
CircMYH9 promotes the mRNA stability of SPAG6 by recruiting EIF4A3 to 
facilitate the progression of breast cancer
Shanji Fana, Ying Cuib, Yingjie Liua, Yuehua Lic, Hong Huangd,e, and Zecheng Hua

aDepartment of Breast and Thyroid Surgery, The First Affiliated Hospital, Hengyang Medical School, University of South China, Hengyang, 
China; bCollege of Chemistry and Materials Science, Hengyang Normal University, Hengyang, Hunan, China; cDepartment of Medical 
Oncology, The First Affiliated Hospital, Hengyang Medical School, University of South China, Hengyang, China; dInstitute of Cardiovascular 
Disease, The First Affiliated Hospital, Hengyang Medical School, University of South China, Hengyang, Hunan, China; eHunan Provincial Key 
Laboratory of Multi-omics and Artificial Intelligence of Cardiovascular Diseases, University of South China, Hengyang, Hunan, China

ABSTRACT
The incidence rate of breast cancer (BC) ranks first among female malignant tumors. Late-stage BC 
patients are at risk of death from distant metastasis. Circular RNAs (circRNAs) play an important 
function in cancer development. This study looked at the role of circMYH9 in BC. The nude mouse 
tumor-bearing experiment was used to verify the role of circMYH9 in regulating BC tumor growth 
in mice. Gene expression and protein amount were tested by qRT-PCR, western blot, and IHC. The 
pathological changes in tumor tissues were analyzed by HE staining. Cell viability, proliferation, 
migration, and invasion were assessed using CCK8, colony formation assay, wound healing assay, 
and Transwell assay, respectively. The interactions between circMYH9, SPAG6, and EIF4A3 were 
analyzed by RIP assay. CircMYH9 was significantly upregulated in BC, and its upregulated was 
related to poor prognosis. CircMYH9 silencing markedly impaired BC cell proliferation, migration, 
and invasion. Mechanistically, circMYH9 promoted the mRNA stability and expression of SPAG6 by 
recruiting EIF4A3. As expected, SPAG6 overexpression abrogated inhibition mediated by circMYH9 
knockdown on BC cell malignant behaviors. In addition, circMYH9 knockdown inhibited PI3K/Akt 
signal pathway by increasing PTEN expression in BC cells, while was reversed by SPAG6 upregula
tion. PTEN inhibition abolished inhibition induced by circMYH9 downregulation on BC malignant 
progression. Moreover, circMYH9 silencing inhibited tumor growth in mice. CircMYH9 overexpres
sion regulated the PTEN/PI3K/AKT pathway by increasing SPAG6 mRNA stability through recruit
ing EIF4A3, thereby promoting BC malignant progression.
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Introduction

Breast cancer (BC) is the most frequent cancer in 
women across the world [1]. As reported, about 
2.26 million cases of BC were diagnosed globally in 
2020, accounting for 24.5% of all female malignant 
tumor cases [2]. Although the prognosis of BC 
patients is good due to the latest advances in 
early diagnosis and effective treatment, recurrence 
or metastasis still poses a threat to survival [3]. As 
a result, novel diagnostic and treatment techniques 
are urgently needed to increase the efficiency 
of BC diagnosis and treatment, and exploring the 
molecular mechanism of BC and finding its prog
nostic markers and treatment targets is the key to 
achieving this goal.

Circular RNAs (circRNAs) are a new kind of 
RNA with a covalently closed loop structure [4]. 
CircRNAs are resistant to exonuclease because of 
their loop shape, making them significantly more 
durable than their mother linear RNAs and abun
dant in mammalian cells [5]. CircRNA dysregula
tion is a key risk factor promoting BC progression, 
as evidence, hsa_circ_001783 upregulation mark
edly promoted BC cell proliferation and invasion 
[6]. CircMYH9 (hsa_circ_0092283), as an intron- 
derived circRNA, originates from the MYH9 gene 
(22q12.3) and is located in chr22 (36681395–
36681695). A previous study showed that 
circMYH9 upregulation was correlated with 
shorter overall survival of colorectal cancer 
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patients [7]. Nonetheless, the role of circMYH9 
in BC is not well understood and needs further 
research.

