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CircZCCHC2 decreases pirarubicin sensitivity
and promotes triple-negative breast cancer
development via the miR-1200/TPR axis

Fan Zhang,' Dexian Wei,” Shishun Xie,” Liqun Ren,? Sennan Qiao,” Liying Li," Jiahua Ji,” and Zhimin Fan'-3*

SUMMARY

Triple-negative breast cancer (TNBC) has attracted attention due to its poor prognosis and limited
treatment options. The mechanisms underlying the association between circular RNAs (circRNAs)
and the occurrence and development of TNBC remain unclear. CircZCCHC2 is observed to be upregu-
lated in TNBC cells, tissues, and plasma exosomes. Knockdown of circZCCHC2 inhibited the prolifera-
tion, migration, invasion, and epithelial-mesenchymal transition of TNBC cells in vitro and in vivo. Pirar-
ubicin (THP) treatment downregulated circZCCHC2, and circZCCHC2 affected the sensitivity to THP.
CircZCCHC2/miR-1200/translocated promoter region, the nuclear basket protein (TPR) pathway was
cascaded and verified. It is demonstrated that circZCCHC2 plays a crucial role in the malignant progres-
sion of TNBC via the miR-1200/TPR axis, thereby activating the RAS-RAF-MEK-ERK pathway. The pre-
sent results indicate that circZCCHC2 has the potential to serve as a novel prognostic biomarker for
TNBC.

INTRODUCTION

According to the global cancer statistics for 2020, breast cancer (BC) has the highest incidence and mortality of all cancers in women." Triple-
negative breast cancer (TNBC) is characterized by negative estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth
factor receptor 2 (HER2) expression, and thus lacks treatment targets. The clinical treatment of TNBC consists mainly of surgery, radiation, and
chemotherapy. Drug resistance and the lack of targeted treatments in TNBC have attracted research attention. Additionally, TNBC shows
high levels of malignancy, invasiveness, and a high likelihood of recurrence and metastasis.”* Although the prognosis of TNBC has improved
considerably, it remains an important problem.

Recent advances in high-throughput RNA-sequencing technology and bioinformatics tools have led to the identification of an
increasing number of circular RNAs (circRNAs), which are distinguished by their closed-loop structure without a 5'-cap or a 3'-polyade-
nylated tail. CircRNAs can act as oncogenes or tumor suppressor genes and are strongly linked to the development and metastasis of
BC"’ and other types of tumors.”'” CircRNAs can act by sponging microRNAs (miRNAs),'" encoding proteins,'”"® and regulating
parental genes.'"”'® CircZCCHC2, a 374 bp-long-circRNA derived from exons 2-5 of the ZCCHC2 transcript (chr18: 60206913
60217693), has previously been reported to be associated with hepatocellular carcinoma,'” while its potential role in BC has not
been investigated to date.

Exosomes are released into extracellular spaces by various cells and have a spherical bilayer vesicle structure with a diameter of 30—
150 nm."® Exosomes contain many mediators that can transmit signals between cells, such as circRNAs, long non-coding RNAs (IncRNAs),
miRNAs, mRNA, DNA, proteins, and Iipids.w CircRNAs in exosomes are related to tumor proliferation,w’23 prognosis,24 and drug resis-
tance,” and have the potential to be used as tumor markers.”

In this study, we identified circZCCHC2 through bioinformatics analysis and verified its upregulation in TNBC cells, tissues, and exosomes.
We demonstrated that circZCCHC2 promotes TNBC proliferation, migration, invasion, and epithelial-mesenchymal transition (EMT) in vitro
via the miR-1200/TPR (translocated promoter region, nuclear basket protein) axis and by activating the RAS-RAF-MEK-ERK pathway. We also
found that pirarubicin (THP) plays a role in the treatment of BC by decreasing the expression of circZCCHC2. The role of circZCCHC2 in BC
and pirarubicin resistance was confirmed in vivo in a xenograft tumor model. The findings of this study indicate that circZCCHC2 may serve as
a target for diagnosis, treatment, and prognosis prediction in BC.

Department of Breast Surgery, General Surgery Center, The First Hospital of Jilin University, Changchun, Jilin 130021, China

2Department of Experimental Pharmacology and Toxicology, School of Pharmaceutical Sciences, Jilin University, 1266 Fujin Road, Changchun, Jilin 130021, China
3Lead contact

*Correspondence: fanzm@jlu.edu.cn

https://doi.org/10.1016/}.isci.2024.109057

1)
et iScience 27, 109057, March 15, 2024 © 2024 The Author(s). 1
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).



mailto:fanzm@jlu.edu.cn
https://doi.org/10.1016/j.isci.2024.109057
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2024.109057&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

¢? CellPress iScience
OPEN ACCESS

A B
chrig (o21.33) [ FEREN il 2l 5
TNBC tissues MDA-MB-231 treated -
vs Vs ZCCHC2 |
adjacent tissues untreated with THP (5 um) s i S ,’
8= I
NCBI SRP266211 THP chip 5° 3
log2|FC[>1 J
P value <0.05
trend of differential expression
hsa_circ_0000854
lehgth:374
ACCTAGAGCCCATCCTAAGAACAACTCTGC
1
1
1
1
1
1
1
WY W\W\Q{U
{
circZCCHC2 GAPDH
Marker cDNA gDNA cDNA gDNA
C D E 49 P4 O P4 O P4 O P4
@ | 300bp|
1.5 o
el 5 @ | 200,
s '% o~ = P
f 83 3
810 50 2 |100bp
I O
& iy
P g 5 circZCCHC2 GAPDH
Z05 ®
% E k] Marker cDNA gDNA cDNA gDNA
4 49 P4 O P4 O P4 O P4«
0.0 ©
control THP 3; 300bp
0
S | 200bp
3
= |100bp
F - H -MB-231
15 MDA-MB-231 G MDA-MB-231 MDA-MB-23 »
0 nucleus 115 B Rnase R- . -e- circZCCHC2
.E El cytoplasm c sk ooy mw Rnase R+ c = ZCCHC2
3 o 2
g1 % 2
o @ 1.0 o 1.0
3 e e
3 g 3
o w w ¥
= 4 [ o
g o5 2 0.5 2 05
g £ £
& &
0.0- 0.0- v [ 0.0 T T T T T
GAPDH U6 circZCCHC2 GAPDH ZCCHC2  circZCCHC2 Oh 4h 8h 12h  24h
159 MDA-MB-468 MDA-MB-468 MDA-MB-468 - circZCCHC2
m nucleus 1.5+ Bl Rnase R- 1.5
3 e ke -= ZCCHC2
8 Hm cytoplasm c mm Rnase R+ £
2 1.0 2 J | I | 3
£ 8 1.0 310
x <% o
L X 3
" [} [}
2 [ o
B 057 2 0.5 2 05 i|¢
g = 5
& &
0.0 0.0- siin ] ] 0.0 T T T T T
GAPDH U6 circZCCHC2 GAPDH ZCCHC2  circZCCHC2 oh 4h 8h 12h  24h

Figure 1. Expression and characterization of circZCCHC2 in TNBC cells

(A) Venn diagram illustrating the intersection of differentially expressed circRNAs in the NCBI SRP266211 dataset and gene chip data of MDA-MB-231 cells
treated with THP (5 uM) for 24 h.

