05 versus the

MAFF-30 UTR-WT+vector group. (C) The enrichment of LINC00673 andMAFFmRNA inGECs and LINC00673-deficient GECswasmeasured by a RIP assay. Data represent

means ± SD (n = 3, each). *p < 0.05 versus the anti-IgG group; #p < 0.05 versus the shLINC00673 group. (D) After overexpression of LINC00673, knockdown of STAU1, and

knockdown of UPF1, GECs were treated with actinomycin D (2 mg/mL), and total RNA was isolated at the indicated times and subjected to qRT-PCR to assess the half-life of

MAFF mRNA. Data represent means ± SD (n = 3, each). *p < 0.05, **p < 0.01 versus the control group. LINC00673 and STAU1 co-transfected in GECs are shown. (E)

Expression levels of MAFFmRNA were detected by qRT-PCR. (F) Expression levels of MAFF protein were detected by western blot. Data represent mean ± SD (n = 3, each).

*p < 0.05, **p < 0.01 versus the vector+shNC group. MAFF was co-transfected with LINC00673 in GECs. (G and H) TEER (G) and HRP (H) were detected. (I) The expression

of ZO-1, occludin, and claudin-5 was detected by western blot. Data represent means ± SD (n = 3, each). *p < 0.05, **p < 0.01 versus the LINC00673 OE+MAFF OE group;
#p < 0.05, ##p < 0.01 versus the shLINC00673+shMAFFgroup; :p < 0.05, ::p < 0.01 versus the control group.
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the mRNA and protein levels, we hypothesized that MAFF may
directly regulate the expression of tight junction proteins at the tran-
scriptional level. In the present study, the sequences of ZO-1, occlu-
din, and claudin-5 promoters were selected using the bioinformatics
database DBTSS. At the same time, the positions of the transcription
start site (TSSs) of ZO-1, occludin, and claudin-5 were predicted by
DBTSS. Moreover, we identified the sites to which MAFF bound by
analyzing the DNA sequence 2,000 bp upstream of the TSS and its
200-bp downstream sequence. Then, dual-luciferase reporter gene
analysis and chromatin immunoprecipitation (ChIP) were used to
verify the activity and binding effects of MAFF combined with the
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ZO-1, occludin, and claudin-5 promoter-binding sites, respectively.
As shown in Figures 6A and 6C, the activities of the ZO-1, occludin,
and claudin-5 promoters were significantly reduced in the pEX3
MAFF group, compared with those in the pEX3 empty vector group.
Also, a series of DNA fragments was constructed and ligated into the
pGL3 basic vector. Wild-type and deletion constructs and putative
MAFF binding sites were indicated. Upon co-transfection with
pEX3-MAFF, ZO-1 promoter activity was downregulated by the
�683 site region (Figure 6A), occludin promoter activity was down-
regulated by the +100 site region (Figure 6B), and claudin-5 promoter
activity was downregulated by the �462 site region, but there was no



Figure 5. MAFF Was Lowly Expressed in GECs, and Overexpression of MAFF Increased BTB Permeability

(A) FISH was applied to detect expression and location of MAFF in AECs and GECs (green, MAFF; blue, DAPI nuclear staining). Scale bar represents 20 mm. (B) The

expression levels of MAFF mRNA in AECs and GECs were detected by a qRT-PCR assay. (C) The expression levels of MAFF protein in AECs and GECs were detected by a

western bolt assay. Data represent means ± SD (n = 3, each). *p < 0.05 versus the AECs group. (D and E) Effects of MAFF upregulation or knockdown on TEER values (D) and

