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ABSTRACT

This study aimed to investigate the effects of carbonic anhydrase 12 (CA12)-siRNA on the
paclitaxel sensitivity of breast cancer cells. Normal mammary glandular cell (MCF-10), breast
cancer cell (MCF-7), and paclitaxel-resistant breast cancer cells (MCF-7 TaxR) were cultured in
experimental control group. Western blot was adopted to detect the expressions of CA12 protein
and apoptosis-related proteins in mitochondrial pathway of MCF-10, MCF-7, and MCF-7 TaxR cells.
The methylthialazole tetrazolium (MTT) method was used to measure cell proliferation. The
apoptosis of MCF-7 and MCF-7 TaxR cells was observed in phase contrast microscope, fluores-
cence inverted phase contrast microscope, and flow cytometry (FACS). The results showed that
CA12 protein expression in MCF-7 and MCF-7 TaxR cells was significantly higher than that in MCF-
10 cell. The growth rate of CA12-siRNA treated MCF-7 TaxR cells with paclitaxel (PTX) co-culture
was markedly declined at 48 hours. Phase contrast microscope, fluorescence inverted phase
contrast microscope, and FACS showed that apoptotic cells in the CA12-siRNA treated MCF-7
TaxR groups were significantly higher than that in CA12-siRNA treated MCF-7 cells. The expres-
sions of pro-apoptotic proteins, Bax and Bid, were dramatically increased in CA12 siRNA treated
MCF-7 TaxR cells. The expression quantity of the downstream effective molecules caspase-9,
caspase-7, and the activated proteins of poly (ADP-ribose) polymerase (PARP), also were signifi-
cantly increased. Our results indicated that the application of PTX combined silencing CA12 was
able to activate the mitochondrial apoptosis pathway and promote MCF-7 TaxR apoptosis. CA12
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silencing in the PTX-resistant breast cancer cell can reverse the sensitivity of PTX.

Introduction

Breast cancer is a cancer with the highest inci-
dence in most countries of the world, accounting
for a quarter of all cancers in women [1]. The
morbidity and mortality of breast cancer in
China are continue to rise, and total new and
death cases of breast cancer account for about one-
tenth of the world every year [2]. Chemotherapy is
one of the main methods for comprehensive treat-
ment of breast cancer. However, multidrug resis-
tance (MDR) mediated by various mechanisms of
tumors is the main obstacle for treatment failure
in most patients [3].

Main mechanism of drug resistance for che-
motherapy of breast cancer is plasma membrane
transporters, including P-glycoprotein (Pgp/ABCB1)
and MDR-related proteins (MRPs/ABCC), can
actively transport chemotherapy drugs to the

extracellular space, ultimately reducing intracellular
concentrations [4]. However, the progression of
tumor is not controlled by cancer cells exclusively.
Tumor cells exposed to low extracellular pH condi-
tions undergo many changes and it is becoming
increasingly evident that acidosis plays an important
role in drug resistance. The acid-outside pH gradient
of solid tumors enables to reduce uptake and efficacy
of weak base chemotherapeutics, leading to physiolo-
gical drug resistance [5]. The acidic environment of
tumor cells also reduce Kkilling efficacy of
T lymphocyte [6,7]. In order to avoid the potentially
lethal consequences of excessive acidification of the
cell microenvironment, cancer cells can automatically
up-regulate some molecules such as carbonic anhy-
drase 12 (CA12) and maintain stable pH gradient to
promote the survival, proliferation, and invasion of
cancer cells [8]. This phenomenon may give rise to
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escape immune surveillance functions in patients with
cancer [9].

CA12 is a transmembrane protein involving in
cellular pH regulation of metabolically active cells/
tissues by catalyzing a reversible reaction of carbon
dioxide hydration and dehydration: H,O + CO, 2
H + HCO3- [10]. CA12 has been identified as
a potential target for therapeutic applications because
of its over-expression in human malignant tumors
[11]. CA12 can be up-regulated concurrently and
interacted with P-glycoprotein in chemotherapy-
resistant cells. CA12 silencing decreased the ATPase
activity of Pgp by altering the optimal pH at which
Pgp operated and promoted chemosensitization to
Pgp substrates in MDR cells [12]. Paclitaxel, which
is a substrate of P-glycoprotein, is the first-line drug
for breast cancer chemotherapy [13]. However, many
breast cancer patients have developed chemotherapy
failure because of the occurrence of paclitaxel (PTX)
resistant cells. Currently, no drugs specifically target-
ing PTX-resistant breast cancer are available.
Therefore, therapies targeting CA12 have recently
attracted extensive attentions.

In the present study, we used a popular breast
cancer cell line MCF-7 as a model because MCE-7
cell line has positive estrogen receptor (ER) and pro-
gesterone receptor (PR) [14], which are excellent tar-
gets for chemotherapy. Previous study revealed that
CA12 expression was strongly regulated by estrogen
and its receptor [15]. Therefore, we hypotheses that
CA12 high expression is closely associated with drug-
resistance of PTX in breast cancer patients. To address
this hypothesis, we performed CA12 silencing in the
PTX-resistant breast cancer cell by small interfering
RNA transfection (siRNA) and observed the effects of
CA12 siRNA on the relevant expressions of the mito-
chondria signal pathway proteins and proliferation of
the PTX-resistant breast cancer cell. This study aimed
to explore mechanisms of paclitaxel chemoresistance.
These results provided a theory foundation for target-
ing CA12 therapy.