(B) Schematic diagram of genomics information of circZCCHC2 (hsa_circ_0000854). The maternal gene location and exon composition are shown. The back
splicing site was identified by Sanger sequencing.

(C and D) RT-gPCR analysis of the relative expression levels of circZCCHC2 in MDA-MB-231 cells treated with and without THP (C), as well as normal breast
epithelial cells and various types of breast cancer cells (D).
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Figure 1. Continued

(E) Divergent and convergent primers were used to amplify reverse splicing and linear products to verify the presence of circZCCHC2.

(F) RT-gPCR analysis of the expression levels of GAPDH, U6, and circZCCHC2 in isolated cytoplasmic and nuclear fractions.

(G) Abundance of circZCCHC2, linear ZCCHC2, and GAPDH in TNBC cells determined by RT-gPCR after treatment with RNase R.

(H) The expression of circZCCHC2 and linear ZCCHC2 in TNBC cells treated with ActD was analyzed by RT-gPCR. Data are presented as the mean + SD (three
independent experiments). *p < 0.05, **p < 0.01, and ***p < 0.001.

RESULTS

CircZCCHC2 is overexpressed in TNBC

The results of RNA high-throughput sequencing of five TNBC and paired normal tissue samples (NCBI SRP266211)?” and a THP treatment chip
(MDA-MB-231 cells treated with and without 5 uM THP)?® were analyzed to identify a circRNA relevant to both TNBC and THP treatment. The filter
conditions were log2|FC| > 1 and p < 0.05. Considering the circular characteristics of circRNAs, we selected circRNAs of 3004000 bp capable of
forming a ring for subsequent screening and verification. We identified 76 candidate circRNAs (Figure 1A). Because of the therapeutic effect of
THP on BC, we expected the expression trend of circRNAs to be reversed in the two chips. In the THP chip, hsa_circ_0000854 showed the most
significant downward trend and was thus selected for further research. Hsa_circ_0000854 was named “circZCCHC2" because it is derived from
exons 2-5 of the ZCCHC2 transcript (chr18: 60206913-60217693); it is 374 bp long and is located at the 18921.33 amplicon (Figure 1B). RT-
gPCR was performed to verify the results of both chips. CircZCCHC2 was markedly downregulated in MDA-MB-231 cells treated with THP
(5 uM, 24 h) compared with untreated cells (Figure 1C). As shown in Figure 1D, the expression of circZCCHC2 was higher in TNBC cells (MDA-
MB-231, MDA-MB-468, and MDA-MB-436) than in non-TNBC cell lines (MCF-7 and SK-BR-3) and normal mammary epithelial cells (MCF-10A).

To verify the circular structure of circZCCHC2, we designed primers that target circZCCHC2 across the back-splicing site and analyzed the
RT-gPCR products by Sanger sequencing. The results showed that the base sequence of the products obtained using the indicated primers
was consistent with that of circZCCHC2 and crossed the back-splicing site (Figure 1B). Next, we performed RT-gPCR using the divergent and
convergent primers of circZCCHC2 and GAPDH for cDNA and gDNA, respectively, and the amplified band results were examined by agarose
electrophoresis. The results showed that the circular RNA circZCCHC2 could only be produced by cDNA instead of gDNA, whereas the linear
RNAs were produced by both cDNA and gDNA (Figure 1E). The results of nucleoplasmic separation experiments indicated that circZCCHC2
was mainly expressed in the cytoplasm, providing a basis for subsequent experiments exploring the competitive endogenous RNA (ceRNA)
mechanism (Figure 1F). Another characteristic of circular RNAs is that they are more stable than linear RNAs, which was verified by RNase R
digestion and actinomycin D assays (Figures 1G and 1H).

CircZCCHC2 expression was detected in tumor tissues and adjacent tissues of 34 patients with TNBC and 24 patients with non-TNBC by RT-
gPCR. CircZCCHC2 expression was significantly upregulated in tumor tissues from TNBC patients (Figure 2A, p <0.001) and it was higherin TNBC
thaninnon-TNBC tumortissues (Figure 2A, p < 0.001). As shown in Figure 2B, the area under the curve (AUC) of circZCCHC2 was 0.787 (p < 0.0001),
indicating that circZCCHC2 could distinguish BC from adjacent normal tissue. The cut-off value was at 0.471, the sensitivity was 0.765, and the
specificity was 0.706 at the cut-off value. According to the median expression level of circZCCHC2, the 34 TNBC patients were divided into
high and low expression groups. Analysis of the relationship between circZCCHC2 expression and clinicopathological characteristics showed
that patients with high-circZCCHC2 expression had a higher risk of developing lymph node metastasis (Table 1, p = 0.026) and vascular infiltration
(Table 1, p = 0.044). Next, we analyzed the correlation between plasma exosomal circZCCHC2 expression and BC. Transmission electron micro-
scopy (TEM), a Malvern particle size meter, and western blotting were used to assess the characteristics of plasma exosomes (Figures 2C-2E).
Plasma exosomes were extracted from 42 TNBC patients and 35 non-TNBC patients, and the expression of circZCCHC2 was analyzed by RT-
gPCR. The results showed that circZCCHC2 expression was significantly higher in plasma exosomes of TNBC patients than in those of non-
TNBC patients, confirming the triple-negative specificity of circZCCHC2 (Figure 2F). Correlation analysis of TNBC patients with high and low
circZCCHC2 expression showed that the expression of circZCCHC2 in plasma exosomes was correlated with tumor size (Table 2, p = 0.013).

CircZCCHC2 promotes TNBC cell proliferation, migration, invasion and EMT

The RT-gPCR results showed that transfection with oe-circZCCHC2 significantly upregulated circZCCHC2 expression in MDA-MB-231 (Fig-
ure 3A) and MDA-MB-468 cells (Figure STA), whereas sh-circZCCHC2 plasmid lentivirus downregulated circZCCHC2 expression. The results
of the CCK-8 assay showed that downregulation of circZCCHC2 decreased, whereas its upregulation increased the proliferation ability of
MDA-MB-231 (Figure 3B) and MDA-MB-468 cells (Figure S1B). The EdU assay demonstrated that knockdown of circZCCHC2 decreased
the proportion of EdU-positive cells in both MDA-MB-231 and MDA-MB-468 cells, whereas overexpression had the opposite effect
(Figures 3C and S1C). The wound-healing and Transwell assays showed that knockdown of circZCCHC2 significantly decreased the migration
and invasion abilities of MDA-MB-231 and MDA-MB-468 cells, whereas overexpression had the opposite effects (Figures 3D, 3E, S1D, and
S1E). Western blot analysis showed that downregulation of circZCCHC2 significantly decreased N-cadherin and vimentin expression and
increased E-cadherin expression, whereas circZCCHC2 overexpression had the opposite effects (Figures 3F and S1F). Taken together, the
results indicated that circZCCHC2 promotes cell proliferation, migration, invasion, and EMT.