HRP flux (E). (F and G) Effects of MAFF upregulation or knockdown on ZO-1, occludin, and claudin-5 mRNA and protein expression levels determined by qRT-PCR (F) and

western blot (G). Data represent means ± SD (n = 3, each). *p < 0.05, **p < 0.01 versus the vector group; #p < 0.05, ##p < 0.01 versus the shNC group. (H) Effects of MAFF

upregulation or knockdown on ZO-1, occludin, and claudin-5 expression levels and distribution as determined by immunofluorescence staining (n = 3, each). ZO-1, occludin,

and claudin-5 (red) were labeled with secondary antibodies anti-ZO-1, anti-occludin, and anti-claudin-5, respectively, and nuclei (blue) were labeled with DAPI. Scale bar

represents 30 mm.
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significant change by the �789 site region (Figure 6C). Finally, ChIP
assays were performed to determine whetherMAFF directly binds the
promoters of ZO-1, occludin, and claudin-5 in GECs. The putative
MAFF binding sites were indicated. As an NC, PCR was conducted
to amplify the 2,000-bp upstream region of the putative MAFF bind-
ing site that was not expected to associate with MAFF. The results
demonstrated that there was an association of MAFF with the puta-
tive binding site PCR2 of ZO-1, the putative binding site PCR2 of oc-
cludin, and the putative binding site PCR3 of claudin-5. There was no
association of MAFF with all of the control regions (Figures 6D–6F).
The above results indicate that MAFF bound to the promoter region
of ZO-1, occludin, and claudin-5 and inhibited its transcription
activity.
RBFOX1 Overexpression Combined with LINC00673

Knockdown Promoted Doxorubicin Delivery and Glioma Cell

Apoptosis

To maximize the therapeutic efficacy of brain glioma and minimize
the side effects, anti-tumor drugs should be penetrated through the
BTB and then targeted to brain carcinoma cells. Doxorubicin (Dox)
is an anthracycline antibiotic used for tumor treatment that inhibits
the synthesis, replication, and transcription of DNA to impair the
cell cycle.28 A recent study showed that Dox could successfully treat
malignant glioma.29 In the present study, we have stable transfected
RBFOX1 overexpression, LINC00673 knockdown, and co-trans-
fected RBFOX1 overexpressing and LINC00673 knockdown in endo-
thelial cells, respectively. Then in vitro BTB models were established
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Figure 6. MAFF Bound to the Promoters of Tight Junction-Related Proteins and Transcriptionally Depressed ZO-1, Occludin, and Claudin-5 Expression in

GECs, and RBFOX1 Overexpression Combined with LINC0067 Knockdown Promoted the Delivery of Dox as well as Apoptosis of Glioma Cells

(A–C) Schematic depictions of the different reporter plasmids and the relative luciferase activity for ZO-1 (A), occludin (B), and claudin-5 (C). The y bar shows the deletion

positions on the promoter fragments. The x bar shows the reporter vector activity after normalization with the cotransfected reference vector (pRL-TK), and relative to the

activity of the pEX3 empty vector, the activity of which was set to 1. Data represent means ± SD (n = 3, each). *p < 0.05. (D–F) Schematic representations of the human ZO-1

(D), occludin (E), and claudin-5 (F) promoter region 2,000 bp upstream of the transcription start sites (TSSs), which were designated as +1. ChIP PCR products for putative

MAFF binding sites and an upstream region not supposed to associate with MAFF are depicted with bold lines. Dashed lines represent the primers used for each PCR. GECs

were utilized to conduct ChIP assays. PCR was conducted with the resulting precipitated DNA. Images make up independent experiments (n = 3). (G) RBFOX1 and

LINC00673 were co-transfected in GECs. Flow cytometry analysis of U251 cells in the lower chamber with Dox (20 mM) for 12 h is shown. Data represent mean ± SD (n = 3,

each). **p < 0.01 versus the control group; ##p < 0.01 versus the Dox group; &&p < 0.01 versus the RBFOX1 OE+Dox group; --p < 0.01 versus the shLINC00673+Dox