Material and methods
Reagents, kits, and antibodies

A serine protease inhibitor phenylmethylsulfonyl
fluoride (PMSF) was purchased from Abcam
(Cambridge, MA, USA). Radioimmunoprecipi-
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tation assay (RIPA) buffer was purchased from
Beyotime (Shanghai, China). Bicinchoninic acid
(BCA) protein assay kit and polyvinylidene
difluoride (PVDF) membrane were purchased
from Bio-RAD (Bio-Rad Laboratories, CA, USA).
Sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) was purchased from
Bioss Antibodies (Beijing, China).
Chemiluminescent horseradish peroxidase sub-
strate (cat. no. WBKIS0500) was purchased from
EMD Millipore (Billerica, MA, USA). 3-(4,
5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT, cat. no. M5655), dimethylsulfox-
ide (DMSO, cat. no. D2650), Triton X-100 (cat.
no. H9284), 2 mmol/L sodium orthovanadate
(Na3VO4; cat. no. S6508), sodium fluoride (cat.
no. $7920), 1 mmol/L edetic acid (cat. no. E9884),
PMSF (cat. no. 78,830), aprotinin (cat. no.
A11530), and leupeptin (cat. no. L2884) were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA).
Dulbecco’s modified Eagle’s medium (DMEM),
high-glucose DMEM, fetal bovine serum (FBS),
0.25% trypsin and Opti-MEM*Medium were pur-
chased from Gibco (Thermo Fisher Scientific, Inc.,
Waltham, MA, USA). Hoechst 33,342 (cat. no.
C1025) was purchased from Beyotime Chemicals
(Suzhou, China). Rabbit monoclonal CA12 (cat.
no. ab195233) and rabbitP-actin antibodies (cat.
no. ab8227) were purchased from Abcam
(Cambridge, MA, USA). The proteins of interest
were detected using the following primary antibo-
dies: goat polyclonal cleaved caspase-9 (cat. no. sc-
22,182; 1:1,000 dilution), mouse monoclonal
cleaved caspase-7 (cat. no. sc-56,063; 1:1,000 dilu-
tion), rabbit polyclonal Bax (cat. no. sc-493; 1:500
dilution), rabbit polyclonal Bcl-2 (cat. no. sc-492;
1:1,000 dilution), mouse monoclonal Bid (cat. no.
sc- 135,847; 1:1,000 dilution), mouse monoclonal
Bcl-XL (cat. no. sc-8392; 1:1,000 dilution), rabbit
polyclonal PARP (cat. no. sc-7150; 1:1,000 dilu-
tion) were purchased from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA, USA).
Enhanced chemiluminescence (ECL) reagent was
purchased from GE Healthcare (Arlington
Heights, IL, USA). CA12-siRNA (cat. no.
AMS51331), Scramble siRNA (cat. no. AM439083)
and Lipofectamine® RNAiMAX Transfection
Reagent (cat. no. 13,778,110) were purchased
from Thermo Fisher Scientific (USA).
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Cell culture

Human breast MCF-10A cell line was purchased
from Shanghai Institute of Biochemistry and Cell
Biology, Chinese Academy of Sciences (CAS). The
human breast cancer cell (BCC) line MCF-7 was
purchased from American Type Culture
Collection (ATCC, Manassas, VA, USA). Human
PTX-resistant breast cancer MCF-7 TaxR cell line
was provided by the Institute of Basic Medical
Science, China Academy Medical Sciences
(CAMS). All cells were cultured in Dulbecco’s
Modified Eagle Medium (DMEM) media contain-
ing 10% fetal bovine serum (FBS), 100 pg/mL
streptomycin,100 U/mL penicillin, and maintained
at 37°C with 5% CO, in a humidified atmosphere.

Cell transfection

Lipofectamine® RNAiIMAX Transfection Reagent
was used for siRNA transfection following stan-
dard protocol [16]. One day before transfection,
MCF-10A, MCEF-7, and MCF-7 TaxR cells were
seeded into a 6-well plate at a density of 4.0-
4.5 x 10° cells per well overnight in high-
glucose DMEM media containing 10% FBS with-
out antibiotics. First, the A and B solutions were
separately ~ prepared.  Solution  A: add
Lipofectamine® RNAiMAX Transfection Reagent
(9 ul) to the Opti-MEM°Medium (150 pl).
Solution B: add 3 pl of CA12-siRNA (10 uM) to
the Opti-MEM°Medium (150 pl). Then, the
diluted A solution with the B solution (1:1) was
mixed and placed at room temperature (RT) for
5 minutes. Finally, the solution complex (25 pmol
siRNA in each well or formulation) was incu-
bated for 24 hours at 37°C in a 5% CO, atmo-
sphere. At the same time, we also set up the
negative control group (Scramble-siRNA), or the
blank control group (DMSO treatment) as siRNA
culture conditions.

Western blot analysis

Western blot was performed following previous
description [17]. Cytoplasmic proteins of different
groups were lysed with lysis buffer (RIPA:
PMSF = 100:1) on ice for 30 minutes, and the
cell lysate was centrifuged at 13,000 rpm at 4°C

for 10 minutes, then the supernatant was collected
and stored at —80°C. Protein concentration in the
supernatants was determined by BCA Protein
Assay Kit. After the proteins were heated at 95°C
for 5 minutes to denature, an equal amount of
each cell component was loaded into each well of
a precast 10% SDS-PAGE gel. After electrophor-
esis, the proteins were transferred to the PVDF
membranes in the transfer buffer. Soak the mem-
brane in blocking buffer (Tris-buffered saline with
0.1% Tween® 20 detergent (TBS-T) buffer and 5%
skimmed milk) and incubate at 37°C for 1 hour,
followed by overnight incubation with specific
primary antibodies at 4°C and then wash four
times with TBS-T buffer. Then, the membranes
were incubated with the corresponding secondary
antibody at room temperature for 1 hour. After
that, immunoblotting with chemiluminescent
horseradish peroxidase substrate and imaging
using imageQuant 350 system (GEHealthcare life
Sciences, Piscataway, NJ, USA). Quantify each
band by imaging software. The experiment was
repeated three times, and the data represents
repeated experiments.

