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Background: Triple negative breast cancer (TNBC), a special subtype of breast cancer, is
characterized by high recurrence, mortality and few treatments. To date, the key factors
contributing to TNBC progression have not been fully identified. In the current study, we
found a TNBC-related circular RNA (circRNA), circ-PGAP3, and explored its biological
function, clinical significance and potential mechanism of action.

Materials and Methods: The functional assay was carried out using CCK-8, colony
formation and Transwell invasion assays. RIP, RNA pull-down and luciferase reporter assays
were used to test the correlation between circ-PGAP3, miR-330-3p and Myc. The animal
model was employed to verify the function of circ-PGAP3 in vivo.

Results: Circ-PGAP3 expression was significantly increased in TNBC tissues. High circ-
PGAP3 was closely associated with large tumor size, lymph node metastasis, later TNM
stage and dismal outcome. Through performing a series of in vitro and in vivo experiments,
we found that circ-PGAP3 promoted TNBC cell growth and metastasis via sponging and
inhibiting miR-330-3p, resulting in the upregulation of proto-oncogene Myc. Importantly,
circ-PGAP3 expression was positively correlated with the Myc protein level but negatively
correlated with miR-330-3p expression in TNBC tissues. Moreover, silencing of miR-330-3p
or overexpression of Myc could effectively rescue the weakened malignant phenotype
induced by circ-PGAP3 knockdown.

Conclusion: Our results unveil the important driving role of circ-PGAP3 in TNBC devel-
opment and progression, which provides a candidate therapeutic target for TNBC patients.
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Introduction

Triple negative breast cancer (TNBC) refers to breast cancer with negative estrogen
receptor, progesterone receptor and human epidermal growth factor receptor 2,
accounting for 12% to 17% of all breast cancers." TNBC is highly aggressive and
prone to local recurrence and distant metastasis.>® Compared with the 5-year
survival rate of more than 90% for other types of early-stage breast cancer, the
S-year survival rate of early-stage TNBC is only 77% and that of later-stage breast
cancer is only 14%.* Due to the lack of effective therapeutic targets for TNBC, the
current treatments are very few, mainly chemotherapy.” Although chemotherapy
can prolong the survival time of TNBC patients to some extent, its effect is
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relatively limited, and high-intensity chemotherapy will
have a great impact on the quality of life of patients.®
Therefore, it is urgently needed to identify more effective
candidate targets to antagonize this fatal disease.

Research interest has recently been re-ignited in the
field of non-coding RNA, especially circular RNA
(circRNA), a covalently closed endogenous RNA pro-
duced by a back-splicing process.” CircRNA has no
3-terminal cap structure and 5-terminal poly-A tail,
enabling it to be free from digestion by RNA exonuclease
and very stable.® With the widespread application of RNA
sequencing technology and the rapid development of bio-
physical technology, it was found that many exons can
undergo non-linear reverse splicing or gene rearrangement
to form circRNA, accounting for a large proportion in all
splicing transcripts.” The current research on the function
of circRNA shows that it mainly plays a role via the
following four models: acting as a miRNA sponge, regula-
tion of gene transcription, binding to functional protein
and even translation of protein.'’

In recent years, an increasing number of studies have
shown that circRNA is frequently abnormally expressed in
various human cancer types, and it functions as
a fundamental player in tumorigenesis and development
through direct or indirect ways.''™'* However, the mole-
cular function and biological role of circRNA in TNBC
remain largely unknown. In a previous study, Zeng et al
performed circRNA high-throughput sequencing in paired
TNBC and normal tissues, and found a large number of
dysregulated circRNAs, including circ-PGAP3 (hsa -
circ_0106800, chrl7: 37843549-37844086).'* Here, we
explored the expression level, clinical implication and
biological function of circ-PGAP3 in TNBC. Moreover,
the underlying mechanism accounting for the pro-tumor
effect of circ-PGAP3 was also illustrated.