group.
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with U251. Then, on the 4th day of the establishment of the BTB,
20 mM Dox was added into the upper compartment of the Transwell
system. 12 h later, U251 cells in the lower chamber were selected and
double stained with annexin V-phycoerythrin (PE)/7-aminoactino-
mycin D (7AAD). To verify the effects of transfection of RBFOX1
overexpression or LINC00673 knockdown alone and RBFOX1 over-
expression and LINC00673 knockdown co-transfection of BTB
permeability to promote Dox delivery, flow cytometry was per-
formed. The results showed that compared with the Dox group, the
RBFOX1 OE+Dox group and shLINC00673+Dox group increased
the apoptosis of U251 cells, respectively. Notably, RBFOX1 overex-
pression combined with LINC00673 knockdown exhibited a high
apoptosis rate (Figure 6G). In addition, compared with the carbopla-
tin group, the RBFOX1 OE+carboplatin group and the
shLINC00673+carboplatin group increased the apoptosis of U251 gli-
oma cells, respectively (Figure S2). Collectively, the combination of
RBFOX1 overexpression and LINC00673 knockdown promoted
Dox delivery and glioma cell apoptosis.

DISCUSSION
Endothelial cells are an immortalized human cerebral microvascular
endothelial cell line that recapitulates most properties of the blood-
brain barrier (BBB) in situ. Also, this approach is often used as a
BBB model in vitro.30 The in vitro BTB models established by co-
culturing cells simulate high TEER, restricted permeability across
the monolayer, and changes of the morphological characteristics of
endothelial cells in vivo. Thus, this approach has been utilized to
detect the nature of BTB cellular interactions occurring in vivo. Based
on the BTB models in vitro, TEER values and HRP flux are essential
indices used to evaluate BTB permeability. In the present study, we
selected these two indices to determine the effects of genetic changes
on BTB permeability.

Human RBFOX1 is the first identified as an interactive partner of
ataxin-2. Abnormal expression of RBFOX1 in the central nervous sys-
tem promotes human neurodevelopmental disorders.31 RBFOX1 ex-
hibits a low expression level in the brain of autistic patients.32 Knock-
down of RBFOX1 in the mouse central nervous system leads to the
susceptibility of increased seizures.33 Studies have also shown that
RBFOX1 is related to the development of some tumors. The expres-
sion level of RBFOX1 protein in breast cancer tissues is significantly
reduced.34 The presence of RBFOX1 gene deletionmutations in colon
cancer is positively related to the development of colon cancer.35

RBFOX1 is downregulated in gastric cancer and human mesotheli-
oma.36,37 RBFOX1 is a tissue-specific alternative splicing factor of ma-
lignant glioma. RBFOX1 inhibits the expression of exon 6a and 6b of
the tumor suppressor TPM1, and promotes the occurrence of gli-
oma.7,38 In this study, we demonstrated the regulation of RBFOX1
in brain vascular endothelial cells and enriched the current knowledge
on RBFOX1. Drugs cross the BTB by two pathways: the caveolin-
mediated transcellular pathway, and the opening of tight junction
paracellular pathways. Tight junction proteins consisting of cytosolic
scaffold proteins Zos and transmembrane proteins occludins and
claudins, among others, are responsible for the structural integrity
of the BBB and the regulation of BBB permeability.39 For the BTB,
the expression levels of tight junction proteins, including ZO-1, occlu-
din, and claudin-5, are significantly downregulated when BTB perme-
ability is increased.40 Our data demonstrated that the expression
levels of tight junction proteins ZO-1, occludin, and claudin-5 were
decreased following RBFOX1 overexpression, indicating that upregu-
lated RBFOX1 increased BTB permeability by opening tight junctions
through paracellular pathways.

