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Abstract
Background

Chemoresistance is a critical risk problem for breast cancer treatment. However, mechanisms by which
chemoresistance arises remains to be elucidated. The expression of T-box transcription factor 15 (TBX-
15) was found downregulated in some cancer tissues. However, role and mechanism of TBX15 in breast
cancer chemoresistance is unknown. Here we aimed to identify the effects and mechanisms of TBX15 in
doxorubicin resistance in breast cancer.

Methods

As measures of Drug sensitivity analysis, MTT and IC50 assays were used in DOX-resistant breast cancer
cells. ECAR and OCR assays were used to analyze the glycolysis level, while Immunoblotting and
Immuno�uorescence assays were used to analyze the autophagy levels in vitro. By using online
prediction software, luciferase reporter assays, co-Immunoprecipitation, Western blotting analysis and
experimental animals models, we further elucidated the mechanisms.

Results

We found TBX15 expression levels were decreased in Doxorubicin (DOX)-resistant breast cancer cells.
Overexpression of TBX15 reversed the DOX resistance by inducing microRNA-152 (miR-152) expression.
We found that KIF2C levels were highly expressed in DOX-resistant breast cancer tissues and cells, and
KIF2C was a potential target of miR-152. TBX15 and miR-152 overexpression suppressed autophagy and
glycolysis in breast cancer cells, while KIF2C overexpression reversed the process. Overexpression of
KIF2C increased DOX resistance in cancer cells. Furthermore, KIF2C directly binds with PKM2 for inducing
the DOX resistance. KIF2C can prevent the ubiquitination of PKM2 and increase its protein stability. In
addition, we further identi�ed that Domain-2 of KIF2C played a major role in the binding with PKM2 and
preventing PKM2 ubiquitination, which enhanced DOX resistance by promoting autophagy and
glycolysis.

Conclusions

Our data identify a new mechanism by which TBX15 abolishes DOX chemoresistance in breast cancer,
and suggest that TBX15/miR-152/KIF2C axis is a novel signaling pathway for mediating DOX resistance
in breast cancer through regulating PKM2 ubiquitination and the enhancement of PKM2 stability. This
�nding suggests new therapeutic target and/or novel strategy development for cancer treatment to
overcome drug resistance in the future.

Background
Breast cancer is one of the most common cancers in women [1–3]. Resection and chemotherapy are
used to improve survival, yet many patients develop chemoresistance which often leads to the recurrence
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of the disease. Doxorubicin (DOX) is an anthracycline chemotherapy agent that is effective in treating a
wide range of malignancies, including breast cancer [4]. However, DOX resistance and a dose-related
cardiotoxicity leads to therapeutic failure in a subset of patients [4]. Thus, it is important to identify new
mechanisms that circumvent DOX chemoresistance to improve breast cancer therapy and patient
survival.

TBX15 belongs to the T-box family of genes, which encode a phylogenetically conserved family of
transcription factors to regulate a variety of developmental processes [5–7]. Genome-wide association
studies have shown that TBX15 gene correlated with differentiation and development in in�ammation or
neoplastic lesions [8–10]. TBX15 promoter methylation or lower TBX15 expression are found in ovarian
cancer [11], pancreatic cancer [6, 7], and hepatocellular carcinoma [8]. However, role and mechanism of
TBX15 in breast cancer is unknown. We found expression levels of TBX15 were downregulated in DOX-
resistant breast cancer tissues, and were strongly correlated with miR-152 levels.

Our previous study showed that the downregulation of miR-152 was associated with tumor grade and
metastasis in breast cancer patients, whereas overexpression of miR-152 inhibited cell proliferation and
tumor angiogenesis [12].

Using bioinformatics methods, we found Kinesin family member 2C (KIF2C) is a potential target of miR-
152. KIF2C is a critical microtubule regulator which induces disassembly of microtubules in an ATP-
dependent manner and which is important for chromosome segregation during anaphase [13]. KIF2C
elevated levels were observed in some types of cancer [14]. KIF2C may promote cell growth, metastasis,
and chemoresistance in solid tumors through modulating p53 or suppressing microtubule dynamics [15–
17]. But the role of KIF2C in breast cancer is unknown.

Pyruvate kinase M2 (PKM2), is a glycolytic enzyme that promotes the Warburg effect (e.g., anaerobic
glycolysis), and is strongly upregulated in many cancer tissues as it contributes to cell proliferation,
migration and metastasis through enhancing glycolysis [18–22]. In addition, it manifests drug resistance
by modulating the balance of metabolic energy [22, 23]; PKM2 dysregulation may contribute to DOX
resistance in liver cancer by regulating gulcose metabolism [23]. Previously, we showed that PKM2 is
involved in miR-152-mediated suppression of cell proliferation and angiogenesis in breast cancer [12].
However, it is unknown if PKM2 and KIF2C may interact to affect the cancer development.

In this study, we plan to determine the roles and mechanism of TBX15/miR-152/KIF2C pathway on DOX
resistance, and whether PKM2 is involved; to test whether TBX15 downregulation is su�cient to induce
DOX resistance in breast cancer; and to de�ne role and mechanism of KIF2C and PKM2 in mediating DOX
resistance.

Materials And Methods
Cell culture and reagents:
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Human breast cancer cell lines (MCF7/ADR) and human embryonic kidney 293 T (HEK-293 T) were
cultured in Dulbecco’s modi�ed Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum,
penicillin (100 U/ml), and streptomycin (100 ng/ml). Mammary epithelial cells MCF10A cells were
maintained in DMEM/F12 supplemented with 0.02 µg/ml EGF, 5% Horse Serum, 0.1 µg/ml CholeraToxin,
0.5 µg/ml Hydrocortizone and 1 µg/ml Insulin. Human breast cancer cell line T47D were cultured in RPMI-
1640. DOX-resistant T47D cells (T47D/ADR) were was developed based on T47D/WT cells. Starting from
1/10 of the IC50, the DOX concentration in the medium was gradually increased after the cells were
stably grown. All cell lines were maintained in a 37 °C incubator with 5% CO2. All medium, antibiotics and
fetal bovine serum were obtained from Invitrogen (Carlsbad, CA, USA).

