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Paclitaxel resistance is a major obstacle for the treatment of ovarian cancer. The

chemoresistance mechanisms are partly related to the mitochondria. Identifica-

tion of the relevant proteins in mitochondria will help in clarifying the possible

mechanisms and in selecting effective chemotherapy for patients with paclitaxel

resistance. In the present study, mitochondria from two paclitaxel-sensitive

human ovarian cancer cell lines (SKOV3 and A2780) and their corresponding resis-

tant cell lines (SKOV3-TR and A2780-TR) were isolated. Guanidine-modified ace-

tyl-stable isotope labeling and liquid chromatography-hybrid linear ion trap

Fourier-transform ion cyclotron resonance mass spectrometry (LC-FTICR MS) were

performed to find the expressed differential proteins. Comparative proteomic

analysis revealed eight differentially expressed proteins in the ovarian cancer

cells and their paclitaxel-resistant sublines. Among them, mimitin and 14-3-3 f ⁄ d
were selected for further research. The effects of mimitin and 14-3-3 f ⁄ d were

explored using specific siRNA interference in ovarian cancer cell lines and immu-

nohistochemistry in human tissue specimens. The downregulation of mimitin and

14-3-3 f ⁄ d using specific siRNA in paclitaxel-resistant ovarian cancer cells led to

an increase in the resistance index to paclitaxel. Multivariate analyses demon-

strated that lower expression levels of the mimitin and 14-3-3 f ⁄ d proteins were

positively associated with shorter progression-free survival (PFS) and overall sur-

vival (OS) in patients with primary ovarian cancer (mimitin: PFS: P = 0.041, OS:

P = 0.003; 14-3-3 f ⁄ d: PFS: P = 0.031, OS: P = 0.011). Mimitin and 14-3-3 protein

f ⁄ d are potential markers of paclitaxel resistance and prognostic factors in

ovarian cancer.

O varian cancer is the most lethal disease among gyneco-
logical malignant tumors. Long-term prospective studies

have confirmed combined paclitaxel and platinum chemother-
apy to be the first-line therapeutic protocol for ovarian epithe-
lial tumors.(1) However, the 5-year survival rate for stage III
and IV disease is approximately 30%.(2) Chemoresistance is
one of the major obstacles to treatment.(3)

Initial responsiveness to cisplatin therapy is high; however,
the majority of patients ultimately relapse with resistant dis-
ease. Mechanisms of cisplatin resistance have been investi-
gated fully in resistant cell models, including decreased
cellular accumulation of drug, increased levels of glutathione,
increased levels of DNA repair and increased anti-apoptotic
activity.(4) In contrast, although many patients will relapse with
disease resistant to paclitaxel therapy, the reason for and role
of paclitaxel resistance are still unclear in ovarian carci-
noma.(5) Possible mechanisms include P-glycoprotein export

decreasing the cellular accumulation, altered expression or
post-translational modification of b-tubulin, the target of paclit-
axel, or other microtubule regulatory proteins.(6,7) However, no
biomarker has been found to predict the response to paclitaxel
regimen.
Mitochondria are critical subcellular organelles responsible

for ATP generation through oxidative phosphorylation in
eukaryotic cells. The chemoresistance mechanisms are, in
part, related to the mitochondria (e.g. drug efflux mecha-
nisms, improved antitoxic ability and apoptotic changes in
carcinoma cells).(8–10) The primary component of the mito-
chondria is protein; therefore, proteomics can comprehen-
sively evaluate the association between the mitochondria and
ovarian chemoresistance and may lead to identifying chemo-
resistance targets.
In our earlier studies, we demonstrated that platinum

resistance in epithelial ovarian cancer is related to the
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downregulation of prohibitin expression, which occurs in
energy production and in the electron transfer respiratory chain
in cells.(11) However, the mitochondria’s exact role in
chemoresistance mechanisms has not been established. In the
present study, we sought to identify relevant mitochondrial
proteins related to paclitaxel resistance in epithelial ovarian
cancer.

Materials and Methods

Materials and reagents. Paclitaxel was purchased from Bris-
tol-Myers Squibb (New York, NY, USA). A Cell Counting
Kit-8 (CCK-8) was obtained from Dojindo Molecular Technol-
ogies (Kumamoto, Japan). The Protease Inhibitor Cocktail was
provided by Roche (Basel, Switzerland). Mouse anti-human
COX4 antibody was obtained from Molecular Probes (Eugene,
OR, USA). Goat anti-human lamin B and mimitin antibodies
were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). Mouse anti-human flotillin-1 and rabbit anti-human
b-actin antibodies were obtained from eBioscience (San Diego,
CA, USA). Rabbit anti-human 14-3-3 f ⁄d antibodies were pur-
chased from Cell Signaling Technology (Beverly, MA, USA)
and Sigma-Aldrich (St. Louis, MO, USA), respectively. The
electrochemiluminescence kit was purchased from Thermo Sci-
entific (Boston, MA, USA).