Materials and Methods
TNBC Tissues and Ethical Approval

We collected 86 paired TNBC and normal tissues from
Shenzhen Longhua District Central Hospital to test circ-
PGAP3, miR-330-3p and Myc expression. All patients
were diagnosed with TNBC and had not received any anti-
tumor therapy. The clinicopathological characteristics of
enrolled patients were obtained, and their relationships
with circ-PGAP3 were analyzed. The informed consent
was obtained from each patient and this study was
the ethical of the Ethics

approved by standards

Central
Hospital in accordance with the Declaration of Helsinki.

Committee of Shenzhen Longhua District

RNA lIsolation and qRT-PCR

Total RNA was regularly extracted by TRIzol reagent
(Invitrogen, CA, USA) with the standard protocol, and the
cDNA was synthesized using the PrimeScript™ Reverse
Transcriptase kit (Takara, Shiga, Japan) with random pri-
mers. Then, cDNA was amplified and quantified in triplicate
using ChamQ™ SYBR® qPCR Master Mix (Vazyme
Biotech, Nanjing, China). The housekeeping gene GAPDH
was used as the reference control and the control group was

—AACt
2

considered 100% expression. The method was applied

to assess relative gene expression.

Subcellular Localization

TNBC cells were collected and then treated with the
Cytoplasmic & Nuclear RNA Purification Kit (Norgen
Biotek, ON, Canada) to extract cytoplasmic and nuclear
RNA, followed by reverse transcription and quantification.
Ul and GAPDH were respectively employed as the internal
reference controls of nuclear and cytoplasmic fragments. For
verifying the results of qRT-PCR, the FISH assay was carried
out using Cy-3-labeled circ-PGAP3 and FAM-labeled miR-
330-3p probes designed by RiboBio (Guangzhou, China)
with the Fluorescent in Situ Hybridization Kit (RiboBio).
The results were observed using a confocal laser microscope.

Cell Lines and Transfection

Two TNBC cell lines, MDA-MB-231 and HS598T, were
purchased from ATCC and cultured in DMEM medium.
Two antisense oligonucleotides (ASOs) targeting the back-
splicing site of circ-PGAP3 were synthesized by RiboBio,
and were transfected into MDA-MB-231 and HS598T
cells using riboFECT™ CP (RiboBio) reagent as per the
manufacturer’s instructions to silence circ-PGAP3. In
addition, miR-330-3p mimics and inhibitors purchased
from RiboBio were transfected into TNBC cells using
riboFECT™ CP (RiboBio) reagent to overexpress and
inhibit miR-330-3p, respectively.

CCK-8 and Colony Formation Assays

A total of 1000 transfected MDA-MB-231 and HS598T
cells were seeded into 96-well plates added with DMEM
complete medium, and cultured for 24 h, 48 h and 72 h,
respectively. During this time, the CCK-8 solution pur-
chased from Dojindo (Kumamoto, Japan) was added to the
cells, followed by incubation for 2 h. The absorbance was
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tested using a microplate reader. For the colony formation
assay, 500 transfected cells were seeded into 6-well plates
and cultured for 2 weeks, and the medium was changed
every 2 to 3 days. Then, cells were stained by crystal
violet and the number of cell clones was recorded.

Cell Invasion Assay

A total of 50,000 transfected TNBC cells were seeded into
each well of the matrigel-coated upper chamber of 24-well
plates, while the lower chamber was added with DMEM
complete medium. Then, the 24-well plates were plated in
a cell incubator at 37 °C and cultured for 18 h. The
invaded cells were washed and stained by crystal violet,
and the results were observed under a light microscope.

RNA Immunoprecipitation (RIP)
The RIP™  RNA-binding
Immunoprecipitation Kit purchased from Millipore

Magna Protein
(Schwalbach, Germany) was employed to conduct the RIP
assay in accordance with the manufacturer’s protocol. In
brief, the magnetic beads coated with 8 ug specific antibodies
against Ago2 (ab186733; Abcam) and normal IgG antibody
(Millipore) were incubated with prepared MDA-MB-231
and HS598T cell lysates overnight at 4 °C. After washing
by PBST and digestion by proteinase K, the magnetic beads
were incubated with TRIzol reagent, followed by RNA
extraction and qRT-PCR analysis of circ-PGAP3 enrichment.