Animals

All animals (female nude mice) were treated in accordance with the guidelines of the Institutional Animal
Care and Use Committee at Nanjing Medical University. The animals were fed food and water ad libitum,
and housed at 22 °C with a 12-h light-dark cycle. The normal diet was from Xietong Biotechnology Co. Ltd
(Jiangsu, China). All animal experiments were carried out in accordance with the National Institutes of
Health guidelines for the care and use of Laboratory animals (NIH Publications No. 8023, revised 1978).
All animal studies comply with the ARRIVE guidelines.

Plasmid, miRNA mimics and siRNA transfections

The pCMV-based plasmid encoding human KIF2C or TBX15 and pcDNA3-based plasmid encoding
human PKM2 were obtained from the nonpro�t plasmid repository, Addgene (Cambridge, MA USA). The
miRNA mimics were obtained from ribobio Biotechnology Co., Ltd (Guangzhou, China) and siRNAs were
from Dharmacon ON-TARGET plus SMART pools. KIF2C siRNAs contained: ON-TARGET plus SMART pool
siRNA J-004955-6, J-004955-7, J-004955-8, and J-004955-9. TBX15 siRNAs contained: ON-TARGET plus
SMART pool siRNA J-022116-17, J-022116-18, J-022116-19, and J-022116-20.

The cells (2 × 105) were seeded and grown in 6-well culture plates for 24 h before transfection with the
above plasmids, miRNA mimics, or siRNAs using Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA).

Drug sensitivity analysis

Cells in 100 µl medium were seeded (1 × 104 cells/well) into 96-well microtitre plates. After 24 h, DOX in
graded concentrations was added to the wells. 5 mg/ml MTT was added into each well to detect cell
viability. Cell viability was calculated by dividing the OD590 absorbance value. The half maximal
inhibitory concentration (IC50) values were analyzed using GraphPad Prism 7 software.

Apoptosis assays

After various treatments, the cells were digested and resuspended in PBS. Cells were stained with Annexin
V and DAPI and apoptosis status was measured by �ow-cytometry analysis.
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Total RNA isolation and quantitative real-time PCR analysis

Total RNA was isolated using the Trizol reagent, according to the manufacturer's instructions. For each
sample, 0.5 µg of RNA was reverse transcribed using the PrimeScript RT Reagent Kit (TAKARA Bio Inc,
#RR037A, Shiga, Japan). Real-time PCR analysis was performed using the Power SYBR Green PCR
master mix (Roche Diagnostics, #04913914001, Indianapolis, IN, USA). All treatments and conditions
were performed in triplicate to calculate statistical signi�cance.

Western blotting

Cells were treated with pharmacological agents for various times. The cells were collected into lysis
buffer. Equal amounts of total proteins (20 µg) were separated by SDS-PAGE and transferred onto a
nitrocellulose membrane. The membranes were probed with the appropriate antibodies. The
immunoreactivity was detected by ECL and analyzed using Image Lab software. The following were
commercially obtained antibodies: the anti-PKM2 (#4053s), the anti-p62 (#8025), anti-LC3 (#12741) and
anti-Flag (#8146s) antibodies were obtained from Cell Signaling Technology (Danvers, MA, USA); the anti-
KIF2C antibody (#sc-81305) were obtained from Santa Cruz Biotechnology; the anti-β-actin antibody was
obtained from Bioworld Technology (Atlanta, Georgia, 305, USA).

Co-Immunoprecipitation

Cells were lysed in NETN buffer (20 mM Tris, at pH 8.0, 100 mM NaCl, 1 mM EDTA and 0.5% NP-40). For
all samples, 1000 µg lysate was incubated with Protein G Sepharose beads and then followed by the
indicated antibodies according the manufacturer’s instruction. Immunoprecipitates were resolved by
immunoblotting with indicated antibodies.

Lentiviral infection

The sequences encoding miR-152 and TBX15 were synthesized and cloned into the lentivirus vectors
(Addgene, Palo Alto, CA, USA). To produce the virus, the plasmids were co-transfected into HEK293T cells,
according to manufacturer’s instructions. To obtain a stable miR-152- or TXB15-overexpressing cell line,
lentivirus-containing supernatant was harvested and used to infect MCF7/ADR cells.

Tumor xenograft models

Four-week-old female nude mice were injected into both sides of posterior �anks with 5 × 106/0.1 ml of
various MCF7/ADR cell lines. Bi-dimensional tumor measurements were taken every two days. Tumor
volume (mm3) was calculated as follows: V = 1/2L × W2 (L: length, W: width). The mice were treated by
DOX (4 mg/kg/week) or PBS by intraperitoneal injection. Mice were euthanized, tumor xenografts were
removed, and the specimens were �xed with neutral-buffered 10% formalin and embedded in para�n
blocks.

Immunohistochemical staining



Page 6/29

Sections (4 µM) of tumor blocks were used for immunohistochemical analysis. Sections were treated
with primary antibodies. The slides were stained bydiaminobenzedine solution (DAB), and then
counterstained with haematoxylin. The slices were photographed by a Leica Microscope and Image Pro
Plus analyse system. Four high-power views (400×) were selected randomly from each sample in a
blinded manner; the level of integrated OD was estimated and presented as mean ± SEM.