MiR-1200 is a target of circZCCHC2, and circZCCHC2 regulates malignant progression by sponging miR-1200 in TNBC cells

The results of the nucleoplasmic separation experiments indicated that circZCCHC2 was mainly present in the TNBC cytoplasm; therefore, we
hypothesized that circZCCHC2 might play a role in promoting malignant progression in TNBC through a ceRNA mechanism. Analysis of the
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Figure 2. CircZCCHC2 is upregulated in TNBC tissues and plasma

(A) RT-gPCR analysis of the expression of circZCCHC2 in TNBC tissues, non-TNBC tissues, and their respective paired adjacent normal tissues.

(B) ROC curve analysis demonstrated that the AUC of circZCCHC2 was 0.787 (p < 0.0001). The cut-off value was at 0.471, the sensitivity was 0.765, and the
specificity was 0.706 at the cut-off value.

(C-E) Plasma exosomes were identified by Malvern particle size meter (C), TEM (D), and western blotting (E).

(F) RT-gPCR analysis of the expression of circZCCHC2 in the plasma exosomes of TNBC and non-TNBC patients. Data are presented as the mean + SD (three
independent experiments). **p < 0.01, ***p < 0.001, and ns: not significant.

circinteractome and circBank databases to predict miRNAs potentially targeting circZCCHC2 identified four candidate miRNAs (Figure 4A).
The predicted binding sites of these four miRNAs with circZCCHC2 are shown in Figure 4B. Next, we performed RT-gPCR to determine the
expression of the four candidate miRNAs in cells with circZCCHC2 overexpression and knockdown. We identified miR-1200 as the only miRNA
upregulated by circZCCHC2 knockdown and downregulated by circZCCHC2 overexpression (Figure 4C). The specific binding site between
circZCCHC2 and miR-1200 was identified using the circIntercome dataset (Figure 4D). Luciferase reporter assays (Figure 4E) to confirm bind-
ing between circZCCHC2 and miR-1200 showed that treatment of circZCCHC2 wild-type cells with miR-1200 mimics and inhibitor significantly
decreased and increased luciferase reporter activity, respectively. By contrast, the circZCCHC2 mutant group showed no significant changes
(Figure 4E). The results of the pulldown assay showed that circZCCHC2 was significantly pulled down by the biotin-labeled miR-1200 probe
but not by the control probe (Figure 4F). Collectively, these findings indicated that circZCCHC2 binds directly to miR-1200. Pearson’s corre-
lation analysis showed a negative correlation between miR-1200 expression and circZCCHC2 (Figure 4G).

To determine whether circZCCHC2 enhanced the malignant progression of TNBC through miR-1200, rescue experiments were performed
by treating circZCCHC2 knockdown TNBC cell lines with a miR-1200 inhibitor. CCK-8 and EdU assays showed that circZCCHC2 knockdown
decreased TNBC cell proliferation, which was restored by miR-1200 inhibitor treatment (Figures 4H, 41, S2A, and S2B). Wound-healing, Trans-
well, and western blot assays demonstrated that circZCCHC2 knockdown significantly decreased the migration, invasion, and EMT abilities of
TNBC cells, whereas treatment with a miR-1200 inhibitor restored these effects (Figures 4J-4L and S2C-S2E). These findings confirmed that
circZCCHC2 promoted the malignant progression of TNBC cells via miR-1200.

TPR is the direct target of miR-1200, and circZCCHC2 regulates TPR expression through miR-1200

To further examine the ceRNA mechanism, TargetScan and miRDB were used to predict the potential target downstream genes of miR-1200.
After combining these data with the THP chip results, 315 candidate mRNAs were identified (Figure 5A). The Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway enrichment tools were used to analyze the target genes (Figures 5B and 5C). KEGG
analysis showed that miR-1200 was significantly correlated with 14 target mRNAs enriched in pathways in cancer (Figure 5D). Next, we per-
formed RT-qPCR to determine the expression of the 14 candidate mRNAs in cells treated with miR-1200 mimics and inhibitor. The results
showed that TPR was the most upregulated target mRNA when miR-1200 inhibitor was used, and it was also significantly downregulated
with the treatment of miR-1200 mimics (Figure 5E). Thus, we identified TPR for further study. TPR was detected to be downregulated by
circZCCHC2 knockdown and up-regulation by circZCCHC2 overexpression (Figure 5F). Furthermore, the downregulated of TPR caused by
circZCCHC2 knockdown could be reversed by the miR-1200 inhibition (Figure 5G). The specific binding site between TPR and miR-1200
was analyzed using the TargetScan database (Figure 5H). The pulldown and luciferase reporter assays were performed to confirm binding
between TPR and miR-1200. Treatment of TPR wild-type cells with miR-1200 mimics and inhibitor significantly decreased and increased
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Table 1. Association between circZCCHC2 expression and clinicopathological features in triple-negative breast cancer tissue

circZCCHC2 expression

Variables Cases Low (n =17) High (n = 17) p value

Age 0.491
<50 15 6 9
>50 19 11 8

Tumor size (cm) 0.728
<2 14 8 6
>2 20 9 1"

Lymph node metastasis 0.026
Negative 23 15 8
Positive 11 2 9

pTNM 0.398
I-IIA 27 15 12
11B-111 7 2 5

Vascular infiltration 0.044
Negative 29 17 12
Positive 5 0 5

Ki-67 0.656
<30% 6 2 4
>30% 28 15 13

The bold values represent a statistical difference (p < 0.05).

luciferase reporter activity, respectively. However, no changes were observed in the TPR mutant group (Figure 5J). The results of pulldown
assays showed that TPR was significantly pulled down by the biotin-labeled miR-1200 probe but not by the control probe (Figure 5I). These
results demonstrate that TPR directly binds to miR-1200, and circZCCHC2 regulates TPR expression through miR-1200. Pearson'’s correlation
analysis showed that TPR expression was negatively correlated with miR-1200 and positively correlated with circZCCHC2 (Figure 5K).

miR-1200 regulates TPR to affect malignant progression of TNBC cells and may have effect on RAS-RAF-MEK-ERK signaling
pathway

To further demonstrate that miR-1200 inhibits the malignant progression of TNBC cells via TPR, we performed rescue experiments using si-
TPR transfection in TNBC cell lines treated with miR-1200 inhibitor. The CCK-8 and EdU assays showed that miR-1200 inhibitor transfection
increased TNBC cell proliferation, and this effect was restored by si-TPR treatment (Figures A and 6B; S3A and S3B). The results of wound-
healing, Transwell, and western blot assays demonstrated that miR-1200 inhibition significantly increased migration, invasion, and EMT in
TNBC cells, and these effects were reversed by si-TPR treatment (Figures 6C-6E and S3C-S3E). KEGG pathway enrichment analysis sug-
gested that TPR exerted its function via the RAS-RAF-MEK-ERK pathway. Western blot analysis showed that RAS, p-RAF1/RAF1, p-MEK1/
2/MEK1/2, and p-ERK1/2/ERK1/2 were upregulated by treatment with miR-1200 inhibitor, and this upregulation was partially reversed by
exposure to si-TPR (Figures 6F and S3F). Taken together, these results confirmed that knockdown of TPR partly reversed the effects of
miR-1200 inhibition on malignant progression in TNBC cells.

