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Knockdown of circ-ADAM9 inhibits malignant phenotype and
enhances radiosensitivity in breast cancer cells via acting as a sponge
for miR-383-5p
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Abstract
Background Circular RNA (circRNA) has been proven to play a critical role in breast cancer progression. Therefore, this
study was designed to clarify the role and underlying molecular mechanisms of circ-disintegrin and metalloproteinase 9
(circ-ADAM9) in breast cancer.
Methods A quantitative real-time polymerase chain reaction (RT-qPCR) was conducted to assess the expression levels of
circ-ADAM9, microRNA-383-5p (miR-383-5p), and profilin 2 (PFN2). Cellular growth curves of breast cancer cells were
determined by colony-forming assay. Cell viability and apoptosis were measured by MTT and flow cytometry, respectively.
The protein expression level was analyzed by western blot. Cell migration and invasion were evaluated by wound healing
and Transwell assays. A xenograft experiment was established to clarify the functional role of circ-ADAM9 inhibition
in vivo. The interactions among circ-ADAM9, miR-383-5p, and PFN2 were analyzed by dual-luciferase reporter, RNA
immunoprecipitation (RIP), and RNA pull-down assays.
Results We found that circ-ADAM9 was upregulated in breast cancer tissues and cells compared to controls. Inhibition
of circ-ADAM9 expression impaired proliferation, migration, and invasion, but increased radiosensitivity and apoptosis in
breast cancer cells; besides, radiotherapy combined with circ-ADAM9 inhibition showed significant inhibitory effects on
tumor growth. The functional effects of circ-ADAM9 were related to miR-383-5p, a target of circ-ADAM9. Overexpression
of miR-383-5p-mediated malignant behaviors and radiosensitivity of breast cancer cells were dependent on PFN2.
Conclusion Circ-ADAM9 was found to participate in breast cancer progression through targeting the miR-383-5p/PFN2
axis.
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Introduction

Breast cancer, a female malignancy, is a common cause
of cancer-related deaths worldwide, the incidence of which
has shown a marked upward tendency in recent years [1, 2].
Despite decades of research on its pathophysiology, effec-
tive approaches to treatment of breast cancer are still lim-
ited to date [3]. Current treatments include chemotherapy,
radiotherapy, and surgery, but patients have a high risk of
recurrence after treatment [4]. Therefore, developing novel
therapies is imperative.

Circular RNAs (circRNAs) are covalently closed RNAs
which form through a process named back-splicing that
links the end of a 30 exon to an upstream 50 exon and
represent a new class of long non-coding RNAs [5]. Circ-
ADAM9 (has_circ_0001791) is derived from a disintegrin
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and metalloproteinase 9 (ADAM9) gene and is located on
chromosome 8 (38879161-38880844).A previous study has
highlighted the carcinogenic effect of circ-ADAM9 in pan-
creatic cancer [6]. Recently, circ-ADAM9 was documented
to be highly regulated in breast cancer and served as a di-
agnostic biomarker for breast cancer detection [7], which
attracted much attention. However, the molecular determi-
nants underlying the regulatory function of circ-ADAM9
largely remain to be clarified in breast cancer.

As a type of non-coding RNA, microRNAs (miRNAs)
are the most prevalent and functionally diverse class [8].
MiR-383-5p has been implicated in the pathogenesis of
multiple tumors, including cervical cancer [9], gastric can-
cer [10], and oral squamous cell carcinoma [11]. Addition-
ally, Zhang et al. reported that miR-383-5p was a possi-
ble target for breast cancer treatment [12]. It remains un-
explored whether miR-383-5p mediates molecular effects
protecting against radioresistance in breast cancer.

Recent studies have demonstrated that profilin 2 (PFN2)
is involved in regulating actin polymerization and endocy-
tosis [13, 14]. Although the molecular roles of PFN2 have
not been entirely clarified, it was commonly reported that
dysregulation of PFN2 was able to regulate the development
of certain cancer types [15, 16].

Therefore, in this study, we focused on investigating
the roles of circ-ADAM9 in breast cancer progression. We
demonstrated that circ-ADAM9 functioned as an upstream
regulator of the miR-383-5p/PFN2 axis, and that this regu-
latory pathway was associated with breast cancer progres-
sion by regulating malignant phenotypes of breast cancer
cells.

Materials andmethods

Tissue sample collection

Tissue samples of breast cancer (N= 45) and adjacent non-
cancerous tissues (N= 45) were obtained from breast cancer
patients undergoing a surgical procedure at Heping Hospital
Affiliated to Changzhi Medical College. No patients with
breast cancer had received radiotherapy or chemotherapy,
and all patients provided written informed consent prior to
surgery. All tissues were promptly frozen in liquid nitro-
gen and then transferred to –80°C. The entire investigation
was approved and supervised by the Ethics Committee of
Heping Hospital Affiliated to Changzhi Medical College.