CircRNAs’ underlying mechanics are compli
cated. CircRNAs control the expression of target 
genes by sponging numerous RNA-binding pro
teins (RBPs) [8]. Eukaryotic translation initiation 
factor4A3 (EIF4A3) is an RBP that is essential for 
RNA splicing, trafficking, translation, degradation, 
and positioning [9]. EIF4A3 is involved in the 
progression of multiple diseases, including cancers 
[10]. As proof, EIF4A3-induced circBRWD3 
promoted BC tumorigenesis [11]. Notably, it was 
previously described that hsa_circ_0068631 
facilitated BC development by binding to EIF4A3 
[12]. Herein, bioinformatic prediction revealed 
that circMYH9 had possible binding sites for 
EIF4A3. Nevertheless, the interaction between 
circMYH9 and EIF4A3 in regulating BC develop
ment is still unknown.

Sperm-associated antigen 6 (SPAG6) was discov
ered in human testicular tissue for the first time, 
and functions in cooperating in germ cell develop
ment and preserving sperm viability and fertility 
[13]. SPAG6 dysregulation has a profound impact 
on multiple human malignant tumors [14,15]. 
A previous study identified SPAG6 as a novel bio
marker for early BC detection [16]. In the present 
research, we predicted high confidence in the 
mRNA binding between EIF4A3 and SPAG6 
through bioinformatics analysis. However, further 
research is needed to determine whether EIF4A3 
can regulate the progression of BC by regulating the 
stability of SPAG6 mRNA. SPAG6 could promote 
Burkitt lymphoma cell proliferation and inhibit 
apoptosis by regulating the PTEN/PI3K/AKT path
way [17]. PTEN/PI3K/AKT is an essential signaling 
system that regulates apoptosis, cell proliferation, 
and cell growth [18]. The dysregulation of PTEN/ 
PI3K/AKT signaling in tumors confers tumouri
genic properties in several cellular systems [18]. In 
addition, the dysregulation of PTEN/PI3K/AKT 
signaling contributes to tumor cell metastasis and 
invasion [19]. Therefore, it is speculated that the 
SPAG6 upregulation promotes BC malignant pro
gression by regulating the PTEN/PI3K/AKT 
pathway.

Collectively, it’s speculated that circMYH9 
upregulation regulated the PTEN/PI3K/AKT 

pathway by increasing SPAG6 mRNA stability 
through recruiting EIF4A3, thus promoting BC 
cell proliferation and migration. As a result, 
circMYH9 May be a prognostic biomarker and 
might also serve as a potential therapeutic target 
for breast cancer patients. Our findings serve as 
a theoretical framework for the development of 
innovative BC treatment approaches.

Materials and methods

Clinical sample collection

According to the pathological stage, 50 BC tumor 
specimens and matched surrounding normal tis
sues were obtained from diagnosed BC patients 
post-operatively in the First Affiliated Hospital, 
Hengyang Medical School, University of South 
China. BC patients were not treated. Each partici
pant completed a written informed consent form. 
The Ethics Committee of the First Affiliated 
Hospital, Hengyang Medical School, University of 
South China authorized the study. The detailed 
clinical and pathological information on the asso
ciated breast cancer patients were listed in 
Table S1.

Cell culture and treatment

ATCC (VA, USA) provided the normal breast 
epithelial cells (MCF-10A cells) and human BC 
cell lines (T47D, BT474, MCF-7 and BT549 
cells). All cells were grown in DMEM medium 
(Gibco, MD, USA) mixed with 10% FBS (Gibco) 
and 1% penicillin/streptomycin (Gibco) with 5% 
CO2 at 37°C.

Cell transfection

GenePharma (Shanghai, China) provide the short 
hairpin RNAs (sh-circMYH9 and sh-EIF4A3) and 
the overexpression plasmids (oe-circMYH9 and 
oe-SPAG6). The vectors were introduced into 
cells with Lipo3000 (Invitrogen, CA, USA).

Immunohistochemistry (IHC)

After being deparaffinated and antigen retrieved 
(Dako, CA, USA), the tumor tissue slices (4 μm) 
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were blocked and treated overnight with antibo
dies against SPAG6 (Abcam, Cambridge, UK, 
1:100, ab155653) and Ki67 (Abcam, 1:200, 
ab15580). The sections were then treated for 1 h 
with the secondary antibody (Abcam, 1:500, 
ab150077). The sections were reacted with DAB 
solution, stained with hematoxylin, dried, and 
sealed with neutral gum. The photos were cap
tured in (Tokyo, Japan).