As mentioned earlier, the expression of proteins
Bax, Bcl-2, Bid, Bcl-xl, cleaved caspase-7, cleaved
caspase-9, and cleaved PARP related to the mito-
chondrial pathway were analyzed using Western
blot.

MTT

Cell proliferation was quantified by standard
products. 3-(4, 5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) reduc-
tion assay following previous method [18].
Briefly, after digesting by trypsin, MCEF-10,
MCEF-7, and MCF-7 TaxR cells were divided
into eight groups, seeded into 96-well plates at
a density of 5 x 10% well, and incubated in
DMEM containing 10% heat-inactivated FBS for
24 hours. The cells were treated with the PTX
solutions at various concentrations (0 nM, 1 nM,
3 nM, and 5 nM).After 48 hours of incubation,
10 ul of MTT (Sigma,U.S.A.) was added to the
cells(4 h) for MTT assay. Remove the superna-
tant and add 150 pl of stop buffer DMSO to each
well. Measure the absorbance at 570 nm with
a microplate reader (Thermo, U.S.A.). The



calculated results were cell survival rate
(%) = [OD 570 nm (drug) /OD 570 nm (con-
trol)] x 100%. The half maximal inhibitory con-
centration (IC50) was calculated from the tumor
cell survival curve. Then, each experiment is car-
ried out at least 3 times, and then the average
value is calculated. The MCF-7 TaxR negative
transfection group and the experimental group
were prepared with the same method as the
above method, cell suspension was prepared,
divided into 5 groups, and added PTX working
solutions with final concentrations of 0 nM,
1 nM, 3 nM, and 5 nM, respectively. The remain-
ing steps were as same as the previous method.

Phase contrast microscope and fluorescence
inverted phase contrast microscope

Briefly, according to the measurement result of
MTT, 3 nM was selected as the administration
concentration of the fluorescence staining experi-
ment of PTX. MCF-10, MCF-7, and MCEF-7 TaxR
cells were seeded into 6-well plates, respectively,
and then Hoechst 33,342 was added for staining.
After transfection with DMSO, scramble siRNA,
CA12-siRNA plus PTX, the apoptosis of MCE-7
and MCF-7 TaxR was detected by phase contrast
microscope (Olympus, Japan) and inverted fluor-
escence microscope (A350 nm ultraviolet light).

Flow cytometry

MCF-7 and MCF-7 TaxR cells were seeded into
6-well plates, and then the corresponding siRNA
transfection and PTX were processed. According
to the manufacturer’s protocol, cells were detected
by Annexin V-FITC/PI double staining. As men-
tioned earlier, use flow cytometry to analyze each
sample within 1 hour to determine the rate of
apoptosis. Each experiment is carried out at least
3 times, and then the average value is calculated.

Statistical method

All data were expressed as mean values + SEM
from at least three independent experiments.
Statistical significance was determined by one-
way analysis of variance with Bonferroni correc-
tion and two-way analysis. Experiments were
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repeated three times, and data are representative
of triplicate experiments.

Result

CA12 is predominantly over expressed in
PTX-resistant breast cancer

To investigate whether CA12 protein expression in
normal breast cell, breast cancer cells, and PTX
resistant breast cancer, we measured CA12 protein
levels by western blotting. The results showed that
CA12 protein has expressed in MCF-7 and MCE-7
TaxR cell lines, but no expression in MCF-10 cell
line (Figure 1(a)). Interestingly, CA12 protein level
of MCF-7 TaxR was dramatically higher than that
in MCF-7 cell (p < 0.01, Figure 1(b)). Therefore,
we hypothesized that CA-12 might contribute to
the resistance of breast cancer. To further validate
our hypothesis, we performed quantitative real-
time polymerase chain reaction, and CA-12 tran-
scription was strongly increased in TaxR resistant
cells (data not shown). Taken together, our data
indicated that CA-12 was overexpressed in PTX
resistant breast tumors.

Silencing of CA-12 significantly inhibited its
expression in TCF-7 and TCF-7 Tax resistant cells

In order to evaluate relationship between CA12
expression and breast cancer cell proliferation, we
firstly performed CA12 silencing in MCF-7 and
MCEF-7 Tax R cells and observed whether CA12-
siRNA inhibits the expression of CA12 after
transfection with different reagents in the breast
cancer cell lines. The present study compared the
protein levels of CA12 in three groups by western
blot. As shown in Figure 2, the relative expression
of CAI2 protein in the blank control group
(DMSO), negative control group (Scramble
siRNA), and experimental group (CA12-siRNA)
of MCF-7 and MCEF-7 TaxR cells (Figure 2(a)).
We found that CA12-siRNA can completely abol-
ish CA12 gene expression in MCF-7 cells and
inhibit the most CA12 gene expression in MCF-
7 TaxR (Figure 2(b)). As predicted, our results
revealed that CA12-siRNA can significantly
block CA12 expression in MCF-7 and MCE-7
TaxR cells.
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Figure 1. Expression of CA12 protein in different breast cell lines (x £ s, n = 3) by western blot.(a) The expression of CA12 protein in different
breast cell lines; (b) The relative expression of CA12 protein in different breast cell lines; **: Comparison between groups, P < 0.01.

