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Background: Resistance development to paclitaxel (PTX) has become a major obstacle in 
the successful treatment of breast cancer (BC). Circular RNAs (circRNAs) have been 
identified as essential regulators in PTX resistance of BC. Here, we explored the precise 
roles of circRNA homeodomain interacting protein kinase 3 (circHIPK3, circ_0000284) in 
PTX resistance of BC.
Methods: The expression levels of circHIPK3, microRNA (miR)-1286, and hexokinase 2 
(HK2) were detected by quantitative real-time polymerase chain reaction (qRT-PCR) and 
Western blot. Ribonuclease R (RNase R) assay was used to confirm the stability of 
circHIPK3. Cellular localization of circHIPK3 was assessed by subcellular localization 
assay. The half maximal inhibitory concentration (IC50) value for PTX was measured by 
Cell Counting Kit-8 (CCK-8) assay. Cell colony formation, cell cycle distribution, and 
apoptosis were gauged by colony formation assay and flow cytometry, respectively. 
Animal studies were performed to evaluate the role of circHIPK3 in vivo. The direct 
relationship between miR-1286 and circHIPK3 or HK2 was verified by dual-luciferase 
reporter and RNA immunoprecipitation (RIP) assays.
Results: Our results showed that circHIPK3 was up-regulated in PTX-resistant BC tissues 
and cells compared with the sensitive counterparts. The silencing of circHIPK3 promoted 
PTX sensitivity of PTX-resistant BC cells in vitro and in vivo. CircHIPK3 directly targeted 
miR-1286, and miR-1286 acted as a downstream mediator of circHIPK3 function in vitro. 
HK2 was a direct target of miR-1286, and circHIPK3 modulated HK2 expression through 
miR-1286. The increased expression of miR-1286 sensitized PTX-resistant BC cells to PTX 
in vitro by down-regulating HK2.
Conclusion: Our findings demonstrated that the silencing of circHIPK3 sensitized PTX- 
resistant BC cells to PTX therapy at least in part via the regulation of the miR-1286/HK2 
axis.
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Introduction
Breast cancer (BC) remains the most common type of cancer among women.1 

Paclitaxel (PTX), a type of chemotherapeutic drug taxanes, is an antineoplastic 
drug, which induces cell death by impacting microtubule stabilization.2 PTX has 
been clinically approved and used for BC treatment and is effective against early 
and metastatic BC.3 Unfortunately, resistance development to PTX treatment has 
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become a major problem in successful BC treatment.4 

Understanding the molecular basis of PTX resistance is 
indispensable for improving BC therapies.

Covalently closed circular RNAs (circRNAs) are 
naturally occurring RNA circles that have no free 3ʹ 
and 5ʹ ends.5 Many circRNAs involve in post- 
transcriptional regulation by inhibiting microRNA 
(miRNA) activity.6 CircRNAs have been identified as 
essential regulators in the chemoresistance develop-
ment of various cancers, including BC.7 For instance, 
the overexpression of circ_0005728 contributed to dox-
orubicin resistance in BC through targeting miR-512- 
3p.8 The up-regulation of circ_0001982 induced the 
development of PTX resistance of BC by the regulation 
of miR-140-5p.9 As for circRNA homeodomain inter-
acting protein kinase 3 (circHIPK3, circ_0000284), 
produced by the back-splicing of HIPK3 mRNA, it 
has been identified as an oncogenic driver in various 
cancers,10 including BC.11 Importantly, recent evidence 
highlighted that circHIPK3 could enhance the che-
moresistance development of pancreatic cancer and 
colorectal cancer.12,13 However, the critical role of 
circHIPK3 in PTX resistance of BC remains to be 
elucidated.

MiRNAs are attractive candidates as upstream modu-
lators of the chemoresistance development because they 
can control entire sets of genes.14,15 Examples of miRNAs 
suppressing BC chemoresistance included miR-708-3p 
and miR-7, which inhibited the translation of their targeted 
mRNAs.16,17 Conversely, exosome-mediated miR-155 
enhanced the chemoresistance development in BC.18 

When we used the online algorithm to identify the targeted 
miRNAs of circHIPK3, we found that circHIPK3 harbored 
a putative complementary site for miR-1286, an anti-tumor 
miRNA in osteosarcoma.19 However, it is still unexplored 
whether the regulation of circHIPK3 on BC PTX resis-
tance is mediated by miR-1286.

Hexokinase 2 (HK2), a pivotal enzyme of glucose 
metabolism, is expressed at a high level in cancer cells 
and is widely recognized as an oncogenic driver in various 
cancers, including BC.20–23 Moreover, HK2 is reported to 
be implicated in the pathogenesis of BC 
chemoresistance.24,25 Here, we set to elucidate the precise 
role of circHIPK3 in PTX resistance of BC. Our results 
showed that the silencing of circHIPK3 sensitized PTX- 
resistant BC cells to PTX therapy by the regulation of the 
miR-1286/HK2 axis.

