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ABSTRACT Triple-negative breast cancer (TNBC) is an aggressive histological subtype
of breast cancer. It has been reported that the circular RNA (circRNA) circ-ERBB2
(circBase identifier hsa_circ_0007766) is mainly distributed in the cytoplasm of TNBC
cells and promotes the proliferation and invasion of TNBC cells. This study aimed to
explore the molecular mechanism of circ-ERBB2 regulating the progression of TNBC.
The expression of circ-ERBB2 was detected by quantitative real-time PCR (qRT-PCR).
Loss-of-function experiments were performed to investigate the function of circ-ERBB2
in TNBC cells in vitro and in vivo. The regulatory mechanism of circ-ERBB2 was sur-
veyed by bioinformatics analysis and dual-luciferase reporter and RNA immunoprecipi-
tation (RIP) or RNA pulldown assays. We observed that circ-ERBB2 was overexpressed
in TNBC, and TNBC patients with high circ-ERBB2 expression levels had a poor progno-
sis. Functionally, circ-ERBB2 knockdown constrained TNBC growth in vivo, reduced the
Warburg effect, accelerated apoptosis, and repressed the proliferation, migration, and
invasion of TNBC cells in vitro. Mechanically, circ-ERBB2 sponged microRNA 136-5p
(miR-136-5p) to elevate pyruvate dehydrogenase kinase 4 (PDK4) expression. In con-
clusion, circ-ERBB2 facilitated the Warburg effect and malignancy of TNBC cells by the
miR-136-5p/PDK4 pathway, at least in part. This study supports circ-ERBB2 as a prog-
nostic indicator for TNBC.
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riple-negative breast cancer (TNBC) is an aggressive histological subtype of breast

cancer (1). It is characterized by the lack of estrogen receptor (ER), progesterone re-
ceptor (PR), and human epidermal growth factor receptor 2 (HER2) (2). Also, TNBC
patients are not suitable for hormone or anti-HER2 therapy (3, 4). At present, cytotoxic
chemotherapy and radiotherapy are still the treatment methods for TNBC patients (5).
However, TNBC has a poor prognosis due to its aggressiveness and lack of effective
therapeutic targets (6). Therefore, exploring the mechanism of TNBC progression is cru-
cial for the development of new treatment strategies.

Oxidative phosphorylation (OXPHOS) and glycolysis are the two main metabolic
pathways that produce ATP, which is a coenzyme responsible for the production of
energy for cellular processes. The Warburg effect, also termed aerobic glycolysis, is an
energy transfer from mitochondrial OXPHOS to aerobic glycolysis (7). Also, this meta-
bolic reprogramming is a characteristic of cancer (8). Moreover, targeting the Warburg
effect is a promising cancer treatment strategy (9-11).

Increasing evidence has proven that noncoding RNAs are involved in the Warburg
effect of cancer cells, including circular RNAs (circRNAs) (12). circRNAs, covalently closed
RNA molecules, are generated by the back-splicing of pre-mRNAs (13). Due to their spe-
cial structure, most circRNAs are stable and resistant to RNase R (14). Also, circRNAs can
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function as competing endogenous RNAs (ceRNAs) that regulate gene expression by
sponging microRNAs (miRs) (15). In recent years, circRNAs have been disclosed to be
associated with the tumorigenesis of a series of cancers. For instance, circRNA circ-
0008234 elevated the Warburg effect and contributed to gallbladder cancer growth via
regulating pyruvate kinase L/R (PKLR) expression (16). circRNA circ-BICD2 sponged miR-
107 to increase HK2 expression, resulting in facilitating the Warburg effect and tumor
advancement in oral squamous cell cancer (17). circRNA circ-ERBB2 (circBase identifier
hsa_circ_0007766), located on chromosome 17 (chr17) at positions 37864573 to
37866734, is produced by the back-splicing of the erb-b2 receptor tyrosine kinase 2
(ERBB2) gene, and its length is 676 bp (http://www.circbank.cn/search.html?selectValue=
hsa_circ_0007766). It was reported that circ-ERBB2 acted as an oncogene in TNBC (18).
Nevertheless, the regulatory mechanisms of circ-ERBB2 in TNBC have not been fully clarified.

Accordingly, this research aimed to survey the impact of circ-ERBB2 on the Warburg
effect and tumor growth in TNBC. Our results showed that circ-ERBB2 had a promoting
impact on the Warburg effect and tumor growth in TNBC through modulating the
miR-236-5p/PDK4 (pyruvate dehydrogenase kinase 4) pathway.