Cell lines and cell culture. SKOV3 is a human epithelial ovar-
ian cancer cell line that was obtained from the Cell Culture
Center, Institute of Basic Medical Sciences, Chinese Academy
of Medical Sciences. The paclitaxel-resistant SKOV3
(SKOV3-TR, TS) cells were generated by selecting SKOV3
cells for growth using a 2-lM paclitaxel pulse for 16 months
in our laboratory, as previously described.(12) The paclitaxel-
sensitive human epithelial ovarian cancer cell line A2780 and
paclitaxel-resistant A2780 (A2780-TR, TA) were kindly sup-
plied by Dr Li, Department of Gynecologic Oncology, Medical
University of Guangxi Cancer Institute and Hospital.(13) All of
the cell lines were maintained in RPMI 1640 medium
containing 10% FBS, 100 U ⁄mL penicillin and 100 U ⁄mL
streptomycin.

Drug sensitivity assay. The cells were harvested in the expo-
nential phase. Single-cell suspensions were prepared and dis-
persed in 96-well plates at 2000 cells ⁄well. Six duplicates
were used for each determination. After incubation with drugs
for 48 h, 10 lL of CCK-8 solution was added to each well,
the plates were incubated at 37°C for 2 h, and absorbance of
each well was measured at 450 nm using an enzyme-labeling
instrument. The IC50 value was defined as the concentration of
drugs that was required for a 50% inhibition rate relative to
the controls. The resistance index (RI) of resistant cells was
calculated as follows: RI = (IC50 of SKOV3-TR or A2780-TR
cells) ⁄ (IC50 of SKOV3 or A2780 cells).

Isolation of mitochondria and protein extraction. Approxi-
mately 108 cells were harvested from the exponential-phase
cultures for each cell line. Mitochondria isolation procedures
were performed as previously described.(11) Mitochondrion-
enriched fractions were prepared using repeated differential
centrifugation. Small portions of the fractions were fixed in
2.5% glutaraldehyde, and the morphology of isolated mito-
chondria was observed using SEM. The mitochondrial proteins
were extracted from SKOV3, SKOV3-TR, A2780 and A2780-
TR cells. The majority of the fraction samples were lysed in
protein extraction buffer. After centrifugation at 13 000 g for
30 min at 4°C, the supernatant was collected as the protein
sample. The total cell proteins were extracted from SKOV3

cells. The protein concentrations were determined using the
Bradford Protein Assay Kit (Beyotime, Shanghai, China). The
supernatants were stored at �80°C for subsequent assay.

Validation of mitochondrial purity by electron microscopy and

western blotting. The mitochondria preparations were fixed
and processed using a standard protocol for transmission elec-
tron microscopy.(14) After fixing in 1% osmium tetroxide for
1 h at 41°C, the samples were dehydrated in ascending grades
of ethanol and embedded in Spurr’s resin. After overnight
polymerization, ultrathin sections (70–80 nm) were cut using
an ultramicrotome. The sections were laid on copper grids,
stained with uranyl acetate and lead citrate, and examined
using a transmission electron microscope (JEOL TEM 1010
[JEOL, Japan]).
The proteins were separated using SDS-PAGE and the purity

of isolated mitochondria was assessed with western blot, and
the proteins were transferred to polyvinylidene difluoride mem-
branes. The incubation dilutions were as follows: mouse anti-
human COX4 at 1:500 dilution, goat anti-human lamin B at
1:200, mouse anti-human flotillin-1 at 1:500, rabbit anti-human
b-actin at 1:1000, goat anti-human mimitin at 1:200 and rabbit
anti-human 14-3-3 f ⁄d at 1:1000.

Guanidine-modified acetyl-stable isotope labeling. Eighty
micrograms of mitochondrial proteins in each cell line
(SKOV3, SKOV3-TR, A2780 and A2780-TR) was resus-
pended in SDS-PAGE sample buffer and loaded on a 12% cri-
terion gradient gel. After staining the gel using Coomassie
Brilliant Blue R-250 (Bio-Rad, Hercules, CA, USA), a 1 to 2-mm
broad gel slice was cut along the entire lane. Subsequently,
in-gel protein was digested with trypsin, as previously
described.(15) The gel pieces were destained by washing three
times in 25 mM NH4HCO3 in 50% CH3CN and once in
25 mM NH4HCO3 in 50% CH3OH. The gel pieces were dried
in a vacuum centrifuge and incubated with digestion buffer
(50 mM NH4HCO3, 10 ng ⁄lL trypsin) at 37°C overnight. The
peptides were extracted in 50% CH3CN ⁄1% CH3COOH, and
the supernatant was evaporated to dryness in a vacuum centri-
fuge.
The e-amino group of lysine was guanidinated as described

previously.(16,17) The mitochondrial proteins of SKOV3 and
A2780 cells were labeled with H6-acetic anhydride as the
control group, and D6-acetic anhydride was used to label pro-
tein samples of SKOV3-TR and A2780-TR cells as the test
group.