Materials and Methods
Clinical Specimens
The clinical specimens of 76 cases, including 13 cancer 
tissue samples from primary BC patients (defined as PTX- 
sensitive tissues), 25 cancer tissue samples from recurrent 
patients after treatment based on PTX chemotherapy 
(defined as PTX-resistant tissues), and 38 adjacent normal 
breast tissue samples from these patients were obtained 
from People’s Hospital of Ganzhou City. None of these 
patients received chemotherapy or radiotherapy before 
resection. All specimens were collected after surgical 
resection and only used to evaluate the expression of 
circHIPK3, miR-1286, and HK2 because of the small 
sample size and experimental requirements. Ethics 
approval for this project was obtained from the Human 
Research Ethics Committee of People’s Hospital of 
Ganzhou City, and written informed consent was provided 
by all patients. The human study was performed in accor-
dance with the Declaration of Helsinki.

Cells Culture
Human MDA-MB-231 and MCF-7 BC cells and their 
PTX-resistant sublines (MDA-MB-231/PTX and MCF-7/ 
PTX) were provided by Procell (Wuhan, China). All cells 
were routinely propagated in Dulbecco’s Modified Eagle 
Medium (DMEM, Thermo Fisher Scientific, Wesel, 
Germany) with 10% fetal calf serum (Biowest, Nuaillé, 
France) and 1% antibiotic (streptomycin and penicillin, 
Thermo Fisher Scientific). Human non-tumorigenic 
MCF-10A cell line (Bnbio, Beijing, China) was used as 
the normal control and cultivated in DMEM/F12 medium 
(Thermo Fisher Scientific) with 5% heat-inactivated horse 
serum (Gibco, Wellington, New Zealand) as reported.26 

All cells were routinely maintained at 37°C, 5% CO2.

Lentiviral Transduction and Transient 
Transfection of Cells
CircHIPK3-shRNA (sh-circHIPK3) and nontarget shRNA 
(sh-NC) lentiviruses were provided by Geneseed 
(Guangzhou, China) and used to infect MCF-7/PTX cells 
as per the manufacturing protocols. Cells with positive 
transduction were selected using 2 µg/mL puromycin 
(Gibco) over 96 h.

Human circHIPK3 (circ_0000284) sequence incorpo-
rated with EcoR I and BamH I sites and the scrambled 
control sequence were synthesized by BGI (Shenzhen, 
China) and individually inserted into the pCD5-ciR vector 
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(Geneseed) opened with the two sites to generate 
circHIPK3 overexpressing plasmid and negative plasmid 
control (Vector). The encoding region of human HK2 
(Accession: NM_001371525.1) was provided by BGI 
and cloned into BamH I and Xho I sites in the 
pcDNA3.1 vector (Thermo Fisher Scientific) to create 
HK2 overexpressing plasmid, and a nontarget control plas-
mid (pcDNA) was made in the same way. MDA-MB-231/ 
PTX and MCF-7/PTX cells (1 × 105) in 6-well plates were 
transiently transfected using Lipofectamine 3000 (Thermo 
Fisher Scientific) with 200 ng of the indicated plasmid, 60 
nM of circHIPK3-siRNA (si-circHIPK3#1, si- 
circHIPK3#2 or si-circHIPK3#3) or nontarget siRNA (si- 
NC), 30 nM of miR-1286 mimic or negative mimic control 
(miR-NC mimic), 30 nM of miR-1286 inhibitor (in-miR 
-1286) or control miRNA inhibitor (in-miR-NC) as per the 
accompanying guidance. Transfected cells were exposed 
to 0.5 µM of PTX (except for cell viability assay, Sigma- 
Aldrich, Taufkirchen, Germany) for 24 h after 24 h or 
harvested for further analysis after 48 h. All oligonucleo-
tides were provided by Ribobio (Guangzhou, China) and 
their sequences were in Supplement Table 1.

RNA Preparation and Quantitative 
Real-Time Polymerase Chain Reaction 
(qRT-PCR)
RNA was prepared from cultured cells (~1 × 1010) and 
tissue samples using a RNX-Plus Kit (CinnaGen, Tehran, 
Iran) based on the instructions of manufacturers. cDNA 
synthesis was conducted with 1 µg of RNA using 
iSCRIPT cDNA Synthesis Kit (Bio-Rad, Glattbrugg, 
Switzerland) for circHIPK3 and mRNA quantification or 
miScript RT Kit (Qiagen, Crawley, UK) for miR-1286 
analysis. qRT-PCR with SYBR Green (Qiagen) and 
designed primers (Supplement Table 1) were performed 
on the Bio-Rad iQ5 cycler. Results were normalized to β- 
actin or U6 and were converted to relative expression 
using the 2−ΔΔCt method.

Ribonuclease R (RNase R) Assay
RNase R assay was done by incubating 2 µg of RNA with 
10 U of RNase R for 20 min as per the manufacturing 
instructions (Epicenter, Stockholm, Sweden).

Subcellular Localization Assay
We isolated cytoplasmic and nuclear RNA from cultured 
cells (1 × 108) with the Cytoplasmic & Nuclear RNA 

Purification Kit as recommended by the manufacturers 
(Norgen Biotek, Thorold, ON, Canada). β-actin and U6 
were applied as the cytoplasmic and nuclear controls, 
respectively.