RESULTS

circ-ERBB2 expression was prominently increased in TNBC. RNA sequencing (RNA-
seq) uncovered that circ-ERBB2 expression was apparently increased in TNBC tissues com-
pared to adjacent normal tissues (19). To validate this result, we conducted quantitative
real-time PCR (qRT-PCR) to detect circ-ERBB2 expression in 46 paired TNBC tissues and ad-
jacent normal tissues. The results exhibited a prominent upregulation of circ-ERBB2 in
TNBC tissues in contrast to adjacent normal tissues (Fig. 1A). Moreover, TNBC patients with
high circ-ERBB2 expression levels were closely associated with tumor node metastasis
(TNM) stage (P = 0.033) and lymph node metastasis (P = 0.008) (Table 1). gRT-PCR showed
that circ-ERBB2 expression was observably elevated in stage Il TNBC tissues com-
pared to that in stage | and Il TNBC tissues (Fig. 1B). Kaplan-Meier survival analysis
demonstrated that TNBC patients with high circ-ERBB2 expression levels had poor overall
survival compared to those with low circ-ERBB2 expression levels (log rank P value of
0.040) (Fig. 1C). Next, we detected circ-ERBB2 expression in TNBC cells (BT549, MDA-MB-
453, MDA-MB-468, and MDA-MB-231), and the results displayed that circ-ERBB2 expression
was markedly higher in TNBC cells than in MCF10A cells, particularly MDA-MB-231 and
MDA-MB-468 cells (Fig. 1D). circ-ERBB2 is formed by splicing the head and tail of exon 2 to
exon 6 of the ERBB2 gene (Fig. 1E). Subsequently, we surveyed the distribution of circ-
ERBB2 in MDA-MB-231 and MDA-MB-468 cells. A subcellular isolation assay indicated that
circ-ERBB2 was preferentially distributed in the cytoplasm of MDA-MB-231 and MDA-MB-
468 cells (Fig. 1F and G). Also, we observed that there was a marked downregulation
of ERBB2 mRNA under RNase R treatment, while circ-ERBB2 resisted RNase R digestion
(Fig. TH). In addition, circ-ERBB2 had a longer half-life than ERBB2 mRNA in MDA-MB-231
and MDA-MB-468 cells under actinomycin D (Act D) treatment (Fig. 11 and J). These data
indicated that high circ-ERBB2 expression in TNBC was associated with a poor prognosis.

Inhibition of circ-ERBB2 reduced the Warburg effect and cured the malignancy
of TNBC cells. Subsequently, we performed loss-of-function experiments to investigate
the function of circ-ERBB2 in TNBC. The knockdown efficiency of the circ-ERBB2 inhibi-
tor in MDA-MB-231 and MDA-MB-468 cells was confirmed by gRT-PCR, as exhibited in
Fig. 2A. Colony formation and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) assays displayed that the proliferation of circ-ERBB2-silenced MDA-MB-231
and MDA-MB-468 cells was curbed (Fig. 2B to D). Cell apoptosis analysis indicated that
the inhibition of circ-ERBB2 elevated the apoptosis rate of MDA-MB-231 and MDA-MB-
468 cells (Fig. 2E). Wound-healing and transwell assays exhibited that the migration
and invasion of MDA-MB-231 and MDA-MB-468 cells were repressed after transfection
with a small interfering RNA (siRNA) targeting circ-ERBB2 (si-circ-ERBB2#1 or si-circ-
ERBB2#2) (Fig. 2F to H). As expected, circ-ERBB2 silencing elevated the protein level of
cleaved caspase 3 and decreased the protein levels of proliferating cell nuclear antigen
(PCNA) and matrix metalloproteinase 9 (MMP9) in TNBC cells (see Fig. S1 in the
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FIG 1 circ-ERBB2 expression was elevated in TNBC. (A) qRT-PCR revealed the expression of circ-ERBB2 in TNBC tissues and adjacent
normal tissues. (B) qRT-PCR presented the expression of circ-ERBB2 in TNBC tissues, which were in stages | and Il or stage lll. (C)
Kaplan-Meier and log rank tests uncovered the overall survival of TNBC patients with high or low circ-ERBB2 expression. Patients
were divided into a high-circ-ERBB2-expression group and a low-circ-ERBB2-expression group according to the median level of circ-
ERBB2 expression in tumor tissues. (D) gRT-PCR exhibited the expression of circ-ERBB2 in TNBC cells (BT549, MDA-MB-453, MDA-MB-
468, and MDA-MB-231) and MCF10A cells. (E) Schematic diagram illustrating the formation of circ-ERBB2. (F and G) qRT-PCR revealed
the subcellular distribution of circ-ERBB2 in MDA-MB-231 and MDA-MB-468 cells. (H) qRT-PCR presented the expression levels of circ-
ERBB2 and ERBB2 mRNAs in RNA of MDA-MB-231 and MDA-MB-468 cells under RNase R treatment. (I and J) gRT-PCR unveiled the
expression levels of circ-ERBB2 and ERBB2 mRNAs in MDA-MB-231 and MDA-MB-468 cells treated with Act D. *, P < 0.05.

supplemental material). To investigate the influence of circ-ERBB2 on the Warburg
effect in TNBC cells, we determined the extracellular acidification rate (ECAR) and oxy-
gen consumption rate (OCR) in circ-ERBB2-silenced MDA-MB-231 and MDA-MB-468
cells. As exhibited in Fig. 2I to L, circ-ERBB2 silencing reduced the ECAR, whereas it ele-
vated the OCR, in MDA-MB-231 and MDA-MB-468 cells. In addition, the levels of glu-
cose consumption and lactate production were decreased in circ-ERBB2-inhibited
MDA-MB-231 and MDA-MB-468 cells (Fig. 2M and N). Collectively, these results indi-
cated that circ-ERBB2 elevated the Warburg effect and promoted the malignancy of
TNBC cells.

circ-ERBB2 was identified as a sponge for miR-136-5p in TNBC cells. Based on
the distribution of circ-ERBB2 in MDA-MB-231 and MDA-MB-468 cells, we speculated
that circ-ERBB2 might function as a ceRNA. Online bioinformatics prediction (circinter-
actome, circBank, and starbase) revealed that 4 miRs (miR-1276, miR-136-5p, miR-503-
5p, and miR-520f-3p) had complementary binding sequences with circ-ERBB2 (Fig. 3A).
The overexpression efficiency of circ-ERBB2 was validated by qRT-PCR (Fig. 3B). Also,
the elevation of circ-ERBB2 repressed the expression of miR-1276, miR-136-5p, miR-
503-5p, and miR-520f-3p in MDA-MB-231 and MDA-MB-468 cells, especially miR-136-
5p (Fig. 3C and D). Furthermore, miR-136-5p was highly expressed in circ-ERBB2-inhib-
ited MDA-MB-231 and MDA-MB-468 cells (Fig. 3E). To verify the relationship between
miR-136-5p and circ-ERBB2, we constructed a luciferase reporter containing wild-type
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TABLE 1 Clinicopathological factors and circ-ERBB2 expression in patients with TNBC@