Aberrantly expressed lncRNAs are vital regulatory factors in glioma
blood vessels. A number of studies indicate that lncRNAs are demon-
strated to be necessary to regulate BTB permeability and glioblastoma
multiforme (GBM) angiogenesis.20,41 Meanwhile, several studies have
reported that lncRNA LINC00673 is involved in the progression of
tumors and considered as a potential novel biomarker for early diag-
nosis of lung cancer.42 In this regard, it is urgent to ascertain the un-
derlying mechanism of LINC00673 dysregulation in tumors. It has
been reported that LINC00673 is triggered by the transcription factor
SP1 and directly targets LSD1 and EZH2, and that it acts as a scaffold
to inhibit the expression of KLF2 and LATS2, thereby promoting the
growth and invasion of gastric cancer cells.11 In the present study, we
screened out several lncRNAs after downregulation of RBFOX1 in
GECs, and finally we verified the LINC00673. Subsequently, the
expression and location of LINC00673 in GECs, as well as the detailed
function of LINC00673, were further detected. Our results indicated
that knockdown of LINC00673 reduced ZO-1, occludin, and claudin-
5 expression, destroyed the integrity of the BTB, and increased the
permeability of the BTB. Meanwhile, restoration of RBFOX1 dramat-
ically reduced the LINC00673 expression and increased BTB perme-
ability. Accordingly, whether there is a supervisory relationship
between RBFOX1 and LINC00673 has attracted our attention. Recent
studies have demonstrated that RBPs affect biological function via
regulating RNA in a variety of ways. RBP NFAT5 positively regulates
the expression of lncRNA SBF2-AS1 and promotes GBM angiogen-
esis through the miR-338-3p/EGFL7 pathway.43 HuR promotes
tongue cancer by increasing the stability of lnc-Sox5.44 Also, HuR en-
hances the stability of lncRNA NEAT1, inhibits the expression of
miR-124-3p, and promotes ovarian cancer.45 In this study, our results
indicated that the RBP RBFOX1 plays a functional role in regulating
the permeability of the BTB by decreasing the stability of LINC00673.
Furthermore, accumulating evidence shows that RBFOX1 acts in the
regulation of the stability of target genes. RBFOX1 downregulation
results in a decrease of mRNA stability by encoding the synaptic
transmission protein MARK2 and induces the occurrence of Alz-
heimer’s disease.46

MAFF is deregulated in various cells and plays a crucial role in various
physiological and pathological processes, such as emergency signals,
hematopoiesis, central nervous system function, and tumorigenesis.47

Additionally, MAFF expression is decreased in endothelial progenitor
cells derived from the circulating bone marrow of patients with type I
diabetes, which inhibits cardiovascular production and tissue regen-
eration.16 Our data demonstrated that MAFF was downregulated in
GECs and located in both cytoplasm and nucleus. Overexpression
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of MAFF reduced the expression of tight junction-related proteins
ZO-1, occludin, and claudin-5 and increased the permeability of
the BTB.

It was predicted that the transcription factor MAFF mRNA 30 UTR
processed a binding site for LINC00673 by using the bioinformatics
software IntaRNA, and we further verified the fact of binding between
LINC00673 and MAFF-30 UTR. Moreover, inhibition of LINC00673
markedly prolonged the half-life of MAFF mRNA. Furthermore, the
silencing of LINC00673 increased the permeability of the BTB by
elevating MAFF mRNA stability. There are numerous ways in which
lncRNAs exert biological effects. Accumulated evidence has indicated
that lncRNAs directly regulate the expression of downstream target
genes at the transcriptional and post-transcriptional levels through
the “sponging” of miRNAs or by altering the stability of RNAs.48

Additionally, a study has reported that lncRNAs could regulate the
stability of target genes, for example, lncRNAAC132217.4, increasing
the stability of IGF2 mRNA to accelerate the metastasis of oral squa-
mous cell carcinoma by binding to IGF2 30 UTR.49

SMD is one of the means of regulation of mRNA degradation in
mammalian cells.26 In the SMD process, the double-stranded binding
protein STAU1 targets the STAU1 binding site (SBS) formed by
lncRNAs with target gene mRNAs via their Alu elements to recruit
ATP-dependent helical UPF1, resulting in the degradation of the
target mRNA.50 In this study, we found that LINC00673 overexpres-
sion destabilized MAFF mRNA, whereas STAU1 or UPF1 knock-
down increased the stabilization of MAFF mRNA. Furthermore,
STAU1 or UPF1 knockdown rescued MAFF mRNA and protein
expression downregulated by LINC00673 overexpression. MAFF
and LINC00673 were co-transfected, and MAFF knockdown signifi-
cantly reversed the effect of promoting BTB permeability by
LINC006673 alone knockdown. Thereby, LINC00673 knockdown
increased the BTB permeability and decreased the expression of
ZO-1, occludin, and claudin-5 by reducing MAFF mRNA degrada-
tion in an SMD manner. In line with our results, recent studies also
demonstrated that the SMD pathway plays an important role in the
regulation of varieties of biological effects. For example, during the
process of adipogenesis, the abundance of PNRC2 or STAU1 was
increased and UPF1 was hyperphosphorylated, and hyperphosphory-
lated UPF1 forms a stable complex with PNRC2, resulting in KLF2
mRNA destabilization and promoting the process of adipogenesis.51