RNA Pull-Down Assay

MDA-MB-231 and HS598T cell lysates were collected
and incubated with biotin-labeled circ-PGAP3 probe, or
biotin-labeled miR-330-3p mimics were transfected into
TNBC cells. After that, cell lysates were incubated with
streptavidin-conjugated magnetic beads (Invitrogen) at 25
°C for 3 h. After the beads were attached to the magnetic
frame, the lysates were discarded and Trizol was added to
extract total RNA, followed by qRT-PCR analysis of circ-
PGAP3 or miRNA enrichment.

Luciferase Reporter Assay

The wild-type or mutant full-length circ-PGAP3 or Myc
3'-UTR was inserted into pmirGLO vector (Promega, WI,
USA). Then, they were co-transfected with control or
miR-330-3p mimics into MDA-MB-231 and HS598T
cells using riboFECT™ CP (RiboBio) reagent. After 48
h of transfection, the Renilla and firefly luciferase activ-
ities were detected by the Synergy Mx Multi-Mode
Microplate Reader (BioTek, VT, USA).

Western Blot and Immunohistochemistry

(IHC)

The transfected MDA-MB-231 and HS598T cells were trea-
ted with RIPA lysis buffer supplemented with protease inhi-
bitor cocktail tablet and phosphatase inhibitor for protein
extraction. Afterward, cells were centrifuged at 14,000 rpm
for 10 min at 4 °C. The supernatant was reserved and
employed for protein measurement. Then, 20 pg of protein
was run on 7.5-12.5% SDS-PAGE gel, and electro-
transferred to PVDF membrane. Once blocked with 0.5%
skim milk powder, the membrane was incubated at 4 °C with
Myc primary antibody (ab39688; Abcam). Then, the anti-
Rabbit IgG was added and incubated for 1 h at room tem-
The Novex® ECL HRP Chemiluminescent
Substrate Reagent Kit (Invitrogen) was employed for band

perature.

visualization. For IHC staining, the paraffin-embedded
TNBC patient and xenograft tumor tissues were dewaxed
by xylene, blocked by H,O, and BSA, incubated with above
Myc primary antibody (ab39688; Abcam), and visualized
with DAB solution. Lastly, the tissue slices were sealed by
neutral gum. The staining result was quantified by the
H-score method as previously described.'*

In vivo Tumourigenesis and Metastasis

Assays

The female athymic BALB/c nude mice aged 4-5 weeks were
regularly fed under the standard pathogen-free conditions.
Then, 1x10” MDA-MB-231 cells were subcutaneously inocu-
lated into the right axillas of mice. One week later, intratumoral
injection of ASO-control or ASO-circ-PGAP3#1 was con-
ducted. At the end of the fifth week, all mice were euthanized
and the tumor weight was measured by an electronic scale.
Tumor tissues were collected for qRT-PCR analysis and IHC
staining. Tail intravenous injection of 1x10® MDA-MB-231
cells was carried out for establishing the experimental lung
metastasis model. Afterward, ASO-control or ASO-circ-
PGAP3#1 was injected two to three times a week into the
caudal vein for 3 weeks. At the end of the seventh week, 3.0 mg
of D-Luciferin was intraperitoneally injected into nude mice,
and the lung metastasis nodules were observed using the
IVIS@ Lumina II system (Caliper Life Sciences, MA, USA).
Then, all mice were euthanized, and the number of lung
metastasis nodules was recorded after hematoxylin & eosin
staining. All animal experiment procedures were carried out
following the ethical standards under a protocol approved by
the Animal Experimental Ethics Committee of Shenzhen
Longhua District Central Hospital, and were executed
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conforming to the “Guide for the Care and Use of Laboratory
Animals” (revised 1985).

Statistical Analysis

All of the experiments were repeated three times indepen-
dently. Student’s #-test was used for comparison between the
two groups. The survival curve was generated by Kaplan—
Meier plot and the difference was analyzed by log rank test.
Pearson's correlation coefficient was employed to test the
correlation between circ-PGAP3, miR-330-3p and Myec.
P value less than 0.05 is statistically different.