CA12 silencing was significantly enhanced the
sensitivity to PTX in MCF-7 TaxR

To further evaluate the effects of CA12 siRNA on
proliferation of MCF-7 TaxR cells with PTX co-
culture. We performed the MTT assay to measure
the proliferation activity of MCF-7 TaxR cell after
a serial of concentrations of PTX treatments and
calculate the cell survival rate. Then, the survival
curve of the MCF-7TaxR cells was obtained
(Figure 3(a)). The results showed that the survival
rate of MCF-7 TaxR cells gradually decreased
with PTX dose increase in a concentration-
dependent manner. The half inhibitory concen-
tration (IC50) of PTX in MCF-7 TaxR cells was
10.43 £ 1.56 nM, and the determination coeffi-
cient was R2 = 0.9887.

In the next step, survival rate of MCF-7 TaxR cell
in either PTX combined with the corresponding
siRNAs or the negative control group for 48 hours
were compared (Figure 3(b)). The results showed
that in the absence of PTX, there was no significant
difference in cell survival between the negative con-
trol group (Scramble siRNA) and the experimental

group (CAI12-siRNA) (P > 0.05).After the corre-
sponding siRNA and PTX combined treatment,
the survival rate of the two groups of cells decreased
with the increase of PTX concentration.
Interestingly, the survival rate of cells in the experi-
mental intra-groups was significantly lower than
that in the negative control group at the same con-
centration, and the difference was statistically sig-
nificant (P < 0.05, Figure 3(b)). It was shown that
the sensitivity of MCF-7 TaxR cells to PTX was
dramatically increased in a PTX dose dependent
manner after CA12-siRNA transfection (P< 0.01).

CA12-siRNA transfection combined with PTX
induces apoptosis of MCF-7 TaxR cells

To validate mechanism of CA12 silencing in MCF-
7 TaxR, we monitored MCF-7 and MCF-7 TaxR
cell morphology changes with and without PTX
administration. MCF-7 and MCF-7 TaxR cells
were treated with the DMSO, scramble siRNA,
and CA12-siRNA. The cell morphologies in differ-
ent conditions were recorded under inverted phase
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Figure 2. Effects of siRNA transfection on the expression of CA12 protein in MCF-7 and MCF-7 TaxR cells (n = 3). (a)The expression of
CA12 protein in MCF-7 and MCF-7 TaxR cells after siRNA transfection; (b) The relative expression of CA12 protein in MCF-7 and MCF-
7 TaxR cells after siRNA transfection. *: Compared with the two control groups (blank+negative), P < 0.05.

contrast microscope and fluorescent microscope
(after Hoechst 33,342 staining) (Figure 4).

Without PTX administration, DMSO and scram-
ble siRNA treated MCF-7 cell line grew well. Size of
CA12-siRNA treated MCF-7 cells just became smal-
ler, but no significant differences between CA12-
siRNA and control treated cells. However, with
siRNA combined PTX treatment for 48 hours,
a large amount of MCF-7 cells in all three groups
tell off, which a few remaining parts decreased, poor
refractive index, shrinkage apoptotic cells (Figure 4
(a)). Similar phenomena were observed under
a fluorescence microscope (Figure 4(b)).

In contrast, MCF-7 TaxR cells were treated with
PTX plus CA12-siRNA, DMSO or scramble siRNA .
The MCF-7 TaxR cell line grew well without
obvious apoptosis with PTX plus DMSO or scram-
ble siRNA treatment. However, in CA12 siRNA
treated group, MCF-7 TaxR cells died in a large
area, leaving only a few apoptotic cells with atrophy
of nucleus and cytoplasm (Figure 4(c)). Significant

differences were observed with and without PTX
treatment. Under the same circumstances, similar
phenomena were identified under a fluorescence
microscope (Figure 4(d)). This result suggested
that CA12 silencing can promote the apoptosis of
MCEF-7 TaxR, and then reverse the PTX resistance.

Flow cytometry to detect apoptosis rate

To confirm that CA12 silencing enhanced apopto-
sis of MCF-7 TaxR cells, we used FACS to quantity
apoptotic cell number. The same grouping and
treatment as above, MCF-7 cells were transfected
with CA12 siRNA at 3 nM paclitaxel for 48 hours.
From previous experiment, data showed that
CA12-siRNA had dramatic inhibitory effects on
MCE-7 Tax R cell at 3 nM paclitaxel administra-
tion. Annexin V-FITC/ propidium iodide (PI)
double staining was used to detect apoptotic cells
It was demonstrated that the DMSO, scramble
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Figure 4. CA12-siRNA transfection combined with paclitaxel induces apoptosis of MCF-7 TaxR cells. (a) Morphological observation of
MCF-7 cells after siRNA transfection; (b) Hoechst 33,342 fluorescence staining observation of MCF-7 cells after siRNA transfection;(c)
Morphological observation of MCF-7 TaxR cells after siRNA transfection; (d) Hoechst 33,342 fluorescence staining observation of
MCF-7 TaxR cells after siRNA. Scale bar,100 uM.



siRNA, and the CA12-siRNA treated MCF-7 cells
had 53.21%, 58.28%, and 59.36% apoptotic cells,
respectively. For MCF-7 TaxR cells, the percentage
of apoptotic cells in the DMSO, scramble siRNA,
and CA12-siRNA groups were 7.29%, 7.79%, and
71.25%, respectively (Figure 5).This data con-
firmed that CA12 silencing can promote apoptosis
of MCF-7 TaxR cells.