Cell counting kit-8 (CCK-8) assay

Cells were cultured in 24-well plates (1 × 104 cells/ 
well) for 24 h. Cells were then treated for 3 h with 
10 μL CCK8 solution (Sangon, Shanghai, China). 
The absorbance at 450 nm was measured.

Colony formation assay

Cells were cultured in 6-well plates (1000 cells/ 
well) for 7 d, fixed with methanol for 10 min, 
and stained with crystal violet (1%) for 5 min. 
The number of colonies was counted using an 
Olympus microscope.

Wound healing assay

Cells were grown in 6-well plates (5 × 105 cells/ 
well) for 12 h. Following removal of the media, 
a sterile pipette tip was used to construct an arti
ficial wound. Cells were washed, cultured, and 
pictures were captured at 0 and 24 h.

Transwell invasion assay

Cells (1 × 104) were added in serum-free medium 
and plated into the upper chamber which was 
precoated with Matrigel (BD, NJ, USA), and com
plete DMEM (1000 μL) was added in the bottom 
chamber. Cells in the top chamber were removed 
after 12 h, while cells in the bottom chamber were 
fixed and stained with 0.5% crystal violet. An 
Olympus microscope was used to image cells.

RNA binding protein immunoprecipitation (RIP) 
assay

The total mRNA was incubated with EIF4A3 anti
body (Abcam, 1:30, ab180573) or IgG antibody 

(Abcam, 1:100, ab109489) and incubated with pro
tein A/G magnetic beads (Millipore, MA, USA) for 
1 h. RNA was purified and analyzed by qRT-PCR.

mRNA stability assay

Cells (8 × 104) were incubated with 5 mg/mL acti
nomycin D (Sigma-Aldrich) for 0 h, 1h, 2 h, and 
4 h. Then RNA was analyzed by qRT-PCR.

Quantitative real-time polymerase chain reaction 
(qRT-PCR)

Total RNA was extracted using TRIzol 
(Invitrogen). cDNA synthesis was carried out 
using a reverse transcription kit (ThermoFisher 
Scientific). ThermoFisher Scientific’s SYBR was 
used for qRT-PCR. GAPDH was used as the refer
ence gene. The data were analyzed using 2−ΔΔCT 

method. The primers used in the study were listed 
as follows (5’−3’):

circMYH9 (F): CTCATGCCCTCCAGCCAG
circMYH9 (R): GGTCCAAGGCCAGCTCTG
SPAG4 (F): TCTCCAGTAGTCTCTGAGGAGC
SPAG4 (R): CGGATGGAACAGACCTCCC
SPAG5 (F): TTGAGGCCCGTTTAGATACCA
SPAG5 (R): GCTTTCCTTGGAGCAATGTAGTT
SPAG6 (F): GCTTTGAAAAGGATTGCTGCTT
SPAG6 (R): CCACTACTGTCTGTGCTAACTCT
SPAG9 (F): CAAGGCGGATCTAAAGCTACC
SPAG9 (R): TTGGCGCATCTGTAACCTTCA
EIF4A3 (F): GGGGCATCTACGCTTACGG
EIF4A3 (R): GCGATGACATCTCTCCCTTTGA
GAPDH(F): AGCCCAAGATGCCCTTCAGT
GAPDH(R): CCGTGTTCCTACCCCCAATG

Western blot

A BCA kit (ThermoFisher Scientific) was used to 
measure the proteins after they had been separated 
using RIPA (Beyotime). The total protein was iso
lated by 10% SDS-PAGE and transferred to 
a Millipore PVDF membrane. The membranes 
were blocked and incubated with antibodies 
against EIF4A3 (ab180573), SPAG6 (ab155653), 
PTEN (ab267787), PI3K (ab191606), p-PI3K 
(ab182651), AKT (ab8805), p-AKT (ab38449) and 
β-actin (ab8226), overnight, then hybridized for 
60 min with the secondary antibody (ab7090). 
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The protein bands were visualized by ECL and 
quantified by Image J. All antibodies were pur
chased from Abcam and diluted according to the 
instructions.