Quantitative analysis of tagged peptides by liquid chromatog-

raphy-hybrid linear ion trap Fourier-transform ion cyclotron reso-

nance mass spectrometry. The eluted peptides were analyzed
using a 7-Tesla LTQ-FT mass spectrometer (Thermo Electron,
San Jose, CA, USA) coupled with an Agilent 1100 nanoflow
liquid chromatography system (Palo Alto, CA, USA). The MS
⁄MS spectra were then searched against IPI human database
3.23 (ftp://ftp.ebi.ac.uk/pub/databases/IPI/old/HUMAN/
ipi.HUMAN.v3.23.fasta.gz) through the local MASCOT (Ver-
sion 2.1) server. The data were analyzed as previously
described.(12) Only peptides of seven amino acids or longer
were accepted. Each peptide was identified with at least 95%
confidence (Ptrend < 0.05). Each identified protein required at
least one unique peptide match. The quantitative ratio of dif-
ferentially labeled peptides or proteins was calculated using
MS-based acetyl quantification. According to our previous
research, the peak area calculation method with the reduced
SD was used for extracting quantitative information.(17) Using
the log-logistic distribution of quantitative results based on the
peak area calculation, the calculated ratio (<0.7740 and
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>1.2919; P < 0.05) was applied to discover significant differ-
entially expressed proteins.
To improve the efficiency of protein validation, Peptide

Mascot Score >23 (peptide with a high likelihood of matching
>95%) and significant differences (ratios <0.5 and >2) of pro-
tein expression were both used as selection criteria.

Downregulation of mimitin and 14-3-3 f ⁄ d expression by siR-

NA. We knocked down mimitin and 14-3-3f ⁄d expression by
siRNA against the two genes, to confirm whether mimitin and
14-3-3f ⁄d were correlated with resistance to paclitaxel. Differ-
ent siRNA separately directed against different regions of the
human mimitin and 14-3-3 isoform mRNA were obtained from
GenePharma (Shanghai, China). They were referred to as si
Mim-1, si Mim-2, si Mim-3 and si Mim-4 for mimitin, and si
143-1, si 143-2, si 143-3 and si 143-4 for 14-3-3 f ⁄d downre-
gulation, respectively. Scrambled siRNA nucleotides (MOCK)
were used as a negative control. These RNAi oligonucleotides
were transfected into cells using a Lipofectamine 2000 kit (In-
vitrogen, Life Technologies, Grand Island, NY, USA) for 48 h
according to the manufacturer’s instructions. The downregulat-
ed expression levels of the mimitin and 14-3-3 f ⁄d were con-
firmed using western blotting. The constructs with the highest
knockdown effciency (si Mim-1, Mim-2 for mimitin and si
143-1, si 143-2 for 14-3-3f ⁄d) were used for further experi-
ments. Then the resistance to paclitaxel of SKOV3-TR cells
after RNA interference was detected as described above. The
experiments were independently performed in triplicate.

Patient selection, immunohistochemistry and survival analy-

sis. We used ovarian cancer tissue specimens from patients
who underwent surgery for ovarian epithelial cancer in the
Department of Obstetrics and Gynaecology, Peking Union
Medical College Hospital. The study protocol was approved
by the Ethics Committee of Peking Union Medical College
Hospital. All of the participants provided their written
informed consent for participation in the data analysis and
manuscript publication.
The first cohort including 46 patients was gathered during

2000–2005. The relevant clinical information was gathered,
and tissue samples and clinical data were anonymized. All of
the patients received postoperative chemotherapy using a regi-
men that included paclitaxel and ⁄or platinum for at least six
courses. All of the tissue specimens were divided into two
groups: the sensitive group and the resistant group. The sensi-
tive group was defined as having a complete response to che-
motherapy, with a post-treatment failure-free interval of
>6 months. Patients who remained stable disease or progressed
with initial chemotherapy, or relapsed with a post-treatment
failure-free interval of <6 months, were defined as “resis-
tant”.(18)

Paraffin-embedded tissue sections (4-lm thick) were depa-
raffinized using xylene and dehydrated with ethanol. After
immersion in 0.3% H2O2 in ethanol for 15 min, the sections
were pretreated in a 10-mM citrate buffer solution (pH 6.0) at
98°C for 10 min. The sections were incubated with goat anti-
human mimitin antibody (1:200) and rabbit anti-human 14-3-3
f ⁄d (1:100), respectively. HRP-conjugated secondary antibody
(1:5000) was then used to stain the sections for 45 min at

(a) (b)

Fig. 1. The drug sensitivity of SKOV3, A2780 cells
and their resistant counterparts. Cells ([a] SKOV3;
[b] A2780) were incubated with increasing
concentrations of paclitaxel and cell viability was
determined using the MTT assay after 48 h. All tests
were performed in triplicate. Values represent the
mean � SEM.