Measurement of the Half Maximal 
Inhibitory Concentration (IC50) Value for 
PTX
Transfected cells were seeded into 96-well plates at 1×104 

cells/well 24 h before exposure to PTX at the concentra-
tions of 0.01, 0.1, 0.5, 1, 5, 10 and 20 µM. Twenty-four 
hours later, cell viability was gauged by the Cell Counting 
Kit-8 (CCK-8, Genomeditech, Shanghai, China) assay as 
per the accompanying protocols. The optical density was 
determined using a plate reader (Thermo Fisher Scientific) 
at 450 nm. The IC50 value for PTX was evaluated from 
a plot of the percentage of viable cells versus PTX 
concentration.

Cell Colony Formation Assay
Approximately 200 treated cells in 2-mL culture medium 
were plated into each well of 6-well plates. The plates 
were placed at 37°C in a 5% CO2 incubator. After 2 
weeks, the colonies were stained with 0.5% crystal violet 
(Sigma-Aldrich). The colonies with > 50 cells were scored 
by counting the triplicate wells for each sample.

Cell Cycle Distribution and Apoptosis 
Assays
To assess cell cycle distribution, treated cells (1 × 106 per 
sample) were resuspended in a staining solution containing 
40 µg/mL propidium iodide (PI, Thermo Fisher Scientific) 
and 100 g/mL RNase (TaKaRa, Dalian, China) for 30 min. 
To measure cell apoptosis, treated cells (1 × 106 per 
sample) were stained with 5 µL of PI (40 µg/mL) and 10 
µL of Annexin V labeled by fluorescein isothiocyanate 
(Annexin V-FITC, Abcam, Cambridge, UK) for 10 min. 
The stained cells (1 × 104) were immediately analyzed on 
the FACSCaliburTM System (BD Biosciences, NY, 
New York, USA).

Determination of Glucose Consumption 
and Lactate Production
These assays were performed using the Glucose Uptake 
Colorimetric Assay Kit and Lactate Colorimetric Assay 
Kit as per the manufacturing instructions (Biovision, San 
Francisco, CA, USA), respectively.
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Animal Studies
Animal studies were done with 5-week-old female 
BALB/c nude mice (Beijing Vital River Laboratory 
Animal Technology Co., Ltd., Beijing, China) following 
the National Standard of the Care and Use of Laboratory 
Animals, and our study was approved by the Animal 
Care and Use Committee and Ethics Committee of 
People’s Hospital of Ganzhou City. All mice were 
divided into 4 groups (n = 6 per group): sh-NC + PBS 
(group I), sh-circHIPK3 + PBS (group II), sh-NC + PTX 
(group III) and sh-circHIPK3 + PTX (group IV). 
Approximately 5×106 MCF-7/PTX cells stably trans-
duced with sh-NC or sh-circHIPK3 were injected sub-
cutaneously into the right flanks of nude mice. After 3 
days (in the preliminary experiment, our results showed 
a good effect of inhibiting tumor growth by drug intra-
peritoneal administration at 3 day after cell injection), 
the group III and group IV were administered with 3 mg/ 
kg PTX every 3 days by intraperitoneal injection as 
described,27 and the group I and group II were injected 
with the same volume PBS (TaKaRa). Tumor volume 
was periodically monitored and calculated by the for-
mula (length × width2/2). After 21 days cell injection, 
all mice were euthanized and the tumors were excised 
for weight and expression analysis. The tumors 
embedded in paraffin were subjected to immunohisto-
chemistry with rabbit anti-HK2 antibody (ab209847, 
Abcam; dilution 1:500), as described elsewhere.28

Bioinformatics
The online algorithm CircInteractome was applied to pre-
dict the miRNA-binding sites to circHIPK3 at https://cir 
cinteractome.nia.nih.gov/. Analysis of the molecular tar-
gets of miR-1286 was carried out using the mRNA- 
predicting software Targetscan at http://www.targetscan. 
org/vert_71/?tdsourcetag=s_pcqq_aiomsg.

Dual-Luciferase Reporter Assay
The sequence segments of circHIPK3 and HK2 3ʹUTR 
encompassing the miR-1286 complementary sites or mis- 
matched target sites were synthesized by BGI and indivi-
dually cloned into the psiCHECKTM-2 dual-luciferase 
reporter plasmid (Promega, Charbonnières, France). 
MDA-MB-231/PTX and MCF-7/PTX cells (1 × 105) 
were transfected with each reporter construct (200 ng) 
and either miR-1286 mimic or control mimic at 30 nM. 

Thirty-six hours post-transfection, luciferase activity was 
gauged by the dual-luciferase reporter assay (Promega).

RNA Immunoprecipitation (RIP) Assay
Cells (1 × 106) were homogenized in ice RIPA buffer 
(Thermo Fisher Scientific). Cell lysates were incubated 
with an antibody against Argonaute 2 (anti-Ago2, #MA5- 
23515, Invitrogen, Tokyo, Japan; dilution 1:500) or iso-
type IgG (anti-IgG, #05-4500, Invitrogen; dilution 1:1000) 
for 3 h at 4°C before adding the Protein A/G Magnetic 
Agarose Beads (Thermo Fisher Scientific) for 3 h. Beads 
were harvested, and bound RNA was extracted to measure 
the levels of circHIPK3, miR-1286 and HK2 mRNA. 
Bound protein was eluted using RIPA buffer to assess 
the Ago2 level by Western blot with anti-Ago2 antibody 
(ab186733, Abcam; dilution 1:1000).