No. of patients

circ-ERBB2 expression

Parameter Total High (n = 23) Low (n = 23) P value®
Age (yrs)
=50 18 8 10 0.546
>50 28 15 13

Menopausal status
Premenopausal 20 12 8 0.234
Postmenopausal 26 11 15

Histological type
Ductal 42 20 22 0.295
Lobular 4 3 1

Tumor size (cm)

=2 18 6 12 0.070
>2 28 17 11

TNM stage
1=l 29 11 18 0.033*
1] 17 12 5

Lymph node metastasis
No 21 6 15 0.008*
Yes 25 17 8

aAbbreviations: TNBC, triple-negative breast cancer; TNM, tumor node metastasis.
bBy a chi-square test. *, P < 0.05.

circ-ERBB2 (wt-circ-ERBB2) or mutant circ-ERBB2 (mut-circ-ERBB2), as presented in Fig.
3F. The results of a dual-luciferase reporter assay indicated that miR-136-5p mimics
reduced the luciferase activity of the luciferase reporter containing wt-circ-ERBB2 but
not the luciferase reporter containing mut-circ-ERBB2 (Fig. 3G and H). An RNA immuno-
precipitation (RIP) assay exhibited that miR-136-5p and circ-ERBB2 were overtly
enriched in the immunoprecipitates in the Ago2 group compared to the IgG group
(Fig. 31 and J). An RNA pulldown assay exhibited that circ-ERBB2 could be pulled down
by the biotinylated miR-136-5p (Bio-miR-136-5p) probe but not the biotinylated nega-
tive-control (Bio-NC) probe (Fig. 3K). As expected, there was an overt downregulation
of miR-136-5p in TNBC cells and tissues (Fig. 3L and M). Pearson’s correlation analysis
showed that the expression of miR-136-5p and circ-ERBB2 had a negative correlation
in TNBC tissues (Fig. 3N). Together, these data demonstrated that circ-ERBB2 acted as a
sponge for miR-136-5p in TNBC cells.

circ-ERBB2 regulated the Warburg effect and malignancy of TNBC cells by
sponging miR-136-5p. To further validate the involvement of circ-ERBB2 and miR-
136-5p in TNBC progression, we performed rescue experiments. There was a marked
downregulation of miR-136-5p in MDA-MB-231 and MDA-MB-468 cells after miR-136-
5p inhibitor transfection relative to the negative-control (NC) inhibitor (Fig. 4A). Also,
the upregulation of miR-136-5p in circ-ERBB2-inhibited MDA-MB-231 and MDA-MB-468
cells was partly neutralized after miR-136-5p downregulation (Fig. 4B). Moreover, the
miR-136-5p inhibitor partially counteracted the repressive influence of circ-ERBB2
silencing on the proliferation of MDA-MB-231 and MDA-MB-468 cells (Fig. 4C to E).
Furthermore, the miR-136-5p inhibitor overturned the circ-ERBB2 knockdown-medi-
ated impacts on apoptosis, migration, and invasion of MDA-MB-231 and MDA-MB-468
cells (Fig. 4F to H). In addition, the decrease of the ECAR and the increase of the OCR in
si-circ-ERBB2#1-transfected MDA-MB-231 and MDA-MB-468 cells were offset after miR-
136-5p inhibition (Fig. 41 to L). Similarly, the decreases of glucose consumption and lac-
tate production in MDA-MB-231 and MDA-MB-468 cells caused by circ-ERBB2 inhibition
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FIG 2 Influence of circ-ERBB2 inhibition on the Warburg effect and malignancy of TNBC cells. (A) The relative expression of circ-ERBB2 in MDA-MB-231 and
MDA-MB-468 cells transfected with si-circ-ERBB2#1, si-circ-ERBB2#2, or si-circ-ERBB2#3 was validated by gRT-PCR. si-NC acted as a control. (B to H) The
proliferation, apoptosis, migration, and invasion of MDA-MB-231 and MDA-MB-468 cells transfected with si-circ-ERBB2#1, si-circ-ERBB2#2, or si-NC were
assessed by a colony formation assay, MTT assay, flow cytometry assay, wound-healing assay, or transwell assay. (I to L) An XF96 glycolysis analyzer was
utilized to analyze the ECAR and OCR in MDA-MB-231 and MDA-MB-468 cells transfected with si-circ-ERBB2#1, si-circ-ERBB2#2, or si-NC. (M and N) The
levels of glucose consumption and lactate production in MDA-MB-231 and MDA-MB-468 cells transfected with si-circ-ERBB2#1, si-circ-ERBB2#2, or si-NC
were detected with matching kits. 2-DG, 2-deoxy-p-glucose; PI, propidium iodide; mPH: miles per hour; FCCP, carbonyl cyanide p-(trifluoromethoxy)
phenylhydrazone. In addition, PE-A in panel E comes with the apoptosis detection instrument. *, P < 0.05.

were partly restored after miR-136-5p silencing (Fig. 4M and N). These results demon-
strated that circ-ERBB2 sponged miR-136-5p to modulate the Warburg effect and
malignancy of TNBC cells.