Animal experiments

Eighteen female nude mice (5-week-old) were 
obtained from SJA LABORATORY (Hunan, 
China). After acclimation for 1 week, the mice 
were randomly classified into three groups: 
Control, LR, sh-NC, and sh-circMYH9 (with 6 
mice in each group). The mice were subcuta
neously implanted with an estradiol pellet (0.72  
mg/60 d slow release; Innovative Research, CA, 
USA). The next day,

0.1 mL PBS containing 1 × 106 MCF-7 cells 
which stable transfected with sh-NC or sh- 
circMYH9 were injected subcutaneously in the 
axilla of mice. The tumor volume was calculated 
using the following formula: V = lw2/2 (l: length, 
w: width). Tumor volume and body weight were 
measured every 5 d. The mice were then eutha
nized after 21 d, and the tumor tissues were 
collected.

Hematoxylin-eosin (HE) staining

The tumor tissue block was fixed in 4% parafor
maldehyde overnight. The fixed tissue block was 
embedded in paraffin and cut to a thickness of 
5 μm. The sections were dehydrated in different 

alcohol concentrations and stained with HE 
(Sigma-Aldrich). The sections were observed and 
photographed under the Olympus microscope.

Data analysis

Three separate trials were the source of all data. 
The statistical data indicated as Mean±SD were 
analyzed using GraphPad Prism 7.0. Student’s 
t-tests were used to examine the differences 
between the two groups, while one-way ANOVA 
was conducted to compare differences among 
groups. The p values less than 0.05 were regarded 
as significant.

Results

CircMYH9 was highly expressed in BC, and its 
high level was associated with poor prognosis

It was first observed that circMYH9 expression was 
much greater in BC tissues than in adjacent normal 
tissues (Figure 1(a)). In addition, its upregulation 
was linked to poor prognosis (Figure 1(b)). Our 
results also demonstrated that circMYH9 was over
expressed in BC cells (T47D, BT474, MCF-7 and 
BT549 cells) compared with normal breast epithe
lial cells (MCF-10A cells) (Figure 1(c)). 
Considering that the expression of circMYH9 was 
higher in MCF-7 and BT549 cells among all BC cell 
lines (Figure 1(c)), therefore these two BC cell lines 
were chosen for further investigations. Collectively, 

Figure 1. CircMYH9 was highly expressed in BC, and its high level was associated with poor prognosis of BC.
A total of 50 BC tumor tissues as well as paired adjacent normal tissues were collected post-operatively from BC patients. (a) 
CircMYH9 expression in tissues was detected by qRT-PCR. (b) Kaplan Meier survival analysis was used to analyze the relationship 
between circMYH9 expression and survival of BC patients. (c) qRT-PCR was employed to determine circMYH9 expression in BC cells 
(T47D, BT474, MCF-7 and BT549 cells) and normal breast epithelial cells (MCF-10A cells). The measurement data were presented as 
mean ± SD. All data was obtained from at least three replicate experiments. *p < 0.05, **p < 0.01, ***p < 0.001. 
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circMYH9 May play an important role in BC 
progression.

CircMYH9 knockdown inhibited BC cell 
proliferation, invasion, and migration

CircMYH9 knockdown was induced in MCF-7 
and BT549 cells to study the role of circMYH9 in 
controlling BC development. It was firstly 

observed that both sh-circMYH9–1 and sh- 
circMYH9–2 transfection significantly reduced 
circMYH9 expression level in MCF-7 and BT549 
cells (Figure 2(a)). The knockdown efficiency of 
sh-circMYH9–1 was observed to be higher 
(Figure 2(a)), so sh-circMYH9–1 was selected for 
subsequent experiments. CCK8 assay subsequently 
showed that BC cell viability decreased with time 
after circMYH9 knockdown (Figure 2(b)). In 

Figure 2. CircMYH9 knockdown inhibited BC cell proliferation, invasion, and migration.
(a) CircMYH9 expression in MCF-7 and BT549 cells after sh-NC, sh-circMYH9–1, or sh-circMYH9–2 transfection was examined by qRT- 
PCR. MCF-7 and BT549 cells were transfected with sh-NC or sh-circMYH9–1. (b) CCK8 assay was employed to determine cell viability. 
(c) Cell proliferation was detected by colony formation assay. (d) Cell migration was measured by wound healing assay (ruler 
200 μm). (e) Transwell assay was performed to examine cell invasion (ruler 100 μm). The measurement data were presented as mean  
± SD. All data was obtained from at least three replicate experiments. *p < 0.05, **p < 0.01, ***p < 0.001. 
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addition, circMYH9 silencing markedly 
inhibited BC cell proliferation (Figure 2(c)), inva
sion (Figure 2(d)) and migration (Figure 2(e)). 
Taken together, circMYH9 silencing 
suppressed BC cell malignant behaviors.