Table 1. Resistance of ovarian cell lines to paclitaxel

Cell line
IC50 (lM)

Resistance index
Paclitaxel

SKOV3 1.06 � 0.33 1.00

SKOV3-TR 19.40 � 3.22 18.89 � 3.03

A2780 6.14 � 0.45 1.00

A2780-TR 33.01 � 5.80 5.42 � 1.21

(a)

(b)

Fig. 2. (a) Electron microscopy image of mitochondria morphology
(10 0009). The purity of the mitochondria was confirmed using elec-
tron microscopy, including intactness and contamination. (b) Western
blot analyses of total cell proteins (Cell) and mitochondrial prepara-
tions isolated from paclitaxel-sensitive SKOV3 cells (Smt), paclitaxel-
resistant SKOV3 cells (TSmt), paclitaxel-sensitive A2780 cells (Amt), and
paclitaxel-resistant A2780 cells (TAmt) for COX4 (mitochondrial mar-
ker), lamin-B (nuclear marker), flotillin-1 (cell membrane marker) and
b-actin (cytoskeletal protein). There was little contamination in the
mitochondria-enriched fractions.
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room temperature. For negative controls, the sections were
reacted with rabbit IgG instead of the specific primary antibod-
ies at the same dilution. The tissue sections were evaluated
under a light microscope (400 9 ) and scored as follows: 1,
no detectable immunostaining; 2, immunostaining <25%; 3,
immunostaining between 25% and <50%; 4, immunostaining
50–75%; 5, immunostaining >75%. The immunostaining inten-
sity was evaluated by two independent observers who were
blinded to the clinical data and the protein data.
Utilizing the results of the first cohort, an additional cohort

was sought for analysis and 71 patients with primary ovarian
cancer in our hospital were enrolled during 2009–2012. This
study group was chosen to investigate the prognostic values of
mimitin and 14-3-3 f ⁄d in a larger sample size. All of these
participants received cytoreductive surgery and adjuvant che-
motherapy of TC regimen (paclitaxel and carboplatinum) for
at least six cycles. The definition of chemoresistance was the
same as that in the first cohort. Pulled slides were stained by
immunohistochemistry and immunostainings were scored as
defined by the first cohort. For the convenience of clinical
application, we defined the expression scores of ≤2 as low
expression levels and the scores of ≥3 as high expression lev-
els. The median follow-up time was 27 months (range,
5–66 months). The patients were examined every 3 months for
the first 2 years, every 6 months for the next 3 years and
yearly thereafter. The date of recurrence was determined by
clinical examination, imaging studies and CA 125 levels. Pro-
gression-free survival (PFS) was defined as the time interval
from the date of completion of adjuvant chemotherapy to the
date of documented first recurrence of disease. Overall survival
(OS) was defined as the number of months from the date of
completion of adjuvant chemotherapy to the date of death.
Survival was censored by the closeout date (1 May 2014).

Statistical analysis. SPSS version 20.0 was used for statistical
analysis. Comparison of resistance indexes was performed

using Student’s t-test. The relative significance between immu-
nohistochemical staining and drug resistance was determined
by a nonparametric Mann–Whitney U-test. The clinicopatho-
logical characteristics were compared by v2-test and the effects
on survival were analyzed using the Kaplan–Meier method and
the log-rank test. The multivariate analyses were conducted
using the Cox proportional hazards regression model. Local
significance was considered as two-sided P < 0.05.

Results

Characteristics of paclitaxel-resistant sublines. The viability of
parental cell lines (SKOV3 and A2780) and paclitaxel-resistant
cell lines (SKOV3-TR and A2780-TR) following treatment
with different concentrations of paclitaxel are shown in Fig-
ure 1. The resistance indexes of SKOV3-TR and A2780-TR
cells were 18.89 � 3.03 and 5.42 � 1.21, respectively
(Table 1).

Characterization of isolated mitochondria. The purity of the
isolated mitochondria was determined using electron micros-
copy. The examination of multiple electron microscopic fields
revealed that the preparations contained few, if any, nuclear
fragments or other cytosolic organelles (Fig. 2a). In addition,
we used western blotting to validate the purity of the isolated
mitochondria. The total cell protein extraction was used as a
control. Western blot results showed that mitochondrial pro-
teins were greatly enriched in the purified samples. A mito-
chondrial marker COX4 was determined in total cell proteins
and mitochondrial preparations were isolated from SKOV3,
A2780, SKOV3-TR and A2780-TR cell lines. In contrast, lam-
in-B, flotillin-1 and b-actin were only detected in the cellular
proteins and were absent in the mitochondrial preparations
(Fig. 2b).

Identification of differentially expressed mitochondrial proteins

by liquid chromatography-hybrid linear ion trap Fourier-trans-

Table 2. Eight differentially expressed proteins in mitochondria of paclitaxel-resistant and paclitaxel-sensitive cells