Results
Circ-PGAP3 is Upregulated in TNBC

Tissues

A total of 86 paired TNBC and normal tissues were collected
for testing circ-PGAP3 expression, and the qRT-PCR results
showed that circ-PGAP3 was significantly increased in
TNBC tissues in comparison to normal tissues (Figure 1A).

As shown in Table 1, high circ-PGAP3 was closely associated
with large tumor size, lymph node metastasis and advanced
TNM stage. Importantly, the overall and disease-free survival
times of cases with high expression of circ-PGAP3 were both
shorter than those of cases with low circ-PGAP3 expression
(Figure 1B and C). Then, we treated TNBC cells with RNase
R, an exoribonuclease that can degrade almost all linear
RNA, but not circRNA. The qRT-PCR results displayed
that circ-PGAP3 expression remained unchanged, while lin-
car PGAP3 mRNA was substantially reduced by RNase
R treatment (Figure 1D), suggesting that circ-PGAP3 is actu-
ally a circRNA. The results of nucleo-cytoplasmic separation
experiments showed that most of circ-PGAP3 was located in
the cytoplasm (Figure 1E), and this subcellular localization
was also confirmed by FISH assay (Figure 1F).

Circ-PGAP3 Knockdown Inhibits TNBC

Cell Proliferation and Invasion
Due to the upregulation of circ-PGAP3 in TNBC, we designed
two ASOs against the back-splicing site of circ-PGAP3 to
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Table | Association of Circ-PGAP3 Expression with Clinical
Features in 86 Triple-Negative Breast Cancer Patients

Parameters Total Circ-PGAP3 p value
(n=86) Expression
Low High
(n=43) (n=43)
Age (years)
<40 20 8 12 0.307
>40 66 35 31
Menopause
Yes 34 18 16 0.659
No 52 25 27
Tumor size (cm)
<2 34 23 I 0.008
>2 52 20 32
Lymph node
metastasis
Negative 31 24 7 0.000
Positive 55 19 36
TNM stage
| 21 16 5 0.001
1l 42 22 20
1 23 5 18

silence circ-PGAP3 in MDA-MB-231 and HS598T cells
(Figure 2A). As shown in Figure 2B, these two ASOs could
effectively decrease the circ-PGAP3 level, but had no effect on
the linear PGAP3 level. The CCK-8 results showed that knock-
down of circ-PGAP3 evidently subsided cell viability (Figure
2C). Also, the clone ability of circ-PGAP3-depleted cells was
significantly weaker than that of control cells (Figure 2D). The
invasion assays showed that fewer TNBC cells passed through
the artificial matrigel after silencing of circ-PGAP3 (Figure
2E). These data indicate that circ-PGAP3 is a tumor-promoting
circRNA in TNBC.

Circ-PGAP3 Acts as a Sponge of
miR-330-3p in TNBC Cells

In light of the cytoplasmic location of circ-PGAP3, we specu-
lated that it might act as a miRNA sponge. We first performed
the RIP assay with Ago2 antibody, and the results showed that
large numbers of circ-PGAP3 were immunoprecipitated by
Ago2 (Figure 3A). Then, we analyzed three online tools
(Circlnteractome, CircBank and CircNet) to search for which
miRNAs might interact with circ-PGAP3. Four miRNAs were
simultaneously predicted by these three databases, namely
miR-330-3p, miR-384, miR-924 and miR-1227 (Figure 3B).