CircMYH9 expression was positively correlated 
with SPAG6 expression

Before carrying out the research, we have detected 
the expressions of SPAG4, SPAG5, and SPAG9 
in BC, and the correlation between the expression 
of these molecules and circMYH9 expression has 
also been analyzed. The results showed that both 
SPAG4, SPAG5, SPAG6, and SPAG9 were highly 
expressed in BC tissues than that in adjacent normal 

tissues (Figure S1a). Among these SPAG proteins, 
the upregulation of SPAG6 was the most significant 
(Figure S1a). In addition, circMYH9 expression was 
positively correlated with the expression of SPAG4, 
SPAG5, SPAG6, and SPAG9 in clinical samples 
(Figure S1b). It was also observed that SPAG6 had 
the highest correlation with circMYH9 expression 
among these SPAG proteins (Figure S1b). SPAG6 
is identified as a tumor marker [20]. As shown in 
Figure 3(a-b), SPAG6 expression was highly 
expressed in BC tissues. CircMYH9 expression was 
positively correlated with SPAG6 expression in clin
ical samples (Figure 3(c)). Meanwhile, SPAG6 
expression was higher in BC cells compared with 
MCF-10A cells (Figure 3(d-e)). SPAG6 expression 
was higher in MCF-7 and BT549 cells among all BC 

Figure 3. CircMYH9 expression was positively correlated with SPAG6 expression.
A total of 50 BC tumor tissues as well as paired adjacent normal tissues were collected post-operatively from BC patients. (a-b) The 
mRNA and protein levels of SPAG6 in tissues were examined by qRT-PCR and western blot. (c) Pearson correlation analysis was 
employed to analyze the correlation between circMYH9 and SPAG6. (d-e) The mRNA and protein levels of SPAG6 in BC cells (T47D, 
BT474, MCF-7, and BT549 cells) and normal breast epithelial cells (MCF-10A cells) were examined by qRT-PCR and western blot. (f-g) 
The mRNA and protein levels of SPAG6 in BC cells following sh-NC or sh-circMYH9 transfection were examined by qRT-PCR and 
western blot. The measurement data were presented as mean ± SD. All data was obtained from at least three replicate experiments. 
*p < 0.05, **p < 0.01, ***p < 0.001. 
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cell lines (Figure 3(d-e)). Moreover, it was observed 
that circMYH9 knockdown reduced SPAG6 expres
sion levels in MCF-7 and BT549 cells (Figure 3(f-g)). 
In summary, circMYH9 positively regulated SPAG6 
expression in BC cells.

CircMYH9 increased SPAG6 mRNA stability by 
recruiting EIF4A3

As widely described, circRNA regulates the 
mRNA stability of downstream targets by inter
acting with RBPs [21]. Herein, the 
CircInteractome database was utilized to pre
dict the RBP interacting with circMYH9, and 
it was found that EIF4A3 was the most reliable 
RBP for interacting with circMYH9 (Figure 4 
(a)). As confirmed by RIP assay, circMYH9 
directly interacted with EIF4A3 in BC cells 
(Figure 4(b)). In addition, SPAG6 directly 
interacted with EIF4A3, while this interaction 
was weakened by circMYH9 knockdown 
(Figure 4(c)). As shown in Figure 4(d), oe- 
circMYH9 transfection markedly elevated 
circMYH9 expression in BC cells. Meanwhile, 
both sh-EIF4A3–1, sh-EIF4A3–2, and sh- 
EIF4A3–3 transfection significantly reduced 
EIF4A3 expression level in MCF-7 and BT549 
cells (Figure 4(e)). The knockdown efficiency of 
sh-EIF4A3–1 was observed to be higher 
(Figure 4(e)), so sh-EIF4A3–1 was selected for 
subsequent experiments. It was subsequently 
revealed that circMYH9 overexpression mark
edly elevated SPAG6 expression in BC cells, 
while these changes were eliminated by sh- 
EIF4A3 co-transfection (Figure 4(f-g)). 
Moreover, SPAG6 mRNA stability in BC cells 
was enhanced following circMYH9 upregulation, 
which was abolished after EIF4A3 downregula
tion (Figure 4(h)). In conclusion, circMYH9 
increased SPAG6 mRNA stability and expression 
in BC cells by recruiting EIF4A3.