Cell lines and cell culture

The breast cancer cell lines (MCF-7, MDA-MB-468, and
MDA-MB-231) and human normal breast epithelial cells
(MCF-10A) were purchased fromNanjing Key Gen Biotech

(Nanjing, China) and then cultured in Dulbecco’s modified
Eagle medium (GIBCO BRL, Grand Island, NY, USA) sup-
plemented with 10% (v/v) fetal bovine serum (FBS; GIBCO
BRL) at 37°C with 5% CO2.

MCF-7 and MDA-MB-231 cells received radiation us-
ing a linear accelerator (Varian2300EX; Varian, Palo Alto,
CA, USA). The setting conditions were as follows: 160kV,
6.3mA, for 1.1, 2.3, 3.5, 4.6, and 5.7min, at a dose of 0, 2,
4, 6, and 8Gy, respectively.

Quantitative real-time polymerase chain reaction

Total RNA was extracted by Trizol reagent (Invitrogen,
Carlsbad, CA, USA) and the quantity of total RNA
was measured under the Agilent 2100 Bioanalyzer (Ag-
ilent Technologies, Palo Alto, CA, USA). Complemen-
tary DNA (cDNA) was synthesized by PrimeScript™
RT reagent kit (Takara, Dalian, China). Real-time PCR
(RT-qPCR) was conducted using SYBR Select Master
Mix (Applied Biosystems, Carlsbad, CA, USA) under
the IQTM5 Multicolour Real-Time PCR detection sys-
tem (Bio-Rad, Hercules, CA, USA). All target genes
were standardized to the endogenous reference glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) by the
2–��Ct method. Hairpin-it TM miRNAs qPCR Quantitation
Kit (Genepharma, Shanghai, China) was used to mea-
sure the level of miR-383-5p, with nuclear RNA U6 as
control. Three independent experiments were included in
this assay, and three duplicated wells were included for
each sample. The primers were circ-ADAM9, upstream
50-CGTCGGAGACATGACAGTGC-30 and downstream
50-TCCAAGTAGTTTGCCAGGAGAA-30; ADAM9, up-
stream 50- TCTTGCCACAGACCCGGTAT-30 and down-
stream 50-ATCTCCAGTCCAACTAGCACA-30; miR-383-
5p, upstream 50-GCGCGAGATCAGAAGGTGATT-30 and
downstream 50-AGTGCAGGGTCCGAGGTATT-30; PFN2,
upstream 50-ATGATTGTAGGAAAAGACCGGGA-30 and
downstream 50-GCAGTCACCATCGACGTATAGAC-30;
U6, upstream 50-ATCCTTACGCACCCAGTCCA-30 and
downstream 50-GAACGCTTCACGAATTTGC-30; GAPDH,
upstream 50-TGAACCATGAGAAGTATGAC-30 and down-
stream 50-TCTTACTCCTTGGAGGCCA-30.

RNase R and actinomycin D experiments

The partial extracted total RNA was treated with or without
3U/mg RNase R (Geneseed, Guangzhou, China) for 15min
at 37°C. Actinomycin D (2mg/mL) was purchased from
Sigma-Aldrich (Louis, Missouri, USA) and then added into
Dulbecco’s modified Eagle medium to assess RNA stability.
Three independent experiments were included in this assay.
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Transfection assay

The short hairpin RNA targeting circ-ADAM9 (sh-circ-
ADAM9) and matched control (sh-NC), circ-ADAM9-
overexpression vector (circ-ADAM9) and negative control
(pCD-ciR), and PFN2-overexpression vector (PFN2) and
negative control (pcDNA3.1) were designed by RiboBio
(Guangzhou, China). The mimics of miR-383-5p and neg-
ative control (miR-383-5p and NC mimics), and inhibitor
of miR-383-5p and negative control (miR-383-5p inhibitor
and NC inhibitor) were purchased from Genomeditech
(Shanghai, China). Transfections of shRNA and miR-383-
5p mimics/inhibitor were performed using RNAiMAX
(Invitrogen) at a final concentration of 20nM. Besides,
lipofectamine 2000 (Sigma-Aldrich) was used for trans-
fection of vector, and the concentrations of plasmids were
1μg.