PDK4 was verified as a target for miR-136-5p in TNBC cells. To survey the biologi-
cal mechanism of miR-136-5p in TNBC, we employed starbase to predict the targets of
miR-136-5p. We discovered that PDK4 might be a target of miR-136-5p and constructed
a luciferase reporter containing the wt-PDK4 3’ untranslated region (UTR) or mut-PDK4
3’ UTR, as displayed in Fig. 5A. Also, the luciferase activity of the luciferase reporter con-
taining the wt-PDK4 3’ UTR in MDA-MB-231 and MDA-MB-468 cells was curbed in the
presence of miR-136-5p mimics, but there was no conspicuous change in the luciferase
reporter containing the mut-PDK4 3’ UTR (Fig. 5B and C). An RNA pulldown assay
showed that PDK4 could be pulled down by the Bio-miR-136-5p probe but not the Bio-
NC probe (Fig. 5D). We also confirmed the transfection efficiency of miR-136-5p mimics
in MDA-MB-231 and MDA-MB-468 cells, as shown in Fig. 5E. Western blotting displayed
that miR-136-5p mimics had an inhibitory effect on the level of PDK4 protein in MDA-
MB-231 and MDA-MB-468 cells, whereas the miR-136-5p inhibitor had an opposing
impact (Fig. 5F and G). Moreover, circ-ERBB2 inhibition reduced the level of PDK4 protein
in MDA-MB-231 and MDA-MB-468 cells, but this decrease was partially restored after
miR-136-5p inhibition (Fig. 5H and I). We also observed an apparent elevation of the
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enrichment of circ-ERBB2 and miR-136-5p in immunoprecipitates of the Ago2 and IgG groups was analyzed by gRT-PCR. (K) After an RNA pulldown assay,
the abundance of circ-ERBB2 in the Bio-miR-136-5p and Bio-NC groups was analyzed by qRT-PCR. (L and M) The relative expression of miR-136-5p in TNBC
cells and tissues was evaluated using qRT-PCR. (N) Pearson’s correlation analysis revealed the correlation between circ-ERBB2 and miR-136-5p in TNBC
tissues. PGK, phosphoglycerate kinase; hRLuc, Renilla luciferase. *, P < 0.05.

PDK4 protein level in TNBC cells (Fig. 5J). Congruously, the levels of PDK4 protein and
mRNA were overtly increased in TNBC tissues (Fig. 5K and L). Additionally, the expression
of PDK4 mRNA was negatively correlated with miR-136-5p and positively correlated with
circ-ERBB2 in TNBC tissues (Fig. 5M and N). Collectively, these data indicated that PDK4
acted as a downstream target of miR-136-5p and was regulated by the circ-ERBB2/miR-
136-5p axis.

miR-136-5p targeted PDK4 to regulate the Warburg effect and malignancy of
TNBC cells. Given that miR-136-5p targeted PDK4 in TNBC cells, we further surveyed
whether miR-136-5p regulated the Warburg effect and malignancy of TNBC cells by
targeting PDK4. Western blotting revealed that the level of PDK4 protein was upregu-
lated in TNBC cells after PDK4 transfection compared to the control pcDNA (Fig. 6A).
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FIG 4 circ-ERBB2 adsorbed miR-136-5p to regulate the Warburg effect and malignancy of TNBC cells. (A) gRT-PCR uncovered the expression of miR-136-5p
in MDA-MB-231 and MDA-MB-468 cells transfected with the miR-136-5p inhibitor or NC inhibitor. (B to N) MDA-MB-231 and MDA-MB-468 cells were
transfected with si-NC, si-circ-ERBB2#1, si-circ-ERBB2#1 plus the NC inhibitor, or si-circ-ERBB2#1 plus the miR-136-5p inhibitor. (B) The relative expression of
miR-136-5p in MDA-MB-231 and MDA-MB-468 cells was analyzed using qRT-PCR. (C to H) The influence of miR-136-5p inhibition on the proliferation,
apoptosis, migration, and invasion of circ-ERBB2-silenced MDA-MB-231 and MDA-MB-468 cells was evaluated using a colony formation assay, MTT assay,
flow cytometry assay, wound-healing assay, or transwell assay. (I to L) The impacts of miR-136-5p silencing on the ECAR and OCR of circ-ERBB2-repressed
MDA-MB-231 and MDA-MB-468 cells were analyzed using an XF96 glycolysis analyzer. (M and N) The effects of miR-136-5p downregulation on glucose
consumption and lactate production of circ-ERBB2-inhibited MDA-MB-231 and MDA-MB-468 cells were surveyed using the corresponding kits. *, P < 0.05.

Moreover, the forced expression of PDK4 partly offset the suppressive influence of
miR-136-5p mimics on the protein levels of PDK4 in MDA-MB-231 and MDA-MB-468
cells (Fig. 6B). miR-136-5p mimics repressed the proliferation and accelerated the apo-
ptosis of MDA-MB-231 and MDA-MB-468 cells, but these impacts were partly counter-
acted by PDK4 overexpression (Fig. 6C to F). Also, the elevation of PDK4 overturned
the repressive influence of miR-136-5p mimics on the migration and invasion of MDA-
MB-231 and MDA-MB-468 cells (Fig. 6G and H). Furthermore, miR-136-5p upregulation
reduced the ECAR and elevated the OCR in MDA-MB-231 and MDA-MB-468 cells, but
these tendencies were reversed after PDK4 elevation (Fig. 6l to L). In addition, the
decreases of glucose consumption and lactate production in miR-136-5p mimic-trans-
fected MDA-MB-231 and MDA-MB-468 cells were offset by forced PDK4 expression
(Fig. 6M and N). These results indicated that miR-136-5p reduced the Warburg effect
and curbed the malignancy of TNBC cells through targeting PDK4.

