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1 | INTRODUCTION

Abstract

BRD7 was identified as a tumor suppressor in nasopharyngeal carcinoma (NPC).
Circular RNAs (CircRNAs) are involved in the occurrence and development of NPC
as oncogenes or tumor suppressors. However, the function and mechanism of the
circular RNA forms derived from BRD7 in NPC are not well understood. In this
study, we first identified that circBRD7 was a novel circRNA derived from BRD7 that
inhibited cell proliferation, migration, invasion of NPC cells, as well as the xenograft
tumor growth and metastasis in vivo. Mechanistically, circBRD7 promoted the
transcriptional activation and expression of BRD7 by enhancing the enrichment of
histone 3 lysine 27 acetylation (H3K27ac) in the promoter region of its host gene
BRD7, and BRD7 promoted the formation of circBRD7. Therefore, circBRD7 formed
a positive feedback loop with BRD7 to inhibit NPC development and progression.
Moreover, restoration of BRD7 expression rescued the inhibitory effect of circBRD7
on the malignant progression of NPC. In addition, circBRD7 demonstrated low
expression in NPC tissues, which was positively correlated with BRD7 expression
and negatively correlated with the clinical stage of NPC patients. Taken together,
circBRD7 attenuates the tumor growth and metastasis of NPC by forming a positive
feedback loop with its host gene BRD7, and targeting the circBRD7/BRD7 axis is a

promising strategy for the clinical diagnosis and treatment of NPC.
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high metastasis rate.}™3 Bromodomain-containing protein 7 (BRD7)

is a novel gene cloned early by our group through complementary

Nasopharyngeal carcinoma (NPC) is a malignant head and neck DNA (cDNA) representative difference analysis and was identified

tumor originating from the nasopharynx epithelium that has become as a critical member of the bromodomain protein family.*> Previous

a serious public health problem due to its high recurrence rate and studies have found that BRD7 is significantly downregulated in NPC
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tissues and has the function of inhibiting cell proliferation, tumor
growth and metastasis of NPC by negatively regulating the Rb/E2F,
PI3K/AKT, and Wnt/p-catenin pathways, thus exerting tumor sup-
pressive role in NPC.6710

Circular RNAs (CircRNAs) are a novel class of non-coding
RNAs that form a covalently closed loop through exon skipping or
back—splicing.“‘12 CircRNAs are considered to be stable, conserved,
and abundant compared to traditional linear RNAs. Increasing evi-
dence shows that circRNAs participate in the occurrence and pro-
gression of NPC as oncogenes or tumor suppressors.m’17 However,
the function and mechanism of the circRNA derived from the BRD7
in NPC are not well understood. Therefore, exploring the circular
form of BRD7 is helpful to further ascertain the mechanism by which
the BRD7 gene is involved in NPC.

In the present study, circBRD7 was first identified as a novel cir-
cRNA derived from BRD7 that attenuates cell proliferation, tumor
growth, and metastasis by promoting the transcriptional activation
and expression of its host gene. In addition, circBRD7 was expressed
at low levels in NPC tissues and correlated with BRD7 expression as
well as the clinical stages of NPC patients. Therefore, targeting the
circBRD7/BRD?7 axis is a promising strategy for the clinical diagnosis
and treatment of NPC.

2 | MATERIALS AND METHODS

2.1 | Clinical tissue samples

All noncancerous nasopharyngeal epithelial (NPE) tissues and NPC
tissues were paraffin-embedded and collected from the Second
Xiangya Hospital of Central South University (Changsha, China). All
tissues for experimental use were collected with the authorization
of the Ethics Committee of Central South University, and written

informed consent was obtained from the patients.

2.2 | Celllines and cell culture

Nasopharyngeal carcinoma cell lines 5-8F and 6-10B were

kindly provided by the Cancer Center of Sun Yet-Sen University

Name Sequences (5-3’)
BRD7-Forward ATGAGACCACCAGATTGC
BRD7-Reverse TCCATACGTGCTTACGAT
circBRD7-Forward CGTGAAGGAATCTGGAGGAA
circBRD7-Reverse TCATTCCTGAGTGCAACAGC
GAPDH-Forward CAACGGATTTGGTCGTATTGG
GAPDH-Reverse TGACGGTGCCATGGAATTT

Ué6-Forward ATTGGAACGATACAGAGAAGATT

Ué6-Reverse GGAACGCTTCACGAATTTG

(Guangzhou, China) and preserved in our laboratory. The human
normal NPE cell line NP69 and NPC cell lines CNE1, CNE2, HNE1,
HNE2, HONE1, and HK1 were purchased from the Cell Center of
Xiangya School of Medicine at Central South University (Changsha,
China). AllNPC cells mentioned above were cultured in DMEM (Life
Technologies) supplemented with 10% FBS (BI, Jerusalem, Israel)
at 37°C and contained 5% CO, atmosphere. NP69 was cultured in
Defined Keratinocyte-SFM (1x, Gibco, USA). CELLSAVING (New

Cellular and Molecular Biotech) was used for cell freezing storage.