CircMYH9 upregulation facilitated BC cell 
proliferation, invasion, and migration by 
upregulating SPAG6

To explore the interaction between circMYH9 
and SPAG6 in controlling BC development, 
both circMYH9 knockdown and SPAG6 

overexpression were induced in MCF-7 and 
BT549 cells. It turned out that oe-SPAG6 trans
fection significantly increased SPAG6 mRNA 
level in BC cells (Figure 5(a)). Functional experi
ments subsequently showed that SPAG6 overex
pression prevented sh-circMYH9-induced 
inhibition on BC cell viability (Figure 5(b)), pro
liferation (Figure 5(c)), invasion (Figure 5d) and 
migration (Figure 5(e)). In addition, circMYH9 
silencing increased PTEN protein level but redu
cing p-PI3K and p-AKT levels in BC cells, while 
these protein expression changes were reversed 
by SPAG6 overexpression (Figure 5(f)). 
Collectively, circMYH9 upregulation 
promoted BC cell malignant behaviors by 
increasing SPAG6 expression.

CircMYH9 facilitated BC cell malignant behaviors 
by regulating the PTEN/PI3K/AKT signaling 
pathway

To investigate the interaction between circMYH9 
and PTEN/PI3K/AKT signaling pathway in 
regulating BC development, circMYH9 knock
down was induced in MCF-7 and BT549 cells 
combined with SF1670 (PTEN inhibitor) treat
ment. As demonstrated in Figure 6(a), circMYH9 
knockdown elevated PTEN protein levels but 
reduced p-PI3K and p-AKT levels in BC cells, 
whereas these changes were reversed by SF1670 
treatment. It also turned out that sh-circMYH9- 
induced inhibition on BC cell viability (Figure 6 
(b)), proliferation (Figure 6(c)), invasion (Figure 6 
(d)), and migration (Figure 6(e)) were all abro
gated by SF1670 treatment. All these results sug
gested that circMYH9 upregulation promoted BC 
cell malignant behaviors by regulating the PTEN/ 
PI3K/AKT signaling pathway.

CircMYH9 silencing inhibited tumor growth in 
mice

The tumor implantations experiment was used to 
verify the effect of circMYH9 on BC malignant 
progression in vivo. As shown in Figure 7(a-c), 
circMYH9 knockdown markedly inhibited tumor 
growth in mice. In addition, circMYH9 knock
down significantly reduced circMYH9 expression 
in tumor tissues (Figure 7(d)). The results from 
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HE staining and IHC subsequently showed that 
circMYH9 silencing markedly reduced tumor cell 
proliferation and the levels of KI67 and SPAG6 
(Figure 7(e-f)). Moreover, circMYH9 knockdown 
significantly increased PTEN protein levels while 

reducing p-PI3K and p-AKT levels in tumor tis
sues (Figure 7(g)). Taken together, circMYH9 
knockdown inhibited BC tumor growth in mice 
by regulating the PTEN/PI3K/AKT pathway 
through increasing SPAG6 expression.

Figure 4. CircMYH9 increased SPAG6 mRNA stability by recruiting EIF4A3.
(a) The CircInteractome database was utilized to predict the RBP interacting with circMYH9. (b) The interaction between circMYH9 
and EIF4A3 was analyzed by RIP assay. (c) The interaction between SPAG6 and EIF4A3 was analyzed by RIP assay. (d) CircMYH9 
expression in BC cells after oe-NC or oe-circMYH9 transfection was detected by qRT-PCR. (e) EIF4A3 expression in BC cells after sh- 
NC, sh-EIF4A3–1, sh-EIF4A3–2, or sh-EIF4A3–3 transfection was determined by qRT-PCR. MCF-7 and BT549 cells were co-transfected 
with oe-circMYH9 and sh-EIF4A3. (f-g) The mRNA and protein levels of SPAG6 in cells were examined by qRT-PCR and western blot. 
(H) SPAG6 mRNA stability was tested by mRNA stability assay. The measurement data were presented as mean ± SD. All data was 
obtained from at least three replicate experiments. *p < 0.05, **p < 0.01, ***p < 0.001. 
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Figure 5. CircMYH9 upregulation facilitated BC cell proliferation, invasion, and migration by upregulating SPAG6.
(a) SPAG6 expression in BC cells after oe-NC or oe-SPAG6 transfection was detected by qRT-PCR. Both circMYH9 knockdown and 
SPAG6 overexpression were induced in MCF-7 and BT549 cells. (b) CCK8 assay was employed to determine cell viability. (c) Cell 
proliferation was detected by colony formation assay. (d) Cell migration was measured by wound healing assay (ruler 200 μm). (e) 
Transwell assay was performed to examine cell invasion (ruler 100 μm). (f) PTEN, PI3K, p-PI3K, AKT, and p-AKT protein levels in BC 
cells were measured by western blot. The measurement data were presented as mean ± SD. All data was obtained from at least 
three replicate experiments. *p < 0.05, **p < 0.01, ***p < 0.001. 
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Discussion