circ-ERBB2 inhibition reduced TNBC growth in vivo. Based on the above-described
findings, we further confirmed the role of circ-ERBB2 in TNBC by xenograft experiments. The
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FIG 5 circ-ERBB2 sponged miR-136-5p to regulate PDK4 expression. (A) Schematic illustration of a luciferase reporter containing the wt-PDK4 3’
UTR or mut-PDK4 3’ UTR. (B and C) The targeting relationship between miR-136-5p and PDK4 was verified by a dual-luciferase reporter assay. (D)
After an RNA pulldown assay, the enrichment of PDK4 mRNA was analyzed by qRT-PCR. (E) The transfection efficiency of miR-136-5p mimics in
MDA-MB-231 and MDA-MB-468 cells was confirmed by qRT-PCR. (F and G) The influence of the miR-136-5p mimics or inhibitor on the level of
PDK4 protein in MDA-MB-231 and MDA-MB-468 cells was determined by Western blotting. (H and 1) The impact of the miR-136-5p inhibitor on the
protein level of PDK4 in circ-ERBB2-suppressed MDA-MB-231 and MDA-MB-468 cells was assessed using Western blotting. (J and K) The relative
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analysis. *, P < 0.05.

results exhibited that tumor volume and weight were decreased in mice injected with MDA-
MB-231 cells stably expressing short hairpin RNA (shRNA) targeting ERBB2 (sh-circ-ERBB2) com-
pared with the sh-NC group (Fig. 7A to C). Moreover, circ-ERBB2 expression was overtly lower,
whereas miR-136-5p expression was apparently higher, in mouse tumor tissues in the sh-circ-
ERBB2 group than in the sh-NC group (Fig. 7D and E). Also, there was a significant downregu-
lation of PDK4 protein in mouse tumor tissues in the sh-circ-ERBB2 group (Fig. 7F and G). In
addition, protein levels of PCNA and MMP9 were downregulated in xenograft tumors of the
sh-circ-ERBB2 group, but the protein level of cleaved caspase 3 had the opposite tendency
(Fig. 7H). These data indicated that circ-ERBB2 knockdown decreased TNBC growth in vivo.
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FIG 6 miR-136-5p decreased the Warburg effect and repressed the malignancy of TNBC cells via targeting PDK4. (A) Western blotting revealed the protein
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MDA-MB-231 and MDA-MB-468 cells were measured by an XF96 glycolysis analyzer. (M and N) Glucose consumption and lactate production in MDA-MB-

231 and MDA-MB-468 cells were determined using the corresponding kits. *,

DISCUSSION

P < 0.05.

Growing evidence has unmasked that circRNAs exert a vital regulatory role in
diverse biological processes, especially in the initiation and growth of various malig-
nant tumors (20). Recently, many studies have disclosed that circRNAs take part in the
advancement of TNBC. For instance, circRNA circ-AHNAKT (21) and circRNA circ-
TADA2As (22) played an inhibitory role in TNBC, but circRNA circ-AGFG1 (23), circRNA
circ-EPSTI1 (24), and circRNA circ-SEPT9 (25) had the opposite function. Nevertheless,
the specific mechanisms by which circRNAs regulate the tumorigenesis of TNBC remain

unclear.

It was reported that circ-ERBB2 expression was higher in TNBC tissues (19). Li et al.
revealed that high circ-ERBB2 expression was negatively correlated with the overall
survival of TNBC patients, and circ-ERBB2 silencing repressed proliferation, invasion,
and tumorigenesis in vitro and in vivo by inhibiting HER2-103 encoded by it (18). Here,
circ-ERBB2 was highly expressed in TNBC. High circ-ERBB2 expression was related to
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FIG 7 circ-ERBB2 facilitated TNBC growth in vivo. (A) Tumor volume of mice injected with MDA-MB-231 cells
carrying sh-circ-ERBB2 or sh-NC. (B) Tumor images of mice injected with MDA-MB-231 cells carrying sh-circ-
ERBB2 or sh-NC. (C) Tumor weight of mice injected with MDA-MB-231 cells carrying sh-circ-ERBB2 or sh-NC. (D
to G) The expression of circ-ERBB2, miR-136-5p, and PDK4 protein in mouse tumor tissues in the sh-circ-ERBB2
and sh-NC groups was assessed by gRT-PCR or Western blotting. (H) The protein levels of PCNA, cleaved
caspase 3, and MMP9 in tumor tissues of the sh-circ-ERBB2 and sh-NC groups were evaluated by Western
blotting. *, P < 0.05.

lymph node metastasis and TNM stage. Also, elevated circ-ERBB2 expression had a
negative correlation with the overall survival of TNBC patients. These data indicated
that circ-ERBB2 might serve as a prognostic indicator for TNBC. Furthermore, circ-
ERBB2 knockdown reduced the Warburg effect and malignancy of TNBC cells in vitro
and constrained TNBC cell growth in vivo. A previous study disclosed that circ-ERBB2
acted as an unfavorable prognostic factor in gastric cancer, and circ-ERBB2 overexpres-
sion accelerated tumor growth by modulating the miR-637/MMP-19 and miR-1233-3p/
GDF15 pathways (26). Huang et al. showed that the circ-ERBB2-PA2G4-TIFIA axis had a
promoting impact on the growth of gallbladder cancer (27). These results revealed
that circ-ERBB2 exerted a carcinogenic role in TNBC. Unfortunately, we did not explore
the effect of circ-ERBB2 on MCF10A cells, which can be further studied in the future.
Accumulating evidence has demonstrated that circRNAs can function as ceRNAs
and modulate gene expression through adsorbing miRs (28). Here, we observed that
circ-ERBB2 was preferentially distributed in the cytoplasm of TNBC cells, suggesting
that circ-ERBB2 might be a sponge for miRs. Through online bioinformatics prediction,
we found that circ-ERBB2 was a sponge of miR-136-5p and confirmed this by dual-lucif-
erase reporter and RIP assays. miR-136-5p had been found to play a tumor-inhibiting
role in diverse tumors, such as retinoblastoma (29), cervical cancer (30), and gastric
cancer (31). Moreover, circRNA circ-TLK1 sponged miR-136-5p to accelerate cell migra-
tion and proliferation in renal cell cancer (32). Also, long noncoding RNA (IncRNA)
FAM83H-AST increased metadherin expression by absorbing miR-136-5p, resulting in
the growth of TNBC (33). Here, miR-136-5p was lowly expressed in TNBC. Furthermore,
miR-136-5p downregulation partly restored the repressive impact of circ-ERBB2 down-
regulation on the Warburg effect and malignancy of TNBC cells. Therefore, we inferred
that circ-ERBB2 contributed to the Warburg effect and malignancy of TNBC cells, at
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least in part, via adsorbing miR-136-5p. In addition, circ-ERBB2 may play a regulatory
role in TNBC by adsorbing other miRs or proteins, which can be further explained in
the future.