2.3 | Celltransfection

A plasmid overexpressing circBRD7 was constructed by fusing the
whole-length circBRD7 sequence into pcDNA3.1(+) circRNA Mini
plasmid. CircBRD7 siRNAs (sicircBRD7#1 and sicircBRD7#2), BRD7
siRNAs (siBRD7#1 and siBRD7#2), and miRNA mimics (hsa-miR-498
and hsa-miR-944) were purchased from RiboBio (Guangdong,
China). The sequences of the circBRD7 siRNAs were as follows:
sicircBRD7#1:  5-AGUUAUCCUGACUGUUCACATAT-3;
BRD7#2: 5-UUUGAAGUUAUCCUGACUGATdT-3". The sequences
of siBRD7#1 and siBRD7#2 were described in our previous pub-
lication.*® In this paper, we used the pool of these two BRD7 siR-

sicirc-

NAs to perform recovery experiments. The 5-8F and CNE2 cells
were seeded in six-well plates, and then the plasmids, siRNAs, and
microRNA mimics were transfected into these above cells using
Lipofectamine 3000 Reagent (Invitrogen, USA) according to the

manufacturer's instructions, respectively.

2.4 | RT-PCR and quantitative real-time PCR

Total RNA was extracted from cell lines and tissues using AG
RNAex Pro Reagent (Accurate Biology) and subjected to reverse
transcription by applying the reverse transcription kit (Thermo
Scientific). Real-time PCR was performed with the ChamQ
Universal SYBR gPCR Master Mix gPCR Kit (Vazyme), and GAPDH
or U6 was used as an endogenous control. The RT-gPCR primer
sequences used for the detection of BRD7, circBRD7, and other
potential circRNAs derived from BRD7 are listed in Table 1 and

TABLE 1 The RT-gPCR primer
sequences used for the detection of BRD7
and circBRD7.

Primer
Length (bp)
18

18

20

20

21

19

23

19
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Table S1, respectively. For miRNA detection, a miDETECT A
Track™ miRNA gRT-PCR Starter kit (RiboBio, Guangzhou, China)
was used for reverse transcription and RT-qPCR, and U6 was used
as the internal reference. The RT-gPCR primer sequences used for
the detection of miR-498 and miR-944 are listed in Table S2. The
relative expression of target genes was calculated with the 2724¢T

method.

2.5 | FISH

The FISH digoxigenin-labeled specific probe targeting circBRD7 was
designed and synthesized by Sangon Biotech (Shanghai, China), and
thesequence was 5-TAGTTTGAAGTTATCCTGACTGTTCACAAG-3".
The FISH assay was performed according to the manufacturer's
instructions (GenePharma, China). First, cells were fixed in 4%
paraformaldehyde and permeabilized with 0.25% Triton X-100 at
room temperature for 15min. Thereafter, cells were hybridized with
the FISH probe in hybridization buffer at 37°C overnight. Finally,
the cells were stained with DAPI and photographed using a confocal

microscope (Perkin-Elmer).

2.6 | Cell counting kit-8 and colony
formation assays

For the cell counting kit-8 (CCK-8) assay, 1x10° cells/well were
seeded into 96-well plates. CCK-8 reagent (Selleck) was added to
each well and incubated for 2h at the indicated time points (0, 1, 2,
3, 4, and 5days). Then, the absorbance at 450 nm was measured with
a microplate analyzer (Beckman). For the colony formation assay,
1x10° cells/well were plated into six-well plates. The cells were
allowed to grow for 1 to 2weeks, and the colonies were observed

with crystal violet staining.

2.7 | Cell cycle and cell apoptosis

The cell cycle analysis was described in our previous work. For
cell cycle analysis, cells were harvested and fixed in 70% ethanol
for 24 h at -20°C. The cells were then treated with RNase A and
stained with 25 ug/mL propidium iodide (P1).2® For cell apoptosis
analysis, 24 h after cell transfection, cells were treated with serum
starvation for 24h, and then the ratio of apoptotic cells was
determined using an Annexin V-FITC/PI double staining kit (4A
Biotech, Beijing, China).

2.8 | Wound healing and transwell assays

Cells were seeded in six-well plates, and then a 10 uL plastic pipette
tip was used to create a straight scratch through the cell monolayer
when the cells grew to approximately 90% confluence. Images of

the scratch width were acquired at 0, 12, and 24 h after the initial
scratch, and the area of cell migration was measured by using Image
J software. For transwell assays, Matrigel (BD, Franklin Lakes, NJ,
USA) was diluted using serum-free medium at a ratio of 8:1 and then
added to the transwell chamber (Millipore) for 3h. Then 600uL of
medium containing 20% FBS was added to the lower chamber. After
that, 5x10* cells were suspended in 200pL of serum-free medium
and added to the top chamber. After incubation at 37°C for 48 h, the
cells were fixed with 4% paraformaldehyde and stained with crystal
violet, and the number of migrated cells was counted using Image J
software.

2.9 | Luciferase reporter assay

The pGL3 enhancer and pRL-TK vectors were purchased from
Promega (Fitchburg, WI, USA). The recombinant reporter vector
fused with the BRD7 promoter (pGL3 enhancer/BRD7 promoter)
was constructed for the evaluation of BRD7 promoter activity. Cells
were co-transfected with the pcDNA3.1(+) circRNA vector or circ-
BRD7 overexpression plasmid, and the pRL-TK was used as an in-
ternal control. Cells were harvested following transfection for 48 h
and analyzed by utilizing the Dual-Luciferase Reporter Assay sys-
tem (Promega) according to the manufacturer's instructions. Firefly

luciferase activity was normalized to Renilla luciferase activity.