Breast cancer is the most often diagnosed can
cer in women globally, as well as the leading 
cause of death [22]. Despite improvements in 
overall survival and prognosis for BC patients 
in recent years, metastasis remains the major 
cause of death in BC patients [23]. The 5-year 
survival rate for patients with metastases is just 
26%, compared to 90% for all BC patients [24]. 
The underlying molecular pathways that 

regulate BC metastasis and identify new treat
ment targets were studied in this study. The 
current study’s key unique results are that 
circMYH9 upregulation regulated the PTEN/ 
PI3K/AKT pathway by enhancing SPAG6 
mRNA stability through interacting with 
EIF4A3, thereby facilitating BC cell prolifera
tion, migration, and invasion.

Accumulating evidence has demonstrated that 
circRNAs play key roles in tumorigenesis. 

Figure 5. (Continued).
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CircRNAs are particularly essential due to their 
stable structure, which distinguishes them from 
other non-coding RNAs [25]. CircMYH9 was 
identified as a novel circRNA, which was over
expressed in multiple human malignant tumors, 

such as colon cancer [7] and hepatocellular car
cinoma [26]. The function of circMYH9 in BC 
hasn’t been reported before. Herein, circMYH9 
was overexpressed in BC tissues and cells, and its 
upregulation was related to BC patient poor 

Figure 6. CircMYH9 facilitated BC cell malignant behaviors by regulating the PTEN/PI3K/AKT signaling pathway.
CircMYH9 knockdown was induced in MCF-7 and BT549 cells combined with SF1670 (PTEN inhibitor) treatment. (a) Western blot was 
adopted to detect PTEN, PI3K, p-PI3K, AKT, and p-AKT protein levels in BC cells. (b) CCK8 assay was performed to determine cell 
viability. (c) Cell proliferation was measured by colony formation assay. (d) Cell migration was measured by wound healing assay 
(ruler 200 μm). (e) Transwell assay was performed to examine cell invasion (ruler 100 μm). The measurement data were presented as 
mean ± SD. All data was obtained from at least three replicate experiments. *p < 0.05, **p < 0.01, ***p < 0.001. 
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prognosis. In addition, circMYH9 silencing 
markedly inhibited BC cell proliferation, migra
tion, and invasion. Moreover, circMYH9 knock
down inhibited tumor growth in mice. The 
mechanism by which circMYH9 regulated BC 
metastasis was subsequently studied. As widely 
reported, circRNAs may control the mRNA sta
bility and expression downstream through bind
ing to RBPs [27]. As proof, Xia et al. revealed 
that circMYH9 enhanced KPNA2 mRNA stabi
lity to accelerate hepatocellular carcinoma devel
opment by interacting with RBP EIF4A3 [26]. 
EIF4A3 is a vital modulator of RNA splicing 
[28]. Notably, it has been widely described that 

EIF4A3 was highly expressed in BC [12,27]. 
CircMYH9 was observed to interact with 
EIF4A3 in this study. Therefore, all these results 
suggested that circMYH9 upregulation 
promoted BC cell malignant behaviors by 
recruiting EIF4A3.

SPAG6 is involved in germ cell maturation 
and flagella movement [29]. The quantity of 
research concentrating on the relationship 
between SPAG6 and cancer has significantly 
expanded during the last decade. As revealed 
by Zhang et al., SPAG6 upregulation facilitated 
Burkitt lymphoma cell proliferation [17]. In 
addition, SPAG6 overexpression is linked to the 

Figure 6. (Continued).
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clinical outcome of BC and lung cancer [20,30]. 
Our results showed that SPAG6 was overex
pressed in BC. Before carrying out the research, 
we expressed a strong interest in the SPAG 

proteins. The research found that the SPAG 
proteins have potential roles in cancer, but 
there are relatively few reports on their roles 
in BC. Therefore, we further screened the 