Western Blot for HK2
Protein was prepared from cultured cells (~1 × 108) and 
tissue samples using ice RIPA buffer containing protease 
and phosphatase inhibitors (TaKaRa) and quantified by 
Bradford reagent (Bio-Rad). Protein samples (20 µg) 
were separated in 4–12% SDS-polyacrylamide gradient 
gels (Bio-Rad), and resolved proteins were blotted to the 
Clear Blot membrane-p (ATTO, Tokyo, Japan). The blots 
were probed overnight at 4°C with an antibody specific for 
HK2 (#MA5-32952, Invitrogen; dilution 1:1000) or load-
ing control β-actin (ab8226, Abcam; dilution 1:1000). 
Then, the membranes were incubated with IgG secondary 
antibody (ab6789, Abcam; dilution 1:10000) for 1 
h. Immunopositive bands were visualized with Luminol 
Reagent (Santa Cruz Biotechnology, Santa Cruz, CA, 
USA) and the signal was analyzed using the Carestream 
Molecular Imaging Software (Carestream Health, New 
Haven, CT, USA).

Statistical Analysis
Unless otherwise noted, the mean ± standard deviation 
was representative of the average of 3 independent biolo-
gical replicates. Data were analyzed using the Mann– 
Whitney U-test, Student’s t-test, or analysis of variance 
(ANOVA) with Tukey’s post hoc test. The Pearson’s cor-
relation test was applied to analyze the correlation between 
HK2 mRNA level and circHIPK3 or miR-1286 expression 
in 25 PTX-resistant BC tissues. The levels of significance 
were set at *P < 0.05, **P < 0.01 and ***P < 0.001.
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Results
CircHIPK3 Was Up-Regulated in 
PTX-Resistant BC Tissues and Cells
To validate the function of circHIPK3 in PTX-resistant BC, 
we firstly analyzed its expression pattern in PTX-resistant 
BC tissues and cells. Analysis of circHIPK3 expression in 
a panel of human BC tissues showed that circHIPK3 was 
significantly elevated in BC tissues compared with the adja-
cent normal breast tissues (Figure 1A). Importantly, 
circHIPK3 was markedly up-regulated in PTX-resistant BC 
tissues compared with the corresponding sensitive tissues 
(Figure 1B). In line with BC tissues, circHIPK3 expression 
was remarkably increased in MDA-MB-231 and MCF-7 BC 
cells compared with the non-tumor MCF-10A cells, and 
PTX-resistant BC cells (MDA-MB-231/PTX and MCF-7/ 
PTX) had higher expression of circHIPK3 compared to 
their sensitive parents (Figure 1C). To confirm the stability 
of circHIPK3, we carried out RNase R assays in the two 
PTX-resistant BC cell lines. Incubation with RNase R led to 
a striking decrease in the level of HIPK3 linear mRNA, and 
circHIPK3 was resistant to RNase R (Figure 1D and E). 
Additionally, subcellular localization assays showed that 
circHIPK3 was mainly present in the cytoplasm of MDA- 
MB-231/PTX and MCF-7/PTX cells (Figure 1F and G).

Silencing of circHIPK3 Enhanced Drug 
Sensitivity of PTX-Resistant BC Cells 
in vitro
To directly test the functional role of circHIPK3 in drug 
sensitivity of PTX-resistant BC cells, we designed 
circHIPK3-siRNA (si-circHIPK3) to inhibit its expression. 
Transient transfection of si-circHIPK3 dramatically reduced 
the expression of circHIPK3 in both cell lines compared 
with the si-NC control (Figure 2A and B). Owing to the 
most significant inhibition of si-circHIPK3#3 on circHIPK3 
expression (Figure 2A and B), we selected it for further 
investigation. Further analysis showed that PTX-resistant 
BC cells with circHIPK3 silencing exhibited reduced IC50 

value for PTX compared with si-NC control (Figure 2C and 
D). Furthermore, the reduced expression of circHIPK3 alone 
remarkably suppressed cell colony formation (Figure 2E– 
G), cell cycle progression (Figure 2H–J), as well as pro-
moted cell apoptosis (Figure 2K–M). CircHIPK3 silencing 
alone also impeded glucose consumption (Supplement 
Figure 1A and B) and lactate production (Supplement 
Figure 1C and D) in MDA-MB-231/PTX and MCF-7/PTX 
cells. Intriguingly, simultaneous circHIPK3 silencing and 
PTX treatment led to a more distinct repression on cell 
colony formation (Figure 2E–G) and cycle progression 