Dual-Luciferase Reporter Assay

The dual-luciferase reporter assay system was obtained from Promega Corporation (Madison, WI, USA).
The 3’-UTR-luciferase reporter constructs containing the 3’-UTR region of KIF2C with the wild-type and
mutant binding sites of miR-152, as well as the promotor region of COPZ2 (miR-152 host gene) with the
binding sites of TBX15, were ampli�ed by PCR. All constructs containing inserts of the 3’-UTR region were
sequenced and validated. Luciferase activities were measured 24 h after transfection using the Dual
Luciferase Reporter Assay System. Experiments were performed with three independent replicates.

Statistical analysis
The co-expression analysis between miR-152 and the intersection genes was used by the Spearman’s
correlation analysis method. The overall survival (OS) of TBX15 or KIF2C was analyzed by the Kaplan
Meier plotter in The Cancer Genome Atlas (TCGA) database.

Other data are presented as mean ± SEM. P-values were calculated by one-way ANOVA or Student's t-test
for unpaired samples using the GraphPad Prism software. The results were considered signi�cant at P < 
0.05.

Results
TBX15 overexpression abrogates breast cancer DOX resistance by suppressing glycolysis and
autophagy.

To identify the mechanisms of DOX resistance in breast cancer cells, using bioinformatics methods we
found potential 21 transcription factors (TFs) (ZEB1, TEAD1, NFAT5, MEOX2, TWST1, MAFF, RFX2,
MEF2C, EGR2, EBF1, KLF14, JUN, MEIS2, NR3C2, BACH2, BHLHE41, NR3C1, TBX15, MSX1, LHX6, ETV5)
that were downregulated in both breast cancer tissues and DOX-resistant breast cancer cells in the
JASPER database (Fig. 1A). To test whether expression levels of these TFs were downregulated in a large
and diverse breast cancer cohort, we analyzed their expression levels of these factors in the cancer
tissues and in adjacent normal tissues. Among them, TBX15 levels were downregulated in breast cancer
tissues, compared to normal adjacent tissues (Fig. 1B), and acted as a positive marker for the Relapse-
Free survival prognosis of breast cancer (Fig. 1C). We induced T47D DOX-resistant breast cancer cells
(T47D/ADR) by long exposure of DOX treatment in the cells, then detected its TBX15 expression level.
Figure 1D showed that TBX15 protein levels were decreased in T47D/ADR cells. To further investigate the
effects of TBX15 expression on DOX sensitivity, we utilized two DOX-resistant breast cancer cell lines,
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MCF7/ADR, and T47D/ADR, and treated these cells with varying concentrations of DOX. Following that,
the cell viability assays and drug sensitivity analysis showed that TBX15 overexpression caused a
signi�cant reduction in cell growth and IC50 values; siRNAs targeting TBX15 (siTBX15) increased cell
growth and IC50 values (Fig. 1E-I).

Activation of autophagy and glycolysis were reported to be important in drug resistance in various cancer
cells [24,25). Additionally, TBX15 expression was associated with glycolysis in some tissues [26]. In order
to determine mechanisms by which TBX15 may effects DOX resistance, we transfected TBX15 plasmid
or TBX15 siRNAs into DOX-resistant cells, and assessed the expression levels of markers of autophagy or
glycolysis. TBX15 overexpression decreased glycolysis by glucose and lactate assays, whereas siTBX15
increased glycolysis (Fig. 1J-K). Furthermore, TBX15 overexpression increased p62 protein expression
and suppressed recruitment and conversion of LC3-I to LC3-II. In contrast, siTBX15 decreased p62 protein
expression and promoted LC3-I conversion (Fig. 1L). At the same time, siTBX15 transfection promoted
autophagosome formation after DOX treatment (Fig. 1M). These data indicate that TBX15
overexpression abrogates DOX resistance by inhibiting autophagy and glycolysis in breast cancer cells.

TBX15 forced expression promotes the DOX sensibility by inducing miR-152 expression.

We found that levels of TBX15 and miR-152 strongly correlated in TCGA database using Spearmen’s
correlation analysis (Fig. 2A). Forced expression of TBX15 increased miR-152 expression levels in
MCF7/ADR and T47D/ADR cells, while knockdown of TBX15 decreased miR-152 expression (Fig. 2BC).
These data showed TBX15 upregulated miR-152 expression levels. To verify whether TBX15 promoted
miR-152 expression through transcriptional regulation, we �rst used the JASPER database and identi�ed
three binding sites of TBX15 in the miR-152 promoter region. Subsequently, we constructed reporter
plasmids and performed luciferase promoter reporter assays to determine whether TBX15 upregulated
miR-152 expression by binding to miR-152 promoter region. These data showed that overexpression of
TBX15 induced luciferase activities at all three binding sites we predicted (Fig. 2D).

To test whether miR-152 suppresses DOX resistance in breast cancer tissue, we analyzed miR-152
expression in the cancer tissues and adjacent tissues in TCGA database. Breast cancer tissues had lower
expression levels of miR-152 when compared to the adjacent tissue group (Fig. S1A). Furthermore, we
subdivided the TCGA dataset into miR-152 high and miR-152 low group according to its expression levels
and sent them to gene set enrichment analysis (GSEA) which showed that lower expression levels of miR-
152 were enriched in KANG DOXORUBINCIN UP dataset (NES = 1.56, FDR q = 0.01). These data indicated
the strong correlation between miR-152 attenuation and DOX resistance in breast cancer (Fig. S1B).

We investigated the mechanisms by which miR-152 may affect DOX resistance. The cells overexpressing
miR-152 were more sensitive to DOX treatment, as indicated by a lower IC50 value and higher apoptosis
rate. Correspondingly, the cells in which miR-152 was inhibited displayed an increased resistance to DOX
treatment (Fig. 2E-F). On the contrary, miR-152 inhibitor reversed TBX15-suppressed DOX resistance in
breast cancer cells (Fig. 2G).
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To examine the mechanisms of miR-152 on these processes, we transfected miR-152 mimics or a miR-
152 inhibitor into MCF7/ADR cells and assessed its effects on autophagy or glycolysis. miR-152 mimics
decreased glycolysis in glucose and lactate assays, whereas miR-152 inhibitor increased glycolysis
(Fig. 2H). Furthermore, miR-152 mimics increased p62 protein expression and suppressed recruitment
and conversion of LC3- I to LC3- II. In contrast, miR-152 inhibitor decreased p62 protein expression and
promoted LC3-I conversion (Fig. 2I). These data indicate that TBX15/miR-152 pathway abrogates DOX
resistance by inhibiting autophagy and glycolysis in breast cancer cells. TBX15 attenuation may result in
miR-152 downregulation in DOX-resistant breast cancer cells, suggesting a potential new therapeutic
target for breast cancer diagnosis and treatment in the future.