Colony-forming and 3-(4, 5-dimethylthiazol-2-yl)-2,
5-diphenyl-2H-tetrazol-3-ium bromide (MTT) assays

MCF-7 and MDA-MB-231 cells were transfected for 48h
and then sowed into 6-well plates (600 cells/well); the fol-
lowing incubation was at 37°C with 5% CO2. Two weeks
later, the numbers of visible colonies were measured un-
der the inverted microscope (Leica Microsystems GmbH,
Wetzlar, Germany) after staining with 0.1% crystal vio-
let (Beyotime, Shanghai, China). A colony is defined by
a cell number ≥50 cells. Plating efficiency (PE)= the num-
ber of clones/the number of plated cells× 100%, and sur-
vival fraction (SF)= PE the experimental group/PE the con-
trol group× 100%.

Cell proliferation was assessed by MTT assay follow-
ing the manufacturer’s protocol. In brief, approximately
3000 cells/well were plated into 96-well plates and incu-
bated for the indicated times. 20μL of MTT (Beyotime)
was used to incubate MCF-7 and MDA-MB-231 cells for
4h. The cell proliferation curves were plotted by measur-
ing absorbance at 490nm under the microplate reader (Bio-
Rad). Three independent experiments were included in this
assay, and three duplicated wells were included for each
sample.

Flow cytometry assay

Transfected MCF-7 and MDA-MB-231 cells were washed
with cold phosphate buffered saline to remove residual
medium. After digestion by trypsin and centrifugation, sin-
gle-cell suspension (1× 106/mL) was incubated with an-
nexin V (Invitrogen) labeled with fluorescein isothiocyanate
(FITC; Invitrogen) and propidium iodide (Invitrogen) for
30min in dark conditions. The apoptotic cells were sorted

using an Attune™ Flow Cytometer (Applied Biosystems).
Three independent experiments were included in this assay.

Wound healing and Transwell assay

Transfected MCF-7 and MDA-MB-231 cells were incu-
bated overnight in the 6-well plates. Thereafter, wounded
areas were generated by a 200μL pipette tip and then
reported under the inverted microscope (Leica Microsys-
tems GmbH). After incubation for 24h, images were
reported again. Cell invasion properties were detected us-
ing a 24-well Transwell chamber with Matrigel (Becton
Dickinson, San Jose, CA, USA). In the top compart-
ment, 2× 105 MCF-7 and MDA-MB-231 cells in 200μL of
serum-free medium were seeded, while the lower chamber
was filled with complete medium. Following incubation
at 37°C for 24h, the invading cells were imaged under
the inverted microscope (Leica Microsystems GmbH) at
100× amplification. Three independent experiments were
included in this assay, and three duplicated wells were
included for each sample.

In vivo experiment

BALB/c nude mice (females, 4 weeks of age) were pur-
chased from Vital River Laboratory (Beijing, China) and
fed according to the institutional guide. All nude mice stud-
ies were permitted by the Institutional Animal Care and
Use Committee of Heping Hospital Affiliated to Changzhi
Medical College. In all experiments, 5 nude mice per group
were used and nude mice were randomized before injection
of breast cancer cells. A volume of 200μL FBS-free culture
medium containing 2× 106 MCF-7 cells stably transfected
with sh-circ-ADAM9 was hypodermically inoculated into
the left back near the forelimb, with sh-NC as control. Tu-
mor volume was calculated regularly using volume= 1/2
(length×width2). BALB/c nude mice in irradiation groups
were irradiated with 2Gy every other day (total 10Gy)
when tumor volume >150mm3. At the time of sacrifice
25d after injection, tumor tissues were collected for weight
detection and RNA extraction.

Dual-luciferase reporter assay

Circinteractome (https://circinteractome.nia.nih) was used
for prediction of potential binding miRNAs of circ-
ADAM9. The target protein of miR-383-5p, PFN2, was
predicted by Starbase (http://starbase.sysu.edu.cn/). Partial
sequences of circ-ADAM9 or the PFN2 30-untranslated
region (UTR) containing putative miR-383-5p comple-
mentary sequences were synthesized and inserted into
pmirGLO vector (Millipore, Billerica, MA, USA). After
co-transfection with the indicated luciferase reporter plas-
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mids and miR-383-5p mimics or NC mimics, MCF-7 and
MDA-MB-231 cells were incubated at 37°C for 24h. The
relative firefly luciferase activity was analyzed with Dual-
Luciferase Reporter Assay Kit (Promega, Madison, WI,
USA) and then normalized to Renilla luciferase activity.
Three independent experiments were included in this assay.