Figure 1 CircHIPK3 expression was increased in PTX-resistant BC tissues and cells. Relative expression of circHIPK3 by qRT-PCR in 38 pairs of BC tissues and adjacent 
normal breast tissues (A), BC tissues from 13 primary patients (PTX-sensitive tissues) and 25 recurrent patients (PTX-resistant tissues) after treatment based on PTX 
chemotherapy (B), MCF-10A, MDA-MB-231, MCF-7, MDA-MB-231/PTX and MCF-7/PTX cell lines (C). (D and E) RNase R assays in MDA-MB-231/PTX and MCF-7/PTX 
cells. (F and G) Subcellular localization assays in MDA-MB-231/PTX and MCF-7/PTX cells. ***P < 0.001 by the Mann–Whitney U-test, Student’s t-test or ANOVA with 
Tukey’s post hoc test.
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Figure 2 CircHIPK3 silencing inhibited the malignant cell behaviors and enhanced PTX sensitivity of PTX-resistant BC cells in vitro. (A and B) Relative circHIPK3 expression 
by qRT-PCR in MDA-MB-231/PTX and MCF-7/PTX cells transfected with si-NC, si-circHIPK3#1, si-circHIPK3#2 or si-circHIPK3#3. (C and D) MDA-MB-231/PTX and MCF- 
7/PTX cells were transfected with si-NC or si-circHIPK3#3 and exposed to various doses of PTX for 24 h, followed by the measurement of cell viability by CCK-8 assay. 
MDA-MB-231/PTX and MCF-7/PTX cells were transfected with si-NC or si-circHIPK3#3 and treated with or without PTX (0.5 µM), followed by the assessment of cell 
colony formation by colony formation assay (E–G), cell cycle distribution by flow cytometry (H–J), cell apoptosis by flow cytometry (K–M). *P < 0.05, **P < 0.01, ***P < 
0.001, #P < 0.05, ##P < 0.01, or ###P < 0.001 by a Student’s t-test or ANOVA with Tukey’s post hoc test.
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(Figure 2H–J), a stronger enhancement on cell apoptosis 
(Figure 2K–M), as well as a clearer reduction on glucose 
consumption (Supplement Figure 1A and B) and lactate 
production (Supplement Figure 1C and D) compared with 
the si-circHIPK3#3 alone group, indicating that there existed 
a combinatory effect of PTX and si-circHIPK3#3 on drug 
sensitivity.

CircHIPK3 Targeted miR-1286 by 
Directly Binding to miR-1286
To identify novel functional mediators of circHIPK3, we used 
the computational tool CircInteractome to help identify its 
targeted miRNAs based on the presence of binding sites. The 

predicted data showed that circHIPK3 harbored a region that 
was partially complementary to miR-1286 (Figure 3A). To 
confirm this, we constructed circHIPK3 wild-type 
(circHIPK3 WT) or mutant (circHIPK3 MUT) luciferase 
reporters for standard luciferase assays. Cotransfection of 
circHIPK3 WT and miR-1286 mimic into the two PTX- 
resistant cell lines caused lower luciferase activity than cells 
cotransfected with miR-NC control but circHIPK3 MUT 
significantly abolished the inhibitory effect of miR-1286 
(Figure 3B and C). RIP experiments revealed that the enrich-
ment levels of circHIPK3 and miR-1286 were synchronously 
augmented by anti-Ago2 antibody (Figure 3D and E). 
Additionally, miR-1286 was markedly inhibited in BC tissues 

Figure 3 CircHIPK3 directly targeted miR-1286. (A) Sequence of miR-1286, the potential miR-1286-binding sequence within circHIPK3 and the mutation of the target 
sequence. (B and C) Dual-luciferase reporter assays in MDA-MB-231/PTX and MCF-7/PTX cells using circHIPK3 wild-type (circHIPK3 WT) or mutant (circHIPK3 MUT) 
luciferase reporters. (D and E) RIP experiments in MDA-MB-231/PTX and MCF-7/PTX cells using anti-Ago2 or anti-IgG antibody. Relative miR-1286 expression by qRT-PCR 
in 38 pairs of BC tissues and adjacent normal breast tissues (F), BC tissues from 13 primary patients and 25 recurrent patients after treatment based on PTX chemotherapy 
(G), MCF-10A, MDA-MB-231, MCF-7, MDA-MB-231/PTX and MCF-7/PTX cell lines (H). (I) The expression of circHIPK3 by qRT-PCR in cells transfected with circHIPK3 
overexpressing plasmid (circHIPK3) or negative control plasmid (Vector). (J and K) qRT-PCR for relative miR-1286 expression in cells transfected with circHIPK3 
overexpressing plasmid (circHIPK3), negative control plasmid (Vector), si-NC, or si-circHIPK3#3. **P < 0.01 or ***P < 0.001 by the Mann–Whitney U-test, Student’s 
t-test or ANOVA with Tukey’s post hoc test.
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and cells compared with the normal counterparts, and PTX- 
resistant cancer tissues and cells had lower expression of 
miR-1286 compared to the corresponding sensitive controls 
(Figure 3F–H). To determine whether circHIPK3 could affect 
miR-1286 expression, we manipulated circHIPK3 expression 
using si-circHIPK3#3 or circHIPK3 overexpressing plasmid. 
The transfection efficiency of circHIPK3 overexpressing 
plasmid was gauged by qRT-PCR (Figure 3I). In contrast, 
we observed a clear reduction in the levels of the endogenous 
miR-1286 in circHIPK3-overexpressing cells and an obvious 
elevation in the expression of miR-1286 in circHIPK3- 
silencing cells (Figure 3J and K).