Protein
Protein IPI

code

TA ⁄A TS ⁄ S

Ratio Mascot†

Number

of

peptides

Sequence coverage Ratio Mascot†

Number

of

peptides

Sequence coverage

Isoform 1 of zinc

finger MYM-type

protein 3

IPI00029484.1 2.317 30 1 K.CPESLRTR.N 2.075 30 1 K.CPESLRTR.N

Glutathione S-

transferase P

IPI00219757.12 3.33 37 1 R.TLGLYGK.D 2.48 28 1 R.TLGLYGK.D

16 kDa protein IPI00790740.1 2.089 33 1 K.YGVSGYPTLK.I 8.425 33 1 K.YGVSGYPTLK.I

Isoform 1 of Regulator

of nonsense

transcripts 3A

IPI00011138.1 0.462 28 1 K.QESCAPGAVVK.A 0.48 28 1 K.QESCAPGAVVK.A

Isoform Sp100-HMG of

Nuclear autoantigen

Sp-100

IPI00011675.1 0.076 27 1 R.AKGKPNSAK.K 0.05 27 1 R.AKGKPNSAK.K

14-3-3 protein zeta

⁄ delta
IPI00021263.3 0.298 50 1 R.NLLSVAYK.N 0.235 29 1 R.YLAEVAAGDDKK.G

Mimitin, mitochondrial

precursor

IPI00031109.4 0.083 49 1 K.EEPSVAPSSTGK.T 0.135 54 1 K.EEPSVAPSSTGK.T

CDNA FLJ46154 fis,

clone TESTI4001348

IPI00418801.3 0.393 33 1 K.QVTEPEEK.Q 0.243 33 1 K.QVTEPEEK.Q

†Mascot protein scores were used to determine the order of display of the identified proteins. A, A2780; TA, A2780-TR; TA ⁄A, differentially
expressed protein between A2780-TR and A2780 cells; TS, SKOV3-TR; TS ⁄ S, differentially expressed protein between SKOV3-TR and SKOV3 cells;
S, SKOV3.
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form ion cyclotron resonance mass spectrometry. The expression
of different proteins was detected by guanidine-modified
acetyl-stable isotope labeling and LC-FTICR MS in paclitaxel-
sensitive SKOV3 and A2780 cell lines and their paclitaxel-
resistant counterparts. A total of 542 proteins were quantified.
Among these, 328 proteins were quantified in SKOV3-TR
⁄SKOV3 cells and 454 in A2780-TR ⁄A2780 cells. Seventy-
nine differentially expressed proteins were selected in SKOV3-
TR ⁄SKOV3 cells and 183 in A2780-TR ⁄A2780 cells. Eight
differentially expressed proteins were shared between the two
groups of cells (Table 2). According to the selection criteria,
mimitin and 14-3-3 f ⁄d were selected because of the high pep-
tide matching scores at the 95% confidence level and the sig-
nificant difference in the quantitative ratio. Moreover, among
all eight differentially expressed proteins in Table 2, the two
proteins had multiple biological functions that were correlated
with cell metabolism.(19,20) Therefore, mimitin and 14-3-3 f ⁄d
were selected as differentially expressed candidate proteins
that correlated with chemoresistance in the ovarian cancer
cells.

Validation of mimitin and 14-3-3 f ⁄ d using western blot-

ting. To validate the expression levels of mimitin and 14-3-3
f ⁄d identified by LC-FTICR MS, the protein levels in mito-
chondrion-enriched fractions were measured in each cell line
using western blotting. As shown in Figure 3, the protein lev-
els of mimitin and 14-3-3 f ⁄d were higher in the SKOV3
and A2780 cell lines than in their paclitaxel-resistant counter-
parts. The results were consistent with those of the
LC-FTICR MS.

Increased paclitaxel-resistance by downregulated expression

levels of mimitin and 14-3-3 f ⁄ d. To further detect whether low
expressed mimitin and 14-3-3 f ⁄ d could be associated with
paclitaxel resistance of ovarian cancer cells, we downregulated
the expression levels of mimitin and 14-3-3 f ⁄d through RNA
interference in SKOV3-TR cell lines, which were verified
using western blot analysis, and then measured the paclitaxel
resistance (Fig. 4). The resistance indexes of SKOV3-TR cells
were significantly increased compared with the negative con-
trol after the expression level of mimitin was downregulated
by two separate siRNA (si Mim-1 and si Mim-2) (P = 0.049
and P = 0.043, respectively). Similarly, the resistance indexes
were increased after 14-3-3 f ⁄d knockdown by two separate
siRNAs (si 143-1 and si 143-2) (P = 0.031 and P = 0.022,
respectively).

Relationship between chemoresistance and Mimitin ⁄ 14-3-3 f ⁄ d
expression in ovarian cancer tissues. Among all 46 patients of
the first cohort, 25 patients were chemosensitive and the

remaining 21 patients were chemoresistant (Table 3). The
expression levels of mimitin and 14-3-3 f ⁄d were detected
using immunohistochemistry (Fig. 5a–d). The patient numbers
are shown in Figure 5e and f, according to different mimitin
or 14-3-3 f ⁄d protein levels. No significant differences of the
mimitin or 14-3-3 f ⁄d expression level were observed between

Fig. 3. Western blotting was used to validate the expression levels of
mimitin and 14-3-3 f ⁄ d in two paclitaxel-resistant cell lines, SKOV3-TR
(TSmt) and A2780-TR (TAmt), and their parental sensitive cell lines,
SKOV3 (Smt) and A2780 (Amt). The proteins were located at 20 and
28 kDa. COX4 was the loading control.