RNA immunoprecipitation (RIP) and RNA pull-down
assays

The RIP assay was conducted by using Magna RIP RNA-
Binding Protein Immunoprecipitation Kit (Millipore). In
brief, transfected MCF-7 and MDA-MB-231 cells were
collected and lysed by RIP buffer. Cell lysates were then
treated with magnetic beads embracing Ago2 or IgG anti-
bodies at 4 °C for 24h, with the input group as a positive
control. After proteinase K treatment, immunoprecipitated
RNA was subjected to RT-qPCR assay. For RNA pull-down
assay, 1× 107 breast cancer cells were harvested, lysed,
and then sonicated. The 200μL of cell lysates were incu-
bated with 30-end biotinylated miR-383-5p (Bio-miR-383-
5p; GenePharma) or control for 3h at 4°C. After pull-down
by streptavidin magnetic beads (Life Technologies, Carls-
bad, CA, USA), the RNA complexes were extracted for
RT-qPCR analysis. Three independent experiments were
included in two assays.

Western blot assay

Cultured MCF-7 and MDA-MB-231 cells or tumor tissues
were washed with cold phosphate buffered saline and ho-
mogenized in RIPA lysis buffer (Beyotime). Equivalent pro-
tein samples (50µg per lane) were loaded onto 10% sodium
dodecyl sulfate polyacrylamide gel electrophoresis and then
transferred onto nitrocellulose membranes (Bio-Rad). Rab-
bit primary antibodies were used to incubate membranes
overnight at 4 °C. After washing, membranes were incu-
bated with HRP-conjugated secondary antibody (#7074S;
1:2000 dilution; Cell Signaling Technology, Danvers, MA,
USA). Enhanced chemiluminescence (Life Technologies)
was used to visualize immunoreactive bands. The following
antibodies were used: Proliferating Cell Nuclear Antigen
(PCNA; #13110S; 1:1500 dilution; Cell Signaling Technol-
ogy), B-cell lymphoma-2 (Bcl-2; #4223S; 1:1500 dilution;
Cell Signaling Technology), Cleaved-caspase-3 (c-caspase
3; #9664S; 1:1500 dilution; Cell Signaling Technology),
caspase 3 (#14220S; 1:1500 dilution; Cell Signaling Tech-
nology), GAPDH (#2118S; 1:2000 dilution; Cell Signaling
Technology), and PFN2 (#8875S; 1:1500 dilution; Cell Sig-
naling Technology). Three independent experiments were
included in this assay.

Statistical analysis

Quantitative data were expressed as mean± standard devi-
ation. Statistical analysis was conducted by Student’s t-test
or analysis of variance followed by post hoc Bonferroni’s
using GraphPad Prism 7 (GraphPad, La Jolla, CA, USA),
and P< 0.05 indicated statistical significance. Pearson’s cor-
relation analysis was applied for correlation analysis.

Results

Circ-ADAM9 is overexpressed in breast cancer tissues
and cells

Herein, we measured the expression level of circ-ADAM9
in breast cancer tissues and adjacent non-tumor tissues and
found that circ-ADAM9 was upregulated in breast cancer
tissues compared with paired neighboring normal tissues

a b

c

d

Fig. 1 Expression level of circ-ADAM9 in breast cancer tissues and
cells. a Quantification of circ-ADAM9 was performed by RT-qPCR
in breast cancer tissues (n= 45) and paired non-tumor tissues (n= 45),
paired t-test. b RT-qPCR was used to examine circ-ADAM9 level in
breast cancer cells and control MCF-10A cells, one-way ANOVA.
c, d Relative levels of circ-ADAM9 and ADAM9 mRNA were deter-
mined by RT-qPCR after treating with RNase R or actinomycin D,
unpaired t-test and one-way ANOVA (**P< 0.01; ***P< 0.001)
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(Fig. 1a). Consistent with these findings, circ-ADAM9 was
strongly expressed in MCF-7, MDA-MB-231, and MDA-
MB-468 cells relative to control MCF-10A cells (Fig. 1b).
Given that circ-ADAM9 expression was relatively higher in
MCF-7 and MDA-MB-231 cells compared to MDA-MB-
468 cells, MCF-7 and MDA-MB-231 cells were selected
to explore the role of circ-ADAM9. Additionally, RNase R
and actinomycin D were used to determine the existence
and stability of circ-ADAM9. Compared to the linear form
of ADAM9 mRNA, circ-ADAM9 was resistant to RNase R
digestion and hardly degraded by actinomycin D (Fig. 1c,d).

a b c

d e

f g

Fig. 2 Effects of circ-ADAM9 inhibition on radiosensitivity, proliferation, apoptosis, migration, and invasion in breast cancer cells. a Interference
efficiency of sh-circ-ADAM9 was assessed by RT-qPCR in MCF-7 and MDA-MB-231 cells, unpaired t-test. b–g MCF-7 and MDA-MB-231 cells
transfected with sh-NC or sh-circ-ADAM9 were exposed to an increasing dose of Gy. b Cellular growth curves of MCF-7 and MDA-MB-231 cells
were determined by colony-forming assay, two-way ANOVA. c Cell viability was measured by MTT assay, two-way ANOVA. d Apoptosis rate
was measured by flow cytometry, one-way ANOVA. e Representative images of western blot analysis and protein expression levels of PCNA,
Bcl-2, and rate of c-caspase 3/caspase 3 normalized to control GAPDH, one-way ANOVA. f, g Migration and invasion assay histograms show
the migrated and invaded cell count from MCF-7 and MDA-MB-231 cells determined by wound healing and Transwell assays, unpaired t-test
(***P< 0.001)

Our observations raised the possibility that circ-ADAM9
was closely tied to breast cancer progression.