Pyruvate dehydrogenase kinases (PDKs) are responsible for the phosphorylation of
pyruvate dehydrogenase and the metabolic conversion from mitochondrial respiration
to glycolysis (34). PDK4, a member of the PDK family, plays a critical role in several can-
cer types. Woolbright et al. indicated that the silencing of PDK4 could elevate cisplatin-
induced bladder cancer cell death (35). Moreover, miR-16-5p targeted PDK4 to
decrease glycolysis and chemoresistance in cervical cancer (36). Also, FAM210B knock-
down reduced PDK4 expression, thereby reducing cancer cell glycolysis, the epithelial-
mesenchymal transition (EMT), and invasion (37). Furthermore, miR-211 could target
PDK4 to repress the Warburg effect and accelerate the apoptosis of breast cancer cells
(38). Here, PDK4 acted as a target for miR-136-5p. The overexpression of PDK4 over-
turned the inhibitory impact of miR-136-5p mimics on the Warburg effect and malig-
nancy of TNBC cells. Of note, circ-ERBB2 sponged miR-136-5p to modulate PDK4
expression. Thus, we concluded that circ-ERBB2 accelerated the Warburg effect and
malignancy of TNBC cells through modulating the miR-136-5p/PDK4 axis.

In sum, circ-ERBB2 acted as an oncogene in TNBC. Moreover, circ-ERBB2 accelerated
the Warburg effect and tumor growth in TNBC by the miR-136-5p/PDK4 pathway, at
least in part. This study uncovered that circ-ERBB2 might be a prognostic biomarker.

MATERIALS AND METHODS

Case selection. The protocols of the study were reviewed and approved by the Ethics Committee of
Fuzhou Second Hospital affiliated with Xiaomen University. All tissue samples (TNBC tissues and adja-
cent normal tissues) were collected from 46 TNBC patients who underwent TNBC resection at the
Fuzhou Second Hospital affiliated with Xiaomen University. The clinicopathological characteristics of
TNBC patients are displayed in Table 1. All recruited patients provided written informed consent.

Cell culture. Four TNBC cell lines (BT549, MDA-MB-453, MDA-MB-468, and MDA-MB-231) and a nor-
mal human breast epithelial cell line (MCF10A) were purchased from Procell (Wuhan, China). MCF10A
cells were cultured in its special medium (catalog number CM-0525; Procell). BT549 cells were cultured
in RPMI 1640 medium (Procell) comprising insulin (0.023 IU/ml; Sigma, St. Louis, MO, USA) supplemented
with 10% fetal bovine serum (FBS) (Procell) and 1% penicillin-streptomycin (P/S) (Procell). MDA-MB-453,
MDA-MB-468, and MDA-MB-231 cells were maintained in Leibovitz's L-15 medium (Procell) supple-
mented with 10% FBS (Procell) and 1% P/S (Procell). These cells were incubated in a humidified chamber
at 37°C with 5% CO,,.

Transient transfection. All oligonucleotides used in this study were synthesized by GenePharma
(Shanghai, China), including small interfering RNA (siRNA) targeting circ-ERBB2 (si-circ-ERBB2#1 [5'-
ACTGCCTGTCCCTGATATCCA-3'], si-circ-ERBB2#2 [5'-GTGACTGCCTGTCCCTGATAT-3'], and si-circ-ERBB2#3 [5'-
GCCTGTCCCTGATATCCAGGA-3']) and the negative control (NC) (si-NC), an miR-136-5p mimic (5'-ACUC
CAUUUGUUUUGAUGAUGGA-3’) and the matching NC (NC mimics) (5'-UCACAACCUCCUAGAAAGAGUAG
A-3"), and an miR-136-5p inhibitor (5'-TCCATCATCAAAACAAATGGAGT-3’) and the corresponding NC (NC in-
hibitor) (5'-TGACTGTACTGAACTCGACTG-3'). Transient transfection was carried out using the Lipofectamine
RNAIMAX reagent (Thermo Fisher Scientific, Waltham, MA, USA) or Lipofectamine 3000 reagent (Thermo
Fisher Scientific). The pcDNA-PDK4 (PDK4) plasmid was constructed by subcloning the sequence of PDK4 into
the pcDNA vector (Thermo Fisher Scientific) between the BamHI and Xhol sites. For the pCD-ciR-circ-ERBB2
(circ-ERBB2) plasmid, the sequence of circ-ERBB2 was subcloned into the pCD-ciR vector (Geneseed,
Guangzhou, China) between the EcoRI and BamH sites.