Figure 7. CircMYH9 silencing inhibited tumor growth in mice.
The tumor implantation experiment was performed. (a-b) The size, volume, and weight of tumors were measured. (c) CircMYH9 
expression in tumor tissues was determined by qRT-PCR. (e) The pathological changes in tumor tissues were analyzed by HE staining 
(ruler 100 μm). (f) IHC was employed to detect Ki67 and SPAG6 protein levels in tumor tissues (ruler 100 μm). (g) PTEN, PI3K, p-PI3K, 
AKT, and p-AKT protein levels in tumor tissues were measured by western blot. The measurement data were presented as mean ±  
SD. n = 6. *p < 0.05, **p < 0.01, ***p < 0.001. 
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SPAG proteins with potential carcinogenicity 
in BC. SPAG4 has recently been discovered as 
a novel cancer biomarker that has been shown 
to promote lung cancer cell migration [31]. 
SPAG5 has been proven to have carcinogenic 
effects in solid tumors, overexpressed in various 
cancers, and significantly associated with poor 
patient prognosis. It can be used as 
a diagnostic, prognostic survival marker, and 
immunotherapy target for multiple tumors [32– 
34]. Notably, a previous study showed that 
SPAG5 could be used as an independent prog
nostic and predictive biomarker that might have 
clinical utility in BC [35]. SPAG9 is overex
pressed in multiple human malignant tumors, 
such as prostate cancer and liver cancer, and 
promotes tumor proliferation, invasion, and 
metastasis [36,37]. Our study found that 
SPAG6 had the highest correlation with 
circMYH9 expression among these SPAG pro
teins. Considering that SPAG6 has carcinogeni
city in other cancers, its research in breast 
cancer is very limited. In addition, it was also 
observed that circMYH9 knockdown signifi
cantly reduced SPAG6 expression in BC cells, 
suggesting that circMYH9 May potentially regu
late the expression of SPAG6 in BC cells. It also 
turned out that circMYH9 increased SPAG6 
mRNA stability by recruiting EIF4A3. As 
expected, SPAG6 upregulation abolished inhibi
tion mediated by circMYH9 knockdown on BC 
cell malignant behaviors. Taken together, 
circMYH9 upregulation promoted BC cell malig
nant behaviors by enhancing SPAG6 mRNA sta
bility through recruiting EIF4A3.

PTEN and the associated PI3K/AKT pathway 
are critical in several activities, including stem 
cell differentiation and renewal, as well as onco
genesis [18]. Aberrant signaling of PTEN/PI3K/ 
AKT has been revealed to be present in the major
ity of BC tumors, with multiple findings implicat
ing this pathway in the start and progression of 
this cancer type [38,39]. Herein, the PTEN/PI3K/ 
AKT pathway acted as the downstream pathway of 
circMYH9/SPAG6 axis in regulating BC progres
sion. As expected, PTEN inhibition abrogated 
inhibition induced by circMYH9 knockdown 
on BC cell malignant behaviors. Collectively, 
circMYH9 overexpression facilitated BC cell 

malignant behaviors by controlling the PTEN/ 
PI3K/AKT pathway. In addition to the direct reg
ulation of SPAG6 on the PTEN/PI3K/AKT path
way, it was important to consider other potential 
mechanisms through which SPAG6 could influ
ence PTEN expression. According to a study by 
Yin et al. [40], SPAG6 regulated PTEN expression 
indirectly via DNA methylation. The authors sug
gested that SPAG6 upregulated DNA methyltrans
ferase 1 (DNMT1) expression to enhance the 
methylation status of PTEN promoter region. 
This methylation process could lead to the silen
cing of PTEN expression, thereby contributing to 
the activation of the PI3K/AKT pathway and pro
moting tumor progression. This potential epige
netic regulation by SPAG6 provides further insight 
into the complex mechanisms underlying the 
modulation of PTEN expression in cancer cells, 
particularly in the context of breast cancer.

Our research proved that circMYH9 controlled 
the PTEN/PI3K/AKT pathway by boosting SPAG6 
mRNA stability through recruiting EIF4A3, 
thereby promoting BC malignant development. 
These findings provide new targets for the diag
nosis and treatment of BC. The results demon
strate that circMYH9 is an oncogene in BC, 
which may serve as a crucial marker of BC prog
nosis and may be a promising therapeutic target.
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