Depletion of circ-ADAM9 expression impaired
proliferation, migration, and invasion but increased
radiosensitivity and apoptosis in breast cancer cells

To systematically identify biologically relevant circ-ADAM9
in breast cancer, we performed loss-of-function assays us-
ing shRNA-mediated targeting of circ-ADAM9 in breast
cancer cells. As compared to the sh-NC group, circ-
ADAM9 was obviously downregulated in the sh-circ-
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ADAM9 group (Fig. 2a). In vitro depletion of circ-ADAM9
significantly repressed the survival of breast cancer cells
in all test groups; simultaneously, circ-ADAM9 inhibi-
tion enhanced radiosensitivity in MCF-7 and MDA-MB-
231 cells (Fig. 2b). Next, 4Gy of radiation was chosen to
examine cell survival number. Sh-circ-ADAM9-transfected
MCF-7 and MDA-MB-231 cells also exhibited decreased
cell proliferation relative to sh-NC-transfected cells, no
matter whether with or without radiation (Fig. 2c). Fur-
thermore, circ-ADAM9 knockdown promoted radiation-
induced apoptosis in MCF-7 and MDA-MB-231 cells
(Fig. 2d). As shown in Fig. 2e, depletion of circ-ADAM9
increased the rate of c-caspase 3/caspase 3 and decreased
PCNA and Bcl-2 levels in MCF-7 and MDA-MB-231 cells,
which was further enhanced after treatment with radiation.
Cell migration was lower in the sh-circ-ADAM9 group
than in the sh-NC group (Fig. 2f). Consistently, invasion
inhibition was observed in MCF-7 and MDA-MB-231 cells
after silencing of circ-ADAM9 (Fig. 2g). Together, these
findings demonstrated that suppression of circ-ADAM9
inhibited the malignant phenotypes of breast cancer cells.

Circ-ADAM9 inhibition impeded tumor growth
following irradiation

The functional effect of circ-ADAM9 inhibition on tumor
growth was assessed by in vivo xenograft experiments. The
shortage of circ-ADAM9 reduced the xenograft volume
compared with control; after irradiation treatment, nude

Fig. 3 Silencing of circ-
ADAM9 repressed tumor
growth in vivo. a Xenograft
volume was measured regularly,
two-way ANOVA. b, c Rep-
resentative images and tumor
weight after tumor dissection
from nude mice, one-way
ANOVA. d Expression level
of circ-ADAM9 was estimated
with RT-qPCR in dissected
tumor tissues from different
groups, one-way ANOVA
(***P< 0.001)

a b

c d

mice bearing sh-circ-ADAM9 tumors were the smallest in
all test groups (Fig. 3a). Consistent with a delay in tumor
growth, circ-ADAM9 knockdown combined with irradia-
tion could reduce tumor weight (Fig. 3b,c). The expression
of circ-ADAM9 was downregulated in the sh-circ-ADAM9
group and the IR+sh-circ-ADAM9 group compared with
matched controls (Fig. 3d). Thus, circ-ADAM9 was a key
regulator of tumor growth and radiosensitivity.

MiR-383-5p is a direct target of circ-ADAM9

Circinteractome predicted that 9 miRNAs had binding sites
on circ-ADAM9. Only 4 miRNAs, including miR-1236-3p,
miR-383-5p, miR-622, and miR-634, which were down-
regulated in breast cancer and can exert cancer-suppressive
effects in previous studies, were screened and validated.
Only miR-383-5p expression was inversely regulated by
circ-ADAM9 (Fig. S1a, b). We also found that miR-383-
5p was obviously downregulated in breast cancer com-
pared to matched non-tumor tissues (Fig. 4a). MiR-383-
5p was also identified as having a significant correlation
with circ-ADAM9 in breast cancer tissues (Fig. 4b). The
prediction algorithm Circinteractome was used to predict
target miRNA of circ-ADAM9, and we displayed the miR-
383-5p-binding sites on circ-ADAM9 (Fig. 4c). To validate
the putative target of circ-ADAM9, we performed dual-
luciferase reporter assay. MiR-383-5p ectopic expression
decreased luciferase reporter activity of wt-circ-ADAM9,
while it was not decreased in MCF-7 and MDA-MB-