KIF2C, a direct target of miR-152, is upregulated in breast cancer which induces glycolysis and
autophagy.

KIF2C is upregulated in some cancer tissues and is associated with resistance to chemotherapy [15–17].
By bioinformatic assays, we found KIF2C is one of potential target of miR-152. We analyzed the
correlation between expression levels of miR-152 and its potential targets, and found that KIF2C was one
of most signi�cantly positive-associated gene with miR-152 expression levels, and miR-152 levels were
negatively correlated with KIF2C expression in breast cancer in the GEO database (Fig. S2A,B). DOX-
resistant cells transduced with TBX15 or miR-152 mimics have lower KIF2C expression levels following
DOX treatment, whereas transfection with siTBX15 or miR-152 inhibitor increased KIF2C expression levels
in both MCF7/ADR and T47D/ADR cells (Fig. 3A). By using bioinformatic analysis of miR-152 seed-
matching site in the KIF2C gene, we found that KIF2C was a potential direct target of miR-152. To con�rm
this, luciferase reporter constructs were made that contained the putative binding site of the KIF2C 3’-UTR
region or three nucleotide substitutions in its 3’-UTR region (mutant). Overexpression of miR-152 inhibited
wild-type KIF2C reporter activity, but not that mutant region (Fig. 3B), demonstrating that miR-152 can
speci�cally target the 3’-UTR regions of KIF2C by binding to its putative sequences.

To identify whether KIF2C promotes DOX resistance in breast cancer tissues, we obtained TCGA mRNAs
expression data from Breast Cancer, and divided the samples into cancer tissues and adjacent tissue
groups. We found that KIF2C expression levels were signi�cantly higher in breast cancer tissues than
those in the adjacent groups (Fig. 3C). We then divided the cancer samples into groups based on high or
low expression levels of KIF2C, and assessed overall patient outcomes within these two groups. Higher
expression of KIF2C indicated poor prognosis in breast cancer patients (Fig. S2C). In addition, we also
observed the positive correlation between KIF2C expression and DOX resistance signature using the
GSEA (NES = 1.65, FDR q = 0.01) which suggesting high expression levels of KIF2C may be responsible
for DOX resistance (Fig. 3C).

Additionally, we determined the IC50 value and performed cell apoptosis assays to detect DOX sensitivity
in KIF2C-upregulated or down-regulated MCF7/ADR cells. Cells overexpressing KIF2C were more sensitive
to DOX treatment, while those transfected with siKIF2C displayed an increased resistance to DOX
(Fig. 3D). Similarly, apoptosis assays showed KIF2C overexpression suppressed cell apoptosis after DOX
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treatment, while siKIF2C displayed an increased sensitivity to DOX (Fig. 3E). To identify the mechanism
of KIF2C-mediated DOX resistance, overexpressed or inhibited expression of KIF2C in MCF7/ADR cells
were used to assess autophagy and glycolysis. Overexpression of KIF2C increased glycolysis in glucose
and lactate assays, whereas siKIF2C reduced glycolysis (Fig. 3F). Overexpression of KIF2C decreased p62
protein expression and promoted conversion of LC3-I, whereas siKIF2C increased p62 protein expression
and suppressed LC3-I conversion (Fig. 3G). Collectively, these data suggest that KIF2C promotes DOX
resistance by inducing autophagy and glycolysis.

To determine role of KIF2C in TBX15/miR-152-mediated drug sensitivity, we tested the effects of KIF2C on
the DOX sensitivity by transfecting MCF7/ADR cells overexpressing TBX15/miR-152 with KIF2C cDNA
(without the 3’-UTR region). Overexpression of KIF2C suppressed miR-152-induced DOX sensitivity, as
determined by IC50 values and apoptosis assays (Fig. 4A-C). The reduction of glucose consumption,
lactate production, ECAR and OCR assays induced by miR-152 overexpression was abrogated in these
cells (Fig. 4D-E). Furtherly, KIF2C overexpression reversed miR-152-suppressed autophagy (Fig. 4F).
Similarly, KIF2C suppressed TBX15-induced DOX sensitivity by increasing autophagy and glycolysis
(Fig. 4G-I). Taken together, these data suggest that TBX15/miR-152 pathway promotes DOX sensitivity
through the targeting of KIF2C by miR-152.

KIF2C increased PKM2 expression by promoting its protein stability.

PKM2 is involved in multidrug resistance in some cancer cells [ 22, 27]. However, role of PKM2 in
mediating chemoresistance in breast cancer remains to be studied. In our previous study, we found that
PKM2 promoted cell proliferation and angiogenesis in breast cancer [12]. In order to identify whether
PKM2 is involved in the TBX15/miR-152/KIF2C-mediated DOX resistance, we assessed PKM2 expression
in MCF7/ADR cells when expression of TBX15/miR-152 or KIF2C was altered in the cells. TBX15
overexpression decreased PKM2 expression, whereas its siRNAs increased PKM2 levels (Fig. 5A).
Conversely, overexpressing KIF2C increased PKM2 expression, whereas knockdown of KIF2C caused its
expression decrease (Fig. 5B). Notably, overexpression of KIF2C reversed TBX15 or miR-152-mediated
downregulation of PKM2 (Fig. 5C,D). In addition, PKM2 overexpression restored siKIF2C-inhibited
autophagy (Fig. 5E). Thus, these data suggest that PKM2 is regulated in TBX15/miR-152/KIF2C pathway
for regulating DOX resistance.