Quantitative real-time PCR. Total RNA was extracted using the MagNA Pure compact RNA isolation
kit (Roche, Basel, Switzerland). Subcellular fractionation of TNBC cells was conducted using the Paris kit
(Ambion, Austin, TX, USA). For RNase R digestion, total RNA (2 ng) of TNBC cells was treated with RNase
R (3 U/ug; Epicentre Technologies, Madison, WI, USA) at 37°C for 20 min, and diethyl pyrocarbonate
(DEPQ)-treated water (Thermo Fisher Scientific) was utilized as a control. To prevent the transcription of
TNBC cells, these cell media were supplemented with actinomycin D (Act D) (2 mg/ml; Sigma), and di-
methyl sulfoxide (2 mg/ml; Sigma) was utilized as a control. gRT-PCR was performed using the SYBR
green master mix kit (Roche) on the LightCycler 480 system (Roche). The primer sequences are displayed
in Table 2. Total RNA was reverse transcribed with a Transcriptor high-fidelity cDNA synthesis kit (Roche)
or the miRcut Plus miRNA first-strand cDNA synthesis kit (Tiangen, Beijing, China). The results were calcu-
lated by the 2724 method and normalized to U6 (U6 small nuclear RNA) or B-actin.

Cell proliferation analysis. The proliferation of TNBC cells was assessed by plate colony formation
and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assays. For the colony formation
assays, transfected TNBC cells (5 x 10%) were implanted into 6-well plates and cultured for 2 weeks.
Thereafter, these plates were gently washed and stained with phosphate-buffered saline (PBS) (Thermo
Fisher Scientific) and 0.1% crystal violet (Sigma), respectively. The number of colonies was counted with
a Nikon microscope (Eclipse E600; Nikon Instruments, Melville, NY, USA).
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TABLE 2 Primers used for qRT-PCR

Target Direction Primer sequence
circ-ERBB2 F 5'-ACGTTTGAGTCCATGCCCAA-3’

R 5'-ACCTGCCTCACTTGGTTGTG-3'
ERBB2 F 5'-GGAAGTACACGATGCGGAGACT-3’

5'-ACCTTCCTCAGCTCCGTCTCTT-3'

PDK4 F 5'-AGGTGGAGCATTTCTCGCGCTA-3’
R 5'-GAATGTTGGCGAGTCTCACAGG-3’
miR-1276 F 5'-GCGCGTAAAGAGCCCTGTG-3’
R 5'-AGTGCAGGGTCCGAGGTATT-3’
miR-136-5p F 5'-CGCGACTCCATTTG GAT-3'

5'-AGTGCAGGGTCCGAGGTATT-3’

miR-503-5p F 5'-CGTAGCAGCGGGAACAGTT-3’
R 5'-CGTAGCAGCGGGAACAGTT-3'

miR-520f-3p F 5'-CGCGAAGTGCTTCC AG-3’
R 5'-CGCGAAGTGCTTCC AG-3’

ue F 5'-CGCTTCGGCAGCACATATAC-3'

5'-TTCACGAATTTGCGTGTCATC-3’

B-Actin F 5'-GTCACCAACTGGGACGACAT-3’
R 5'-GAGGCGTACAGGGATAGCAC-3’

GAPDH F 5'-TGACTTCAACAGCGACACCCA-3’
R 5'-CACCCTGTTGCTGTAGCCAAA-3’

aF, forward; R, reverse; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

The MTT assay was performed using cell proliferation kit | (Roche) according to the manufacturer’s
instructions. In short, transfected TNBC cells (5 x 10*) were incubated in 96-well plates and cultured for
different times. Thereafter, the MTT reagent (5 mg/ml; 10 ul) was added to each well. After incubation
for 4 h, the purple crystals were dissolved using a solubilization solution (100 wl). The optical density
(OD) value at 570 nm was measured with an absorbance reader (ELx808; BioTek, Winooski, VT, USA).

Flow cytometry assay. The annexin V-fluorescein isothiocyanate (FITC)-propidium iodide (PI) apo-
ptosis detection kit (Solarbio, Beijing, China) was used to determine the apoptosis of treated TNBC cells
according to the manufacturer’s procedures. In short, the cells (1 x 10°) were digested and washed with
trypsin (Sigma) and PBS (Thermo Fisher Scientific), respectively. After centrifugation (300 x g for
10 min), the cells were resuspended in 1x binding buffer (1 ml). Subsequently, the cells (1 x 10°) were
stained with annexin V (5 ul) and PI (5 wl) for 15 min in the dark. The apoptosis rate was analyzed with
the FACSCalibur system (BD Biosciences, San Jose, CA, USA).

Assessment of cell migration. For the wound-healing assay, the cells (5 x 10° cells) were inoculated
into 6-well plates. The wounds were made in the cell monolayer with a sterile 200-ul pipette tip after cul-
ture overnight. Next, these plates were cultured for 24 h under the appropriate conditions. The wounded
gaps were captured with a Nikon microscope (Eclipse E600; Nikon Instruments) at 0 and 24 h, and the dis-
tances were analyzed with ImageJ software (National Institutes of Health, Bethesda, MD, USA).

Transwell assay. The invasion of TNBC cells was assessed with transwell invasion chambers (catalog
number 354480; Costar, Cambridge, MA, USA). Briefly, transfected TNBC cells (1 x 10° cells) were resus-
pended in 200 ul serum-free medium and then inoculated into the upper chambers. Also, the culture
medium (600 wl) containing 10% FBS (Procell) was added to the lower chambers. The invasive cells were
stained with 0.1% crystal violet (Sigma) after incubation for 24 h. The number of invading cells was
determined using the Nikon microscope (magnification, x100) (Eclipse E600; Nikon Instruments).