(a)

(b)

Fig. 4. (a) Loss-of-function screening was performed using small
interfering RNA targeting mimitin and 14-3-3 f ⁄ d in SKOV3-TR cells.
The protein expression levels were confirmed using western blotting.
The constructs with the highest knockdown efficiency (si Mim-1, Mim-
2 for mimitin and si 143-1, si 143-2 for 14-3-3f ⁄ d) were used for fur-
ther experiments. (b) For measurements of the with control scramble
siRNA (NC), mimitin or 14-3-3 f ⁄ siRNA paclitaxel resistance index, the
numbers of viable cells after transfection were assessed using the Cell
Counting Kit-8 assay. The resistance index for cells with lower
expressed mimitin was 1.45, 1.93 and for 14-3-3 f ⁄ d-transfection was
1.96, 2.42 (si Mim-1: P = 0.049, si Mim-2: P = 0.043, si 143-1: P = 0.031,
and si 143-2: P = 0.022, respectively).

Table 3. Clinical and pathological characteristics of 46 patients

Characteristic Sensitive (n = 25) Resistant (n = 21)

FIGO stage

I 3 0

II 5 1

III 15 19

IV 2 1

Histological type

Serous 13 11

Clear cell 3 3

Other† 9 7

†Other, all the other ovarian epithelial cancers excluding serous and
clear cells.
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the sensitive and resistant groups (mimitin: P = 0.765, Fig. 5e;
14-3-3 f ⁄d: P = 0.658, Fig. 5f).
Considering that the cell lines used in the study were resis-

tant to paclitaxel, we excluded the patients whose chemother-
apy regimen did not include paclitaxel. Twenty-seven patients
received treatment containing paclitaxel after surgery, 14 of
whom were chemoresistant (Table 4). Their expressions in the
paclitaxel-resistant group were significantly downregulated
compared to those in paclitaxel-sensitive group (mimitin:
P = 0.034, Fig. 5g; 14-3-3 f ⁄ d: P = 0.038, Fig. 5 h).

Association between mimitin and 14-3-3 f ⁄ d protein levels and

clinicopathological characteristics in primary ovarian cancer cases.

The baseline data of the validation cohort including 71 cases
of patients who received paclitaxel and carboplatinum chemo-
therapy from 2009 to 2012 are summarized in Table 5. The
numbers of chemosensitive and chemoresistant patients were
56 and 15, respectively. Among the 15 chemoresistant patients,
10 presented with low expression of mimitin, whereas 9 of 56
participants presented with low expression of mimitin in the
chemosensitive group (P < 0.001). Meanwhile, 11 of 15 paclit-

axel-resistant patients presented with low expression of 14-3-3
f ⁄d compared to 7 of 56 cases with low expression of 14-3-3
f ⁄d in the paclitaxel-sensitive group (P 0.001). According to
the Kaplan–Meier survival curve, mimitin and 14-3-3 f ⁄ d

(a) (b) (c) (d)

(e) (f)

(g) (h)

Fig. 5. Immunohistochemistry was used to detect the expression of mimitin and 14-3-3 f ⁄ d in the first cohort of 46 ovarian cancer patients. In
specimens not expressing mimitin and 14-3-3 f ⁄ d (negative control), there was no brown staining in the cytoplasm (a,c). Mimitin and 14-3-3 f ⁄ d
were stained brown in the cytoplasm (b,d). Different immunohistochemical staining scores were recorded and the plots represented the numbers
of patients (e–h). When patients with different regimens of chemotherapy enrolled, no significant correlation of immunohistochemical staining
and chemotherapy response was observed (Mann–Whitney U-test: mimitin, P = 0.765; 14-3-3 f ⁄ d, P = 0.658, Fig. 5e,f). While 27 patients with only
regimens containing paclitaxel enrolled, a significant difference was observed in the expression levels of mimitin and 14-3-3 f ⁄ d between paclit-
axel-sensitive and paclitaxel-resistant patients (Mann-Whitney U-test: mimitin, P = 0.034; 14-3-3 f ⁄ d, P = 0.038, Fig. 5g,h).

Table 4. Clinical and pathological characteristics of 27 patients in

the first cohort

Characteristic Sensitive (n = 13) Resistant (n = 14)

FIGO stage

I 1 0

II 2 2

III 10 11

IV 0 1

Histological type

Serous 8 9

Clear cell 2 2

Other† 3 3

†Other: all the other ovarian epithelial cancers excluding serous and
clear cell.
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protein expression levels had a significant impact on PFS and
OS (mimitin: PFS: P = 0.002, OS: P = 0.001; 14-3-3 f ⁄d:
PFS: P = 0.028; OS: P = 0.014) (Fig. 6).
When the data were stratified in the multivariate analysis

using stepwise Cox regression procedures, mimitin and 14-3-3
f ⁄d immunoreactivity, residual disease ≥1 cm and paclitaxel-
resistance were significant at P < 0.05 for PFS and OS in all
patients. These findings suggest that mimitin and 14-3-3 f ⁄ d
expression levels are independent predictors of survival out-
comes (mimitin: PFS: HR 2.11, 95% CI 1.03–4.33, P = 0.041,
OS: HR 3.96, 95% CI 1.59–9.90, P = 0.003; 14-3-3 f ⁄ d: PFS:
HR 2.29, 95% CI 1.14–4.62, P = 0.031, OS: HR 2.88, 95% CI
1.28–6.51, P = 0.011; Table 6).