In order to determine the mechanism by which KIF2C regulates PKM2 expression, mRNA expression
levels of PKM2 were determined in MCF7/ADR cells after the transfection of KIF2C. Overexpression of
KIF2C did not change PKM2 mRNA expression levels (data not shown), suggesting a potential
posttranscriptional mechanism modulated PKM2 expression. Co-IP analysis showed that KIF2C directly
bound to PKM2, and that a weaker PKM2 band was co-immunoprecipitated by anti-KIF2C antibodies
when TBX15 was overexpressed. In contrast, transfection of siTBX15 resulted in a stronger interaction
between KIF2C and PKM2 (Fig. 6A). Similarly, KIF2C overexpression also resulted in a stronger interaction
between KIF2C and PKM2; and siKIF2C decreased the binding (Fig. 6B).
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To determine whether KIF2C modulates PKM2 protein stability in MCF7/ADR cells, we treated cells with
CHX, which inhibits protein production. CHX treatment did not change KIF2C-mediated upregulation of
PKM2 (Fig. 6C). However, knockdown of KIF2C enhanced PKM2 degradation following CHX treatment in
a time dependent manner (Fig. 6D). We also treated cells with MG132, which inhibited protein
degradation. It restored the downregulation of PKM2 following knockdown of KIF2C (Fig. 6E, F).
Considering the ubiquitin (Ub)-editing degradation of PKM2, we examined the ubiquitylation pattern of
PKM2 in MCF7/ADR cells. Ub-HA plasmid was co-transfected with KIF2C-pCMV or siKIF2C. Co-
immunoprecipitation experiments revealed that overexpression of KIF2C induced weaker bands, which
corresponded to PKM2 ubiquitination, whereas knockdown of KIF2C enhanced PKM2 ubiquitination
(Fig. 6G). Therefore, these data suggest that KIF2C directly binds to PKM2 and prevent PKM2 degradation
by ubiquitination.

There are three domains (Domain-1, Domain-2, and Domain-3) of human KIF2C protein (Fig. S2D,
http://www.uniprot.org/uniprot/Q99661). To con�rm which domain(s) was/were responsible for PKM2
ubiquitylation, we constructed three plasmids encoding different domains of KIF2C, respectively. The
three plasmids were transfected into MCF7/ADR cells, respectively, and PKM2 expression levels were
analyzed by Western blotting. Only overexpression of the plasmid encoding Domain-2 of KIF2C increased
PKM2 expression and showed more binding to PKM2 in co-immunoprecipitation experiments (Fig. 6H).
Ubiquitin immunoprecipitation assays also revealed that only overexpression of KIF2C Domain-2 resulted
in a weak band that corresponded to PKM2 ubiquitination (Fig. 6I). These data suggest that KIF2C
Domain-2 plays a major role in the binding of KIF2C and PKM2 to increase PKM2 stability.

TBX15/miR-152 overexpression abrogates DOX resistance in vivo.

In order to investigate the effects of miR-152 on DOX sensitivity in vivo, we established tumor xenografts
by subcutaneously implanting MCF7/ADR cells that were stably expressing miR-152 in nude mice.
Twenty-four days after subcutaneous injection of the cancer cells, the mice were treated with DOX
(4 mg/kg/week) and or PBS by intraperitoneal injection. Analysis of implanted tumor xenografts revealed
that overexpression of miR-152 signi�cantly suppressed tumor growth. Furthermore, xenografts with
overexpression of miR-152 were more sensitive to DOX treatment (Fig. 7A-C). These data suggested that
miR-152 promotes sensitivity to DOX treatment in vivo. Using immunohistochemistry assays, we found
that overexpression of miR-152 signi�cantly suppressed KIF2C and PKM2 expression, and that this
suppression was much greater following DOX treatment (Fig. 7D, E). Collectively, these data suggest that
miR-152 abrogates DOX resistance by inhibiting KIF2C and PKM2 expression.

In order to elucidate the effect of TBX15 on miR-152, KIF2C and PKM2 expression in vivo, we established
tumor xenografts by implanting MCF7/ADR cells stably expressing TBX15. The tumors were found 10
days after subcutaneous injection. The mice were euthanized 21 days after the cell injection, and tumors
were resected. Analysis of tumor tissues revealed that overexpression of TBX15 signi�cantly decreased
tumor growth (Fig. 7F-H). Furthermore, qRT-PCR and immunohistochemistry assays showed that TBX15
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overexpression not only induced miR-152 expression levels, but also decreased KIF2C and PKM2
expression levels in vivo (Fig. 7I, J).

Discussion
Breast Cancer is one of leading causes of both cancer incidence and cancer death in female worldwide
[1–3]. Chemotherapy is commonly used for patients who receive surgical treatment to prevent the
recurrence or metastasis of breast cancer. However, chemoresistance remains to be major hurdle for
many breast cancer patients, which may account for the treatment failure of breast cancer patients [2,
28]. To understand new mechanism of chemoresistance, we found that decreased expression of the
transcription factor, TBX15 was associated with DOX resistance through regulating autophagy and
glycolysis in cancer cells. TBX15 was initially identi�ed as one of genes associated with genome-wide
DNA methylation in several types of cancer tissues [6–8]. TBX15 expression regulated tumor
development [6, 8, 11, 29]. However, the role of TBX15 on chemoresistance is still unknown. DNA
hypermethylation of CpG islands may be involved in chemoresistance in certain cancer [21, 30]. Our study
showed that lower expression levels of TBX15 were detected in breast cancer tissues than normal tissues
using TCGA database. Thus, we want to determine whether TBX15 may affect DOX resistance in breast
cancer cells. TBX15 forced expression promoted cell apoptosis and increased sensitivity to DOX
treatment, while TBX15 inhibition promoted cell growth and increased resistance to DOX. In addition,
TBX15 abrogated DOX resistance by inhibiting autophagy and glycolysis, a new role of TBX15 in DOX
resistance.