K



84 Strahlenther Onkol (2023) 199:78–89

a b c

d e

f g h i

Fig. 4 Circ-ADAM9 targeted miR-383-5p in breast cancer cells. a Expression level of miR-383-5p was examined by RT-qPCR in breast cancer
tissues and paired non-tumor tissues, paired t-test. b Correlation between miR-383-5p and circ-ADAM9 was analyzed by Pearson’s correlation
analysis. c Graphic representation showed miR-383-5p binding sites on circ-ADAM9, two-way ANOVA. d Dual-luciferase reporter assay was
used to confirm the association between miR-383-5p and circ-ADAM9, two-way ANOVA. e RIP assay was performed in MCF-7 and MDA-MB-
231 cells, one-way ANOVA. f Expression of miR-383-5p was examined by RT-qPCR in breast cancer cells and control MCF-10A cells, one-way
ANOVA. g RT-qPCR was used to test circ-ADAM9 expression in MCF-7 and MDA-MB-231 cells transfected with pCD-ciR or circ-ADAM9,
unpaired t-test. h, i Expression of miR-383-5p was assessed by RT-qPCR in MCF-7 and MDA-MB-231 cells transfected with pCD-ciR, circ-
ADAM9, sh-NC, or sh-circ-ADAM9, unpaired t-test (***P< 0.001)

231 cells transfected with MUT-circ-ADAM9 (Fig. 4d).
Furthermore, RIP assay suggested that miR-383-5p and
circ-ADAM9 were enriched in the Ago2-immunoprecipi-
tated group when compared to the IgG group, indicating
that circ-ADAM9 could bind to miR-383-5p in an Ago2-
dependent manner (Fig. 4e). Consistently, miR-383-5p ex-
pression was lower in MCF-7, MDA-MB-231, and MDA-
MB-468 cells compared to MCF-10A cells (Fig. 4f). As
compared to the pCD-ciR group, circ-ADAM9 was ob-
viously upregulated in MCF-7 and MDA-MB-231 cells
transfected with circ-ADAM9 (Fig. 4g). Overexpression of
circ-ADAM9 inhibited miR-383-5p expression; conversely,
loss of circ-ADAM9 increased miR-383-5p expression
(Fig. 4h,i). Collectively, these findings showed that miR-
383-5p is a functional target of circ-ADAM9.

PFN2 is a direct target of miR-383-5p

Considering that miRNA could medicate gene expression
by binding to mRNAs, we hypothesized that miR-383-5p

might act as a regulator in breast cancer through binding to
a certain mRNA. Starbase predicted that there were 1927
genes with binding sites for miR-383-5p, and we reviewed
the relevant literature to screen three genes that were up-
regulated in breast cancer and were associated with radiore-
sistance, i.e., FSTL1, RAD51, and PFN2. RNA pull-down
experiments showed that a large amount of PFN2 could bind
to miR-383-5p (Fig. S1c, d). Interesting, PFN2 was obvi-
ously overexpressed in breast cancer compared to matched
non-tumor tissues (Fig. 5a,b), and we also confirmed a nega-
tive correlation relationship between miR-383-5p and PFN2
(Fig. 5c). Using the bioinformatics prediction tool Starbase,
miR-383-5p was also identified to have complementary se-
quences on PFN2 (Fig. 5d). Dual-luciferase reporter mani-
fested that only upregulation of miR-383-5p decreased the
luciferase activity of the wt-PFN2 30-UTR group (Fig. 5e).
Biotinylated miR-383-5p also enhanced the pull-down effi-
ciency of PFN2 mRNA (Fig. 5f). According to the western
blot analysis, PFN2 was upregulated in MCF-7, MDA-MB-
231, and MDA-MB-468 cells compared to MCF-10A cells
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a b c

d

e f g

h i j k

Fig. 5 MiR-383-5p targeted PFN2 in breast cancer cells. a, b Expression levels of PFN2 were measured by RT-qPCR and western blot in breast
cancer tissues and control, paired t-test. c Correlation between miR-383-5p and PFN2 was analyzed. d Schematic illustration shows miR-383-
5p binding sites on PFN2. e, f Dual-luciferase reporter and RNA pull-down assays were performed to confirm the association between miR-383-
5p and PFN2, one-way and two-way ANOVA. g Protein level of PFN2 was assessed by western blot in breast cancer cells and control, one-way
ANOVA. h–k Expression of miR-383-5p and PFN2 was determined by RT-qPCR in MCF-7 and MDA-MB-231 cells transfected with miR-383-
5p mimics, NC mimics, miR-383-5p inhibitor, or NC inhibitor, unpaired t-test (**P< 0.01; ***P< 0.001)