Discussion

The nature of this drug resistance remains a major obstacle for
the successful treatment of ovarian cancer. In the present
study, we used comparative proteomic methods for screening
the mitochondrial protein expression profiles, and we identified
for the first time the two paclitaxel-resistant associated pro-
teins, mimitin and 14-3-3 f ⁄d, in ovarian cancer cells.
Using LC-FTICR MS, we successfully identified 542 pro-

teins, and 8 differentially expressed proteins were detected
between the two groups of cells. Among these proteins, gluta-
thione S-transferase P was highly expressed in SKOV3-TR
and A2780-TR cells. Glutathione S-transferase P (GSTP1, EC
2.5.1.18) is known to be one of the most abundantly expressed
genes in ovarian tumors and tumor cell lines.(21) It is a poly-
morphic phase II drug-metabolising enzyme, which conjugates
the antioxidant tri-peptide glutathione with many toxic hydro-
phobic and electrophilic xenobiotics to facilitate elimination.
GSTP1 expression is increased in human tumor cell lines
either inherently or made resistant to chemotherapy drugs,
including cisplatin and various alkylating agents.(22,23) Hence,
our proteomics analysis is consistent with the literature. More-
over, we assessed mimitin and 14-3-3 f ⁄d in detail because
they were significantly differentially expressed in paclitaxel-
resistant cell lines and, according to the published literature,
they might anticipate the regulation of cellular processes.
Mimitin is a myc-induced mitochondrial protein that was

first reported by Tsuneoka et al. in 2005.(24) The transcription
of mimitin is directly stimulated by c-myc, which is a ubiqui-
tous mediator of cell proliferation that transactivates the
expression of various genes through E-box sites. Patients with
a higher c-myc expression level had a better 5-year survival
rate (69.8 vs 43.5%; n = 101 patients).(25) The expression of
mimitin is correlated with c-myc and cell proliferation.(19) 14-
3-3 proteins are a highly conserved acidic protein family that
is present in all eukaryotic species, which was first identified
in the late 1960s by Moore and Perez.(26) The 14-3-3 family
comprises the b, c, e, g, r, s (or h) and f isoforms. The acti-
vation of 14-3-3 association generally inhibits the cell cycle

Table 5. Clinical and pathological characteristics of 71 patients in

the validation cohort

Characteristic Sensitive (n = 56) Resistant (n = 15) P

FIGO stage

I 3 0 0.630

II 7 3

III 42 10

IV 4 2

Histological type

Serous 38 11 0.533

Clear cell 10 1

Other 8 3

Mimitin expression

Low 9 10 <0.001

High 47 5

14-3-3 f ⁄ d expression

Low 7 11 <0.001

High 49 4

PFS (median, months) 20 4 <0.001

OS (median, months) 31 11 <0.001

Significant values appear in boldface type. P < 0.05 was considered to
be statistically significant. OS, overall survival; PFS, progression-free
survival.

(a) (b)

(c) (d)

Fig. 6. Comparison of progression-free survival
(PFS) and overall survival (OS) in the validation
cohort of 71 patients, stratified by mimitin (a,b) or
14-3-3 f ⁄ d (c,d) expression levels (mimitin: PFS:
P = 0.002, OS: P = 0.001; 14-3-3 f ⁄ d: PFS: P = 0.028;
OS: P = 0.014).
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and prevents apoptosis.(27,28) The loss of 14-3-3 expression
sensitizes cancer cells to conventional anticancer agents.
The correlation of mimitin, 14-3-3 f ⁄ d and paclitaxel resis-

tance has not been discussed previously. In our experiment,
LC-FTICR MS showed that mimitin protein level was down-
regulated 7.4-fold in the paclitaxel-resistant SKOV3 cell line
and 12-fold in A2780 cells compared with the corresponding
paclitaxel-sensitive cell lines, while 14-3-3 f ⁄d protein was
downregulated 4.3-fold in SKOV3 ⁄SKOV3-TR cells and 3.4-
fold in A2780 ⁄A2780-TR cell lines. Furthermore, mimitin and
14-3-3 f ⁄ d silencing by siRNA efficiently increased the resis-
tance to paclitaxel in ovarian cancer cells. Therefore, it was
hypothesized that the underexpression of mimitin and 14-3-3 f
⁄d may promote tumor cell proliferation and ⁄or survival in
ovarian cancer. To test our hypothesis, we examined the
expression status of mimitin and 14-3-3 f ⁄ d in patients with
primary ovarian cancer. The immunohistochemitry results
demonstrated that in paclitaxel-resistant patients, mimitin was
underexpressed in 66.7% (10 ⁄15) of ovarian cancer patients
while 14-3-3 f ⁄d was underexpressed in 73.3% (11 ⁄15) of
ovarian cancer patients. Among ovarian cancer patients receiv-
ing carboplatin and paclitaxel regimen, the lower expressions
of mimitin and 14-3-3 f ⁄ d were poor prognosticators indepen-
dent of other prognostic factors.
How mimitin and 14-3-3 f ⁄d influence paclitaxel resistance