THP inhibits the malignant progression of TNBC cells by downregulating circZCCHC2 expression

We further verified whether THP inhibits the malignant progression of TNBC cells by down-regulating circZCCHC2. CCK-8 assay showed that
the IC50 of THP on MDA-MB-231 and MDA-MB-468 were about 5 uM and 3 uM, respectively (Figures 7A and S4A). The results of RT-gPCR
showed that treatment with THP (5 uM for MDA-MB-231 and 3uM for MDA-MB-468) significantly downregulated circZCCHC2 expression in
TNBC cells (Figures 7B and S4B). The CCK-8 and EdU assays demonstrated that THP effectively suppressed the proliferation of TNBC cells.
Wound-healing, Transwell, and western blot assays demonstrated that THP suppressed the migration, invasion, and EMT abilities of TNBC
cells, and downregulated RAS, p-RAF1/RAF1, p-MEK1/2/MEK1/2, and p-ERK1/2/ERK1/2. Overexpression of circZCCHC2 partially reversed
the effect of THP on inhibiting malignant progression in TNBC cells (Figures 7C-7H and S4C-S4H).

iScience 27, 109057, March 15, 2024 5




¢? CellPress iScience
OPEN ACCESS

Table 2. Association between circZCCHC2 expression and clinicopathological features in plasma exosomes of triple-negative breast cancer patients

circZCCHC2 expression

Variables Cases Low (n = 21) High (n = 21) p value

Age 1
<50 18 9 9
>50 24 12 12

Tumor size (cm) 0.013
<2 18 13 5
>2 24 8 16

Lymph node metastasis 1
Negative 29 14 15
Positive 13 7 6

pTNM 0.130
I-lIA 33 19 14
11B-111 9 2 7

Vascular infiltration 0.184
Negative 36 16 20
Positive 6 5 1

Ki-67 0.719
<30% 10 6 4
>30% 32 15 17

The bold values represent a statistical difference (p < 0.05).

CircZCCHC2 decreases the sensitivity of TNBC cells to THP

To evaluate the biological role of circZCCCH2 on THP sensitivity of TNBC, CCK-8 assay was used to detect the cell viability. It was indicated
that after the treatment of THP in gradient concentrations, overexpressed circZCCHC2 and miR-1200 inhibition decreased the efficacy of THP
and increased the IC50 values while circZCCCH2 knockdown, si-TPR, and U0126 significantly enhanced the efficacy of THP and decreased the
IC50 values (Figures 8A-8D and S5A-S5D). The rescue experiments demonstrated that when we treated cells with THP (MDA-MB-231 with
5 uM and MDA-MB-468 with 3 uM), the decrease in cell viability caused by circZCCHC2 knockdown could be reversed by miR-1200 inhibition,
while the increase in cell viability caused by miR-1200 inhibition and circZCCHC2 overexpression could be reversed by si-TPR and U0126,
respectively (Figures 8E and S5E).

CircZCCHC2 accelerates xenograft tumor growth and reduces sensitivity to THP in vivo

The role of circZCCHC2 in the growth and THP sensitivity of MDA-MB-231 cells was examined in vivo using a xenograft tumor model. Tumors
derived from MDA-MB-231 cells stably overexpressing circZCCHC2 were larger in size, whereas tumors derived from MDA -MB-231 cells
transduced with lentiviral shRNA targeting circZCCHC2 were smaller than those in the negative control (NC) group (Figures 9A-9C). The tu-
mor volume and weight of the con, OE-NC, and OE groups were significantly lower in mice treated with THP than in the untreated group.
Comparison of the tumors from the OE + THP group with those in the OE-NC + THP group showed that circZCCHC2 overexpression partially
rescued the tumor inhibitory effect of THP (Figures 9A-9C). Western blotting (Figures 9G and 9H) and RT-gPCR (Figures 9D-9F) results
showed that tumors derived from MDA-MB-231 cells stably overexpressing circZCCHC2 showed increased expression of circZCCHC2,
TPR, N-cadherin, vimentin, RAS, p-RAF1/RAF1, p-MEK1/2/MEK1/2, and p-ERK1/2/ERK1/2, whereas miR-1200 and E-cadherin were downre-
gulated. By contrast, tumors in the sh-circZCCHC2 group showed the opposite pattern. The expression of circZCCHC2, TPR, N-cadherin,
vimentin, RAS, p-RAF1/RAF1, p-MEK1/2/MEK1/2, and p-ERK1/2/ERK1/2 was significantly lower in the con+THP and OE-NC + THP groups,
whereas the expression of miR-1200 and E-cadherin was significantly higher compared with the control and OE-NC groups. These trends
were partially reversed in the OE + THP group compared with the OE-NC + THP group. These results indicated that circZCCHC2 promoted
xenograft tumor growth and decreases the sensitivity to THP in vivo.

DISCUSSION

CircRNAs, which occur abundantly in eukaryotic cells, are formed by covalent closed connections between the downstream 5’ splice donor
site and the upstream 3’ splice acceptor site.'” CircRNAs are more stable than linear RNAs and less susceptible to degradation by RNA exo-
nucleases such as RNase R. CircRNAs are involved in the development of cancer and can be considered as possible cancer biomarkers and
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Figure 3. CircZCCHC2 promotes the proliferation, migration, invasion, and EMT of MDA-MB-231 cells in vitro

(A) RT-qPCR analysis of the expression of circZCCHC2 in MDA-MB-231 cells stably transfected with circZCCHC2 overexpression and knockdown vectors.

(B) The effect of circZCCHC2 on cell proliferation was evaluated using the CCK-8 assay.

(C) The effect of circZCCHC2 on cell proliferation was evaluated using the EdU assay (scale bar = 50 um).

(D) The wound-healing assay was used to evaluate the effect of circZCCHC2 on the migration ability of TNBC cells (scale bar = 100 um).

(E) The Transwell assay was used to evaluate the effect of circZCCHC2 on the migration and invasion abilities of TNBC cells (scale bar = 20 pm).

(F) Western blotting was used to evaluate the effect of circZCCHC2 on EMT in MDA-MB-231 cells. Data are presented as the mean + SD (three independent
experiments). *p < 0.05, **p < 0.01, and ***p < 0.001.

therapeutic targets.””*° Studies show that circRNAs are differentially expressed in TNBC cells and tissues.®""* In this study, bioinformatics
analysis and experimental data indicate that circZCCHC2 is upregulated in TNBC cells and tissues. In addition, many studies have also
demonstrated the association between circRNAs and the occurrence, development, and pathophysiology of BC.**** Although the role of
circZCCHC2 (hsa_circ_0000854) in regulating the malignant progression of hepatocellular carcinoma through the miR-1294/IRGQ axis has
been demonstrated,'” its function and underlying mechanism in TNBC remain unclear. In this study, in vivo and in vitro experiments confirmed
that circZCCHC2 promotes the malignant progression of TNBC by affecting cell proliferation, migration, invasion, and EMT, as well as the
growth of xenograft tumors. Furthermore, the analysis of circZCCHC2 expression in the tumor tissues of BC patients demonstrated
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Figure 4. CircZCCHC2 acts as a miR-1200 sponge and promotes the malignant transformation of TNBC through miR-1200

(A) Venn diagram showing the intersection of potential target miRNAs of circZCCHC2 using circnteractome and circBank.