Accumulating studies have demonstrated that transcription factors
regulate the target genes through binding to their promoters. A recent
study has suggested that the transcription factor Twist1, regulated by
transforming growth factor b (TGF-b) through SMD, binds to the
SNCGpromoter, whichpromoteshepatocellular carcinoma cellmigra-
tion and invasion.52 Furthermore, MAFF leads to perinatal lethality
through targeting the US2 motif of the oxytocin receptor (OTR) pro-
moter specifically, activating US2 transcriptional activity and promot-
ing the OTR expression.53 In the tumor microenvironment, the tran-
scription inhibitor MAFF binds to mutP53, inhibits SIL-1Ra
promoter activity, and facilitates the progression of malignancy.54 In
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the present study, we demonstrated thatMAFF bound to the promoter
of ZO-1, occludin, and claudin-5 and inhibited their transcriptions.

Owing to the partially intact BTB, the treatment of brain glioma re-
mains a great challenge. The BTB limits most chemotherapeutics in
their delivery to tumors. Different methods, including focused ultra-
sound (FUS), leukotriene C4, and bradykinin, have been used and
have had promising outcomes. However, these methods have been
either invasive, non-targeted, or required the function of new drugs.55

In the present study, RBFOX1 overexpression increased BTB
permeability, and LINC00673 knockdown increased BTB perme-
ability, and these results revealed the methods of opening the BTB
from the molecular level. Recent research reported that diphtheria
toxin (DT)270–326 significantly increased the permeability of the
BTB in vitro, and the combination of DT270–326 with Dox significantly
enhanced the loss of cell viability and the apoptosis of glioma cells.56

In the present study, we demonstrated that RBFOX1 overexpression
combined with LINC00673 knockdown promoted Dox delivery
across the BTB. In conclusion, the present study for the first time re-
veals the significance of the interaction among RBP RBFOX1,
lncRNA-LINC00673, and transcription factor MAFF in the regula-
tion of BTB permeability, and the underlying mechanisms presented.
The results of the study not only provide a new theoretical and exper-
imental basis for functional regulation of BTB, but they also provide
new ideas for the comprehensive treatment against glioma.

MATERIALS AND METHODS
Clinical Specimens

All human glioma specimens and NBTs were obtained from the
Department of Neurosurgery of Shengjing Hospital, China Medical
University. All specimens were immediately frozen and preserved
in liquid nitrogen. Two experienced clinical pathologists classified gli-
oma specimens into two grades, that is, LGG (WHO grade I–II, n = 5)
and HGG (WHO grade III–IV, n = 5), according to the WHO classi-
fication. Specimens of NBTs (n = 5) were used as the NC. All partic-
ipants signed and provided informed consent, and this study was
approved by the Institutional Review Board of Shengjing Hospital
of China Medical University.

LCM

Tissue specimens were frozen and sectioned at 10-mm thickness using
a microtome/cryostat (Microm International, Walldorf, Germany).
Then, LCM was performed as previously described.57 Sections of ves-
sels in glioma (or normal brain) were stained by fluorescent dye-
tagged lectin, Ulex europaeus agglutinin I (UEA-I) (Vector Labora-
tories, Burlington, ON, Canada), according to the manufacturer’s
protocol. After that, LCM was conducted by using the ArcturusXT
microdissection instrument. The respectively captured microvessels
were transferred into CapSure LCM caps (Applied Biosystems, Foster
City, CA, USA) and further processed for RNA isolation.