Mitochondrial apoptosis pathway activation

To further investigate mechanism of CA12 silen-
cing in PTX chemotherapy, we speculated that
mitochondrial apoptosis signaling pathway, which
is also known as the intrinsic pathway, are
involved in anti-tumor effects of PTX. As we
know, tumor cells are easy to undergo intrinsic
pathway because of its sensitivity to anti-tumor
drugs [19]. With initiative activation of intrinsic
pathway, the proportion between proapoptotic
proteins like BaX, BID, BAD and anti-apoptotic
proteins such as Bcl-2 and Bcl-XI on the outer-
membrane of mitochondrion determines the fate
of downstream signal molecules [20]. Therefore,
we explored the relevant protein expressions of
mitochondrial apoptosis signaling pathways in
the CA12 silencing of MCF-7 and MCF-7 TaxR
cells. As shown in Figure 6, the change trend of the
protein expression in each group of MCE-7 cells is

DMSO-Paclitaxel

Scramble siRNA-Paclitaxel
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similar, and there is no statistical difference among
the groups by CAI12 silencing (Figure 6(a)).
However, compared with the blank/negative con-
trol, the expression of anti-apoptotic proteins Bcl-
2 and Bcl-XL in MCF-7 TaxR cells in the experi-
mental group was significantly down-regulated,
and expression of pro-apoptotic proteins (Bax,
Bid, Cleaved caspase-7, Cleaved caspase-9,
Cleaved PARP) were up-regulated in the presence
of CA12 siRNA (Figure 6(b)). This result demon-
strated that CA12 silencing in PTX treated MCEF-7
TaxR cells reversed the sensitivity to PTX because
CA12 silencing promoted the apoptosis of MCF-7
TaxR cell by up-regulated pro-apoptotic protein
and down-regulated anti-apoptotic  protein
expressions.

Discussion

Breast cancer is one of the most frequent malig-
nancies and the leading cause of mortality from
cancer in women [21]. With the development of
various treatments, the prognosis of breast cancer
patients has improved in the past few decades [22].
However, required drug resistance is still a major
problem of cancer in improving the outcome of
breast cancer patients. Unfortunately, paclitaxel
(PTX) as the first-line of chemotherapy for breast
cancer patients was reported to develop drug-
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Figure 5. Flow cytometry to detect apoptosis rate. Apoptosis in MCF-7 and MCF-7 TaxR cells after combination siRNA transfection
with paclitaxel culture. Compared with the blank control group, *P < 0.05;**P < 0.01. Compared with the negative control group,

#P < 0.05; *P < 0.01.
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mitochondrial apoptotic pathway-related proteins in MCF-7 and MCF-7 TaxR cell. *: Compared with the experimental group (CA12-

siRNA), P < 0.05.

resistance in 90% of breast cancer patients asso-
ciated with toxic side effects and poor solubility
[23,24]. The mechanisms of PTX resistance have
not been fully understood, which are associated
with poor response and metastases, and the main
cause of death in breast cancer patients [25,26].
Some evidence showed that PTX resistance may be
relevant to over-expression of P-glycoprotein,
efflux of chemotherapeutic drugs, changes in tubu-
lin dynamics, and so on [27]. Therefore, investi-
gating exact molecular mechanism of PTX
resistance and developing the strategy improving
its therapeutic efficiency are crucial to breast can-
cer cure.

CA12, a single transmembrane protease con-
taining zinc metal, can catalyze a reversible reac-
tion of carbon dioxide hydration and dehydration
in tumor tissues, thereby regulating the pH of the
extracellular microenvironment [28]. Previous
experiments have shown that CA12 expression in
breast cancer cells was significantly up-
regulated and was strongly associated with low
tumor grade, estrogen receptor (ER) positive, and
epithelial growth factor receptor (EGFR) negative

status [29,30]. CA12 can regulate the pH value of
tumor microenvironment and the expression of
P-glycoprotein, and then is involved in the pro-
cesses of tumor cell proliferation, invasion, and
drug resistance [12,31,32]. CAl12 silencing
decreased the ATPase activity of Pgp by altering
the optimal pH value of Pgp and promoted che-
mosensitization of MDR cells to Pgp substrates
[12]. In order to confirm these findings, this
study used western blot to detect the expression
of CA12 in MCEF-10, MCF-7, and MCEF-7TaxR
cells. The results showed that there were high
expressions of CA12 in MCF-7 and MCF-7 TaxR
but undetectable in MCF-10 cell. These data indi-
cated that the overexpression of CAl12 may be
related to breast cancer and PTX resistance.

siRNA is a 19-22 bp RNA duplex, which
sequence structure has homology with target
mRNA sequence. By integrating its guide strand
into the RNA-induced silencing complex (RISC),
it can effectively degrade homologous mRNA,
thereby inhibiting the expression of the corre-
sponding gene [33]. Contrasted with conventional
targeted therapeutics (monoclonal antibodies and



small-molecule inhibitors), siRNA has higher
intracellular delivery efficiency and more target
proteins [34]. Several previous studies have
described the therapeutic potential of using
siRNA to knock down the corresponding protein
in breast cancer [35-38]. Therefore, in the present
experiments, we used artificially synthesized
CA12-siRNA (experimental group) and scramble
siRNA (negative control group) to transfect MCF-
7 and MCF-7 TaxR cells, respectively. Western
analysis showed that CA12-siRNA significantly
reduced the expression of CA12 at the protein
level in MCF-7 and MCF-7 TaxR cells. We also
noticed that CA12 siRNA can completely abolish
CA12 protein expression in MCF-7, but not in
MCF-7 TaxR cells, which this may be because
CA12 protein level in MCF-7 TaxR cells was sig-
nificantly higher than that in MCF-7 cells. With
and without PTX administration, MTT was used
to detect and compare the cell survival rate of
MCE-7 TaxR cell line. The results showed that
there were no significant changes in survival and
apoptosis after transfection with siRNA alone.
This indicates that simply inhibiting the expres-
sion of CAl12 has a limited effect on inducing
apoptosis. After the CA12-siRNA transfected cells
and PTX were co-cultured for 48 hours, the
amount of apoptosis were significantly increased
in the experimental group compared with the two
control groups (the blank and negative groups),
indicating that the combination of siRNA and
PTX treatment enhance the chemosensitivity of
drug-resistance breast cancer cells. The same
results were observed with an inverted phase con-
trast microscope and a fluorescent inverted phase
contrast microscope (following Hoechst 33,342
staining).