210 | ChIP

ChIP was performed according to the introduction of our
previous.'? Briefly, cells were crosslinked with 1% formaldehyde
and then harvested and lysed. Nuclei lysis buffer was added to
the precipitate and the chromatin was broken up into fragments
of 100-500bp by a BioRuptor sonicator (Diagenode). Chromatin
was immunoprecipitated with immunoglobulin 1gG (Sigma) and
anti-histone 3 lysine 27 acetylation (H3K27ac) antibody (ABclonal)
with the Protein A/G Magnetic Beads system (Selleck Chemicals)
according to the manufacturer's protocols. Finally, the collected
DNA was used for subsequent RT-gPCR. The primer sequences used
for the ChIP-gPCR assay are listed in Table 2.

2.11 | Western blot

The detailed method of western blot has been published.m'20
Primary antibodies used in western blot are as follows: anti-BRD7
(Proteintech), anti-CDK4 (Proteintech), anti-GAPDH (Proteintech),
anti-p21 (CST, MA, USA), anti-Snail (CST, MA, USA), anti-E-cad-
herin (CST, MA, USA), anti-N-cadherin (CST, MA, USA), and anti-
Vimentin (Arigo). The protein bands were revealed by enhanced
chemiluminescence reagent (Millipore) following the manufactur-
er's recommendations, and captured by chemiluminescence imag-
ing systems (MiniChemi™ I, SAGECREATION, China).
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Name Sequences (5-3’)
ChIP-P1-Forward

ChIP-P1-Reverse

GCTCCTACTGAAGCCCAAGTT
CGAGATAAGGGCACACCCTTTAA

ChlP-P2-Forward TTATCTCGTCCTGGGGGA
ChlIP-P2-Reverse TTACTCATCAGGGCGATGC
ChIP-P3-Forward ATGAGTAAGCTGGACGGCAT
ChIP-P3-Reverse AATTGTCCAACTGCTGAGC
ChIP-P4-Forward GCTCAGCAGTTGGACAATTATTC
ChlP-P4-Reverse GTATTAACAAAGGCCTGGC

2.12 | Insitu hybridization and
immunohistochemistry staining

For in situ hybridization (ISH) staining, the ISH kit was purchased
from Boster Biological (Wuhan, China) and used according to the
manufacturer's instructions. Immunohistochemical staining (IHC)
staining was performed as previously described by the research
group.20 Sections were incubated with anti-BRD7 (Proteintech),
anti-p21 (CST, MA, USA), anti-CDK4 (Proteintech), anti-Ki67
(Bioworld), anti-Vimentin (Arigo), and anti-E-cardherin (Abclonal).
MaxVision™ HRP-Polymer anti-Mouse/Rabbit was incubated at
room temperature for 30 min. After DAB staining, the nuclei were
counterstained with hematoxylin (Solarbio). The results of ISH
and IHC were analyzed according to the staining intensity and
distribution of stained cells.?%?! The final score is the product of
the intensity score and positive rate score. The expression level was
classified as low or high with the median total score as the cutoff.

2.13 | Invivo nude mouse models

The five-week-old female BALB/C nude mice used were purchased
from Hunan Slyke Jingda Experimental Animal Co., Ltd. All animals
were fed in an Specefic Pathogen Free (SPF) level barrier system
of the Laboratory Animal Science Department of Central South
University. For the xenograft tumor model, the nude mice were
randomly divided into three groups (n=5 per group): 5-8F/Ctrl,
5-8F/circBRD7, and 5-8F/circBRD7 plus siBRD7. A total of 5x10°
transfected 5-8F cells in 150 pL of saline were inoculated into the
right subcutaneous position of each nude mouse. Tumor size and
volume were observed and measured every 3days after injection.
The tumor volume was calculated according to the following for-
mula: volume=(length><width2)><1/2. After 30days of subcutane-
ous inoculation, all nude mice were killed. The tumors were removed
and weighed, fixed with 4% paraformaldehyde, and preserved after
paraffin embedding. For the lung metastatic tumor model, the nude
mice were divided into three groups (n=7 per group): 5-8F/Ctrl,
5-8F/circBRD7, and 5-8F/circBRD7 plus siBRD7. A total of 3x10°
5-8F cells in 200 pL of saline were injected into nude mice via the
tail vein. Eight weeks later, the lung tissues were removed, and the

TABLE 2 The primer sequences for

Primer ChIP-gPCR assay.

Length (bp)
21
23
18
19
20
19
23
19

number of nodules was observed and recorded. Then, the lung tis-
sues were fixed with 4% paraformaldehyde, dehydrated by gradient
alcohol, embedded in paraffin, and sectioned for H&E staining.

2.14 | Statistical analysis

GraphPad Prism 7.0 software was applied for statistical analysis. All
data in this study were expressed as mean+SEM. Student's t-test
was used to analyze the significant differences between the two
groups of data. One-way ANOVA was used to analyze differences
among multiple sets of data. Correlations were evaluated by Pearson
correlation analysis. p values <0.05 were considered statistically

significant (ns, no significance; *p <0.05; **p<0.01; ***p<0.001).