Autophagy is known to be involved in chemoresistance of cancer cells [25, 31]. In this study, we found
that TBX15 regulated autophagy which may be one of potential mechanisms of TBX15 in regulating DOX
resistance. We showed that TBX15 levels were correlated with miR-152 expression levels in breast cancer
tissues using bioinformatics analysis. Recently, several miRNAs were found to effectively suppress
chemoresistance in cancer cells [32, 33]. Recent studies by our group showed that miR-152
overexpression sensitized cisplatin-resistant ovarian cancer cells [24]. In the present study, we observed
that miR-152 overexpression mimicked the effects of TBX15 on inhibiting DOX resistance and autophagy.
In addition, miR-152 inhibition made the cells sensitive to DOX treatment, the opposite effect of TBX15 in
the cells. Thus, TBX15/miR-152 pathway may play an important role in DOX resistance in breast cancer.

Our recent studies have shown that miR-152 suppression induced tumor growth and angiogenesis [12,
24]. In this study, we identi�ed that miR-152 may directly target and decrease KIF2C expression for
inhibiting DOX resistance in breast cancer. KIF2C catalyzes microtubule disassembly by inducing or
stabilizing the curved tubulin conformation [13]. However, the role and mechanism by which KIF2C
promotes chemoresistance is unclear in breast cancer. We found that KIF2C was highly expressed in
DOX-resistant breast cancer tissues and cells, and that KIF2C overexpression decreased DOX sensitivity,
in part through autophagy in breast cancer cells. Higher expression levels of TBX15 and miR-152 were
associated with decrease of tumor growth, lower expression of KIF2C, and more sensitivity to DOX
treatment in both vivo and vitro. To further understand mechanism of KIF2C in inducing DOX resistance,
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we found that KIF2C directly bound to PKM2 for increasing PKM2 expression, while TBX15
overexpression abrogated this binding. Since ubiquitination is crucial to modulate protein stability [ 34],
we deteted the ubiquitination of PKM2 by co-IP experiment assay. We found that KIF2C improved PKM2
stability by suppressing its ubiquitination. Additionally, we found that Domain-2 of KIF2C was crucial for
the interaction between KIF2C and PKM2; and that Domain-2 of KIF2C promotes PKM2 stability which
may regulate miR-152-induced DOX sensitivity in breast cancer cells. KIF2C may be used as a new
biomarker for predicting DOX resistance in breast cancer cases. The further study would be warranted to
identify potential translation signi�cance of TBX15 / miR-152 / KIF2C / PKM2 in clinical diagnosis or
new treatment option for overcoming DOX resistance in breast cancer.

Conclusion
Our studies demonstrate that TBX15/miR-152 pathway is downregulated in DOX-resistant breast cancer
tissues and that KIF2C expression is induced by miR-152 suppression. TBX15/miR-152 blocked
autophagy and glycolysis in DOX-resistant breast cancer cells by targeting KIF2C. Further, KIF2C bound to
PKM2 and modulated PKM2 stability to regulate autophagy and glycolysis in DOX-resistant breast cancer
cells (Fig. 8). Our �ndings provide new insight into molecular mechanism of chemoresistance, which
would be useful to develop new biomarker or therapeutic strategy for breast cancer treatment in the
future.
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Figure 1

TBX15 reduced DOX resistance in breast cancer. (A) Venn diagram showing the intersection of genes
identi�ed in TCGA that are downregulated in breast cancer, genes downregulated in MCF7/ADR cells
(GSE76540 database), and from TFs identi�ed in the JASPER database. (B) Relative gene expression of
TBX15 in normal tissue or breast tumors. Gene expression data were obtained from 1108 breast tumors
and 113 normal adjacent tissues from TCGA dataset and were presented as the means±SEM. (C) Kaplan
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Meier plot predicting the Relapse-Free Survival of patients with high or low expression of TBX15. (D)
T47D/ADR cells were developed from T47D/WT cells, and the IC50 values of DOX treatment were tested.
TBX15 expression in MCF10A, T47D/WT and T47D/ADR cells was detected in Western blotting assays.
β-actin was used as internal reference. (E-N) Breast cancer cells were transfected with pCMV, pCMV-
TBX15, siNC, or siTBX15. (E) The T47D/ADR cells with different treatments were sent to MTT assays. (F)
Drug sensitivity analysis after DOX treatment in various T47D/ADR groups. (G) The MCF7/ADR cells with
various treatments were sent to MTT assay. (H) The MCF7/ADR cells with various treatments were sent
to �ow cytometry to test cell apoptosis rate. (I) Drug sensitivity analysis after DOX treatment in
MCF7/ADR cells. (J-K) Lactate acid (LA) production and glucose consumption were detected in various
T47D/ADR groups. (L) P62 and LC3 II/I expression in MCF7/ADR cells were detected in Western blotting
assays. β-actin was used as internal reference. (M) The MCF7/ADR cells were transfected with EGFP-LC3
plasmid, and then exhibited various treatments. Fluorescence microscope was used to investigate the
autophagy process (400×magni�cation, Arrows: autophagosomes accumulated with LC3). Data are
presented as the means± SEM from three independent experiments. *, ** P <0.05, P <0.01, respectively. #
indicates signi�cant difference compared to siNC group at P <0.05.
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Figure 2