Afterward, the biotinylated circ-PGAP3 probe was synthe-
sized and the RNA pull-down assay coupled qRT-PCR analy-
sis verified that it could efficaciously enrich circ-PGAP3, but
not linear PGAP3 (Figure 3C). As shown in Figure 3D, only
miR-330-3p was pulled down by circ-PGAP3 probe in both
MDA-MB-231 and HS598T cells. The complementary
sequence of circ-PGAP3 and miR-330-3p is displayed in
Figure 3E, and we mutated the circ-PGAP3 sequence and
performed the luciferase reporter assay. The results showed
that miR-330-3p overexpression significantly reduced the luci-
ferase activity of wild-type circ-PGAP3 reporter, whereas it
did not alter that of mutant reporter (Figure 3F). Reciprocally,
circ-PGAP3 was also abundantly enriched by biotin-labeled
miR-330-3p probe (Figure 3G). Knockdown of circ-PGAP3
resulted in significant upregulation of miR-330-3p (Figure
3H); in comparison to normal tissues, miR-330-3p was nota-
bly decreased in TNBC tissues (Figure 31); and its expression
was inversely correlated with circ-PGAP3 expression (=
—0.745) (Figure 3J). Besides, the co-location of circ-PGAP3
and miR-330-3p was observed in TNBC cells, as shown by
FISH assay (Figure 3K).

Circ-PGAP3 Regulates the miR-330-3p/
Myc Axis in TNBC Cells

Through analyzing the miRwalk database, we found that the
well-known proto-oncogene Myc might be the downstream
target of miR-330-3p, and we then mutated the binding
sequence between miR-330-3p and Myc 3'-UTR (Figure
4A), and conducted the luciferase reporter assay. As shown
in Figure 4B, miR-330-3p overexpression resulted in
a significant decrease in luciferase activity of wild-type Myc
3'-UTR vector, while that of the mutated vector remained
unchanged. Importantly, the expression of Myc mRNA was
markedly increased by miR-330-3p knockdown, but this effect
completely disappeared after circ-PGAP3 knockdown (Figure
4C). Consistently, silencing of circ-PGAP3 led to a significant
decrease in Myc protein level in both MDA-MB-231 and
HS598T cells, and miR-330-3p knockdown partially rescued
this downregulation (Figure 4D). Then, we conducted ITHC
staining of Myc in TNBC and normal tissues, and the results
displayed that Myc protein was significantly overexpressed in
TNBC (Figure 4E), and its expression was strongly positively
correlated with circ-PGAP3 expression (1=0.781) (Figure 4F).
Functionally, the declined cell viability and invasion induced
by circ-PGAP3 knockdown were substantially blocked after
miR-330-3p knockdown or Myc overexpression (Figure 4G
and H).
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Knockdown of Circ-PGAP3 Represses

Tumor Growth and Metastasis in vivo

Lastly, we tested whether circ-PGAP3 functioned in vivo
through establishing the xenograft tumor and experimental
lung metastasis models. The results showed that the tumor
volume and weight of nude mice bearing circ-PGAP3-
silenced MDA-MB-231 cells were significantly less than

those of mice bearing control cells (Figure 5SA-C). Also, the
gRT-PCR analysis showed that miR-330-3p was evidently
increased in circ-PGAP3-depleted tumor tissues, whereas
linear PGAP3 expression was not affected (Figure 5D).
Likewise, fewer Myc-positive cells were observed in circ-
PGAP3-depleted group as compared to the control group
(Figure 5E). The results of the experimental lung metastasis
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model showed that the average number of lung metastatic
nodules in the control group was 32, while the average number
in the circ-PGAP3-depleted group was only 10 (Figure 5F).
These data suggest that circ-PGAP3 is also an oncogenic

circRNA 1in vivo.

Discussion

Emerging evidence indicates that circRNA is a critical
regulator in human cell fate.'> In the present study, we
for the first time explored the expression and role of
circ-PGAP3 in TNBC, an aggressive and fatal disease.
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Figure 4 Identification of the circ-PGAP3/miR-330-3p/Myc axis in TNBC cells. (A) The complementary sequences of miR-330-3p and Myc 3'-UTR. (B) The luciferase
reporter assay in the indicated two TNBC cells co-transfected with wild-type or mutant Myc 3’-UTR vector and control or miR-330-3p mimics. (C) gRT-PCR analysis of Myc
mRNA expression in miR-330-3p-depleted TNBC cells transfected with ASO against circ-PGAP3. (D) Western blot analyzing the protein level of Myc in circ-PGAP3-
depleted TNBC cells transfected with miR-330-3p inhibitors. (E) IHC staining of Myc in TNBC and normal tissues. (F) High Myc protein level was positively correlated with
high circ-PGAP3 expression. (G=H) Cell viability and invasion were tested in circ-PGAP3-depleted TNBC cells transfected with miR-330-3p inhibitors or Myc expression
plasmid. The difference between two groups was tested by Student’s t-test. *P<0.05, **P<0.01, ***P<0.001.