(Fig. 5g). Transfection with miR-383-5p mimics dramati-
cally increased the expression of miR-383-5p in MCF-7 and
MDA-MB-231 cells; besides, miR-383-5p was decreased in
cells transfected with miR-383-5p inhibitor (Fig. 5h,i). Ad-
ditionally, we found that PFN2 protein expression in MCF-7
and MDA-MB-231 cells was decreased under transfection
of miR-383-5p mimics, while PFN2 was stably increased
through miR-383-5p inhibitor (Fig. 5j,k). In view of the
above findings, PFN2 was a direct target of miR-383-5p in
breast cancer cells.

MiR-383-5p regulates breast cancer cell function via
downregulating PFN2

To characterize the cellular effects of miR-383-5p and
PFN2 overexpression, we determined radiosensitivity, pro-
liferation, apoptosis, migration, and invasion in breast can-

cer cells. PFN2 overexpression was found in MCF-7 and
MDA-MB-231 cells after transfection with PFN2 (Fig. 6a).
Importantly, transfection with PFN2 rescued the downregu-
lation of PFN2 in MCF-7 and MDA-MB-231 cells induced
by miR-383-5p mimics (Fig. 6b). As expected, miR-383-5p
overexpression by miR-383-5p mimics reduced the colony-
forming and proliferative abilities of breast cancer cells
no matter with or without radiation, which was reversed
by re-expression of PFN2 (Fig. 6c,d). MiR-383-5p overex-
pression also increased cell apoptosis, which was enhanced
after treatment with radiation, and the role of miR-383-
5p overexpression was counteracted by PFN2 overexpres-
sion (Fig. 6e,f). PFN2 upregulation counteracted miR-383-
5p mimics-induced decrease of PCNA and Bcl-2 and in-
creased the rate of c-caspase 3/caspase 3 in MCF-7 and
MDA-MB-231 cells under radiation (Fig. 6g,h). The sup-
pressive effects on migration and invasion in miR-383-5p
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a b c

d

e

f g

h i

Fig. 6 Overexpression of miR-383-5p-mediated effects on radiosensitivity, proliferation, apoptosis, migration, and invasion of breast cancer cells
were dependent on PFN2. a Overexpression efficiency of PFN2 was assessed by RT-qPCR in MCF-7 and MDA-MB-231 cells, unpaired t-test.
b–j MCF-7 and MDA-MB-231 cells were transfected with NC mimics, miR-383-5p mimics, miR-383-5p mimics+pcDNA3.1, or miR-383-5p
mimics+PFN2. b Western blot analysis was used to quantify PFN2 level, one-way ANOVA. c, d Cellular growth curves and cell viability of
MCF-7 and MDA-MB-231 cells were determined by colony-forming and MTT assay, respectively, one-way ANOVA. e, f Apoptosis was analyzed
by flow cytometry, one-way ANOVA. g Protein expression levels of PCNA, Bcl-2, and rate of c-caspase 3/caspase 3 were assessed by western
blot analysis, one-way ANOVA. h, iMigration and invasion assays were performed by wound healing and Transwell assays, respectively, one-way
ANOVA (**P< 0.01; ***P< 0.001)
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Fig. 7 Inhibition of circ-ADAM9-mediated effects on breast cancer cells were dependent on miR-383-5p. a–h MCF-7 and MDA-MB-231 cells
were transfected with sh-NC, sh-circ-ADAM9, sh-circ-ADAM9+NC inhibitor, or sh-circ-ADAM9+miR-383-5p inhibitor. a, b Levels of miR-383-
5p and PFN2 were quantified by RT-qPCR and western blot assays, one-way ANOVA. c, d colony-forming and MTT assays were used to assess
growth curves and cell viability of MCF-7 and MDA-MB-231 cells, two-way ANOVA. e Apoptosis was examined by flow cytometry, one-way
ANOVA. f Western blot analysis was conducted to test the protein levels of PCNA, Bcl-2, and rate of c-caspase 3/caspase 3, one-way ANOVA.
g, h Wound healing and Transwell assays were used to analyze migration and invasion, respectively, one-way ANOVA (**P< 0.01; ***P< 0.001)

mimics-transfected cells were largely abrogated by PFN2
overexpression (Fig. 6i,j). The above findings suggest that
miR-383-5p weakened the malignant behaviors of breast
cancer cells via targeting PFN2.