(B) Map of circZCCHC2 predicted miRNAs binding sites.
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Figure 4. Continued

(C) RT-gPCR analysis showing the expression of four candidate miRNAs after circZCCHC2 overexpression and knockdown.

(D) The binding sites between circZCCCH2 and miR-1200 were predicted by circInteractome.

(E) A dual-luciferase reporter assay was used to detect luciferase activity after co-transfection with circZCCHC2-WT or circZCCHC2-MUT, and miR-NC or miR-
1200.

(F) Pulldown assay of 3'-terminal biotinylated miR-1200 in TNBC cells followed by RT-qPCR to detect circZCCHC2 enrichment.

(G) RT-gPCR analysis of the expression of miR-1200 in TNBC tissues and the respective paired adjacent normal tissues (n = 34). The correlation between
circZCCHC2 and miR-1200 expression in TNBC tissues was analyzed by Pearson’s correlation analysis.

(H-L) MDA-MB-231 cells were transfected with a miR-1200 inhibitor and a sh-circZCCHC2 vector. The CCK-8 assay (H), EAU assay (1) (scale bar = 50 um), wound-
healing assay (J) (scale bar = 100 pm), Transwell assay (K) (scale bar = 20 um), and western blotting (L) were performed to analyze cell proliferation, migration,
invasion, and EMT, respectively. Data are presented as the mean + SD (three independent experiments). *p < 0.05, **p < 0.01, ***p < 0.001, and ns: not
significant.

correlations with important clinicopathological features including lymph node metastasis and vascular infiltration. In addition, circZCCHC2
expression in tumors compared with adjacent normal tissues suggested its potential as a diagnostic biomarker for BC.

CircRNAs can affect tumor formation and malignant progression through different mechanisms, such as acting as miRNA sponges, encod-
ing proteins, and regulating parental genes. MiRNAs bind to target mRNAs through miRNA response elements (MREs) present on mRNA,
thereby inhibiting mRNA translation or promoting its degradation, and thus regulating gene expression at the post-transcriptional level.*
MREs exist not only on mRNA, but also on other types of RNA, such as circRNAs, suggesting that circRNAs can also bind to miRNAs and
thus regulate miRNA expression.® The same miRNA can bind to multiple types of RNAs, and these different types of RNA molecules can
compete with each other, which is known as the ceRNA mechanism. The ceRNA hypothesis has revealed a new mechanism of interaction
between RNAs. MiRNAs can silence genes by binding to mRNA, whereas circRNAs can regulate the activity of miRNAs in modulating down-
stream RNA by competitively binding to miRNAs through MREs. This competitive binding of miRNAs is also known as miRNA sponging and
has been widely reported in BC-related studies.” '

To examine the mechanism underlying the role of circZCCHC2 in TNBC, we first verified the localization of circZCCHC2 within the cell.
Because circZCCHC2 is mainly located in the cytoplasm and circRNAs can target multiple miRNAs, we hypothesized that it may act through
a ceRNA mechanism. We identified miR-1200 as target miRNA of circZCCHC2 through bioinformatics analysis. Dual luciferase assays verified
the binding site between miR-1200 and circZCCHC2. Although miR-1200 is known to suppress the progression of tumors,” %"
1200 is involved in TNBC and the underlying mechanisms remain unclear. The current research indicates, that miR-1200 acts as a tumor sup-
pressor in TNBC. And reverse experiments indicated that circZCCHC2 promotes the malignancy of TNBC through miR-1200.

TPRis one of the building blocks of the nuclear pore complex.***° TPR proteins localize to the nuclear pore basket and are potential proto-
carcinogenic proteins (a protein that forms nuclear pores and is expressed abnormally in various cancers in the context of carcinogenic fusion

with other proteins).”® TPR plays a key role in mitosis through its transport to the spindle and centrosome and by binding to and interacting
47,48

whether miR-

with the MAD1L1-MAD2L1 cell cycle checkpoint protein complex, aurora kinase A, and the dynein/dynein molecular motor complex.
Some studies have shown that TPR is involved in the development and progression of cancers.”**”>° However, there are few studies on
the role of TPR in BC. The involvement of TPR was suggested in a study reporting that LINCO1705 regulates BC progression through the
miR-186-5p/TPR axis.”" In this study, we found that the expression of TPR was markedly upregulated in tumor tissues of TNBC patients
compared with adjacent normal tissues and demonstrated the involvement of the circZCCHC2/miR-1200/TPR axis in TNBC.

The RAS/RAF/MEK/ERK pathway is a well-characterized MAPK pathway.>” It is a highly activated signaling pathway involved in the regu-
lation of cell apoptosis, survival, metastasis, and invasion, and it plays crucial roles in cancer development and progression.”*° This signaling
pathway also provides research directions to investigate drug resistance and treatment options for BC. Polygonatum odoratum lectin was
reported to induce MCF-7 cell apoptosis and autophagy by targeting EGFR-mediated RAS-RAF-MEK-ERK signaling pathway.”® Combination
therapy with miR34a and doxorubicin synergistically inhibits Dox-resistant BC progression by downregulating Snail through the suppression
of the Notch/NF-«B and RAS/RAF/MEK/ERK signaling pathways.”” A novel hydrogen sulfide-releasing donor, HA-ADT, suppresses the
growth of BC tumors by inhibiting the PI3K/AKT/mTOR and RAS/RAF/MEK/ERK signaling pathways.”® It was reported that MEK-inhibitor
E6201 could inhibit TNBC cells in a dose-dependent manner.>” Copper chelation therapy could reduce the metastasis to the lung in the
TNBC mouse model. At the same time, it could significantly reduce EMT by downregulating TGF-B/RAS/RAF/MEK/ERK and other pathways
in cancer cells.”” Enforcing mitochondrial fission inhibited migration, invasion, and metastasis in TNBC through PI3K/Akt/mTOR and Ras/Raf/
MEK/ERK.®" In this study, we demonstrated the involvement of the RAS/RAF/MEK/ERK pathway in TNBC.

Exosomes are endosome-derived nanovesicles that contain materials from the host cell, such as proteins, lipids, DNA, and RNA.? Exo-
somes are present in many body fluids, such as malignant effusions,®® plasma,®" urine,®” and breast milk.°® Their unique proteo-lipid archi-
tecture allows exosomes to cross various natural barriers and protects their cargo from degradation in the bloodstream.®’
are secreted through exocytosis and taken up by other cells, thereby affecting their function and behavior, and they can be used as drug car-
riers for cancer treatment.*®*” CircRNAs in plasma exosomes of tumor patients can serve as non-invasive biomarkers for the early diagnosis,
efficacy evaluation, and prediction of treatment outcome in cancer.”””* The contribution of exo-circRNAs to BC progression was demon-
strated previously. Endoplasmic reticulum stress stimulates BC cells to release exosomal circ_0001142 and induces M2 polarization of mac-
rophages to regulate tumor progression through the circ_0001142/miR-361-3p/PIK3CB pathway.”* Hsa_circ_0000615 is expressed at higher
levels in the plasma of BC patients than in healthy controls, and the level of expression is associated with advanced tumor stage, lymph node

These vesicles
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Figure 5. TPR is a direct target of miR-1200 in TNBC cells

(A) Venn diagram showing the intersection of potential target genes of miR-1200 using Targetscan, miRDB, and the gene chip data of MDA-MB-231 cells treated
with THP (5 uM) for 24 h.