High circ-PGAP3 expression was observed in TNBC TNBC cell growth and invasion both in vitro and
tissues, which was linked to malignant clinical features in vivo. Mechanism research revealed that circ-PGAP3

and poor outcome. Knockdown of circ-PGAP3 inhibits was a cytoplasmic circRNA and served as a sponge of
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Figure 5 Knockdown of circ-PGAP3 inhibits in vivo TNBC cell growth and invasion. (A=C) Tumor image, volume and weight of nude mice bearing control and circ-PGAP3-
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bar=25 pum. The difference between two groups was tested by Student’s t-test. **P<0.01.

miR-330-3p to increase Myc expression. The regulatory
network of circ-PGAP3/miR-330-3p/Myc was also con-
firmed in TNBC tissues and a xenograft tumor model.
Thus, our data provide new evidence for the biological
implication of circRNA in human cancer, and also

uncover the pivotal tumor-driving role of circ-PGAP3
in TNBC.

To date, the field of circRNA research has attracted
a lot of attention. In terms of function, recent studies have
shown that circRNA is rich in miRNA binding sites, which
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acts as a miRNA molecular sponge in human cells, thereby
antagonizing the inhibition of miRNA on its target genes
and increasing their expression levels.'® This mechanism
of action is called a competitive endogenous RNA
(ceRNA) mechanism.'”'® Accumulated evidence shows
that circRNA plays an important regulatory role in
human cancer by serving as a ceRNA.'° For example, circ-
PTN was reported to be elevated in hepatocellular carci-
noma and promoted tumorigenesis and progression via the
sponge activity on miR-326 and increasing the level of
ERBB/PI3K.*° Circ-AMOTLIL was downregulated in
human prostate cancer, and could directly interact with
miR-193a-5p to elevate a subset of the cadherin super-
family members, repressing tumor growth.?! Circ-HIPK3
was shown as an oncogene that abundantly binds to miR-7
and increases miR-7 targets in human colorectal cancer.?
These studies suggest that dysregulation of the ceRNA
network of circRNA may be responsible for cancer occur-
rence, development and progression.

Since mature miRNA is located in the cytoplasm and is
assembled into RNA-induced silencing complex by Ago2
protein,® only cytoplasmic circRNA can act as a miRNA
molecular sponge and bind to Ago2. Herein, we found that
circ-PGAP3 was a cytoplasmic circRNA and abundantly
enriched by Ago2 antibody, hinting that it may be
a ceRNA absorbing miRNA. Through the bioinformatics
analysis coupled RNA pull-down assay, we found that miR-
330-3p was the downstream miRNA of circ-PGAP3, in
which circ-PGAP3 inhibited miR-330-3p activity to
increase the expression of Myc, a well-documented onco-
protein that binds to gene promoter, transcriptionally regu-
lating gene expression.”**> Importantly, high circ-PGAP3
was closely linked to low miR-330-3p and high Myc
expression in TNBC tissues, and the attenuated cell malig-
nant phenotype caused by circ-PGAP3 silencing was effec-
tively abolished by miR-330-3p inhibition or exogenous
Myc expression, suggesting that the ceRNA network of
circ-PGAP3/miR-330-3p/Myc indeed exists in TNBC. It is
of great interest to explore which factors are responsible for
the upregulation of circ-PGAP3 in TNBC (such as some
RNA binding proteins affecting the cyclization of circ-
PGAP3, or directly transcriptional regulation by Myc form-
ing a positive feedback loop).

All in all, our findings clearly demonstrate that circ-
PGAP3 is a carcinogenic circRNA in TNBC, which pro-
motes TNBC growth and metastasis via acting as
a miRNA sponge. Targeting of circ-PGAP3 may be
a promising treatment for TNBC patients.
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