Cell Lines and Cultures

The human cerebral microvascular endothelial cell line hCMEC/D3,
marked as endothelial cells, was kindly provided by Dr. P.O. Couraud
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(Institut Cochin, Paris, France). The hCMEC/D3 cells (passage 30–35)
were cultured in flasks or plates (Corning Life Sciences, Corning,
NY, USA). Culture medium contained endothelial basal medium
(EBM-2) (Lonza,Walkersville,MD,USA) coatedwith 150mg/mLCul-
trex rat collagen I (R&DSystems,Minneapolis,MN,USA).Normal hu-
man astrocytes (NHAs) were purchased from Science Cell Research
Laboratories (Carlsbad, CA, USA) and maintained in astrocyte me-
dium (Science Cell Research Laboratories, Carlsbad, CA, USA). The
human glioma cell line U251MG and the human embryonic kidney
293T (HEK293T) cell linewere purchased from the Shanghai Institutes
for Biological Sciences Cell Resource Center and maintained in
Dulbecco’s modified Eagle’s medium (DMEM) of high glucose with
10% fetal bovine serum, 100 U/mL penicillin, and 100 mg/mL strepto-
mycin (Life Technologies, Paisley, UK). All of the cells were cultured in
a humidified atmosphere containing 37�C and 5% CO2.

Establishment of In Vitro BTB (or BBB) Models

The in vitro BTB or BBB models were established by co-culturing
endothelial cells and U251 or endothelial cells and NHAs, as we
described previously.58 Briefly, for in vitro BTB models, 2 � 104

U251 cells were seeded in six-well plates. When U251 cells were
confluent at 2� 105 per well, endothelial cells were seeded on the up-
per chamber of a six-well with Transwell inserts coated with Cultrex
rat collagen I. Then, the GECs, endothelial cells co-cultured with
U251 cells, were obtained in vitro after 4 days, with medium replace-
ment every 2 days. For the in vitro BBB model, endothelial cells were
co-cultured with NHAs using the same approach described above.
The AECs, modeling the endothelial cell phenotype of the normal
brain, were obtained after co-culturing astrocytes for 4 days.

Real-Time PCR Assay

Total RNAs were separated from AECs and GECs using TRIzol re-
agent (Invitrogen, Carlsbad, CA, USA) as described by the manufac-
turer. Then, we detected the concentration and quality of RNAs by
using a NanoDrop spectrophotometer (ND-100, Thermo Scientific,
Waltham, MA, USA). A One-Step SYBR PrimeScript RT-PCR
kit (Perfect Real Time, Takara Bio) was used to performed the
following gene expression assays: RBFOX1 (NM_001308117.1),
LINC00673 (NR_036488.1), MAFF (NM_001161572.1), ZO-1
(NM_001301025.3), occludin (NM_001205254.2), and claudin-5
(NM_001130861.1). Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) was used as the endogenous control. The relative expres-
sion values were calculated using the relative quantification (2�DDCt)
method. Primers used in present study are shown in Table S1.

Western Blot Analysis

Total proteins were isolated with radioimmunoprecipitation assay
(RIPA) buffer (Beyotime Institute of Biotechnology, Jiangsu, China).
Then, equal amounts of protein samples were separated by SDS-
PAGE and electrophoretically transferred onto polyvinylidene fluo-
ride (PVDF) membranes. To avoid non-specific binding, membranes
were blocked with 5% nonfat milk for 2 h at room temperature. Sub-
sequently, membranes were incubated with primary antibodies:
RBFOX1 (1:1,000, Proteintech, USA, 22647-1-AP), MAFF (1:1,000,
Proteintech, USA, 12771-1-AP), GAPDH (1:10,000, Proteintech,
USA, 60004-1-Ig), ZO-1 (1:500, Life Technologies, Frederick, MD,
USA, 61-7300), occludin (1:1,000, Proteintech, USA, 27260-1-AP),
claudin-5 (1:300, Life Technologies, Frederick, MD, USA, 35-2500)
at 4�C overnight. Then, after washing, the membranes were incubated
with HRP-conjugated secondary antibodies for 2 h at room temper-
ature. After washing three times with Tris-buffered saline with Tween
20 (TBST), immunoblots were visualized by an enhanced chemilumi-
nescence (ECL) kit (Santa Cruz Biotechnology, Dallas, TX, USA) and
scanned using the ChemiImager 5500 v2.03 software (Alpha Inno-
tech, San Leandro, CA, USA). The integrated density values were
calculated through FluorChem 2.0 software.