Inhibition of circ-ADAM9-mediated effects on breast
cancer cells via upregulatingmiR-383-5p

To investigate whether circ-ADAM9 could regulate breast
cancer cell function via miR-383-5p, MCF-7 and MDA-
MB-231 cells were transfected with sh-circ-ADAM9 and
miR-383-5p inhibitor. MiR-383-5p was downregulated in

MCF-7 and MDA-MB-231 cells co-transfected with sh-
circ-ADAM9 and miR-383-5p inhibitor compared to cells
transfected with sh-circ-ADAM9 only (Fig. 7a). Moreover,
downregulation of miR-383-5p obviously rescued the in-
hibitory expression of PFN2 in sh-circ-ADAM9-transfected
cells (Fig. 7b). The decreased colony-forming and prolifer-
ative abilities in circ-ADAM9-silenced MCF-7 and MDA-
MB-231 cells were also rescued by miR-383-5p inhibitor
(Fig. 7c,d). Conversely, downregulation of circ-ADAM9
markedly enhanced cell apoptosis, which was abolished
by silencing of miR-383-5p (Fig. 7e). Suppression of circ-
ADAM9 increased the rete of c-caspase 3/caspase 3 and
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decreased PCNA and Bcl-2 levels in MCF-7 and MDA-
MB-231 cells, whereas these effects were largely abro-
gated by concomitant inhibition of miR-383-5p (Fig. 7f).
Wound healing and Transwell assays indicated that the in-
hibitive effects on migration and invasion induced by circ-
ADAM9 silencing were overturned by miR-383-5p inhibi-
tion (Fig. 7g,h). Circ-ADAM9 plays a cancerogenic role in
breast cancer cells via regulating miR-383-5p.

Discussion

Breast cancer is a common gynecological malignancy in fe-
males [1, 2]. We found that circ-ADAM9 could regulate the
miR-383-5p/PFN2 axis to promote breast cancer progres-
sion. Considering their stability and sequence conservation,
circRNAs have huge potential application value for diag-
nosis and treatment of human cancers [17]. For example,
Tran et al. proposed that circRNA has an extremely high
application value for diagnosis and treatment of female re-
productive system tumors in the future [18]. Understanding
of the crosstalk between circRNA and miRNA is rapidly
expanding [19]. Indeed, recent reports have identified that
circ-ADAM9 exerted miRNA-sponging functions in human
disease by regulating the function of miR-20a-5p and miR-
217 [6, 20]. Our results proposed that the function of circ-
ADAM9 was dependent on sponging of miR-383-5p.

Work from the past decade has established miRNAs as
critical regulators in malignant tumors through base pair-
ing with 30-UTRs of their target genes and thus affecting
the function of target mRNAs [21]. Previous research has
suggested that miR-383-5p could function as a tumor in-
hibitor in breast cancer progression through directly target-
ing oncogenes, such as programmed death 1, RNA-bind-
ing motif protein 3, and lactate dehydrogenase, and miR-
379 might be considered as an effective strategy for breast
cancer treatment [22–24]. Importantly, aberrant expression
of miR-383-5p has been demonstrated to be implicated in
chemoresistance of tumor cells [25, 26]. Consistent with
miR-383-5p having a role in the pathological development
of breast cancer, in this paper, miR-383-5p has been shown
to impact breast cancer progression via tumor-suppressive
roles through PFN2.

Altered PFN2 expression was linked to tumorigenesis,
we also found that PFN2-mediated malignant behaviors
and radiosensitivity of breast cancer cells were regulated
by miR-383-5p. In addition, a report in breast cancer im-
plied that miR-223-3p overexpression reduced cell prolif-
eration, glycolysis, and colony formation, while improving
radiosensitivity in breast cancer cells by regulating PFN2
[27]. Importantly, Kim et al. reported that PFN2-associ-
ated adhesion molecules could be a target for radiosensitiv-
ity [28]. Not surprisingly, upregulation of PFN2 indicated

a poor prognosis of patients with breast cancer, proposing
PFN2 as a therapeutic target [29, 30]. As expected, PFN2
was also verified as an oncogene in breast cancer progres-
sion.

Together, circ-ADAM9 could competitively bind to
miR-383-5p to increase PFN2 expression, which facili-
tated breast cancer progression and radioresistance. These
findings have expanded the functional repertoire of circ-
ADAM9, identifying circ-ADAM9 as a key driver of breast
cancer progression which is dependent on the miR-383-
5p/PFN2 axis.

Conclusion

Our findings showed that circ-ADAM9 inhibition impaired
proliferation, migration, and invasion, while increasing ra-
diosensitivity and apoptosis in breast cancer cells through
the miR-383-5p/PFN2 axis, suggesting the potential value
of radiotherapy combined with circ-ADAM9-targeted adju-
vant therapy for breast cancer patients.
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