Among the various forms of endogenous apopto-
sis, the mitochondrial apoptotic pathway is the main
mechanism utilized by chemotherapy [39], which
can be regulated by apoptotic proteins. Apoptotic
proteins are divided into two categories: pro-
apoptotic proteins and anti-apoptotic proteins. Pro-
apoptotic proteins include Bcl-2, Bcl-xl, etc. Anti-
apoptotic proteins include Bax, Bak, Bid, etc. [40-
42]. When cancer cells are stimulated by cytotoxic
drugs, ultraviolet rays or other stimulus, endogenous
cell apoptosis is activated [43], and the conformation
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of the anti-apoptotic protein changes, prompting
cells to release the mitochondrial interstitial protein
cytochrome C (Cytc) [41,44], which activates down-
stream effector molecules caspase-7, caspase-3 and
PARP activation proteins Cleaved caspase-7,
Cleaved caspase-9, inhibit DNA repair, and ulti-
mately lead to cell apoptosis [45].

Here, to explore the apoptosis pathway
induced by the combination of CA12-siRNA
and PTX, we detected Bid, Bax (pro-apoptotic
protein), Bcl-xl, Bcl-2 (anti-apoptotic protein) in
each group of cells. And the expression of acti-
vated caspase-7 (Cleaved caspase-7), activated
caspase-9 (Cleaved caspase-9), activated PARP
(Cleaved PARP) was also determined by western
blot. Previous studies [27] have consistently
shown that the cytotoxicity of PTX lies in its
ability to initiate the mitochondrial apoptotic
pathways, such as Bcl-2 hyperphosphorylation
and mitochondrial calcium efflux or influx
resulting in programmed cell death. It was docu-
mented that high-dose PTX (above 12 nM) can
reduce the proliferation of breast cancer MCF-7
cells, depending on the mitochondrial apoptotic
pathway, while low-dose PTX does not involve
this pathway [46,47]. Therefore, we choose 3 nM
PTX to exclude the effects of high concentra-
tions of PTX on mitochondrial apoptosis path-
way-related proteins. Western analysis showed
that after CA12-siRNA and PTX (3 nM) treat-
ment, the anti-apoptotic proteins Bcl-xl and Bcl-
2 of MCF-7 TaxR cell line were significantly
reduced, while the pro-apoptotic proteins Bid,
Bax and related downstream effector molecules
were increased significantly. However, there was
no statistical difference in the expression of
apoptosis-related proteins in MCE-7 cells treated
with the same treatment. Here, we focused on
mitochondrial pathway of apoptosis because che-
motherapy drugs generally trigger this pathway.
CA12-siRNA may also be involved in other
pathways of apoptosis except mitoch-
ondrial pathway to be explored in the future.
Thus, the combination of CA12-siRNA and
PTX may induce drug-resistant cells by activat-
ing the mitochondrial apoptosis pathway apop-
tosis, thereby reversing the resistance of breast
cancer cells to PTX.
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Conclusion

PTX is the first-line drug for breast cancer che-
motherapy. PTX resistance of breast cancer cell is
the main reason for treatment failure in most
breast cancer patients. Here, we cultivated a PTX
resistant MCF7-TaxR breast cancer cell line with
CA12 siRNA and found that CA12 silencing can
enhance the chemosensitivity of MCF7-TaxR to
PTX by activating the mitochondrial apoptosis
pathway.

Highlights

® The CA12 protein has high expression in breast
cancer cell line MCF-7 and MCF-7 TaxR.

e The CA12 gene silencing was dramatically
promoted the sensitivity of paclitaxel in pacli-
taxel-resistant cell line MCF-7 TaxR.

® The CA12 silencing in MCF7 TaxR cells acti-
vated the mitochondrial apoptosis pathway
and promoted MCF-7 TaxR apoptosis.

e Targeted CA12 may provide a new strategy
for the treatment of paclitaxel-resistant breast
cancer.

Ethics approval and consent to participate

This study was reviewed and approved by the ethical com-
mittees of Sichuan provincial’s People’s Hospital.

Disclosure statement

No potential conflict of interest was reported by the
author(s).

Data availability

Data are available from the corresponding author on request.

Author Contribution Statement

Concept and design: JF; Performing experiments: TH, LT,
HW; Data collection: TH, LT, HW, LL; Statistical: HW, LL;
Manuscript writing: TH HW, JF; All authors read and
approved the final manuscript.

Funding

The author(s) reported that there is no funding associated
with the work featured in this article.

ORCID

Jing Fu @ http://orcid.org/0000-0003-1768-3998

References

[1] Ferlay J, Soerjomataram I, Dikshit R, et al. Cancer
incidence and mortality worldwide: sources, methods
and major patterns in GLOBOCAN 2012. Int ] Cancer.
2015;136(5):E359-86.

[2] Fan L, Strasser-Weippl K, Li J], et al. Breast cancer in
China. Lancet Oncol. 2014;15(7):e279-89.