miR-1286 Was a Downstream Mediator 
of circHIPK3 Function in vitro
To elucidate whether miR-1286 was involved in the enhance-
ment of circHIPK3 silencing on drug sensitivity of PTX- 
resistant BC cells, we knocked down miR-1286 in 
circHIPK3-silencing cells using miR-1286 inhibitor (in-miR 
-1286) (Figure 4A–C). Further analysis showed that the 
down-regulation of miR-1286 highly reversed circHIPK3 
silencing-driven IC50 value reduction in both PTX-resistant 
cell lines (Figure 4D and E). Furthermore, the reduced expres-
sion of miR-1286 abolished circHIPK3 silencing-mediated 
suppression on cell colony formation (Figure 4F and G), 

cell cycle progression (Figure 4H and I), and promotion on 
cell apoptosis (Figure 4J) in PTX-resistant BC cells under 
PTX exposure. Additionally, the reduced level of miR-1286 
abrogated the inhibition of glucose consumption (Supplement 
Figure 2A and B) and lactate production (Supplement 
Figure 2C and D) of circHIPK3 knockdown in PTX- 
resistant BC cells exposed to PTX.

CircHIPK3 Mediated HK2 Expression 
Through miR-1286
HK2 plays an oncogenic role in breast carcinogenesis and 
contributes to the development of BC 
chemoresistance.22,23,25 Our data validated that HK2 
mRNA and protein levels were significantly elevated 
in BC tissues and cells compared with their counterparts, 
and HK2 mRNA and protein levels were higher in PTX- 
resistant tissues and cells compared to their sensitive coun-
terparts (Figure 5A–F). Interestingly, we observed that 
HK2 mRNA level was positively correlated with 
circHIPK3 expression and inversely correlated with miR- 
1286 expression in PTX-resistant BC tissues (Figure 5G 
and H). Using the mRNA-predicting software Targetscan, 
a putative complementary site for miR-1286 was found 
within the 3ʹUTR of HK2 (Figure 5I). To establish a direct 
relationship between miR-1286 and HK2, we cloned the 

Figure 4 CircHIPK3 silencing enhanced PTX sensitivity of PTX-resistant BC cells in vitro through targeting miR-1286. Relative miR-1286 level by qRT-PCR in cells 
transfected with in-miR-NC or in-miR-1286 (A), si-NC, si-circHIPK3#3, si-circHIPK3#3+in-miR-NC or si-circHIPK3#3+in-miR-1286 (B and C). (D and E) MDA-MB-231/ 
PTX and MCF-7/PTX cells were transfected with si-NC, si-circHIPK3#3, si-circHIPK3#3+in-miR-NC or si-circHIPK3#3+in-miR-1286 and then exposed to various doses of 
PTX, followed by the detection of cell viability by CCK-8 assay. MDA-MB-231/PTX and MCF-7/PTX cells were transfected with si-NC, si-circHIPK3#3, si-circHIPK3#3+in- 
miR-NC or si-circHIPK3#3+in-miR-1286 before PTX exposure, followed by the measurement of cell colony formation by colony formation assay (F and G), cell cycle 
distribution by flow cytometry (H and I), cell apoptosis by flow cytometry (J). **P < 0.01 or ***P < 0.001 by a Student’s t-test or ANOVA with Tukey’s post hoc test.
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HK2 3ʹUTR segment containing the target region into 
a luciferase vector. Notably, the luciferase activity of 
HK2 3ʹUTR reporter was suppressed by miR-1286 
mimic (Figure 5J and K). We then generated the site- 
directed mutation of the seed region and tested it. As 
expected, the mutant carrying a mutated binding site was 
refractory to the repression by miR-1286 (Figure 5J and 
K), demonstrating the validity of the binding site for 
interaction. Moreover, the enrichment levels of miR-1286 

and HK2 mRNA were simultaneously elevated by anti- 
Ago2 (Figure 5L–N). These data together indicated that 
miR-1286 directly interacted with the 3ʹUTR of HK2.

We next determined whether circHIPK3 could regulate 
HK2 expression in the two PTX-resistant BC cell lines. As 
would be expected, the silencing of circHIPK3 led to 
a reduction in the level of HK2 protein in both cell lines, 
and this effect was dramatically abrogated by miR-1286 
down-regulation (Figure 5O–Q).