3 | RESULTS

3.1 | CircBRD7 was identified as a circular RNA
encoded by its host gene BRD7

To confirm whether BRD7 has a circular RNA form in NPC, we pre-
dicted the circRNAs encoded by the BRD7 gene through bioinfor-
matics analysis and found that BRD7 may encode five potential
circRNAs, as shown in Figure SIA. Among them, hsa_circ_0039345
was amplified to the reverse splicing site sequence by RT-qPCR
(Figure S1B). Moreover, circ_0039345 could be detected by the am-
plification of divergent primers in cDNA but not in genomic DNA
from NPC cells, confirming that circ_0039345 is a true circRNA
from BRD7, and it was named circBRD7 (Figure 1A). Sanger se-
quencing confirmed that circBRD7 was formed by reverse splicing
of exons 6-8 of the BRD7, with a full length of 420bp (Figure 1B).
Subsequently, RT-gPCR results revealed significantly lower expres-
sion of circBRD7 in NPC cell lines than in the normal NPE cell line
NP69 (Figure 1C). RNA fluorescence in situ hybridization (FISH) and
nucleoplasmic separation experiments showed that circBRD7 was
distributed in both the nucleus and cytoplasm of NPC cell lines, with
the majority in the nucleus (Figure 1D,E). To test the stability of circ-
BRD7, we treated 5-8F and CNE2 cells with actinomycin D to inhibit
intracellular RNA transcription and then extracted total RNA for
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FIGURE 1 CircBRD7 was identified as a circular RNA encoded by its host gene BRD7. (A) Agarose gel electrophoresis identified
circ_0039345 fragments amplified in complementary DNA (cDNA) and genomic DNA (gDNA) using divergent primer and convergent
primer. (B) The back-splicing junction and total length of circBRD7 were validated by Sanger sequencing. (C) RT-qPCR was used to detect the
expression of circBRD7 in nine nasopharyngeal carcinoma (NPC) cell lines and normal NPE cell NP69. Actin served as an internal control. (D)
Intracellular localization of circBRD7 in 5-8F and CNE2 cells was detected by FISH. Nuclei were stained with DAPI. Scale bar, 20um. (E) The
expression of circBRD7 in cytoplasm and nucleus was detected by nucleo-cytoplasmic separation assay. GAPDH, cytoplasmic marker; U6,
nuclear marker. (F) The stability of circBRD7 and BRD7 was detected in actinomycin D-treated 5-8F and CNE2 cells using RT-gPCR. Data are

presented as mean+SEM. **p<0.01; ***p<0.001.

RT-gPCR detection. As a result, circBRD7 was more stable than the
linear mRNA encoded by the BRD7 gene (Figure 1F). These results
indicated that circBRD?7 is a circular RNA derived from its host gene.

3.2 | CircBRD7 attenuates cell proliferation and
cell cycle progression

To investigate the function of circBRD7 in NPC, we constructed
NPC 5-8F and CNE2 cell models with circBRD7 overexpression

or knockdown, respectively, and RT-gPCR results showed that
overexpression or knockdown of circBRD7 resulted in bet-
ter overexpression or silencing efficiency in these cell models
(Figure 2A and Figure S2A). CCK-8 and colony formation experi-
ments showed that overexpression of circBRD7 inhibited the cell
proliferation and colony formation of NPC cells. Conversely, si-
lencing circBRD7 promoted the proliferation and colony forma-
tion of NPC cells (Figure 2B,C and Figure S2B,C). To clarify its
potential cellular biological mechanism, a flow cytometry assay
was performed to investigate the effect of circBRD7 on the NPC
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FIGURE 2 CircBRD7 inhibits cell proliferation and cell cycle progression of nasopharyngeal carcinoma (NPC) cells. (A) RT-qPCR assay
was used to detect the expression efficiency of circBRD7 overexpressed vector in 5-8F and CNE2 cells. (B, C) Cell counting kit-8 (CCK-8)
(B) and colony formation (C) assays were used to detect the effect of circBRD7 overexpression on the proliferation and colony formation
abilities of 5-8F and CNE2 cells. (D, E) Flow cytometry was performed to detect the effect of circBRD7 overexpression on the cell cycle
process (D) and cell apoptosis (E) of NPC cells. (F) Western blot assay was used to detect the expression of cyclin-related molecules CDK4,
p21, and apoptosis-related molecules t-PARP and c-PARP, with GAPDH as normalized control. Data are presented as mean+SEM. *p <0.05;

**p<0.01; ***p<0.001; ns, no significance.

cell cycle. As a result, overexpression of circBRD7 obviously in-
hibited cell cycle progression from G1 to S, arrested more cells at
the GO/G1 phase (Figure 2D), and promoted cell apoptosis in NPC
cells (Figure 2E). Furthermore, overexpression of circBRD7 pro-
moted the expression of p21 but inhibited that of CDK4 and pro-
moted the expression of the apoptosis marker c-PARP; however,
silencing circBRD7 had the opposite effect (Figure 2F, Figures S3
and S2D). Taken together, these results indicated that circBRD7
attenuates cell proliferation and cell cycle G1/S progression and
initiates cell apoptosis in NPC cells, thus playing a tumor suppres-
sor role in NPC.