TBX15 inhibited DOX resistance in breast cancer through inducing miR-152 expression. (A) Spearman’s
correlation analysis of TBX15 and miR-152 expression in TCGA dataset. (B) MCF7/ADR cells were treated
with TBX15 overexpression or siTBX15, and the expression levels of miR-152 and its host gene were
analyzed by qRT-PCR. (C) T47D/ADR cells were treated with TBX15 overexpression or siTBX15, and miR-
152 expression level was analyzed by qRT-PCR. (D) The luciferase activity was analyzed using Promega
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Dual-Luciferase Reporter Assay System. The wild type of miR-152 promoter region is located in -320--
1800bp. Three TBX15 binding site sequences: BS1 is located in -322--381bp, BS2 in -1017--1212bp, and
BS3 in -1536--1793bp. Three TBX15 binding site sequences in the miR-152 promoter region were cloned
into the luciferase reporter vectors. HEK293T cells were co-transfected with TBX15 expression vector
(WT) or mutative vectors and a renilla luciferase vector. (E) MCF7/ADR Cells transfected with miR-152
mimics or miR-152 inhibitor were treated with DOX for 48 h, and subsequently added with MTT and
obtain IC50 values. (F) Flow cytometric plots of MCF7/ADR cells that were transfected as in (E) and were
treated with 1 g/ml DOX. Cells were harvested after 48 h to assess apoptosis. (G) Drug sensitivity was
analyzed from the cells that were treated with TBX15 overexpression and miR-152 inhibitor. (H) Glucose
consumption (left) and lactate acid concentrations in the medium (right) were tested in MCF7/ADR cells
transfected as in (E). (I) Expression levels of LC3II/I and p62 were analyzed by Western blotting with β-
actin used as an internal control in cells transfected as in (E). For all panels, data are presented as the
means±SEM from three independent experiments. **indicates signi�cant difference compared to miR-NC
group at P <0.01. ## indicates signi�cant difference compared to mock group at P <0.01.
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Figure 3

TBX15/miR-152 pathway directly targets and inhibits KIF2C (A) Western blotting analysis for protein
expression of KIF2C in MCF7/ADR cells and T47D/ADR cells transfected with miR-152 mimics or miR-
152 inhibitor, or TBX15-pCMV or siTBX15. All cell groups were treated with 1 μg/ml DOX. (B) Putative
seed-matching sites or mutant sites (red) between miR-152 and the 3’-UTR of KIF2C were analyzed by
TargetScan. The WT and mutant (mut) binding site sequences of miR-152 in the 3’ UTR of KIF2C were
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cloned into luciferase reporter vectors. HEK293T cells were co-transfected with the reporter vectors, renilla
luciferase vector, and miR-152 mimics or miR-NC. After 24 h, the relative levels of luciferase activity were
analyzed and normalized to values obtained from WT cells transfected with miR-NC. (C) Relative
expression levels of KIF2C from normal tissue and breast tumors from human patients. KIF2C mRNA
expression data were obtained from TCGA database containing 1114 breast tumors and 98 normal
adjacent tissues, and were presented as the means±SEM from three independent experiments. GSEA
analysis to evaluate the correlation between expression levels of KIF2C and DOX resistance signatures in
the GEO database. (D) MCF7/ADR cells were transfected with pCMV or KIF2C-pCMV plasmids (KIF2C),
siNC or siKIF2C and were treated with DOX. After 48h, drug sensitivity analysis was determined. (E) Flow
cytometric analysis of MCF7/ADR cells which were transfected as in (D) and treated with 1 g/ml DOX.
(F-G) MCF7/ADR cells were transfected as above and were treated with 1 μg/ml DOX. After 48 h, the
glucose consumption (F, top), LA production (F, bottom), and protein expression levels of KIF2C, p62, LC3,
β-actin (G) were analyzed. All the data are presented as the means±SEM from three independent
experiments and were normalized with corresponding control. *, ** P <0.05 and P <0.01, respectively.
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Figure 4

KIF2C overexpression reverses miR-152-induced DOX sensitivity in MCF7/ADR cells (A) Levels of KIF2C in
MCF7/ADR cells which were co-transfected with miR-NC, miR-152 mimics, or KIF2C. The data are
presented as the means±SEM from three independent experiments.* compared to miR-NC group at P
<0.05, ## compared to miR-152 at P<0.01. (B) IC50 values of MCF7/ADR cells that were transfected as in
(A) and were treated with DOX and cultured for 48 h. (C) Flow cytometric analysis of MCF7/ADR cells that
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were transfected as in (A) and were treated with 1 g/ml DOX. (D, E) The glucose consumption (D, left), LA
production (D, right), ECAR) (E, left) and OCR (E, right) were analyzed in MCF7/ADR cells treated as in (A).
(F) Levels of KIF2C, p62 and LC3 in MCF7/ADR cells treated as in (A). Graph represents the relative
density of KIF2C, p62, or LC3-II/LC3-I expression. The data are presented as the means±SEM from three
independent experiments.** compared to miR-NC group at P <0.01, ## compared to miR-152 at P<0.01.
(G) The glucose consumption (G, top) and LA production (G, bottom) were analyzed in MCF7/ADR cells
treated with TBX15 or KIF2C overexpression. (H) Flow cytometric analysis of MCF7/ADR cells that were
transfected as in (G) and were treated with 1 g/ml DOX. (I) Levels of p62 and LC3 in MCF7/ADR cells
treated as in (G). Graph represents the relative density of KIF2C, p62, or LC3-II/LC3-I expression. The data
are presented as the means±SEM from three independent experiments.* , ** compared to control groups
at P <0.05 and P <0.01, # compared to TBX15 at P<0.05.