Figure 5 CircHIPK3 mediated HK2 expression through miR-1286. The levels of HK2 mRNA and protein by qRT-PCR and Western blot in BC tissues and adjacent normal 
breast tissues (A and B), BC tissues from primary patients (PTX-sensitive tissues) and recurrent patients (PTX-resistant tissues) after treatment based on PTX 
chemotherapy (C and D), MCF-10A, MDA-MB-231, MCF-7, MDA-MB-231/PTX and MCF-7/PTX cell lines (E and F). (G and H) Correlation between HK2 mRNA level 
and circHIPK3 or miR-1286 expression in BC tissues from 25 recurrent patients (PTX-resistant tissues) after treatment based on PTX chemotherapy. (I) Sequence of miR- 
1286, the potential miR-1286-binding sequence within HK2 3ʹUTR and the mutation of the seed region. (J and K) Dual-luciferase reporter assays in MDA-MB-231/PTX and 
MCF-7/PTX cells using HK2 3ʹUTR wild-type (HK2 3ʹUTR WT) or mutant (HK2 3ʹUTR MUT) luciferase reporters. (L–N) RIP experiments in MDA-MB-231/PTX and MCF- 
7/PTX cells using anti-Ago2 or anti-IgG antibody. (O–Q) HK2 protein level by Western blot in cells transfected with si-NC, si-circHIPK3#3, si-circHIPK3#3+in-miR-NC or 
si-circHIPK3#3+in-miR-1286. (A) adjacent normal breast tissues, T: tumor tissues, S: PTX-sensitive tumor tissues, R: PTX-resistant tumor tissues. *P < 0.05, **P < 0.01 or 
***P < 0.001 by the Mann–Whitney U-test, Student’s t-test or ANOVA with Tukey’s post hoc test.
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HK2 Was a Functionally Important Target 
of miR-1286 in Regulating Drug 
Sensitivity of PTX-Resistant BC Cells 
in vitro
To elucidate whether miR-1286 affected drug sensitivity of 
PTX-resistant BC cells by HK2, we overexpressed HK2 
using HK2 overexpressing plasmid in cells transfected by 
miR-1286 mimic. The transfection efficiency of HK2 
overexpressing plasmid was verified by Western blot 
(Figure 6A). In the two PTX-resistant cell lines, the 
enforced expression of miR-1286 resulted in decreased 
level of HK2 protein, reinforcing that HK2 was a direct 
target of miR-1286 (Figure 6B and C). Remarkably, the 
transfection of HK2 overexpressing plasmid abolished the 
inhibition of miR-1286 overexpression on HK2 expression 
in both PTX-resistant BC cell lines (Figure 6B and C). By 
contrast, the enforced expression of miR-1286 promi-
nently decreased the IC50 value for PTX (Figure 6D and 
E), suppressed cell colony formation (Figure 6F and G), 
cell cycle progression (Figure 6H and I), and promoted 
cell apoptosis (Figure 6J), as well as inhibited glucose 
consumption (Supplement Figure 3A and B) and lactate 
production (Supplement Figure 3C and D) in the two 
PTX-resistant BC cell lines under PTX exposure. 
However, the restored expression of HK2 remarkably 

abolished these effects of miR-1286 overexpression 
(Figure 6D–J, Supplement Figure 3A–D).

Silencing of circHIPK3 Diminished Tumor 
Growth and Promoted PTX Sensitivity 
in vivo
To investigate whether circHIPK3 could influence PTX 
resistance in vivo, we constructed MCF-7/PTX cells (the 
in vitro assays revealed that circHIPK3 silencing led to 
a more significant repression on the proliferation of MCF- 
7/PTX cells compared with MDA-MB-231/PTX cells 
under PTX treatment, and we thus selected MCF-7/PTX 
cells for in vivo assays) stably expressing shRNA- 
circHIPK3 (sh-circHIPK3) or nontarget shRNA (sh-NC) 
and injected the cells into the nude mice. In contrast to the 
corresponding control group, the transduction of sh- 
circHIPK3 or PTX exposure strikingly repressed tumor 
growth (Figure 7A–C). Importantly, simultaneous sh- 
circHIPK3 transduction and PTX exposure led to a more 
prominent repression on tumor growth (Figure 7A–C). 
Moreover, sh-circHIPK3 transduction or PTX exposure 
down-regulated circHIPK3 and HK2 and up-regulated 
miR-1286 compared with the control group, and simulta-
neous sh-circHIPK3 transduction and PTX exposure 
caused a more distinct reduction in the levels of 

Figure 6 Enforced expression of miR-1286 enhanced drug sensitivity of PTX-resistant BC cells in vitro by down-regulating HK2. HK2 protein level by Western blot in MDA- 
MB-231/PTX and MCF-7/PTX cells transfected with pcDNA or HK2 overexpressing plasmid (HK2) (A), miR-NC mimic, miR-1286 mimic, miR-1286 mimic+pcDNA or miR- 
1286 mimic+HK2 overexpressing plasmid (B and C). (D and E) MDA-MB-231/PTX and MCF-7/PTX cells were transfected with miR-NC mimic, miR-1286 mimic, miR-1286 
mimic+pcDNA or miR-1286 mimic+HK2 overexpressing plasmid and then exposed to various doses of PTX, followed by the detection of cell viability by CCK-8 assay. 
MDA-MB-231/PTX and MCF-7/PTX cells were transfected with miR-NC mimic, miR-1286 mimic, miR-1286 mimic+pcDNA or miR-1286 mimic+HK2 overexpressing 
plasmid before PTX exposure, followed by the measurement of cell colony formation by colony formation assay (F and G), cell cycle distribution by flow cytometry (H and 
I), cell apoptosis by flow cytometry (J). **P < 0.01 or ***P < 0.001 by a Student’s t-test or ANOVA with Tukey’s post hoc test.
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circHIPK3 and HK2, as well as a clearer increase in the 
expression of miR-1286 in the subcutaneous xenograft 
tumors (Figure 7D–H).