3.3 | CircBRD7 inhibits cell migration, invasion, and
epithelial-mesenchymal transition of nasopharyngeal
carcinoma cells

To fully clarify the biological functions of circBRD7 in NPC, we
further detected the effect of circBRD7 on the migration, inva-
sion, and epithelial-mesenchymal transition (EMT) of NPC cells.
Wound healing test results demonstrated that overexpression of
circBRD7 significantly weakened the migration ability of NPC cells
(Figure 3A), whereas silencing circBRD7 promoted the migration of
NPC cells (Figure S4A). The results of the transwell assay revealed
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FIGURE 3 CircBRD7 inhibits cell migration, invasion, and epithelial-mesenchymal transition (EMT) of nasopharyngeal carcinoma (NPC)
cells. (A, B) Representative and quantified results of the wound healing (A) and transwell (B) assays in 5-8F and CNE2 cells transfected with
circBRD7 overexpression plasmid or blank vector. (C) Western blot was used to analyze the expression of EMT-related molecules E-cadherin,
N-cadherin, Vimentin, and Snail before and after circBRD7 overexpression. Data are presented as mean+SEM. **p<0.01; ***p<0.001; ns,

no significance.

that overexpression of circBRD7 significantly inhibited the invasion
ability of 5-8F and CNEZ2 cells (Figure 3B), while silencing circBRD7
had the opposite effect (Figure S4B). Western blot data illustrated
that the level of the epithelial marker E-cadherin was increased
after circBRD7 overexpression, while the mesenchymal markers
N-cadherin, Vimentin, and Snail were decreased (Figure 3C and
Figure S5), whereas silencing circBRD7 presented the opposite re-
sult (Figure S4C), which demonstrated that circBRD7 inhibits migra-
tion and EMT in NPC cells.

3.4 | CircBRD7 promotes the transcriptional
activation and expression of its host gene

Emerging studies have documented that the regulation of circRNA
on its host gene is an important molecular mechanism for its func-
tion.?2"2> Herein, we first investigated the regulatory effect and
mechanism of circBRD7 on the expression of its host gene. RT-qPCR
and western blot assays indicated that overexpression of circBRD7

caused an increase in the mRNA and protein expression of BRD7,
whereas silencing circBRD7 reduced BRD7 expression (Figure 4A,B).
The biological function of circRNA is closely related to its subcel-
lular localization, given that circBRD7 is mainly located in the cell
nucleus (Figure 1D,E) and positively regulates the mRNA expression
of its host gene, implying that circBRD7 may mainly regulate BRD7
expression through the transcriptional mechanism. Subsequently,
we constructed a luciferase reporter vector containing the poten-
tial promoter sequence of BRD7 predicted by bioinformatic analysis,
and the dual-luciferase reporter assay showed that the BRD7 po-
tential promoter had significant promoter activity and overexpres-
sion of circBRD7 enhanced BRD7 promoter activity (Figure 4C,D),
suggesting that circBRD7 upregulates the promoter activity of its
host gene.

Histone 3 lysine 27 acetylation and histone H3 lysine 4 trimeth-
ylation (H3K4me3) are common post-translational modifications
of histones that can transcriptionally activate gene expression in
adjacent regions by affecting the chromatin opening state.267%8
To this end, we analyzed the transcriptional modification region
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FIGURE 4 CircBRD7 promotes the transcriptional activation of BRD7. (A) BRD7 expression was detected by RT-qPCR and western

blot assays under circBRD7 overexpression. (B) RT-gPCR and western blot experiments were performed to detect the effect of silencing
circBRD7 on BRD7 expression. (C, D) A dual luciferase reporter assay was performed to detect the luciferase activity of BRD7 promoter (C)
and the effect of circBRD7 on BRD7 promoter activity (D). (E) ChIP-gPCR was used to determine the enrichment of H3K27ac in different
regions of the BRD7 promoter and the effect of circBRD7 on the modification level of H3K27ac in BRD7 promoter fragments (-2000 to
-1220bp). DNA isolated from immunoprecipitate was amplified by gPCR, and normal rabbit IgG was used as negative control. H3K27ac,
histone 3 lysine 27 acetylation. Data are presented as mean+SEM. *p <0.05; **p<0.01; ***p <0.001; ns, no significance.
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FIGURE 5 Restoring BRD7 expression partially reverses the inhibitory effect of circBRD7 on the malignant phenotype of nasopharyngeal
carcinoma (NPC) cells. (A) RT-gPCR and western blot were used to detect the expression of circBRD7 and BRD7 in each group. (B) The cell
counting kit-8 (CCK-8) assay was used to detect the effects of circBRD7 overexpression and restoring BRD7 expression on the proliferation
of NPC cells 5-8F and CNE2. (C-E) Representative and quantified results of the colony formation (C), wound healing (D), and transwell

(E) assays in 5-8F and CNE2 cells. (F) Western blot was performed to detect the alterations of expression of cell cycle-, apoptosis- and
epithelial-mesenchymal transition (EMT)-related molecules before and after BRD7 restoration. Data are presented as mean +SEM. *p <0.05;

**p<0.01; ***p<0.001; ns, no significance.

of BRD7 through the UCSC website and found that the promoter
region of BRD7 was highly enriched with H3K27ac modification
(Figure S6A), indicating that circBRD7 might upregulate BRD7
expression by enhancing H3K27ac modification in the BRD7 pro-
moter region. Four pairs of primers (P1, P2, P3, and P4; Figure S6B)
were further designed for the highly modified region of H3K27ac
on the BRD7 promoter sequence. ChlP-qPCR results showed that
H3K27ac was significantly enriched in the distal promoter region
of BRD7 (-2000 to -1407) in 5-8F and CNE2 NPC cells. Moreover,
circBRD7 overexpression enhanced H3K27ac modification of the
BRD7 promoter region (Figure 4E), suggesting that circBRD7 pro-
motes the transcriptional activation of BRD7 through enrichment
of H3K27ac on its promoter region. Additionally, miR-498 and
miR-944 were predicated to be the co-bound miRNAs with both
circBRD7 and BRD7. Although overexpression of miR-498 and miR-
944 decreased the expression of circBRD7, respectively, overex-
pression of miR-498 and miR-944 did not change the expression of
BRD7 at the mRNA and protein levels. These results demonstrated
that the miRNA sponge pathways mediated by miR-498 and miR-
944 are not the mechanism of circBRD7 upregulating its host gene
BRD7 (Figure S7). In addition, we further tested the effect of BRD7
on circBRD7 expression by RT-gPCR and found that BRD7 over-
expression promoted the expression and formation of circBRD7
(Figure S6C), indicating that a positive feedback regulatory loop
was formed between circBRD7 and BRD7, which might jointly par-
ticipate in the inhibition of the malignant phenotype of NPC.