Figure 5

PKM2 is involved in DOX resistance in breast cancer that is mediated by the miR-152/KIF2C signaling
pathway (A) Western blotting analysis of PKM2 levels in MCF7/ADR cells that were transfected with
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pCMV, TBX15, siNC or siTBX15, and were treated with 1 μg/ml DOX for 48 h. β-actin served as an internal
control. (B) Western blotting analysis of PKM2 levels in MCF7/ADR cells transfected with KIF2C or
siKIF2C, and were treated with 1 μg/ml DOX for 48 h. (A-B) Graph represents the relative density of PKM2
expression. β-actin was used as an internal control. The data are presented as the means±SEM from
three independent experiments.** indicates signi�cant difference compared to pCMV group at P <0.01,
#,## compared to siNC at P<0.05, P<0.01, respectively. (C) Western blotting analysis of PKM2 levels in
MCF7/ADR cells transfected with TBX15 and /or KIF2C, and were treated with 1 μg/ml DOX for 48 h. β-
actin was used as an internal control. Graph represents the relative density of PKM2 expression. *,**
indicate signi�cant difference compared to pCMV group at P<0.05 and P <0.01, respectively. # compared
to TBX15 at P<0.05. (D) Western blotting analysis of PKM2 in MCF7/ADR cells that were co-transfected
with miR-NC, miR-152 or KIF2C and were treated with 1 μg/ml DOX for 48 h. β-actin was used as an
internal control. * indicates signi�cant difference compared to miR-NC group at P<0.05, # compared to
miR-152 at P<0.05. (E) Western blotting analysis of KIF2C and PKM2 in MCF7/ADR cells that were co-
transfected with siNC, siKIF2C or PKM2-pcDNA, and were treated with 1 μg/ml DOX for 48 h. Graph
represents the relative density levels of PKM2, p62, or LC3-II/ I expression. β-actin was used as an internal
control. ** indicates signi�cant difference compared to siNC group at P<0.01, ## compared to siKIF2C at
P<0.01.
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Figure 6

KIF2C directly binds to PKM2 and promotes PKM2 stability in breast cancer cells (A) Co-IP analysis of
MCF7/ADR cells that were transfected with pCMV, TBX15, siNC or siTBX15 and were treated with 1 μg
/ml DOX for 48 h. (B) Co-IP analysis of MCF7/ADR cells that were transfected with pCMV, KIF2C, siNC or
siKIF2C. Cell lysates were co-immunoprecipitated using an anti-KIF2C or anti-PKM2 antibody. (C) Western
blotting analysis of MCF7/ADR cells transfected with pCMV or KIF2C and treated with 20 μg /ml CHX for
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0, 6, 12 and 18 h. (D) Western blotting analysis of MCF7/ADR cells transfected with siNC or siKIF2C and
were treated with CHX. The expression levels of KIF2C and PKM2 were analyzed. (E) Western blotting
analysis of MCF7/ADR cells transfected with a pCMV or KIF2C and treated with 1 μM MG132 for 0, 12
and 24 h. (F) Western blotting analysis of MCF7/ADR cells transfected with siNC or siKIF2C and treated
with MG132. The expression of KIF2C and PKM2 were analyzed. (G) Western blotting analysis of
MCF7/ADR cells transfected with pCMV, KIF2C, siNC or siKIF2C and Ubiquitin-HA plasmid. Cell lysates
were co-immunoprecipitated using anti-HA antibody and the expression levels of Ub-PKM2 were
analyzed. (H) Western blotting analysis of MCF7/ADR cells transfected with a pCMV, KIF2C, and KIF2C
domains (D1, D2, D3) in pCMV-�ag plasmids. Cells were treated with 1 μg /ml DOX for 48 h. Cell lysates
were co-immunoprecipitated using anti-�ag antibody and the expression levels of PKM2 were analyzed.
(I) Western blotting analysis of MCF7/ADR cells that were transfected as (H), and Ubiquitin-HA plasmid.
Cell lysates were co-immunoprecipitated using an anti-HA antibody and the expression levels of Ub-PKM2
were analyzed. All the data above were presented as the means±SEM from three independent
experiments and were normalized to the percentage of corresponding control groups. *, ** P <0.05, P
<0.01, respectively.
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Figure 7

TBX15/miR-152 overexpression reverses DOX resistance in vivo by decreasing KIF2C and PKM2
expression (A-C) The MCF7/ADR cells expressing miR-152 or a control (miR-NC) were established using a
lentivirus system and dispersed in 100 μl of serum-free DMEM medium. Cells were subcutaneously
injected into female nude mice (n=8). After subcutaneous injection of cancer cells for 24 days, mice were
treated with DOX or PBS. Representative pictures of tumors (A), tumor size (B), and weight (C) were
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obtained at the indicated time point or following 45 days after initial tumor cell injection. Tumors were
measured every two days and the tumor volumes were calculated. The tumors were excised and weighed
after 45 days, and the representative pictures of trimmed tumors are displayed (Bar= 10 mm). Data are
presented as the means± SEM from all tumor samples. (D, E) Immunohistochemistry staining of tumor
tissues with antibodies of KIF2C and PKM2 (bar=100 m).* P <0.05, ** P<0.01. (F-J) The MCF7/ADR cells
overexpressing TBX15 or a Negative control (NC) were established using lentivirus system. Cells were
subcutaneously injected into female nude mice (n=8). 10 days after cancer cells subcutaneous injection,
tumor xenografts were found in ADR-NC group. However, only 4 tumor samples were found 31 days after
injection in TBX15 overexpression group (F). Tumors growth was measured as above. The tumors were
excised and weighed, and the representative pictures of trimmed tumors were displayed (Bar= 10mm).
Data were presented as the means± SEM from all tumor samples (G-H). (I) qRT-PCR analysis of miR-152
gene expression in ADR-NC and ADR-TBX15 tumor tissues. Data were normalized to the ratio of miR-152
in ADR-NC group. Data are presented as the means± SEM from all tumor samples. ** P <0.01. (J)
Immunohistochemistry staining of tumor tissues with antibodies of KIF2C and PKM2 (Bar= 100 m in
Low Power view and Bar= 50 m in High Power view).
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Figure 8

The pathway presented here was drawn out as a schematic.