(B and C) GO and KEGG analysis of the candidate genes.

(D) Candidate genes associated with pathways in cancer.

(E) RT-gPCR analysis of the expression of the 14 candidate genes after transfection with miR-1200 inhibitor and mimics.

(F) RT-gPCR analysis of the expression of TPR after circZCCHC2 overexpression and knockdown.

(G) TNBC cells were transfected with miR-1200 inhibitor and a circZCCHC2 knockdown vector followed by RT-gPCR to evaluate the expression of TPR.

(H) The binding sites between TPR and miR-1200 were predicted by TargetScan.

(1) A pulldown assay of 3'-terminal biotinylated miR-1200 was performed in TNBC cells, followed by RT-qPCR to detect TPR enrichment.

(J) A dual-luciferase reporter assay was used to detect luciferase activity after co-transfection with TPR-WT or TPR-MUT, and miR-NC or miR-1200.

(K) RT-gPCR was performed to evaluate the expression of TPR in TNBC tissues and the respective paired adjacent normal tissues (n = 34). The correlations
between circZCCH2, miR-1200, and TPR in TNBC tissues were analyzed by Pearson’s correlation analysis. Data are presented as the mean + SD (three
independent experiments). *p < 0.05, **p < 0.01, and ***p < 0.001.
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Figure 6. MiR-1200 promotes malignant transformation in TNBC through TPR

(A-F) MDA-MB-231 cells were transfected with miR-1200 inhibitor and si-TPR. The CCK-8 assay (A), EJU assay (B) (scale bar = 50 um), wound-healing assay (C)
(scale bar = 100 um), Transwell assay (D) (scale bar = 20 um), and western blotting (E) were used to analyze cell proliferation, migration, invasion, and EMT,
respectively. (F) The expression levels of RAS-RAF-MEK-ERK pathway effectors, including RAS, RAF1, p-RAF1, MEK1/2, p-MEK1/2, ERK1/2, and p-ERK1/2,
were detected by western blotting. Data are presented as the mean + SD (three independent experiments). *p < 0.05, **p < 0.01, and ***p < 0.001.

metastasis, and the risk of recurrence.’” In this study, circZCCHC2 expression was significantly higher in plasma exosomes from TNBC patients
than in non-TNBC patients, and high circZCCHC2 expression was associated with tumor size.

TNBC is characterized by negative expression of ER, PR, and HER2, and because of these molecular characteristics, the treatment of TNBC
is challenging. Surgery, radiation, and chemotherapy remain the primary treatment methods for TNBC. In clinical practice, chemotherapy
regimens based on anthracyclines and paclitaxel are the first choice of treatment. THP is a common anthracycline chemotherapy drug. It
is generally believed that anthracycline inhibits DNA replication and RNA synthesis by embedding DNA double helix nucleic acid base pairs
and inhibiting DNA topoisomerase Il activity.”>~’® In this study, we found and verified through the THP chip and RT-gPCR that the expression
of circZCCHC2 in TNBC cells would decrease after the treatment of THP. However, the exact mechanism of this phenomenon is not clear. We
hypothesized that THP may affect the expression of some splicing factors. Research found that hundreds of circRNAs were regulated in the
process of EMT and more than one-third of the generation of circRNAs was dynamically regulated by the alternative splicing factor Quaking.”
In addition, some transcription factors and post-transcriptional regulatory factors have also been reported to affect circRNA expression.®*®’
CircRNA circSEPT9 was reported to be mediated by E2F1 and EIF4A3 in TNBC.** Additionally, doxorubicin was reported to induce RNA m6A
methylation®” and some circRNAs were also reported to be modified by N6-Methyladenosine.®® All these provide new research ideas for us to
further explore the changes of circZCCHC2 expression caused by THP treatment.
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Figure 7. THP regulates circZCCHC2-mediated malignant transformation in MDA-MB-231 cells

(A) Relative viability of MDA-MB-231 cells treated with the indicated concentrations of THP for 24 h.

(B) Expression changes of circZCCHC2 in TNBC cells treated with and without THP (5 pM) for 24 h.

(C-H) MDA-MB-231 cells were transfected with OE-circZCCHC2 vector and treated with THP (5 uM). CCK-8 assay (C), EdU assay (D) (scale bar = 50 pm), wound-
healing assay (E) (scale bar = 100 um), Transwell assay (F) (scale bar = 20 pm), and western blotting (G) were used to analyze cell proliferation, migration, invasion,
and EMT, respectively. (H) The expression levels of RAS-RAF-MEK-ERK pathway effectors, including RAS, RAF1, p-RAF1, MEK1/2, p-MEK1/2, ERK1/2, and p-
ERK1/2, were detected by western blotting. Data are presented as the mean + SD (three independent experiments). *p < 0.05, **p < 0.01, and ***p < 0.001.

However, the development of chemotherapy resistance is an important factor leading to treatment failure and poor prognosis in BC pa-
tients. Studies have shown that the occurrence of drug resistance in cancer cells is closely related to the abnormal expression of one or more
genes and the activation of related signaling pathways.?*> The abnormal expression of circRNA is related to the sensitivity of BC to chemo-
therapy drugs.”®” There have also been studies of circRNA and BC sensitivity to anthracyclines. The miR-512-3p/CDCA3 axis is responsible
for promoting TNBC progression and doxorubsicin resistance, which is facilitated by circUBE2D2.%° The circRNA CREIT is downregulated in
Adriamycin-resistant TNBC cells, and it is the only circRNA reported to date that can act as a protein scaffold and inhibit the PKR/elF2a.
signaling axis to restore TNBC chemoresistance.®” Additionally, circRNAs can affect sensitivity to cancer therapy through multiple mecha-
nisms, including modulation of DNA damage repair,”*?" apoptosis,” TME,” autophagy,” and glycolysis.” In this study, we demonstrated
in vivo and in vitro that circZCCHC2 modulates the sensitivity to THP, and preliminarily validated in vitro that it may act through the miR-1200/
TPR axis and RAS/RAG/MEK/ERK pathway. In future studies, we need to improve more experiments to further explore and explain the mech-
anism of circZCCHC2 affecting THP sensitivity in TNBC.
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Figure 8. CircZCCHC2 affects the sensitivity of TNBC cells to pirarubicin

(A-D) Cell viability and IC50 of MDA-MB-231 transfected or treated with circZCCHC2 overexpression, circZCCHC2 knockdown (A), miR-1200 inhibitor (B), si-TPR
(C), and U0126 (D) under THP treatment for 24 h were detected using CCK-8 assay.