3.5 | Restoring BRD7 expression partially
rescues the inhibitory effect of circBRD7

on the malignant phenotype of nasopharyngeal
carcinoma cells

Given that circBRD7 inhibited the proliferation, migration, inva-
sion, and EMT of NPC cells and positively regulated the expression

of its host gene at the transcriptional level, we sought to further
investigate the effect of BRD7 on circBRD7-mediated malignant
phenotype inhibition in NPC. SiBRD7 was transfected into circ-
BRD7 overexpressed 5-8F and CNE2 cells to restore BRD7 ex-
pression, and quality control and confirmation were performed by
RT-gPCR and western blot (Figure 5A). CCK-8 and colony forma-
tion assays showed that circBRD7 overexpression significantly in-
hibited the proliferation and colony formation of 5-8F and CNE2
cells, while restoration of BRD7 expression partially rescued the
inhibitory effect of circBRD7 on cell proliferation and colony
formation of NPC cells (Figure 5B,C). The results of flow cytom-
etry analysis showed that circBRD7 overexpression inhibited cell
cycle G1/S progression and promoted apoptosis. However, restor-
ing BRD7 expression partially rescued the effect of circBRD7 on
cell cycle arrest and apoptosis initiation (Figure S8). Wound heal-
ing and transwell experiments confirmed that overexpression of
circBRD7 sharply inhibited the migration and invasion of 5-8F and
CNE2 cells, whereas restoring BRD7 expression partially restored
the inhibitory effect of circBRD7 on the migration and invasion of
NPC cells (Figure 5D,E).

We further detected the effect of restoring BRD7 expression on
the expression of cell cycle-, apoptosis-, and EMT-related molecules
in NPC. As aresult, overexpression of circBRD7 inhibited the expres-
sion of CDK4, apoptosis marker t-PARP, and the mesenchymal mark-
ers N-cadherin, Vimentin, and Snail, while promoting the expression
of cell cycle target molecule p21, apoptosis marker c-PARP, and the
epithelial marker E-cadherin. Meanwhile, restoring BRD7 expression
at least partially rescued the inhibitory effect of circBRD7 on CDK4,
t-PARP, N-cadherin, Vimentin, and Snail, as well as the promotion
effect on p21, c-PARP, and E-cadherin (Figure 5F and Figure S9). In
conclusion, restoration of BRD7 expression at least partially rescues
the inhibitory effect of circBRD7 on cell proliferation, migration, in-
vasion, and EMT, which supports that circBRD7 inhibits the malig-
nant phenotypes of NPC cells through positive regulation of its host

gene expression.

FIGURE 6 CircBRD7 attenuates tumor growth and metastasis in vivo by promoting its host gene expression. (A) Subcutaneous tumor
growth curves in nude mice. (B) The images of nude mice in each group were photographed. (C) Images of subcutaneous tumor masses

in each group after the nude mice were killed. (D) The tumor weights of each group (n=5 per group) were measured. (E) Representative
images of immunohistochemical staining (IHC) staining for the expression of BRD7 and some cell proliferation, cell cycle, and epithelial-
mesenchymal transition (EMT)-related molecules in xenograft tumor tissues (400x, scale bar, 50 um). (F) Representative image of visible
nodules on the lung surface of the metastatic tumor model in nude mice, with the red arrow representing pulmonary nodules. (G) The
number of metastatic nodules on each lung surface was quantified, and each data point represents a nude mouse (n=7 per group). (H)
Typical images of lung metastatic foci after H&E staining of lung tissue sections. Red arrows represent pulmonary nodules. (I) Quantitative
statistical histogram of the number of pulmonary nodules in lung tissue sections of four nude mice. Data are presented as mean +SEM.

*p<0.05; *p<0.01; ***p<0.001.
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3.6 | CircBRD7 attenuates tumor growth and
metastasis in vivo by promoting its host gene expression

To further determine the role of BRD7 in the circBRD7-mediated
tumor suppressive role, we examined the influence of the circBRD7/

BRD7 regulatory axis on tumor growth and metastasis in vivo. We
first generated a xenograft tumor model, and the results showed
that overexpression of circBRD7 significantly inhibited the tumor
growth rate and alleviated tumor weight compared with the con-
trol, while restoration of BRD7 expression rescued the inhibitory
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effect of circBRD7 on subcutaneous tumor growth in nude mice
(Figure 6A-D). Furthermore, the expression of proliferation-, cell
cycle- and EMT-related molecules was detected in xenograft tumor
tissues by IHC. As expected, overexpression of circBRD7 signifi-
cantly increased the expression of BRD7, and the expression of
BRD7 was also restored in the recovery group. Moreover, circBRD7
overexpression dramatically inhibited the expression of Ki67, CDK4,
and Vimentin and promoted the expression of p21 and E-cadherin,
while restoring BRD7 expression rescued the inhibitory or promot-
ing effect of circBRD7 on the expression of the above molecules
(Figure 6E). Altogether, the in vivo experimental results further dem-
onstrated that circBRD7 inhibits tumor growth by positively regulat-
ing BRD7 expression.