Measurements of the extracellular acidification rate and oxygen consumption rate. The extrac-
ellular acidification rate (ECAR) and oxygen consumption rate (OCR) of TNBC cells were analyzed using
the Seahorse XF96 glycolysis analyzer (Seahorse Bioscience, North Billerica, MA, USA) with a Seahorse XF
glycolysis stress test kit (Seahorse Bioscience) or the Seahorse XF cell mito stress test kit (Seahorse
Bioscience) as described previously by Chen et al. (39).

Measurements of glucose consumption and lactate production. Glucose concentrations and lac-
tate production were calculated using a glucose assay kit (Sigma) or a colorimetric lactate assay kit
(BioVision, Milpitas, CA, USA) in accordance with the procedures recommended by the manufacturer.
The glucose consumption rate was the glucose concentration in fresh medium minus the glucose con-
centration remaining in the medium.
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Bioinformatics analysis. miRs, which could bind to circ-ERBB2, were jointly predicted by circinterac-
tome, circBank, and starbase. The targets of miR-136-5p were predicted by starbase.

Dual-luciferase reporter assay. The sequence of the circ-ERBB2 or PD4K 3’ untranslated region
(UTR) was synthesized and inserted into the pmirGLO luciferase reporter (Promega, Madison, WI, USA) to
construct the luciferase reporter carrying the wild-type circ-ERBB2 (wt-circ-ERBB2) or wt-PD4K 3" UTR.
The same method was performed to establish the luciferase reporter carrying the mutant circ-ERBB2
(mut-circ-ERBB2) or mut-PD4K 3’ UTR. TNBC cells were cotransfected with a luciferase reporter and NC
mimics or miR-136-5p mimics using Lipofectamine 3000 reagent (Thermo Fisher Scientific). After 48 h,
the cells were lysed, and the luciferase activities were assessed with a luciferase assay kit (BioVision) in a
TD20/20 luminometer (Turner Biosystems, Sunnyvale, CA, USA).

RNA immunoprecipitation assay. An RNA immunoprecipitation (RIP) assay was carried out using
the Magna RIP RNA-binding protein immunoprecipitation kit (Millipore, Billerica, MA, USA). In short,
magnetic beads were incubated with anti-Ago2 or anti-IgG antibodies to generate antibody-coated
beads. TNBC cells were lysed in RIP lysis buffer and then incubated with the antibody-coated beads
overnight at 4°C. RNA was extracted from immunoprecipitates with TRIzol regent (Thermo Fisher
Scientific), followed by the detection of the enrichment of circ-ERBB2 and miR-136-5p by qRT-PCR.

RNA pulldown assay. TNBC cells were transfected with biotinylated miR-136-5p (Bio-miR-136-5p) or
Bio-NC. Forty-eight hours later, the lysates of TNBC cells were incubated with C-1 magnetic beads. After
RNA extraction, the abundance of circ-ERBB2 or PD4K mRNA was analyzed by qRT-PCR.

Western blotting. Radioimmunoprecipitation assay (RIPA) buffer (Thermo Fisher Scientific) was used to
extract total protein from tissue samples and cells. The extracted total protein was quantified with the
QuantiPro bicinchoninic acid (BCA) assay kit (Sigma) and separated by 10% sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis. Thereafter, the separated proteins were transferred onto polyvinylidene difluoride
(PVDF) membranes (Bio-Rad), followed by sealing with 5% nonfat milk. After washing with Tris-buffered sa-
line-Tween (TBST) (Thermo Fisher Scientific), the membranes were incubated with primary antibodies
against PDK4 (catalog number ab115777, 1:1,000; Abcam, Cambridge, MA, USA), proliferating cell nuclear
antigen (PCNA) (catalog number ab18197, 1 wg/ml; Abcam), cleaved caspase 3 (catalog number ab2302,
1:200; Abcam), matrix metalloproteinase 9 (MMP9) (catalog number ab38898, 1:1,000; Abcam), and B-actin
(catalog number ab115777, 1:200; Abcam). Next, the membranes were incubated with horseradish peroxi-
dase (HRP)-conjugated goat anti-rabbit IgG (catalog number ab205718, 1:2,000; Abcam), and the blots were
detected by using the enhanced chemiluminescence (ECL) substrate (PerkinEImer, Waltham, MA, USA).

Animal experiments. The animal experiments were ratified by the Animal Ethics Committee of Fuzhou
Second Hospital affiliated with Xiaomen University. Ten female BALB/c nude mice (4 to 6 weeks old) were
bought from Vital River Laboratory (Beijing, China). MDA-MB-231 cells (1 x 10) stably transduced with short
hairpin RNA (shRNA) against circ-ERBB2 (sh-circ-ERBB2) or sh-NC were subcutaneously injected into 10 nude
mice. The tumor volume was measured every 5 days. At the endpoint (30 days later), all mice were killed,
and their tumor tissues were excised, weighed, and conserved at —80°C for subsequent analysis. The tumor
volume was calculated based on the following equation: volume = (length x width?)/2.

Statistical analysis. All experiments were repeated 3 times, and each experiment was done in tripli-
cate. SPSS statistics version 17.0 (SPSS Inc., Chicago, IL, USA) was utilized for statistical analysis. All data
are presented as means * standard deviations. The association between circ-ERBB2 expression and clini-
copathological characteristics was assessed by a chi-square test. Overall survival for TNBC patients was
evaluated by Kaplan-Meier and log rank tests. The correlations were analyzed by Pearson’s correlation
analysis. The differences between 2 groups or among multiple groups were determined with Student’s t
test or one-way analysis of variance with Tukey’s post hoc test. A P value of <0.05 was the threshold of
significance.

Data availability. The analyzed data sets generated during the present study are available from the
corresponding author upon reasonable request
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