Immunofluorescence Assays

The endothelial cells on insert filters were fixed with 4% paraformal-
dehyde for 20 min and permeabilized with 0.3% Triton X-100 for
10 min at room temperature (ZO-1 and claudin-5) or fixed with
methanol for 10 min at �20�C (occludin). After blocking with 5%
bovine serum album for 2 h, the cells were incubated with primary
antibodies for ZO-1 (1:50; Life Technologies), occludin (1:50; Ab-
cam), and claudin-5 (1:50; Life Technologies) at 4�C overnight,
respectively. Then, cells were incubated with Alexa Fluor 555-labeled
goat anti-mouse IgG and anti-rabbit IgG (1:500; Beyotime Institute of
Biotechnology, Hangzhou, Jiangsu, China) for 2 h at room tempera-
ture. DAPI (40,60-diamidino-2-phenylindole) was applied at 5 min to
the samples to visualize cell nuclei. Staining was visualized using
confocal microscopy (Olympus, JP, FV-1000).

Cell Transfection

The short hairpin RNAs (shRNAs) directly against the human
RBFOX1 gene, MAFF gene, and STAU1 (NM_001037328.2), or
UPF1 (NM_001297549.1) were constructed into the GV248/puro
(GeneChem, Shanghai, China) vector (shRBFOX1, shMAFF,
shSTAU1, and shUPF1), respectively. Additionally, human
LINC00673 (NR_036488.1) shRNA was reconstructed in the
pGPU6/Neo (GenePharma, Shanghai, China) vector (shLINC00673).
Empty vectors were used as their NC (shNC). Full-length RBFOX1-
pcDNA3.1/Hypro(+) vector (RBFOX1 OE) and full-length MAFF-
pcDNA3.1/Hypro(+) vector (MAFF OE) were purchased from
GenScript (Piscataway, NJ, USA). Meanwhile, full-length
LINC00673-pIRES2 vector (LINC00673 OE) was purchased from
GenePharma (Shanghai, China), and its empty vector was used as
the NC (vector). We seeded endothelial cells in 24-well plates and
then transfected them using LTX and PLUS reagent (Invitrogen,
USA) until confluence reached�80%. Stable cell lines were established
via Geneticin (G418; Sigma-Aldrich, St. Louis, MO, USA), puromycin
(BioFroxx, Germany), and hygromycin (Solarbio, China) selection.
The sequences of shRBFOX1, shLINC00673, shMAFF, shSTAU1,
shUPF1, and NC are shown in Table S2. The transfection efficiencies
of RBFOX1, MAFF, and LINC00673 are shown in Figures S1A–S1C.

TEER Measurements

A Millicell-ERS instrument (Millipore, Billerica, MA, USA) was used
to measure the integrity of the BTB after in vitro BTB models were
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established. Before measuring the TEER values, co-culture inserts
were placed in room temperature for 30 min. TEER values were
measured directly after the medium exchange. Then, the background
electrical resistance was subtracted before final resistances were calcu-
lated (U$cm2).

HRP Flux Assays

The in vitro BTB permeability was determined by detecting HRP
(44 kDa) permeability. After the in vitro BTB models were estab-
lished, 1 mL of serum-free EBM-2 medium containing 10 mg/mL
HRP was added to the upper compartment of inserts. In addition,
2 mL of complete medium was added to the well. After incubation
at 37�C for 1 h, 5 mL of culture medium was gathered from the lower
compartment. Then, samples were identified using the tetramethyl-
benzidine colorimetry approach. Using a spectrophotometer, absor-
bance was measured at 370 nm. Finally, the HRP flux was expressed
as pmol passed per cm2 surface area per hour.