We further generated a lung metastatic model. As a result, the
number of pulmonary nodules in the lung tissues of nude mice in the
circBRD7 overexpression group was significantly less than that in
the control group, while restoring BRD7 expression reversed the in-
hibitory effect of circBRD7 on lung metastasis of NPC (Figure 6F,G).
H&E staining results of lung tissue sections also confirmed that circ-
BRD7 overexpression inhibited the number and size of lung metasta-
sis fociin NPC, and the number and size of lung metastasis foci were
significantly recovered in the group with restored BRD7 expression
(Figure 6H,l). In conclusion, circBRD7 inhibits lung metastasis of
NPC in vivo by positively regulating BRD7 expression.

3.7 | Expression and clinical correlation of
circBRD7 and BRD7 in biopsy tissues of NPC at
different stages

To better understand the clinical value of circBRD7 and BRD7 in
NPC clinical samples, the expression of circBRD7 and BRD7 in 43
noncancerous NP patients and 78 clinical biopsy patients with dif-
ferent stages of NPC was detected by ISH and IHC, respectively. The
results showed that both circBRD7 and BRD7 were expressed at low
levels in NPC tissues, and the expression of circBRD7 and BRD7 in

clinical stages Ill and IV was significantly lower than that in stages
I and Il (Figure 7A,B). The expression levels of circBRD7 and BRD7
in these tissues were positively correlated (r=0.5014; p<0.001)
(Figure 7C). The correlation between circBRD7 and BRD7 expres-
sion and their combined expression and the clinicopathological char-
acteristics of NPC was further analyzed. As a result, circBRD7 and
BRD7 had no significant correlation with the age and gender of NPC
patients but had a significant negative correlation with clinical stage,
and the combination of circBRD7 and BRD7 expression can better
distinguish the clinical progression of NPC (Table 3). Furthermore,
another set of independent fresh biopsies including eight non-
cancerous NP patients and 30 NPC patients was collected for the
expression detection of circBRD7 and BRD7 by RT-qPCR. The re-
sults showed that the expression of circBRD7 and BRD7 in NPC
patients was significantly lower than that in noncancerous NP tis-
sues (Figure 7D,E). Pearson correlation analysis confirmed that circ-
BRD7 and BRD7 expression were positively correlated (r=0.6776;
p<0.001) (Figure 7F), which was consistent with the results de-
tected in paraffin sections of NPC. Therefore, low circBRD7 expres-
sion and low BRD7 expression could be used as potential molecular
markers for the evaluation of the malignant progression of NPC, and
targeting circBRD7/BRD7 axis is expected to be a promising molecu-
lar strategy for the clinical diagnosis and treatment of NPC.

4 | DISCUSSION

Bromodomain-containing 7 was confirmed as a critical member of
the bromodomain protein family and functions as a tumor suppres-
sor in several tumors, such as NPC.67101%29-32 |ncreasing evidence
has indicated that many protein-coding genes contain circular RNA
forms, which play critical biological roles as oncogenes or tumor
suppressors in the occurrence and development of NPC.13-1733-35 |,
this study, circBRD7 was identified as a circular RNA that is formed
by reverse splicing of exons 6-8 of the BRD7 gene. Functional ex-
periments confirmed that circBRD7 inhibited proliferation, colony

TABLE 3 Association between the expression of circBRD7, BRD7, and NPC clinical pathological features (n=78).

circBRD7 expression BRD7 expression circBRD7/BRD7
Variables Features Low High p Low High p L-L H-H p
Gender
Male (n=52) 45 (87%) 7 (13%) 0.8181 43 (83%) 9 (17%) 0.4667 40 (77%) 4 (8%) 0.9571
Female (n=26) 22 (85%) 4 (15%) 23 (88%) 3(12%) 21 (81%) 2 (8%)
Age
<47 (n=41) 34 (83%) 7 (17%) 0.4275 35 (85%) 6 (15%) 0.8467 32 (78%) 4 (15%) 0.5054
>47 (n=37) 33(89%) 4 (11%) 31 (84%) 6 (16%) 29 (78%) 2 (5%)
Clinical stages
I1-11 (n=15) 10 (67%) 5(33%) 0.0173* 9 (60%) 6 (40%) 0.0033** 7 (47%) 3(20%) 0.0115*
-1V (h=63) 57 (90%) 6 (10%) 57 (90%) 6 (10%) 54 (86%) 3(5%)

Note: Statistical analysis was performed using the Xz—test. *p<0.05; **p<0.01.