(E) MDA-MB-231 cells were treated with THP (5 uM). Cell viability of MDA-MB-231 transfected or treated with circZCCHC2 overexpression, circZCCHC2
knockdown, miR-1200 inhibitor, si-TPR, and U0126 were detected using CCK-8 assay. Data are presented as the mean + SD (three independent
experiments). *p < 0.05, **p < 0.01, and ***p < 0.001.

In conclusion, we found that circZCCHC2 is overexpressed in TNBC cells, tissues, and plasma exosomes. We examined the mechanism
underlying the role of circZCCHC2 in TNBC progression and demonstrated, for the first time, that circZCCHC2 modulates the effect of
TPR by interacting with miR-1200. TPR activates the RAS-RAF-MEK-ERK pathway, thereby promoting the progression of TNBC. THP down-
regulates circZCCHC2, and circZCCHC2 regulates THP sensitivity. The current findings may establish a theoretical framework for the use of
circZCCHC2 in the treatment of TNBC.

Limitations of the study

Further exploration is necessary to elucidate the mechanism underlying the effect of THP on circZCCHC2. Furthermore, whether circZCCHC2
affects the malignant progression of BC through other mechanisms needs to be further explored. In addition, this study only provides a
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Figure 9. The effect of THP chemotherapy and circZCCHC2 on tumors in vivo
(A) Xenograft tumors from euthanized mice of each group.
(B and C) Weight (B) and volume (C) of xenograft tumors of each group.
(D-F) RT-gPCR assay showing the relative expression levels of circZCCHC2 (D), miR-1200 (E), and TPR (F) in xenograft tumor tissues.

(G and H) Western blotting analysis of the protein levels of EMT (G) and RAS-RAF-MEK-ERK pathway (H) in xenograft tumor tissues. Data are presented as the

mean + SD (three independent experiments).

*p < 0.05, **p < 0.01, and ***p < 0.001.

preliminary analysis of how circZCCHC2 affects the TNBC sensitivity to THP, and more in-depth mechanism research needs to be improved in
future studies. This study had a small clinical sample size, and larger scale studies are needed for further verification.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-TSG101 Affinity Cat#DF8427; RRID: AB_2841675
Anti-CD63 Affinity Cat#AF5117; RRID: AB_2837603
Anti-N-cadherin Affinity Cat#AF5239; RRID: AB_2837725
Anti-E-cadherin Affinity Cat#AF0131; RRID: AB_2833315
Anti-vimentin Affinity Cat#AF7013; RRID: AB_2835318
Anti-GAPDH ABclonal Cat#A19056; RRID: AB_2862549
Anti-RAS ABclonal Cat#A19779; RRID: AB_2862751
Anti-p-RAF1 ABclonal Cat#AP0498; RRID: AB_2771492
Anti-RAF1 ABclonal Cat#A19638; RRID: AB_2862710
Anti-p-MEK1/2 ABclonal Cat#AP1349

Anti-MEK1/2 ABclonal Cat#A4868; RRID: AB_2863368
Anti-p-ERK1/2 ABclonal Cat#AP0974; RRID: AB_2863871

Biological samples

Human BC tissues, adjacent normal tissues, and blood samples the First Hospital of Jilin University N/A

Chemicals, peptides, and recombinant proteins

RPMI Medium 1640 Procell Cat#PM150110
DMEM Procell Cat#PM150210
Fetal bovine serum Procell Cat#164210
DMSO Biotopped Cat#D6370T
TRIzol Invitrogen Cat#15596026

Critical commercial assays

Hieff® Quick Exosome Isolation Kit (for Serum/Plasma) Yeasen Cat#41202ES30

BCA Assay Kit Yeasen Cat#20201ES76

qPCR SYBR Green Master Mix Yeasen Cat#11201ES08

1st Strand cDNA Synthesis SuperMix (QDNA Digester Plus) Yeasen Cat#11139ES60

Deposited data

THP treatment chip Ma et al.”® PMID: 36622564

RNA high-throughput sequencing Li etal.”’ PMID: 32917240; NCBI SRP266211

Experimental models: Cell lines

MDA-MB-231 Procell Cat#CL-0150B
MDA-MB-468 Procell Cat# CL-0290A
MDA-MB-436 Chinese Academy of Sciences N/A

MCF-10A Chinese Academy of Sciences N/A

MCF-7 Chinese Academy of Sciences N/A

BT-474 Chinese Academy of Sciences N/A

SK-BR3 Chinese Academy of Sciences N/A

Experimental models: Organisms

Four-week-old female BALB/c nude mice SEPEIFU N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Oligonucleotides

Primer sequences See Table S1 N/A
Sequences of plasmids and siRNAs See Table S2 N/A

Software and algorithms

GraphPad Prism 9.0 GraphPad N/A
SPSS 26.0 IBM SPSS N/A
ImageJ NIH ImageJ N/A
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Zhimin Fan
(fanzm@jlu.edu.cn).

Materials availability
This study did not generate new unique reagents.

Data and code availability
e Publicly accessible RNA high-throughput sequencing data was analyzed and the corresponding accession numbers are listed in the key
resources table.
e This paper does not report original code.
e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
Ethics approval and consent to participate
The Ethics Review Committee of the First Hospital of Jilin University granted approval for this research (21K127-001, Nov. 25th, 2021).

The animal experiments were conducted in compliance with the regulations set by the Experimental Animal Ethics Committee of the
School of Public Health at Jilin University (SY202306100, June 10th, 2023).

Human subject

BC tissues, adjacent normal tissues, and blood samples were obtained from female BC patients (including 47 TNBC patients without neo-
adjuvant chemotherapy (NAC), and 35 non-TNBC patients without NAC) who underwent surgical treatment between 2018 and 2019 at
the First Hospital of Jilin University. The Ethics Review Committee of the First Hospital of Jilin University granted approval for this research
(21K127-001, Nov. 25th, 2021). Written consent for tissues and blood samples were obtained from all patients.

Cell lines

The cell lines (MDA-MB-231, MDA-MB-468, MDA-MB-436, MCF-10A, MCF-7, BT-474, and SK-BR3) were acquired from the Cell Bank of the
Chinese Academy of Sciences (Shanghai, China) and Procell (Wuhan, China). All cell lines except for MDA-MB-448 were cultured in a humid-
ified incubator at 37°C with 5% CO2. MDA-MB-231 and MDA-MB-436 cells were grown in DMEM supplemented with 10% FBS (Procell,
Wuhan, China) and 1% penicillin/streptomycin (Yeasen, Shanghai, China). MCF-10A, BT-474, and SK-BR3 cells were grown in appropriate spe-
cial complete medium. MCF-7 cells were cultured in 1640 medium enriched with 10% FBS (Procell) and 1% penicillin/streptomycin (Yeasen).
MDA-MB-468 cells were cultured in L-15 medium with 10% FBS (Procell) and 1% penicillin/streptomycin (Yeasen) in a humidified incubator at
37°C without CO2.