Click-iT Captures Nascent RNA

A Click-iT Nascent RNA Capture kit (Invitrogen) was used to label
and isolate newly synthesized RNA, as previously reported.59 Briefly,
we used 5-ethynyl uridine (EU) to label the nascent RNA, which was
then isolated using streptavidin magnetic beads.

ChIP Assay

A SimpleChip Enzymatic Chromatin IP kit (Cell Signaling Technol-
ogy, Danvers, MA, USA) was applied for the ChIP assay, following the
manufacturer’s instructions. Primers used for ChIP PCR are given in
Table S3.

Dual-Luciferase Reporter Assay

The putative binding sequence of MAFF in LINC00673 and the
mutant sequence were synthesized and cloned into the pmirGLO
Dual-Luciferase vector (Promega, Madison, WI, USA). Wild-type
pmirGLO-MAFF or MAFF mutant reporter plasmid and
shLINC00673 or shNC were co-transfected into HEK293T cells.
Luciferase activity was analyzed by the Dual-Luciferase reporter assay
system (Promega), which was recorded as the ratio of firefly luciferase
activity to luciferase activity.

For the putative binding site of MAFF in ZO-1, occludin, and the
claudin-5 promoter region, we identified the predictor using the
Dual-Luciferase reporter assay. The fragments of ZO-1, occludin,
and claudin-5 promoters were amplified from human geneomic
DNA, and then construct the sequence into the pGL3-Basic vector
(Promega). Human full-length MAFF was constructed into the
pEX3 vector (GenePharma). The luciferase activity of these binding
sites was measured as above.

FISH

We conducted a FISH assay as previously described. Then, we char-
acterized LINC00673 and MAFF rearrangement in GECs. A
LINC00673 probe (red-labeled; Exiqon, Copenhagen, Denmark)
150 Molecular Therapy: Oncolytics Vol. 17 June 2020
and MAFF probe (green-labeled; BioSense, Guangzhou, China)
were used.

Human lncRNA Microarrays

For lncRNA analysis, sample preparation and microarray hybridiza-
tion were performed by KangChen Bio-tech (Shanghai, China).

RIP Assay

RIP was assayed using a Magna RBP immunoprecipitation kit (Milli-
pore, Billerica, MA, USA) according to the manufacturer’s instruc-
tions. Whole cells were lysed by RNA lysis buffer containing RBFOX1
and STAU1 antibody (Proteintech, China). Normal mouse IgG
(Millipore, USA) served as an NC. Furthermore, co-precipitated
RNAs were extracted and RNAs were purified and examined by
quantitative real-time PCR.

RNA Pull-Down

The Pierce magnetic RNA-protein pull-down kit (Thermo Fisher Sci-
entific) was conformed to examine the interaction between RBFOX1
and LINC00673 according to the manufacturer’s protocols. Further-
more, we co-incubated biotin-labeled LINC00673 or antisense RNA
with protein extract of GECs and magnetic beads. After washing,
the bead compound was boiled in SDS buffer, and the retrieved pro-
tein was detected by western blot with GAPDH as the control.

Analysis of Apoptosis by Flow Cytometry

The in vitro BTB models were established successfully. After cells
were confluent to monolayer, GECs were treated with doxorubicin
(20 mM) for 12 h. Untreated cells used as a control group. An annexin
V-PE/7AAD staining apoptosis detection kit (SouthernBiotech, Bir-
mingham, AL, USA) was used to analyze apoptosis, according to
the manufacturer’s instructions. The cells acquired were detected by
flow cytometry (FACScan, BD Biosciences, San Jose, CA, USA) and
analyzed by CellQuest 3.0 software.

Statistical Analysis

Data are presented as the means ± standard deviation (SD), and sta-
tistical analysis was performed with GraphPad Prism7 (GraphPad, La
Jolla, CA, USA). Statistical analysis was performed using Student’s
t test and one-way ANOVA. The difference was considered statisti-
cally significant when p < 0.05.
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