Abbreviations: BRD7, bromodomain-containing protein 7; H, high expression; L, low expression; NPC, nasopharyngeal carcinoma.
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FIGURE 7 Expression and clinical correlation of circBRD7 and BRD7 in biopsy tissues of nasopharyngeal carcinoma (NPC) at

different stages. (A, B) Representative images (A) and statistical quantification charts (B) of in situ hybridization staining (ISH) and
immunohistochemical staining (IHC) experiments to detect the expression of circBRD7 and BRD7 in noncancerous nasopharyngeal tissues
and biopsies of NPC with different clinical TNM stages. (C) Correlation analysis between the expression of circBRD7 and its host gene
BRD7 expression. (D) RT-gPCR was used to detect the expression of circBRD7 in eight noncancerous nasopharyngeal tissues and 30 biopsy
tissues of NPC. (E) RT-gPCR was used to detect the expression of BRD7 in the same eight noncancerous nasopharyngeal tissues and 30
biopsy tissues of NPC. (F) Correlation analysis between the expression of circBRD7 and its host gene BRD7 expression in another set of
independent fresh biopsies. Data are presented as mean+SEM. *p <0.05; **p<0.01; ***p<0.001.

formation, G1/S phase process, migration, and invasion of NPC cells,
as well as tumor growth and metastasis in vivo, revealing that circ-
BRD7 plays a role as a tumor suppressor in the occurrence and pro-
gression of NPC.

Increasing studies have reported that circRNAs can regulate
the transcription, mRNA stability,%®%” translation, and protein ac-

38-40 and participate in tumor progression by

)

tivity of host genes
positively or negatively regulating the expression of host genes.
In our study, circBRD7 was confirmed to be a circRNA encoded by
BRD7 and promoted the expression of BRD7. CircBRD7 was mainly
distributed in the nucleus, which suggested that circBRD7 may reg-
ulate its host gene at the transcriptional level. Many studies have
demonstrated that ncRNAs can regulate gene expression by regu-
lating the epigenetic characteristics of gene promoter regions.?¢*?
Epigenetics and chromatin biology studies have demonstrated that
active promoters have unique epigenetic markers, such as H3K27ac
and H3K4me3, which can relax the chromatin state and then acti-
vate gene transcription.?"2 As expected, H3K27ac modification

was found to be enriched in the BRD7 distal promoter region (~2000
to -1407), while circBRD7 overexpression promoted the enrichment
of H3K27ac in the BRD7 promoter region, thereby transcription-
ally activating BRD7 expression. We speculated that circBRD7 may
act as a scaffold to recruit histone acetyltransferase to the BRD7
promoter, thereby regulating the enrichment of H3K27ac histone
markers in the BRD7 promoter region, but the detailed mechanism
remains to be further studied. Furthermore, we investigated the ef-
fect of BRD7 on the circBRD7-mediated tumor suppressive role in
NPC, and the results showed that restoring BRD7 expression at least
partially reversed the inhibitory effect of circBRD7 on the malignant
phenotypes of NPC. Therefore, we concluded that circBRD7 exerts
a tumor suppressive function in NPC through positive regulation of
BRD7 expression.

Unlike the forward splicing of linear pre-mRNA, circular RNA is
formed by reverse splicing of pre-mRNA. Subsequently, we further
discussed the influence of BRD7 overexpression on circBRD7 ex-
pression and found that overexpression of BRD7 accelerated the
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FIGURE 8 Schematic diagram of
the molecular mechanism of circBRD7
\ inhibiting the malignant progression
of nasopharyngeal carcinoma (NPC).
I CircBRD7 is a circRNA formed by reverse
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I Mechanistically, circBRD7 enhanced
the transcriptional activity of BRD7 by
’ enhancing the enrichment of H3K27ac in

ucleus .

\ circBRD7 o its promoter region, and BRD7 promoted
—_—__————— = = = = = the expression of circBRD7. CircBRD7/
Cytoplasm BRD7 mRNA BRD7 formed a positive feedback loop,

thus inhibiting carcinogenesis and tumor
progression in NPC. H3, histone 3; Ac,
acetylation; EMT, epithelial-mesenchymal
transition.

expression and formation of circBRD7 in NPC cells, suggesting that
circBRD7 and BRD7 formed a positive feedback regulatory loop. As
the formation and expression of circRNAs are comprehensively reg-
ulated by splicing factors, transcription factors, specific enzymes,

43-46 we speculated that the

cis-acting elements, and other factors,
positive feedback regulatory loop formed by circBRD7 and BRD7
might be involved in the carcinogenesis and tumor progression of
NPC, where circBRD7 acts as a critical driving factor in the bal-
ance of the circBRD7/BRD7 regulatory axis (Figure 8). To further
authenticate the expression and regulatory relationship as well as
the clinical value of circBRD7 and BRD7, we collected noncancer-
ous nasopharyngeal tissues and clinical biopsy tissues of NPC and
confirmed that circBRD7 was expressed at low levels in NPC biopsy
specimens, negatively correlated with TNM stage and positively
correlated with BRD7 expression. Therefore, targeting the circ-
BRD7/BRD7 axis is a promising strategy for the clinical diagnosis
and treatment of NPC. For example, it is feasible for the researchers
to develop a kind of nucleic acid drug or delivery system targeting
circBRD7 to exert anti-tumor roles in tumors. In addition, a series of
drugs targeting BRD7 could be developed to increase the expression
or protein stability of BRD7, including the BRD7 expressing system,
small molecule activators, and polypeptide drugs.

In conclusion, our study showed that circBRD7 is a circular
RNA derived from BRD7 and functions as a tumor suppressor to
inhibit cell proliferation, migration, invasion as well as the xeno-
graft tumor growth and metastasis by enhancing the transcrip-
tional activity and expression of BRD7. Targeting the circBRD7/

BRD7 axis is a potential strategy for the clinical diagnosis and
treatment of NPC.
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