Discussion
PTX is a first-line chemotherapeutic agent for BC patients, and 
the development of PTX resistance has become a major ther-
apeutic obstacle in successful BC treatment.4 Overcoming 
resistance to antineoplastic drugs, including PTX, would repre-
sent a significant advance in the treatment of BC. CircRNAs 
have recently been demonstrated as important modulators in 
the chemoresistance development of BC.7 Understanding the 
critical roles of these regulatory molecules would provide 
a novel basis for molecularly targeted therapeutics. Liu et al 
found that circ_0006528 depletion sensitized PTX-resistant 
BC cells to PTX therapy depending on the regulation of 
miR-1299/CDK8 axis.29 Yang and colleagues showed that 
circABCB10 silencing enhanced PTX sensitivity of PTX- 
resistant BC cells by the modulation of the let-7a-5p/DUSP7 
axis.27 Considering the important function of circHIPK3 on the 

chemoresistance development of pancreatic cancer and color-
ectal cancer,12,13 we here focused on its precise action on PTX 
resistance of BC. These results reported here uncovered that 
circHIPK3 silencing promoted PTX sensitivity of PTX- 
resistant BC cells in vitro and in vivo. Moreover, our findings 
provided a molecular explanation for circHIPK3-mediated 
regulation in PTX resistance of BC.

Dysregulation of miR-1286 is reported to be correlated 
with the overall survival of gastric cancer patients with 
Helicobacter Pylori infection.30 Hypermethylation of miR- 
1286 is linked with HPV infection in cervical cells and 
associated with cervical tumorigenesis.31 Several previous 
reports had demonstrated the conflicting roles of miR-1286 
in human carcinogenesis.19,32–34 These contradictory results 
might be in part due to the different types of tumors in these 
reports, where miR-1286 exerted an anti-tumor property in 
osteosarcoma19,32 and contributed to the progression of cuta-
neous melanoma33 and lung adenocarcinoma.34 Importantly, 
miR-1286 expression was remarkably altered by cisplatin or 
5-fluorouracil chemotherapy in esophageal cancer cells.35 

Figure 7 CircHIPK3 silencing hampered tumor growth and promoted PTX sensitivity in vivo. (A) Representative images of the xenograft tumors at day 21 derived from sh- 
NC-infected or sh-circHIPK3-transduced MCF-7/PTX cells with NS (PBS) or PTX (3 mg/kg) administration. (B) Growth curves of the xenograft tumors formed by 
subcutaneous injection into the nude mice of sh-NC-infected or sh-circHIPK3-transduced MCF-7/PTX cells with NS (PBS) or PTX administration (n = 6 per group). (C) 
Tumor weight at day 21 of the xenograft tumors (n = 6 per group). Relative circHIPK3 (D), miR-1286 (E), HK2 mRNA (F) expression levels by qRT-PCR, HK2 protein level 
by Western blot (G) and immunohistochemistry (H) in the subcutaneous xenograft tumors (day 21, n = 6 per group). *P < 0.05, **P < 0.01 or ***P < 0.001 by ANOVA with 
Tukey’s post hoc test.
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Our results showed that miR-1286 was down-regulated in 
PTX-resistant BC, and the enforced expression of miR-1286 
could sensitive PTX-resistant cells to PTX treatment. 
Furthermore, we first uncovered that miR-1286 was 
a functionally downstream mediator of circHIPK3 in mod-
ulating PTX sensitivity of PTX-resistant BC cells.

HK2 has been identified as a tumor driver in numerous 
cancers, and inhibition of HK2 has been shown as a selective 
anti-cancer method.36 Work in a number of laboratories has 
revealed the important involvement of HK2 in the carcinogen-
esis and chemoresistance of BC.22,23,37 Here, we first identified 
that HK2 was a functionally important target of miR-1286 in 
regulating PTX sensitivity of PTX-resistant BC cells. 
Furthermore, we first established the role of circHIPK3 as 
a post-transcriptional regulator of HK2 through miR-1286. 
Enhanced glycolysis, known as the “Warburg effect”, is the 
main source of energy supply in cancer cells, which contributes 
to human carcinogenesis.38 By determining glucose consump-
tion and lactate production in PTX-resistant cells, our results 
suggested that circHIPK3 silencing promoted drug resistance 
of PTX-resistant BC cells at least partially by regulating cell 
glycolysis via the miR-1286/HK2 axis. Additionally, the 
in vivo assays suggested that the enhanced repression of 
tumor growth under PTX administration might be due to 
down-regulation of circHIPK3 and HK2 and up-regulation of 
miR-1286. More studies about the direct regulatory relation-
ship between circHIPK3 and the miR-1286/HK2 axis in drug 
sensitivity of PTX-resistant BC cells in vivo will be conducted 
in further work. These findings together with clinical data from 
patients with PTX-resistant BC showing marked enhancement 
of circHIPK3 in PTX-resistant tumor tissues provide 
a rationale for developing circHIPK3 as a therapeutic target 
for the treatment of PTX-resistant BC.

Similarly, Liu et al underscored that circHIPK3 contrib-
uted to gemcitabine resistance by binding to miR-330-5p to 
induce RASSF1 expression.12 Zhang et al discovered that 
circHIPK3 exerted a driving effect in the development of 
oxaliplatin resistance through miR-673.13 Combining with 
our findings, we envision that the inhibition of circHIPK3 is 
a starting point for the development of circHIPK3-based 
therapies against chemoresistance formation.

To conclude, the present study demonstrated that 
circHIPK3 silencing sensitized PTX-resistant BC cells to 
PTX therapy through the regulation of the miR-1286/HK2 
axis. Our study established the notion that circHIPK3 
inhibition might be a good strategy for improving PTX 
therapy against BC.
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