Animals

Four-week-old female BALB/c nude mice were acquired from SEPEIFU in Beijing, China and kept in a pathogen-free environment. The animal
experiments were conducted in compliance with the regulations set by the Experimental Animal Ethics Committee of the School of Public
Health at Jilin University (SY202306100, June 10th, 2023).
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METHOD DETAILS

Real-time quantitative polymerase chain reaction (RT-qPCR)

The TRIzol reagent (Invitrogen, USA) was used for the extraction of total RNA from cells and tissues. A gDNA kit (TransGen Biotech, Beijing,
China) was used to isolate gDNA from cells. The reverse transcription reaction utilized 1st Strand cDNA Synthesis SuperMix (JDNA Digester
Plus) (Yeasen). For the RT-gPCR, 2 ul of cDNA template was employed with gTOWER® system (Analytik Jena, Germany) using, gPCR SYBR
Green Master Mix (Yeasen). GAPDH and U6 were used as internal controls to standardize the transcript levels based on the 2 tmethod.
Primers employed in this study were synthesized by Sangon Biotech from Shanghai, China (Shanghai, China) (Table S1).

Plasmid transfection and treatments

The shRNA that specifically targets circZCCHC2 was synthesized by GenePharma (Shanghai, China) and then inserted into the pcDNA3.1-GFP
vector. To construct the circZCCHC2 overexpression vector, the full length human hsa_circ_0000854 was inserted into the C-1170 vector
(LandM, Guangzhou, China), which contains a circular frame. Puromycin administration (Yeasen Biotech) was used to screen stable cell lines.
The si-TPR, miR-1200 mimics, and miR-1200 inhibitor were purchased from GenePharma in Shanghai, China (Table S2). Transfection of plas-
mids, siRNA, or miRNA mimics or inhibitors was performed using GoldenTran-DR transfection reagent (Changchun Golden Transfer Science
and Technology Co., Ltd., China) according to the manufacturer’s instructions. MEK inhibitor U0126 (Selleck, USA) used in the study were
prepared by dimethyl sulfoxide (DMSQO). Final concentration used for cell experiments was 5 uM and the treatment time lasted 24 h.

Cell proliferation assay

The TNBC cells were plated in 96-well plates and allowed to culture overnight. The wells were incubated at 37°C for 1 h after adding the
CCK-8 reagent at 0, 24, 48, and 72 h. We utilized the POLARstar OPTIMA multi-detection microplate reader (BioRad, San Diego, CA,
USA) to quantify the absorbance at 450 nm using.

Transwell assay

BC cells (5 x 10* were suspended in 200 uL serum-free medium and added to the upper chamber of Transwell plates. The upper chamber was
coated with Matrigel (Corning, NY 14831 USA) prior to the invasion experiment. The lower chamber was supplemented with medium (700 pL)
containing 15%FBS. Following a 24-h culture, the cells were treated with 4% paraformaldehyde for 30 min to fix them, and then stained with
0.1% crystal violet for 10 min. The cells were observed and captured utilizing a microscope, and quantified using ImageJ.

Wound-healing assay

TNBC cells were seeded into six-well plates for culture and grown to 100% monolayers. Scratches were made with 10-pL pipette tips. After-
ward, the cells were grown in a medium without serum. Images were captured at 0 and 24 h after conducting the scratches, and subsequent
quantitative analyses were carried out.

5-Ethynyl-2'-deoxyuridine (EdU)

TNBC cells were placed in 96-well plates and then incubated with EJU reagent at 37°C for 2 h. Afterward, the cells were fixed with 4% para-
formaldehyde for 15 min, followed by treatment with Triton-100 for 15 min and incubation at room temperature in the dark for 30 min with the
reaction solution. The nuclei were stained with Hoechst 33342. The cells were eventually observed and captured using a fluorescence
microscope.

Exosome isolation and characterization

Exosomes from the plasma of BC patients were isolated with the Hieff Quick Exosome Isolation Kit (for Serum/Plasma) (Yeasen) according to
the manufacturer's manual. Western blotting was employed to identify the presence of positive markers, specifically CD63 (Affinity) and
TSG101 (Affinity). The Malvern particle size meter was used to measure the particle size of exosomes. The morphological analysis of exosomes
was conducted using transmission electron microscopy (Tecnai Spirit Biotwin) and images were observed.

Western blot analysis

Proteins were extracted from cells and tissues using RIPA buffer, and the concentration of total protein was determined using a BCA Assay Kit
(Yeasen Biotech). The protein samples underwent separation using SDS-PAGE and were subsequently transferred to PVDF membranes, fol-
lowed by blocking in 5% non-fat milk for 2 h. Next, the membranes were incubated with specific primary antibodies overnight at 4°C, followed
by secondary antibodies for 1 h. The detection of the band signals was accomplished using an electrochemiluminescence (ECL) system. The
following primary antibodies were used in this study TSG101 (Affinity), CD63 (Affinity), N-cadherin (Affinity), E-cadherin (Affinity), vimentin
(Affinity), GAPDH (ABclonal), RAS (ABclonal), p-RAF1 (ABclonal), RAF1 (ABclonal), p-MEK1/2 (ABclonal), MEK1/2 (ABclonal), p-ERK1/2 (ABclo-
nal), ERK1/2 (ABclonal), and TPR (Abcam).
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Dual luciferase reporter assay

CircZCCHC2 or TPR 3'UTR sequences containing the wild-type- and mutant miR-1200-binding sites were synthesized and inserted into dual
luciferase reporter plasmids (Promega, USA) that included the psiCheck2 promoter. BC cells were co-transfected with the miR-1299 mimics or
control mimics. Luciferase activity was measured using the Dual-Luciferase Reporter Assay System (Promega) after 48 h.

Pulldown assay

MDA-MB-231 and MDA-MB-436 cells were transfected with biotinylated miR-1200 probe and negative control probe, which were designed
by Ibsbio (Shanghai, China). The cells were harvested after 48 h, and then magnetic bead sealing, cell lysis, and magnetic bead hybridization
incubation steps were carried out according to the instructions provided by the manufacturer of the miRNA pulldown kit (BersinBio, Guangz-
hou, China). The RNA complexes bound to the beads were eluted and extracted for RT-gPCR analysis to evaluate the abundance of
circZCCHC2 and TPR.

Tumor xenograft model

Stable cell lines (1 x 107) were subcutaneously injected into each mouse, and the tumor volume were monitored and recorded regularly ac-
cording to the formula: volume = (width? X length)/2. Four weeks after injection, the mice were sacrificed. For in vivo drug experiments,
1 week after cell injection, THP or 5% glucose solution was administered by tail vein injection at a dose of 5 mg/kg.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis

Each experiment was repeated at least three times. GraphPad Prism 9.0 and SPSS 26.0 software were used for statistical analysis, and p < 0.05
was considered statistically significant. The mean + SD was used to express the experimental data. The two-sided Student’s ttest was used to
evaluate differences between two groups, and one-way analysis of variance (ANOVA) was used to evaluate differences among multiple
groups. The association of circZCCHC2 with miR-1200, TPR, and clinicopathological characteristics was determined by the 2 test and Fisher's
exact test, and the correlation was assessed by Pearson'’s correlation analysis. To assess the diagnostic value of circZCCHC2 for BC, a receiver
operating characteristic (ROC) curve was generated. *p < 0.05, **p < 0.01, ***p < 0.001, and ns: not significant.
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