in ovarian cancer is complicated and the mechanism remains
unclear. Paclitaxel is a cytotoxic microtubule stabilizing agent.
It could cause the formation of unusually stable microtubules
and trigger the mitotic spindle checkpoint, resulting in apopto-
sis.(7) Wegrzyn et al. found that the mimitin gene was acti-
vated by the proinflammatory cytokines IL-1 and IL-6 in
HepG2 cells. In addition, mimitin could interact with a micro-
tubular protein (MAP1S) and may indirectly participate in
apoptosis.(19) Hanzelka et al. observed that mimitin prevented
mitochondrial stress upon exposure to cytokines, and this

protective effect was delivered independent of a suppression of
the NF-jB pathway.(29) Thus, the underexpression of mimitin
might induce the dysfunction of microtubule and abnormal
apoptosis of cancer cells, altering their response to paclitaxel.
The effects of 14-3-3 f ⁄d seem to be more complex.(30–33) The
role of 14-3-3 f ⁄d in ovarian cancer is also controversial.
Hatzipetros found that serum 14-3-3 zeta protein levels did not
significantly differ in healthy postmenopausal patients versus
epithelial ovarian cancer (EOC) patients.(34) However, Kobay-
ashi demonstrate that 14-3-3 zeta was secreted by ascitic
monocytes ⁄macrophages from EOC patients and was present
in malignant ascites of EOC patients, but the functional role
for 14-3-3 zeta as a secreted protein was unclear.(35) Waldem-
arson et al. (2012) found a gradual upregulation of 14-3-3 f ⁄d
protein when going from normal to benign to borderline to
malignant tumors using iTRAQ technology, making it a bio-
marker of early stage ovarian cancer.(36) During the develop-
ment of ovarian cancer, the loss of 14-3-3 f ⁄d might make the
ovarian cancer cells mimic the behavior of borderline tumor
and become less sensitive to paclitaxel, resulting in the failure
of chemotherapy. However, the sensitivity to chemotherapy is
critical to the survival of ovarian cancer patients, especially
for those at advanced stages.(37)

Our study is significant because differentially expressed
mitochondrial proteins were detected in paclitaxel-resistant
ovarian cancer cell lines and their parental cells using compar-
ing proteomic techniques. In addition, it is the first report to
demonstrate the correlation of mimitin, 14-3-3 f ⁄d and paclit-
axel resistance in ovarian cancer. The limitations of our study
included the definition of paclitaxel resistance. It’s difficult to
eliminate the interference of carboplatin since the standard
chemotherapy for ovarian cancer contains both carboplatin and
paclitaxel. Thus it is impossible to collect one cohort of
patients receiving only paclitaxel as adjuvant chemotherapy.
However, we tested the drug sensitivity to cisplatin, carbopla-

Table 6. Multivariate analyses predicting survival in the validation cohort

Risk factors n
PFS

P
OS

P
HR (95% CI) HR (95% CI)

Age 0.876 0.267

≤50 years 23 Referent Referent

>50 years 48 0.95 (0.47–1.91) 0.61 (0.25–1.47)

FIGO stage 0.045 0.013

I–II 13 Referent Referent

III–IV 58 1.407 (1.17–1.98) 2.26 (1.09–3.75)

Histotype 0.838 0.113

Type I 21 Referent Referent

Type II 49 1.08 (0.54–2.16) 1.49 (1.21–3.18)

Grade 0.609 0.234

Low 11 Referent Referent

Medium–high 60 1.78 (1.30–3.04) 1.389 (1.08–4.84)

Residual disease <0.001 <0.001

≤1 cm 58 Referent Referent

>1 cm 13 2.19 (1.59–4.43) 2.46 (1.89–4.16)

Mimitin expression 0.041 0.003

High 52 Referent Referent

Low 19 2.11 (1.03–4.33) 3.96 (1.59–9.90)

14-3-3 f ⁄ d expression 0.021 0.011

High 53 Referent Referent

Low 18 2.29 (1.14–4.62) 2.88 (1.28–6.51)

Significant values appear in boldface type. P < 0.05 was considered to be statistically significant. CI, confidence interval; HR, hazard ratio; OS,
overall survival; PFS, progression-free survival.
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tin and epirubicin in SKOV3-TR cells and found that their
resistance indexes had not been affected by downregulation of
mimitin or 14-3-3 f ⁄d (data no shown). Moreover, in our first
cohort of immunohistochemistry, we verified that the level of
mimitin or 14-3-3 f ⁄d only related to the failure of chemother-
apy containing paclitaxel but not those regimens without pac-
litaxel. Therefore, we believe that the decrease of these two
proteins is a specific mechanism of paclitaxel resistance.
In conclusion, we found that mimitin and 14-3-3 f ⁄d pro-

teins were downregulated in the paclitaxel-resistant SKOV3
and A2780 cell lines compared with their sensitive counter-
parts using LC-FTICR MS and western blotting. The lower
expressions of mimitin and 14-3-3 f ⁄d were related to paclit-
axel resistance and were poor prognosticators independent of

other prognostic factors in epithelial ovarian patients. We
believe that the identification of mimitin and 14-3-3 f ⁄d may
help in predicting the prognosis of ovarian cancer patients and
in applying more individualized chemotherapy.
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