[3] Fujioka H, Sakai A, Tanaka S, et al. Comparative pro-
teomic analysis of paclitaxel resistance-related proteins
in human breast cancer cell lines. Oncol Lett. 2017;13
(1):289-295.

[4] Brozik A, Hegedus C, Erdei Z, et al. Tyrosine kinase
inhibitors as modulators of ATP binding cassette mul-
tidrug transporters: substrates, chemosensitizers or
inducers of acquired multidrug resistance? Expert
Opin Drug Metab Toxicol. 2011;7(5):623-642.

[5] Gerweck LE, Vijayappa S, Kozin S. Tumor pH controls
the in vivo efficacy of weak acid and base
chemotherapeutics. Mol Cancer Ther. 2006;5(5):12
75-1279.

[6] Liao R, Ma QZ, Zhou CY, et al. Identification of
biomarkers related to tumor-infiltrating lymphocytes
(TILs) infiltration with gene co-expression network in
colorectal Bioengineered.  2021;12(1):16
76-1688.

[7]1 Hersey P, Zhang XD. Treatment combinations target-
ing apoptosis to improve immunotherapy of
melanoma. Cancer Immunol Immunother. 2009;58
(11):1749-1759.

[8] Marchiq I, Pouysségur J. Hypoxia, cancer metabolism
and the therapeutic benefit of targeting lactate/H+
symporters. ] Mol Med. 2016;94(2):155-171.

[9] Wang J, Shi W, Miao Y, et al. Evaluation of tumor
microenvironmental immune regulation and prognos-

cancer.

tic in lung adenocarcinoma from the perspective of
purinergic receptor P2Y13. Bioengineered. 2021;12
(1):6286-6304.

[10] Silagi ES, Schipani E, Shapiro IM, et al. The role of HIF
proteins in maintaining the metabolic health of the
intervertebral disc. Nat Rev Rheumatol. 2021;17
(7):426-439.

[11] Damaghi M, Wojtkowiak JW, Gillies R]. pH sensing
and regulation in cancer. Front Physiol. 2013;4
(370):370.

[12] Kopecka JC, Ivana; Jacobs, Andrea; Frei, Andreas P.;
Ghigo, Dario; Wollscheid, Bernd; Riganti, Chiara.



(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

(24]

(25]

Carbonic anhydrase XII is a new therapeutic target to
overcome chemoresistance in cancer cells9 Oncotarget.
2015;6.

Yan J, Shi L, Lin S, et al. MicroRNA-624-mediated
ARRDC3/YAP/HIFlalpha axis enhances esophageal
squamous cell carcinoma cell resistance to cisplatin
and paclitaxel. Bioengineered. 2021;12(1):5334-5347.
Comsa S, Cimpean AM, Raica M. The story of MCF-7
breast cancer cell line: 40 years of experience in
research. Anticancer Res. 2015;35(6):3147-3154.
Barnett DH, Sheng S, Charn TH, et al. Estrogen recep-
tor regulation of carbonic anhydrase XII through

a distal enhancer in breast cancer. Cancer Res.
2008;68(9):3505-3515.
Berardo C, Siciliano V, Di Pasqua LG, et al

Comparison between lipofectamine RNAIMAX and
GenMute transfection agents in two cellular models
of human hepatoma. Eur J Histochem. 2019 Aug 6;63
(3):3048.

Shang Y, Jiang YL, Ye LJ, et al. Resveratrol acts via
melanoma-associated antigen A12 (MAGEAI12)/pro-
tein kinase B (Akt) signaling to inhibit the proliferation
of oral squamous cell carcinoma cells. Bioengineered.
2021;12(1):2253-2262.

Gao F, Wu H, Wang R, et al. MicroRNA-485-5p sup-
presses the proliferation, migration and invasion of
small cell lung cancer cells by targeting flotillin-2.
Bioengineered. 2019;10(1):1-12.

Mohan S, Abdul AB, Abdelwahab SI, et al
Typhonium flagelliforme induces apoptosis in CEMss
cells via activation of caspase-9, PARP cleavage and
cytochrome c release: its activation coupled with G0/
G1 phase cell cycle arrest. ] Ethnopharmacol. 2010;131
(3):592-600.

Uren RT, Iyer S, Kluck RM. Pore formation by dimeric
Bak and Bax: an unusual pore? Philos Trans R Soc
Lond B Biol Sci. 2017;372:1726.

Clatici VG, Voicu C, Voaides C, et al. Diseases of
civilization - cancer, diabetes, obesity and acne - the
implication of milk, IGF-1 and mTORCI. Maedica
J Clin Med. 2018;13(4):273-281.

Wang Y, Zhang Y, Chi P, et al. Prediction of poor
prognosis in breast cancer patients based on
MicroRNA-21 expression: a meta-analysis. PLoS One.
2015;10(2):e0118647.

Khongkow P, Gomes AR, Gong C, et al. Paclitaxel
targets FOXM1 to regulate KIF20A in mitotic cata-
strophe and breast cancer paclitaxel resistance.
Oncogene. 2016;35(8):990-1002.

Gong JP, Yang L, Tang JW, et al. Overexpression of
microRNA-24 increases the sensitivity to paclitaxel in
drug-resistant breast carcinoma cell lines via targeting
ABCB9. Oncol Lett. 2016;12(5):3905-3911.

Chi Y, Xue J, Huang S, et al. CapG promotes resistance
to paclitaxel in breast cancer through transactivation of
PIK3R1/P50. Theranostics. 2019;9(23):6840-6855.

(26]

(27]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

BIOENGINEERED e 9817

Wang H, The V, Ali H, et al. Multiple mechanisms
underlying acquired resistance to taxanes in selected
docetaxel-resistant MCF-7 breast cancer cells. BMC
Cancer. 2014;14(1):37.

Samaan TMA, Samec M, Liskova A, et al. Paclitaxel’s
mechanistic and clinical effects on breast cancer.
Biomolecules. 2019;9(12):789.

Waheed A, Sly WS. Carbonic anhydrase XII functions
in health and disease. Gene. 2017Aug 5 ;623:33-40.
Watson PH, Chia SK, Wykoft CC, et al. Carbonic
anhydrase XII is a marker of good prognosis in inva-
sive breast carcinoma. Br ] Cancer. 2003;88
(7):1065-1070.

Yw L, Lei ], Zou W, et al. High expression of carbonic
anhydrase 12 (CA12) is associated with good prognosis
in breast cancer. Neoplasma. 2019,66(3):420-426.

von Neubeck B, Gondi G, Riganti C, et al. An inhibi-
tory antibody targeting Carbonic Anhydrase XII abro-
gates chemoresistance and significantly reduces lung
metastases in an orthotopic breast cancer model in
vivo. Int J Cancer. 2018,143(8):2065-2075.

Joanna K, Gregory M, Rankin I, et al. P-glycoprotein-
mediated chemoresistance is reversed by carbonic
anhydrase XII  inhibitors. ~Oncotarget. 2016,7
(52):85861-85875.

Chi X, Gatti P, Papoian T. Safety of antisense oligonu-
cleotide and siRNA-based therapeutics. Drug Discov
Today. 2017;22(5):823.

Ngamcherdtrakul W, Yantasee W. siRNA therapeutics
for breast cancer: recent efforts in targeting metastasis,
drug resistance, and immune evasion. Transl Res.
2019,214:105-120.

Huan M, Wilson X, Mai H, et al. Codelivery of an
optimal drug/siRNA combination using mesoporous
silica nanoparticles to overcome drug resistance in
breast cancer in vitro and in vivo. Acs Nano. 2013;7
(2):994-1005.

Deng Z], Morton SW, Ben-Akiva E, et al. Layer-by-
layer nanoparticles for systemic codelivery of an antic-
ancer drug and siRNA for potential triple-negative
breast cancer treatment. Acs Nano. 2013;7
(11):9571-9584.

Gong C, Hu C, Gu F, et al. Co-delivery of autophagy
inhibitor ATG7 siRNA and docetaxel for breast cancer
treatment. ] Control Release. 2017;266:272-286.

Wang S, Liu X, Chen S, et al. Regulation of Ca2+
signaling for drug-resistant breast cancer therapy with
mesoporous silica nanocapsule encapsulated doxorubi-
cin/siRNA cocktail. Acs Nano. 2018;13:1.

Liu L, Zhang Z, Xing D. Cell death via mitochondrial
apoptotic pathway due to activation of Bax by lysoso-
mal photodamage. Free Radic Biol Med. 2011;51
(1):53-68.

Pefa-Blanco A, Garcia-Sdez AJ. Bax, Bak and beyond:
mitochondrial performance in apoptosis. FEBS J.
2017;285(3):416-431.



9818 (&) T.HUANG ET AL.

[41]

(42]

(43]

(44]

Willimott S, Merriam T, Wagner SD. Apoptosis
induces Bcl-XS and cleaved Bcl-XL in chronic lympho-
cytic leukaemia. Biochem Biophys Res Commun.
2011;405(3):480-485.

Morciano G, Pedriali G, Sbano L, et al. Intersection of
mitochondrial fission and fusion machinery with apop-
totic pathways: role of Mcl-1. Biol Cell. 2016,108
(10):279-293.

Roos WP. DNA damage-induced cell death by
apoptosis. Trends Mol Med. 2006;12(9):440-450.
Wang XY, Wu KH, Pang HL, et al. Study on the role of cytc
in response to BmNPV infection in silkworm, Bombyx
mori (Lepidoptera). Int ] Mol Sci. 2019;20(18):4325.

(45]

(46]

(47]

Jubin T, Kadam A, Jariwala M, et al. The PARP family:
insights into functional aspects of poly (ADP-ribose)
polymerase-1 in cell growth and survival. Cell Prolif.
2016;49(4):421-437.

Giannakakou P, Robey R, Fojo T, et al. Low concen-
trations of paclitaxel induce cell type-dependent p53,
p21 and G1/G2 arrest instead of mitotic arrest: mole-
cular determinants of paclitaxel-induced cytotoxicity.
Oncogene. 2001;20(29):3806-3813.

Pan Z, Avila A, Gollahon L. Paclitaxel induces apopto-
sis in breast cancer cells through different calcium—
regulating mechanisms depending on external calcium
conditions. Int ] Mol Sci. 2014;15(2):2672-2694.



	Abstract
	Introduction
	Material and methods
	Reagents, kits, and antibodies
	Cell culture
	Cell transfection
	Western blot analysis
	MTT
	Phase contrast microscope and fluorescence inverted phase contrast microscope
	Flow cytometry
	Statistical method

	Result
	CA12 is predominantly over expressed in PTX-resistant breast cancer
	Silencing of CA-12 significantly inhibited its expression in TCF-7 and TCF-7 Tax resistant cells
	CA12 silencing was significantly enhanced the sensitivity to PTX in MCF-7 TaxR
	CA12-siRNA transfection combined with PTX induces apoptosis of MCF-7 TaxR cells
	Flow cytometry to detect apoptosis rate
	Mitochondrial apoptosis pathway activation

	Discussion
	Conclusion
	Highlights
	Ethics approval and consent to participate
	Disclosure statement
	Data availability
	Author Contribution Statement
	Funding
	References

